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 Preface This textbook is intended as an introduction to geo chemistry for geology students in their senior year o r in their first y ear of graduate w ork. A t th at tim e in th eir education, students are ready to releam those principles of chem istry th at are especially applicable to th e study of geological processes. G eo ch em istry can enh an ce th e ir u n d erstan d in g o f th ese p rocesses an d can teach th em to apply principles of chem istry to th e solution o f geolog ical problem s. G eologists in virtually all b ranches o f th e science can b en efit from an in tro d u cto ry course in g eochem istry becau se it can h elp th e m to m ak e q u a n tita tiv e p red ictio n s a b o u t th e o u t com e of chem ical reactio n s th a t occur in th e con tex t o f m any geological processes. T he su bject m a tte r of this b o o k is p re se n te d in five parts. P a rt I: P la n e t E a rth in th e Solar System (C h ap ters 1 th ro u g h 4) p resen ts th e big picture startin g w ith th e Big Bang, stellar evolu tion, nucleosynthesis, the solar system , and the geochem istry o f the E a rth . This p a rt also co n tains a b rief h isto ry o f geochem istry leading u p to a sta te m e n t o f its goals an d stating th e th em e of this book: Stu d ies o f geochem istry co n v ert idle speculation in to u nderstanding. The second part, Principles of Inorganic G eochem istry (C hapters 5 through 8 ), starts with the electronic structure of atom s and d em on strates how w ave m echanics and th e A ufbau p rin ciple lead directly to th e periodicity of the chemical p ro p erties of the elem ents. O nce th e periodic table has b een constructed, system atic variations in bonding, ionic radii, and the structure of crystals b eco m e apparent, thus preparing the way for a discussion o f ionic substitution based on the rules of G oldschm idt and Ringw ood. P art II concludes w ith discussions of coupled substitution in feldspar, distrib u tio n coefficients, and th e geo chemical classification of th e elem ents. Part III is en titled A q u eo u s G eochem istry and the Stability off M inerals (C hapters 9 through 15).



These chapters explain the concept of chem ical equilibrium and use th e Law of M ass A ction to study the dissociation of w eak acids and bases and to calculate the solubility o f am orphous silica as a function of the pH . N ext, th e dissociation of salts, the hydrolysis of th eir ions, and th e necessity of using th e activities o f ions ra th e r th an th eir m olal co n cen tratio n s in M ass A ction problem s are p re sented. A ll o f th ese concepts com e into play in th e ca rb o n ate equ ilib ria involving calcite, its ions in aq u eo u s solution, a n d C 0 2 in th e atm osphere. H ow ever, the incongruent dissolution o f microcline to form koalinite plus ions leads to an im passe because th e value o f th e equilibrium con stan t fo r th a t reactio n has n o t b e e n m easured. T herefore, C h a p te r 11 contains a guided to u r of the principles o f therm odynam ics leading up to a d erivation o f th e Law of M ass A c tio n for reacting m ixtures o f ideal gases a t equilibrium . In addition, this c h a p te r d em o n strates th a t equilib rium constants at th e sta n d a rd te m p e ra tu re and p ressu re can be calcu lated fro m th e G ibbs free energy change of chem ical reactions. This skill is im m ediately used to construct io n -activ ity dia gram s for alum inosilicate m inerals including zeo lites (C h a p ter 12) and clay m inerals (C h ap te r 13). Finally, o x id a tio n -re d u ctio n reactions are in tro d u ced in C h a p te r 14, an d th e previously acquired know ledge o f therm odynam ics is used to explain som e basic principles of electro ch em istry. T hese insights are th e n used to define the stability lim its of w ater on th e E a rth and to con stru ct E h - p H diagram s for th e oxides of iro n and th eir ions. C h ap te r 15 deals w ith th e kinetics of chem ical reactions, an d w ith th e tra n sp o rt of ions by diffusion an d advection. T hese concepts are used to m odel th e gro w th o f con cretio n s during diagenesis and th e fo rm a tio n o f m o n om ineralic layers a t th e se d im e n t-w a te r interface. P a rt IV is e n title d Iso to p e G eo ch em istry an d M ixing (C h a p te rs 16 th ro u g h 18). Follow ing ••■
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th e p re s e n ta tio n o f th e d iffe re n t m o d es o f decay a n d a sta te m e n t o f th e L aw o f R adio activity, C h a p te r 16 co ntinues w ith th e d eriv atio n of the g eochronom etry e q u a tio n b ased o n th e accum u latio n of stable radiogenic d a u g h te r nuclides. This e q u a tio n is th e n used to explain th e principles and assum ptions o f datin g by th e K -A r, R b-S r, S m -N d , R e -O s, an d U, T h -P b m ethods. In addi tio n , th e c h a p te r contains d escriptions of the 2 3 0 T h /238U m eth o d o f m easuring sedim entation ra te s an d o f dating by th e cosm ogenic rad io n u clides 1 4 C, 1 0 Be, an d 2 6 A1. C h a p te r 17 is d ev o ted to th e fractio n atio n of th e stab le isotopes of H , O, C, an d S in natu re. This c h a p te r includes deriv atio n s o f th e basic m ath e m atical relatio n sh ip s u sed to in te rp re t variations of th e isotope com positions o f m eteo ric water, m arin e calcite, clay m inerals, oilfield brines, h ydrocarbons, an d sulfide m inerals. In addition, C h a p te r 17 p resen ts a discussion o f th e timed e p e n d e n t variatio n o f th e iso to p e com positions of Sr an d S in m arin e c a rb o n ates of P hanerozoic age and the use of 8 7 S r /86Sr ra tio s for dating C enozoic m arin e carbonates. P a rt IV concludes w ith C h a p te r 18 on mixing an d d ilu tio n of w ater and sed im en tary ro cks that a re m ixtures of tw o o r th re e co m p o n en ts having d ifferen t chem ical com positions. T he c h a p te r con tin u es w ith tw o -com ponent m ixtu re s containing elem en ts having distinctive iso to p e com positions (Sr, Pb, O, H , etc.). T h e system atics o f such mix tu res a re briefly illu strated using oilfield brines fo rm ed by m ixing tw o co m p o n en ts hav in g differ e n t ^ S r / ^ S r ratio s and Sr concentrations. T he fifth and last p a rt o f this b o o k is entitled A pplicatio n s of G eo ch em istry to th e S olution of G lobal Problem s (C h ap ters 19 th ro u g h 25). This p a rt tre a ts the co n sequences o f chem ical w eath ering o f rocks, such as th e fo rm atio n o f soils and th eir agricultural p ro ductivity (C h a p te r 19); the chem ical com position o f surface w ater, its evolu tio n by evaporative co n cen tratio n , and its conta m in atio n by n atu ral an d an th ro p o g en ic causes (C h a p te r 20); an d th e w eath erin g of m etallic min eral d eposits based on E h - p H diagram s and including a section o n th e im p o rtan ce of bacteria in th e oxidation o f iron sulfides (C h a p te r 21). The



resulting release o f m etals into the environm ent is the basis for geochem ical m ethods of prospecting. The ch ap ter ends w ith a discussion o f m ineral econom ics including K ing H u b b e rt’s prediction of th e u ltim ate d ep letio n of finite an d n o n ren ew able resources such as p etro leu m . The m igration o f ions released by w eathering of rocks and m etallic m ineral deposits o n the con tinents leads to a co nsideration of geochem ical cycles in C h ap te r 22. A fte r presen tin g th e concept of m ass balance, this ch a p ter contains sum m aries of the geochem ical cycles C -H -O -N , including w ater. T he links b etw een th e reserv o irs o f these and o th e r elem ents play an im p o rta n t ro le in sta bilizing the chem ical com position o f th e atm os phere and th e oceans. C h a p te r 23 on th e chem istry o f th e atm os phere continues this tra in of th o u g h t by p re se n t ing th e basic facts a b o u t th e stru c tu re and chem ical com position of th e atm osphere. This inform ation is th e n used to explain th e form ation of ozone in the strato sp h e re and its destru ctio n by anthropogenic em issions of C l-bearing gases, especially over A n tarctica. T he c h a p te r also co n tains a p resen tatio n o f th e ra d ia tio n balance of the E a rth and th e p e rtu rb a tio n o f this balance by em issions o f gases th a t en hance th e ab so rp tio n of infrared rad iatio n in th e atm osphere. C h a p te r 23 ends w ith a long-range fo recast o f th e effects of global w arm ing on th e tim e scale o f 1 0 4 years based on th e w ork o f W. S. B roecker. The dangers o f en v iro n m en tal con tam in atio n are illustrated in C h a p te r 24 by con sid eratio n of the problem s associated w ith high-level rad io ac tive w aste g en e ra te d by n u clear reactors. T he chapter explains how this w aste is g en era ted and how it is (or should be) processed p rio r to p e rm a n en t storage in underg ro u n d repositories. The geo chemical properties of th e transuranium elem ents, which play an im p o rta n t role in th e lon g-term safety of such repositories, are briefly discussed using E h -p H diagram s for neptunium and plu to n i um. C hapter 24 ends with a sum m ary of the events and consequences of th e explosion of a nuclear reactor in C hernobyl, U kraine, on A p ril 26,1986. The final ch ap ter sum m arizes th e geochem istry of Pb in th e en v iro n m en t an d its effect o n



 PREF A CE h u m a n health. L ead is dispersed prim arily th ro u g h the atm o sp h ere in th e form of aerosol particles. Som e civilizations have suffered th e con seq u en ces of Pb toxicity because this m etal was u sed as a food additive and in h o usehold utensils. T h e effects of Pb poisoning on hum ans a re subtle a n d difficult to identify because all hum ans alive to d a y are contam inated w ith Pb released p rim ari ly because of its use as an additive in gasoline. The im p airm en t of m en tal functions as well as the toxic effects of P b w ere tragically d em o n strated by th e m em bers of Sir John F ran k lin ’s expedition to the C anadian A rctic in 1845-47. T he p re se n ta tio n of th e subject m a tte r in this b o o k starts w ith basic principles an d em phasizes quantitative m eth o d s o f p ro b lem solving in ord er to gain b e tte r understanding of n a tu ra l p h e n o m e na. A lth o u g h this b o o k is in te n d e d to be an intro duction to geochem istry, th e referen ces a t th e end o f each c h a p ter will p erm it stu d en ts to p ursu e topics o f th e ir choice in the library and th ereb y ap p ro a c h th e state o f the art. In addition, th e endo f-ch ap ter pro b lem s en able stu d en ts to te st th e ir un d erstan d in g of th e principles. T he b o o k ends w ith a co m pilation of geochem ical d ata in A p p en d ix A and of therm odynam ic data fo r a large n u m b e r of elem ents and th eir com pounds in A p p en d ix B. In addition, m ost ch ap ters contain d a ta tables an d diagram s th a t will m ake th e b o o k a useful source o f geochem ical data. T he diagram s have lengthy captions th at should encourage brow sing and will help users to ex tract in fo rm a tion from th em w ithout necessarily having to re re a d th e e n tire chapter. This geochem istry text d em o n strates th a t the principles an d applications o f geochem istry are in ternally consistent, useful for un d erstan d in g the w orld aro u n d us, an d accessible to anyone willing to m ak e th e effort. In additio n , this b o o k m akes th e p o in t th a t geochem ists have an im p o rta n t task to p erfo rm in society by assisting in the p ru d e n t use of n a tu ra l resources and in th e safe disposal of th e resu ltin g w aste products. In conclusion, I th a n k th e review ers w ho re a d the m an u scrip t of this b o o k and m ade m any sug gestions w hich h elp ed m e to im prove it: Jam es H. C rocket, M cM aster U niversity; W illiam J. G reen ,
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M iam i U niversity (O hio); D onald I. Siegel, Syracuse U niversity, R o b e rt D. Shuster, U niv ersity o f N ebraska, O m aha; and A . R ussell Flegal, U niversity o f C alifornia, S an ta Cruz. T he second edition has benefited significantly from com m ents by colleagues w ho have pointed o u t errors of various kinds in the first edition and suggested im provem ents in the p re se n ta tio n of th e subject m atter. I th a n k these individuals by n am e in alp habetical order: W alther M . B arn ard , G eorges B eaudoin, Phillip B oger, D an iel M arcos B onotto, Steven E . B ushnell, C h risto p h e r Conaway, E th a n L. G rossm an, G iehyeon Lee, P e te r C. L ichtner, Jam es O ’N eil, R isto P iispanen, R o b e rt D. Shuster, and Terri L. W oods. I also th an k R o b e rt A. M cC onnin, E xecutive E d ito r of Pren tice H all, for his in te re st in this book, E lisab eth H . B elfer for h er ro le in its pro d u ctio n , and Susan M. M cM ullen for d rafting th e diagram s of th e first edition. I am grateful to B etty H ea th fo r typing p a rt of th e m anuscript fo r th e second edition. T he u ltim a te p u rp o se o f this b o o k is to e n co u ra g e stu d e n ts of th e E a rth to a d o p t the q u a n tita tiv e a p p ro a c h to p ro b le m solving th a t is ex em plified by geochem istry, an d to m ak e th em aw are o f th e im p o rta n t ro le E a rth scientists m ust play in th e effo rt to p re se rv e our h a b ita t on th e E a rth . G u n t e r Fa u r e



Postscript: A m anual w ith solutions to the end-of-chapter problem s is available to instruc tors from th e publisher by w riting on school sta tionery to th e G eology E d ito r, P rentice H all, 1 L ake S treet, U p p e r Saddle R iver, N J 07458.



 I PLANET EARTH IN THE SOLAR SYSTEM



F u tu re g enerations m ay re m em b e r th e 20th cen tu ry prim arily fo r th e advances in te c h nology th a t have enabled us to begin the ex p lo ratio n of th e solar system . O u r re su lt ing aw areness of th e celestial en viron m en t o f th e E a rth has raised questions a b o u t th e origin and evolution o f th e solar system , of th e M ilky W ay Galaxy, and of the U niverse at large. T he sta rt of an in tro d u cto ry geochem istry course is an a p p ro p ria te tim e to sa t isfy o u r desire to know th e origins of the w orld in which w e live.



 1 What Is Geochemistry? G e o lo g y b e gan w h e n e a rly man first p ic k e d up a sto n e, c o nsid ere d its q u a litie s, an d d e cid e d th a t it w as b etter th an th e sto ne he a lre a d y had. G o o d sto nes w e re use ful an d they w ere c o lle c t e d , m in e d , and trad ed. H e n r y Fa u l a n d C a r o l F a u l (1 9 8 3 , p. 1)



G eochem istry is b ased on th e u rg e to u n d e rstan d w hy som e sto n es are “g o o d ” an d how they form ed. It involves applications o f th e principles of chem istry to the solution of geological p ro b lem s an d th e re fo re could n o t d e v e lo p until chem istry and geology had b e e n estab lish ed as scientific disciplines. T hese ap p licatio n s w ere practiced first durin g th e 16th cen tu ry in the m ines o f E u ro p e w here know ledge o f m inerals an d th e ir chem ical com positions w as used to re c ognize an d follow veins of ore. F o r exam ple, in 1574 L azaru s E rc k e r, th e s u p e rin te n d e n t of m ines fo r K ing R u d o lf II of A ustria, p u b lish ed a m an u al in w hich he described o res an d o u tlin ed p ro ced u res fo r th eir analysis (E rc k er, 1951). H ow ever, several centuries p assed b efo re geo chem istry in th e p re se n t sense o f th e w ord becam e established as an integral co m p o n e n t of E a rth and P lan etary Science.



1.1



Early History



Two essential prereq u isites fo r th e g row th of geochem istry w ere th e discovery o f th e chem ical elem en ts and the d ev elo p m en t o f sensitive and accu rate m eth o d s fo r th e analysis o f ro ck s and m inerals. U n til th e en d of th e 16th cen tu ry m a t te r was th o u g h t to consist of earth , w ater, fire, an d air, w hose basic qualities w ere d escrib ed as
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w arm , cold, dry, and wet. The m etals gold, silver, copper, iron, tin, mercury, and lead to g e th e r with sulfur and carbon had been know n fo r thousands o f years b u t w ere n o t recognized as elem ents in th e p resen t sense of the word. A ntim ony, arsenic, bism uth, and phosphorus w ere studied by the alchem ists during the M iddle Ages. The developm ent of analytical chem istry during the 18th century resulted in th e discovery o f 46 chem ical elem ents betw een 1720 and 1850. A fte r B unsen and K irchhoff invented the optical em ission spectrograph, 30 additional elem ents w ere ad d ed from 1850 to 1925.T he tran su ran iu m elem ents and certain other radioactive elem ents w ere disco v ered late r in the 2 0 th c e n tu ry (C orrens, 1969). A s the num b er of know n chem ical elem ents in creased du rin g the 19th century, chem ists becam e aw are th at they could be organized into groups based on sim ilarities of th e ir chem ical properties. These tendencies becam e the fo u n d a tion of th e periodic table of the elem ents p ro posed independently by D. I. M endeleev in 1869 and by J. L. M eyer in 1870 (Asimov, 1965). The cause for th e periodicity of the chem ical p ro p e r ties of the elem ents was not know n th en an d was recognized only after the in ternal stru c tu re of atom s was w orked o u t during the first 30 years of th e 2 0 th century.



 1.2 T he p eriod ic ta b le is a m an ifestatio n o f the relatio n sh ip b etw een th e in tern al stru c tu re of ato m s a n d th e chem ical an d physical p ro p ertie s of th e elem ents. I t facilitates a ra tio n a l e x p lan a tio n o f th e chem ical p ro p e rties o f th e elem ents an d o f th e ir o b served d istrib u tio n in nature. T he ro o ts o f g eochem istry lie m ainly in the 19th century, b u t it a c q u ired its p re se n t m ultifac eted com plexity during th e 20th century. T he w ord geochem istry was first used in 1838 by C hristian F ried rich Schönbein, w ho was a chem istry p ro fe s sor a t th e U n iv ersity o f B asel in Sw itzerland. T he te rm w as used again in 1908,70 y ears later, w hen F ran k W. C la rk e o f th e U.S. G eolo g ical Survey p u b lish ed th e first ed itio n o f his b o o k , The D ata o f G eochem istry. C larke was th e C hief C hem ist of th e U.S. G eological Survey fro m 1884 until 1925. H e started the trad itio n for excellence in the analysis of rocks and m inerals th a t has h elped to m ake th e Survey one of the largest geochem ical research centers in the w orld. T he first edition of C lark e’s book was am azingly m o d em in its approach to geochemistry. H e o p en ed w ith chapters on th e chem ical elem ents, the atm osphere, lakes an d rivers, an d th e o cean fol low ed by chapters o n saline lakes an d springs and on evaporite deposits. N ext he to o k u p volcanic gases, m agm a, rock-form ing m inerals, and igneous rocks an d th e n w eathering, sedim entary rocks, m etam orphic rocks, and o re deposits. The book ends w ith chapters on fossil fuels and their origin. T hat is p retty m uch how we would p resen t th e data of geochem istry today, b u t C larke did it this way in 1908! M ore than 15 years passed b efo re th e great Soviet geochem ist V. I. V ernadsky published his geochem istry book in 1924. C larke was the first geochem ist in th e m o d e m sense o f the word. C la rk e ’s b o o k w en t th ro u g h five editions, th e last o f w hich a p p e a re d in 1924. I t is now being u p d a te d an d e x p a n d ed by th e U.S. G eological Survey u n d e r th e e d ito rsh ip o f M ichael Fleischer. H ow ever, th e H a n d b o o k o f G eochem istry, ed ited by K. H . W edep o h l fro m 1969 to 1978, is th e m o st co m p lete source o f geochem ical d a ta cu rren tly available.



1.2



G E O C H E M ISTRY IN T H E U .S.S.R .
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Geochemistry in the U.S.S.R.



G eochem istry becam e an im p o rta n t subject in th e U.S.S.R. because o f the n eed to develop the m in eral resources o f th e country. In 1932 Soviet geologists began to analyze system atically col lected soil sam ples using optical spectroscopy (Fersm an, 1939). In su b seq u en t years th e geolo gists of th e C en tral G eological an d P rospecting In stitu te in M oscow carried o u t extensive “m etallo m etric” surveys based on soil sam ples in search o f geochem ical anom alies. G e o c h e m istry p ro s p e re d in th e U.S.S.R. because of the p o p u lar su p p o rt it received partly in resp o n se to th e re m a rk a b le w ork o f A lex an d er Fersm an (1883-1945). F ersm an studied m in er alogy at th e U niversity of M oscow u n d er V. I. V ernadsky, who to o k his stu d en ts on m any field trips and encouraged th em to reg ard m inerals as th e products of chem ical reactions. T hese w ere radical d e p artu res from conventional m ineralogy p racticed at th e tu rn of th e century. F ersm an grad u ated in 1907 and was elected to a pro fesso r ship in m ineralogy in 1912 a t th e age o f 27. H e em b ark ed on an ex trao rd in ary career o f teaching and research in geochem istry w ith em phasis on applications. H e trav eled w idely in th e U.S.S.R. and explored regions rarely visited before. His su stained in terest in th e ex p lo ratio n o f th e K ola Peninsula in the n o rth ultim ately led to the dis covery of deposits of apatite an d nickel ore. A s a result, a rem o te w ilderness a rea was tran sfo rm ed into an im p o rtan t ce n te r of m ining and industry. F ersm an also explo red cen tral A sia an d discov ere d a native sulfur d ep o sit a t K ara K um th a t was actively m ined for decades. B e tw e e n 1934 and 1939 F ersm an published a c o m p re h e n siv e fo u r-v o lu m e w o rk e n title d G eochem istry in w hich h e applied th e principles of physical chem istry to th e distribution of the chem ical elem ents in nature. F ersm an, above all, aroused public in terest in geology an d geochem istry by his inspiring lectures an d p o p u la r books. A le x a n d e r K. T olstoy called him a “p o e t of
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W H A T IS G E O C H E M ISTRY?



stones.” Fersm an earn ed this accolade by w riting boo k s in ten d ed fo r th e laym an: M ineralogy fo r E veryo n e (1928), R ecollections about a Stone (1940), M y Travels, Stories a b o u t Precious Stones, an d G eochem istry fo r E veryo n e (1958). T he last tw o w ere p ub lish ed posthum ously. F e rsm a n ’s conviction th a t geochem istry should serve his c o u n try is reflected in his w ords: “We cannot be m erely idle ad m irers of o u r vast country; we m ust actively h elp re sh a p e it an d create a new life” (Shcherbakov, 1958). T he scientific legacy o f F ersm an ’s form er teacher, V ladim ir Ivanovich V ernadsky (18631945), is sim ilarly im pressive, b u t it has n o t been a p p re c ia ted in th e w estern w orld. V ernadsky em phasized th e im p o rtan ce of the activities of living organism s in geological and geochem ical processes. In fact, h e reg ard ed living m atte r as th e “m ost pow erful geological fo rc e ” and w rote th at th e E a rth ’s crust orig in ated fro m the biosphere. T hese convictions a b o u t th e im p o rtan ce of life on E a rth w ere n o t w idely accep ted by geologists in N o rth A m erica, p artly because V ernadsky w rote in m any languages (R ussian, G erm an, French, Czech, Serbo-C roatian, and Japanese). His m ost im p o rtan t books (Vernadsky, 1924, 1929) were w ritten in French and published in Paris. H ow ever, V ernadsky was also far ah ead of his contem po raries by concluding th at th e biosphere m ay have controlled th e environm ent o n the surface of the E a rth from th e very beginning, long before the existence of life in E arly Precam brian tim e was know n (Lapo, 1986). V ernadsky’s views on this subject are now reflected in th e “ G aia H ypothesis” of Lovelock (1979), m ade popular on A m erican television in th e “P lan et E a r th ” series by the Public Broadcasting System. Vernadsky also iden tified th e biosphere as th e principal transform er of solar energy into chem ical energy. This idea is now w idely accep ted . F o r exam ple, C loud (1983) described th e biosphere as “a huge m etabolic device for the capture, storage and transfer of energy.” Fossil fuels (coal, oil shale, petroleum , and n atu ral gas) are now reg ard ed as deposits of solar energy collected by th e biosphere. V ernadsky’s views on th e im portance o f th e b io sp h e re (V ernadsky, 1945) a re b ecom ing



ir : -asingly relevant as we attem p t to predict the cilimntic consequences of the “greenhouse effect” caused by the discharge of carbon dioxide and o ther gases into the atm osphere. We are carrying omt an experim ent on a global scale the outcom e o f which could b e d e trim e n ta l to life. T he response of the b iosphere to this p ertu rb atio n of tlhe environm ent m ay be crucial to the ultim ate outcom e of this experim ent. V. I. V ernadsky is revered in the U.S.S.R. as oine of the giants o f science in the 2 0 th cen tury. His teachings still m otiv ate the geochem ists w orking at th e V ern ad sk y In stitu te 'of G eo ch em istry an d A n a ly tica l C h em istry in Moscow, which is am ong the forem ost geochem i cal research institutes in the world.
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V. M. Goldschmidt



T h e Institute of G eochem istry a t the U niversity o>f G öttingen in G erm an y was m ade fam ous by tlhe work of V ictor M. G oldschm idt (1888-1947). G o ld sch m id t e a rn e d his d o c to ra te a t the U niversity of Oslo in 1911 w ith a study of contact nnetam orphism b ased on th e th erm o d y n am ic p'hase rule. In the follow ing y ear M ax von Laue discovered diffraction of x-rays by crystals and th ereb y provided a m eth o d fo r determ ining the crystal structure of a m ineral and the radii o f the ions of which it is com posed. F rom 1922 to 1926 G oldschm idt and his associates at th e U niversity o f O slo used x-ray diffraction to determ in e th e crystal structures of m any m inerals (G oldschm idt, 1930). In 1930 G o ld sc h m id t m o v ed to th e U nrversity of G öttingen, w h ere he studied the distribution of the chem ical elem ents using an optical spectrograph. From this body of d a ta he deduced that the chem ical com position of m in e r als is determ ined by th e req u irem ents of “closest p ack in g ” of ions. M oreover, the substitution o f the ions o f a m ajor elem ent by the ions of a trace ele m e n t depends on the sim ilarity of th eir radii and charges. These generalizations provided a ratio n al explanation for the observed distribution o f th e elem ents in the m inerals of th e crust of the E a rth . G oldschm idt re tu rn e d to O slo in 1935 b u t w as u n ab le to c o n tin u e his w o rk a fte r th e



 1.4 G e rm a n invasion of N orw ay in 1940. H e fled to Sw ed en in 1942 and ultim ately m ade his way to E n g la n d , w h ere he w orked at the M acaulay In stitu te for Soil R esearch. His h ealth had seri ously d e te rio ra ted as a consequence of im prison m e n t in c o n c e n tra tio n cam ps in N orw ay. G o ldschm idt re tu rn e d to O slo in 1946 b u t died th e re p rem a tu re ly in 1947 at the age of 59. H e left b e h in d th e m an u scrip t of a partially com p leted b o o k e n titled Geochem istry, which was co m p let e d by A lex M u ir and published posthum ously in 1954. A special com m em orative issue of A p p lie d G e o c h e m istry (1988) was d e v o te d to G old sch m id t on the 100th anniversary of his birthday. G o ld sch m id t’s principal co n tribution to geo chem istry is th e ra tio n a l explanation of isom orp h ous substitu tio n in crystals based on th e com patib ility o f th e radii and charges of the ions. H e th e re b y achieved one of th e m ajor goals of g eo chem istry. N evertheless, th e urge to know and to u n d e rsta n d th e d istrib u tio n of th e chem ical ele m en ts h as co n tin u ed to m otivate th e w ork of sev e ra l o u tsta n d in g geochem ists, n o tab ly L. H. A h re n s in S o u th A fric a , S. R. N o ck o ld s in E ngland, S. R . T aylor in A ustralia, K. R an k am a in Fin lan d , K. H . W ed ep o h l in G erm any, A . R V in o g ra d o v in th e U.S.S.R., D. M. S haw in C anada, a n d K. K. T urekian in the U nited States.
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Modern Geochemistry



B eginning in th e 1950s, geochem ists tu rn e d increasingly to the study of chemical reactions and processes. T he roots of this line of research can be found in th e w ork of A . Fersm an, who used the concepts of therm odynam ics to study the stability of m inerals in their natu ral environm ent. In ad d i tion, J. H . v a n ’t H o ff (1852-1911) studied th e crys tallization o f salts by evaporating seaw ater in B erlin and, in 1904, th e G eophysical L ab o ratory o f the C arn eg ie In stitu tio n of W ashington was founded in th e U n ited States. The principal objec tive o f th e G eophysical L aboratory has b ee n to study th e origin of igneous rocks and ore deposits by experim en tal m ethods. The results achieved by
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N. L. Bow en and his colleagues, and by th eir suc cessors, at th a t la b o ra to ry have becom e the fo u n dation of m o d ern igneous petrology. B o w en ’s book, The E volution o f the Igneous R ocks, p u b lished in 1928, tu rn e d igneous petrology from a preoccupation with th e description and classifica tion of igneous rocks tow ard a concern fo r their origin and th e geochem ical differen tiatio n of the E a rth by m agm atic activity. In 1952 B rian M aso n published th e first edi tio n of Principles o f Geochemistry, w hich was w idely used as a te x tb o o k at universities and h elped to establish geochem istry as a legitim ate com ponent of E a rth Science. In the nex t decade R o b e rt M. Gar'rels and K onrad B. K rau sk o p f used therm odynam ics and solution chem istry to determ ine the stability o f m inerals and th e m obil ity of th eir ions at th e surface o f th e E a rth . They tra in e d the m o d ern gen eratio n of geochem ists by th eir own research an d th ro u g h th eir p o p u la r textbooks (G arrels, 1960; G arrels and C hrist, 1965; K rauskopf, 1967). G eochem ical p ro sp ectin g , as we know it today, was initiated in 1947 by th e U.S. G eological Survey (H aw kes and L akin, 1949) and w as based on colorim etry. T he techniques develo p ed in the U n ited States w ere used in 1953 for soil surveys in th e U n ited K ingdom and in A frica (W ebb, 1953). Subsequently, th e G eochem ical Prospecting R esearch C e n te r a t th e Im perial C ollege of Science and Technology in L ondon becam e a cen te r of activity in this aspect of geochemistry. G eochem ical prospecting continues to be one of the m ost im portant practical applications of geo chem istry and now relies on a wide range of sophisticated analytical techniques. E n v iro n m e n ta l g eo c h em istry h as arisen recently because of th e need to m o n ito r th e dis persion of m etals and various organic com pounds th a t are in tro d u ced in to th e en v iro n m en t as anthropogenic contam inants. This new applica tion of geochem istry to the w elfare of hum ankind is closely re la te d to p o llu ta n t hydrogeology and m edical geochem istry. G eochem ical prospecting and environm ental geochem istry are of param ount im portance because th ey co n trib u te to th e con tinued w ell-being of th e hu m an species on E arth .
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W H A T IS G E O C H E M ISTRY?



Since ab o u t th e m iddle o f th e 20th century geochem istry has becom e highly diversified into m any subdivisions, am ong th em inorganic geo chemistry, organic geochem istry, isotope geochem istry, g e o c h e m ic al p ro sp e c tin g , m e d ic a l g eo chem istry, aq u eo u s geochem istry, trace-elem en t geochem istry, an d cosm ochem istry. E ach of these subdivisions has its ow n rapidly grow ing body of literatu re. H ow ever, th e geochem ists of th e w orld have o rganized scientific societies th a t transcend th e b o u n d aries o f specialization an d help to unify th e field. T hese societies also publish journals th a t p ro m o te th e free flow of info rm ation and ideas am ong th e ir m em bers. F or exam ple, the G eochem ical Society an d th e M eteoritical Society b o th spo n so r G eochim ica et C osm ochim ica Acta. T he E u ro p e a n A ssociation fo r G eochem istry has ad o p te d th e jo u rn a l C hem ical Geology, and th e In te rn a tio n a l A ssociation of G eochem istry and C osm ochem istry sponsors A p p lie d Geochemistry. A m ong o th e r jo u rn als th a t publish p ap ers dealing w ith geochem istry are E arth and Planetary Science Letters C ontributions to M ineralogy a n d Petrology Jo u rn a l o f G eochem ical E xploration E co n o m ic G eology A m erica n Journal o f Science N ature Science Som e jo u rn als are closely associated w ith certain regions, for exam ple, G eokhim ia D o k la d y (E a rth Science S ection) L ithology and M ineral Resources



In fact, m o st E a rth Science journals now publish pap ers in w hich geochem ical data or principles are used to explain a geological process or to solve a particu lar problem . The strength of geo chem istry lies in th e fact th a t m ost geological processes involve chem ical reactions in som e sig nificant way. G eochem istry really is for everyone, as F ersm an claim ed in his p o pular book. W hat th e n is geochem istry? T here is no easy answ er to this question because geochem ists con cern them selves w ith a wide range of n atu ral p h e n o m en a and use m any different techniques to study them . A ccording to Fersm an, “G eochem istry studies th e history o f chem ical elem ents in the E a rth ’s crust an d th eir b ehavior u nder different th e rm o d y n a m ic and physicochem ical n a tu ra l co n d itio n s.” G o ld sch m id t’s definition o f g e o chem istry was “ G eochem istry is concerned with th e laws governing the distribution of the chem i cal elem ents and th eir isotopes th ro u g h o u t the E a r th ” (C orrens, 1969). We could go on and on. G eochem istry is a highly diversified and con stantly evolving subject th a t can be described in m any different ways. F or o u r purposes the m ajor goals o f geo chem ists are 1. To know the distribution of the chemical elem en ts in th e E a rth and in th e solar system . 2. To discover th e causes for th e observed chem ical com position of terrestrial and e x traterrestrial m aterials. 3. To study chem ical reactions on the surface o f th e E arth , in its interior, and in th e solar system aro u n d us. 4. To assem ble this info rm atio n in to g eo



R ussia



G eochem istry International G eochem ical Journal



Japan



Chinese Journal o f Geochem istry



P e o p le ’s R epublic of C hina



chem ical cycles and to learn how th ese cycles have o p erated in the geologic p ast an d how they m ay be altered in th e future. T hese are th e lofty goals of a scientific disci pline. T heir intrinsic m erit is apparent. H ow ever, geochem ists practicing th eir craft today also have an obligation to hum ankind to assist in th e d ev el



 R E F ER E N C ES



o p m e n t and m anagem ent of natural resources, to m o n ito r the quality of the enviro n m en t both locally and on a global scale, and to w arn h u m an ity against dangerous practices that m ay th re a te n th e quality of life in the future. W ith so m uch at stake it is not easy to express succinctly w hat geochem istry is all ab o u t. K. O.
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E m ery and J. M. H u n t (1974, p. 586) put it this way: “Studies of geochem istry ... convert idle speculation into ... und erstan d in g . . . ’’.T h a t will be the th em e of this book. W e can no longer afford idle speculation in the E a rth Sciences. We m ust h av e u n d e rsta n d in g . G e o c h e m istry can show us how to achieve it.
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 2 In the Beginning Th e urge to trac e th e h istory o f the u n ive rse b ack to its b e ginnin gs is irresistib le . S t e v e n W e in b e r g (1 9 7 7 , p. 1)



C ertain questions a b o u t o u r existence o n E arth are so fu n d am en tal th a t they h av e b e e n in co rp o ra te d into religious m ythologies. T hese questions n o t only concern th e origin of th e E a rth a n d the evolution of life b u t also extend to th e origin of the universe and to the n a tu re of space and time. D id th e universe have a beginning a n d will it ever end? W hat existed b efo re th e universe form ed? D oes the universe have lim its an d what exists beyond those limits? It is p ro p e r to raise these questions at th e beginning o f a geo ch em istry course because they are w ithin th e scope of cosm ochem istry.



2.1 The Big Bang T he universe starte d like a b u b b le in a stream . A t first it was not there, and suddenly it fo rm ed and expanded rapidly as though it w ere exploding (G o tt, 1982). Science has its sh are o f practical jo k ers w ho im m ediately re fe rre d to th e sta rt of th e expansion of th e universe as th e B ig Bang (G am ow , 1952). F ro m th e very b eg in n in g the universe h ad all of th e m ass and energy it con tains today. A s a result, its pressure an d te m p e r atu re, say 1CT3 2 sec after th e Big B ang, w ere so high th a t m a tte r existed in its m ost fu n d am en tal form as “q u ark soup.” A s th e universe expan d ed and cooled, the q u ark s com bined to fo rm m ore fam iliar nuclear p articles th a t ultim ately becam e organized into nuclei of h y drogen and helium .
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F o rm ation of atom ic nuclei began about 13.8 sec after the Big Bang w hen the te m p e ra tu re of the universe had decreased to 3 X 109 K. This process continued for about 30 m in, but did n o t go beyond helium because the nuclear reac tions could not bridge a gap in the stabilities of th e nuclei of lithium , beryllium , and boron. A t th a t tim e the universe was an intensely h o t and rapidly expanding fireball. Som e 700,000 years later, w hen th e te m p e r a tu re had decreased to ab o u t 3 X 103 K, elec tro n s becam e attached to the nuclei of hydrogen and helium . M atter and radiation w ere thereby sep arated from each other, and th e universe becam e tran sp aren t to light. Subsequently, m a t te r began to be organized into stars, galaxies, and galactic clusters as the universe continued to expand to the present time (W einberg, 1977). B ut how do we know all this? T he answ er is th a t the expansion of the universe can be seen in the “red shift” of spectral lines of light em itted by d istan t galaxies, and it can be “h e a rd ” as th e “cosm ic m icrow ave radiation,” which is th e re m n a n t of th e fireball, that still fills th e universe. In addition, the properties of the universe im m edi ately after the Big Bang w ere sim ilar to those of atom ic nuclei. Therefore, a very fruitful co llab o ra tio n has developed am ong nuclear physicists an d cosm ologists th at has e n a b le d th e m to reco n stru ct the history of the universe back to a b o u t 1CT3 2 sec after the Big Bang. These studies



 2.1 hav e show n th a t th e forces we recognize at low te m p e ra tu re are, at least in p a rt, u n ified at ex trem ely high tem peratures and densities. T here is h o p e that a G rand U nified T heory (G U T ) will e v e n tu a lly e m erg e th a t m ay p e rm it us to a p p ro a c h even closer to u n d erstan d in g th e sta rt o f th e universe. W h at ab o u t th e future? Will th e universe c o n tin u e to expand forever? T he answ er is th a t th e fu tu re of th e universe can be p re d ic te d only if w e know the to tal am ount of m a tte r it contains. T h e m a tte r th a t is d etectable a t th e p re se n t tim e is n o t sufficient to perm it gravity to o vercom e the expansion. If expansion continues, th e universe will becom e colder and em ptier w ith n o p ro sp ect of an end. H ow ever, a large fraction of the m ass o f th e universe is h id d en from view in th e form of gas an d dust in interstellar and intergalactic space, and in th e bodies of stars th a t n o longer em it light. In addition, we still cannot rule o u t th e p o s sibility th a t n eutrinos have m ass even w hen they are a t rest. If th e mass of the universe is sufficient to slow th e expansion and ultim ately to rev erse it, th en th e universe will eventually c o n tract until it d isappears again in the stream of time. Since the universe had a beginning and is still expanding, it can n o t be in fin ite in size. H ow ever, the edge of the universe can n o t be seen w ith telescopes because it tak e s to o long for th e light to reach us. A s the u n iv erse expands, space expands w ith it. In o th e r w ords, it seem s to be im possible to exceed the physical lim its o f the universe. W e a re tra p p e d in o u r expan d in g b u b ble. If o th e r universes exist, we can n o t com m u n i cate with them . Now th a t we have seen th e big picture, let us review certain events in the history of the sta n dard m o d el of cosm ology to show th a t progress in Science is som etim es accidental. In 1929 th e A m erican a stro n o m er E dw in H ub b le re p o rte d th at eighteen galaxies in the Virgo cluster a re receding from E a rth a t d ifferen t rates th a t increase w ith th eir distances from E arth . H e calculated the recessional velocities of these galaxies by m eans of th e “D o p p le r effect” from o bserved increases of the w avelengths of
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characteristic sp ectral lines of light they emit. This “red shift” is re la te d to the recessional veloc ity by an e q u a tio n derived in 1842 by Johann C hristian D o p p le r in Prague:



w here A' is the w avelength of a spectral line of light em itted by a m oving source, A is the w ave length o f the sam e line em itted by a stationary source, c is the velocity of light, and v is the reces sional velocity. H u b b le ’s estim ates o f the dis tances to th e galaxies w ere based on th e p ro p e r ties o f the C epheid V ariables studied previously by H . S. L eav itt an d H. Shapley at H a rv a rd U niversity. The C ep h eid V ariables are b rig h t stars in th e constellation C epheus w hose p erio d of variation depends on th eir absolute luminosity, w hich is th e to tal rad ian t energy em itted by an astronom ical body. H u b b le found such variable stars in th e galaxies he was studying an d d e te r m ined th eir absolute lum inosities from th e ir p eri ods. T he intensity o f light em itted by a star decreases as the sq u are of the distance increases. T herefore, the distance to a star can be d e te r m ined from a com parison of its absolute and its ap p a re n t lum inosity, w here the la tte r is defined as the ra d ia n t p ow er received by the telescope per squ are centim eter. In this way, H u b b le d e te r m ined the recessional velocities and distances of the galaxies in th e Virgo cluster and expressed their relationship as: v = Hd



(2.2)



w here v is the recessional velocity in k m /se c , d is the distance in 106 light years, and H is the H ubble constant (H ubble, 1936). T he H ub b le co n stan t can be used to place a limit on the age o f th e universe. If two objects are m oving ap art with velocity v, th e tim e (t) req u ired for them to becom e sep arated by a distance d is:



The initial results indicated th a t the H u b b le con stan t h a d a value of 170 k m /s e c /1 0 6 light years,
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w hich co rrespo n d s to an exp an sio n tim e of less th a n 2 X 10 9 years. This resu lt was very aw kw ard becau se age d eterm in atio n s based o n radioactivi ty had established th a t th e E a rth is o ld er than this date. E v en tu ally W alter B aad e discovered an e rro r in th e calibration of th e C ep h eid Variables, and th e value o f th e H u b b le co n stan t was revised (B aad e, 1968). T h e p resen tly accep ted value is 15 k m /s e c /1 0 6 light years, w hich indicates an expansion tim e fo r the universe o f less than 20 X 10 9 years. This d ate is co m p atib le w ith inde p e n d e n t estim ates o f its age b ased on co nsidera tio n o f nucleosynthesis and th e ev o lu tio n of stars. By com bining all th re e m eth o d s H a in eb ach et al. (1978) re fin e d th e age o f th e u n iv e rse to (14.5 ± 1.0) X 109 years. T he Big B ang th eo ry of cosm ology was not a ccep ted for m any years fo r a v ariety o f reasons. T he tu rn in g p o in t cam e in 1964 w hen A rn o A. P en zias an d R o b e rt W. W ilson d isco v ered a m icro w av e b a c k g ro u n d ra d ia tio n th a t c o rre sponds to a blackbody te m p e ra tu re o f ab o u t 3 K. T he discovery of this rad iatio n was accidental, even th o u g h its existence h ad b e e n predicted tw enty years ea rlie r by G eo rg e G am ow and his colleagues R alp h A . A lp h e r and R o b e rt H erm an. B ecause they w ere u n aw are of G a m o w ’s work, P en zias an d W ilson w ere sk ep tical a b o u t the p h en o m en o n they h ad discovered and took great care to elim in ate all extran eo u s sources of the b a ck g ro u n d rad iatio n . For exam ple, they noticed th a t tw o pigeons h ad b een nesting in th e th ro a t of th e a n te n n a they w ere using at H o lm del, New Jersey. T h e pigeons w ere caught and tak en to a distan t location, b u t prom ptly retu rn ed . Therefore, they w ere caught again and dealt w ith “by more decisive m eans.” The pigeons had also coated the an ten n a with a “w hite dielectric m aterial,” which was carefully rem oved. H ow ever, th e intensity of the background radiation rem ained constant and in d ep en d en t of tim e in the course of a year. W ord o f this p h en o m en o n reached a group of astrophysicists a t n ea rb y P rin ceto n U niversity w ho w ere w orking on m odels of th e early history o f th e universe u n d er th e guidance o f R o b e rt H. D icke. E ventually, Penzias called D icke, and it



was agreed th a t they w ould publish two co m p an ion letters in the A strophysical Journal. Penzias and W ilson an n o u n ced th e discovery, and D icke and his colleagues explained the cosm ological significance of the m icrow ave background ra d ia tion (Penzias and W ilson, 1965). In 1978 Penzias and W ilson sh ared th e N o b el Prize in physics for their discovery. The ra d ia tio n discovered by P enzias and W ilson is a rem n an t of the radiation th a t filled the universe for a b o u t 700,000 years w hen its tem p e ra tu re was g rea ter th an about 3000 K. D uring this early perio d , m a tte r consisted of a m ixture of n u clear particles and p h o tons in th e r m al equilibrium with each other. U n d er these conditions th e energy of radiation at a specific w av elen g th is in v ersely p ro p o rtio n a l to th e absolute te m p e ra tu re. A ccording to an equ atio n derived by M ax Planck at the start of th e 20th century, the energy of blackbody rad iatio n at a particu lar te m p e ra tu re increases rap id ly with increasing w avelength to a m axim um an d then decreases at longer w avelengths. R ad ia tio n in therm al equilibrium with m a tte r has th e sam e properties as rad iatio n inside a black box w ith opaque walls. T herefore, th e energy d istribution of rad iatio n in the early universe is re lated to the w avelength and to th e ab so lu te te m p e ra tu re by P lanck’s eq u atio n . T he w avelength n e a r which m ost of th e energy o f blackbody rad iatio n is con cen trated (Amax) is approxim ately equal to:



w here Amax is m easured in centim eters and T is in Kelvins (W einberg, 1977). The original m ea su re m e n t of P enzias and W ilson was at a w avelength of 7.35 cm, w hich is m uch g re ate r th an th e typical w avelength o f ra d i ation at 3 K. Since 1965, m any ad d itio n al m e a surem ents at d ifferen t w avelengths h av e co n firm ed th a t th e cosm ic b ack g ro u n d ra d ia tio n does fit P lan ck ’s fo rm ula fo r blackbody ra d ia tio n . The characteristic te m p e ra tu re o f this ra d ia tio n is about 3 K, indicating th a t th e typical w avelength of photons has increased by a factor of a b o u t 1 0 0 0



 2.2 because of th e expansion o f the universe since its te m p e ra tu re was 3000 K (W einberg, 1977).



2.2



Stellar Evolution



M a tte r in th e u niverse is organized into a “h ier archy o f heav en ly b o d ie s” listed below in o rd er of decreasing size. clusters o f galaxies



com ets



galaxies



asteroids



stars, pulsars, and



m eteoroids



black holes



d u st particles



plan ets



m olecules



satellites



atom s of H and H e



O n a subato m ic scale, space betw een stars and galaxies is filled w ith cosm ic rays (energetic n u clear particles) an d p h o to n s (light). Stars are th e basic units in the hierarchy of heavenly bodies w ithin which m atter continues to evolve by nuclear reactions. M any billions of stars are grouped togeth er to form a galaxy, and large num bers o f such galaxies are associated into galac tic clusters. Stars m ay have stellar com panions or they m ay have orbiting planets, including ghostly com ets th a t flare briefly w hen they approach the star on th e ir eccentric orbits. The planets in our solar system have their own retenue of satellites. The space betw een M ars and Jupiter contains the asteroids, m ost of which are fragm ents of larger bodies th a t have been broken up by collisions and by the gravitational forces of Jupiter and Mars. Pieces of the asteroids have im pacted as m eteorites on the surfaces of the planets and their satellites and have left a record o f these events in craters. O n a n ev en sm aller scale, space betw een stars contains clouds o f gas an d solid particles. T he gas is com p o sed p rim arily o f hy d ro g en and of helium th a t w ere p ro d u ced durin g th e initial expansion o f th e universe. In addition, th e interstellar m edi u m co n tain s elem en ts o f h ig h er atom ic n u m b er th a t w ere synthesized by n u clear reactions in the interiors o f stars th a t have since exploded. A third co m p o n en t consists o f com pounds of hydrogen and c a rb o n th a t a re th e p recu rso rs of life. These
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clouds of gas an d d u st m ay co n tract to form new stars w hose ev o lu tio n d ep en d s o n th e ir m asses an d o n th e H / H e ra tio of th e gas cloud from w hich they form ed. The evolution o f stars can be described by specifying th e ir lum inosities and surface te m p e ra tures. The lum inosity o f a star is p ro p o rtio n al to its mass, and its surface te m p eratu re or color is an indicator o f its volum e. W hen a cloud o f in terstel lar gas contracts, its tem p e ra tu re increases, and it begins to ra d ia te energy in th e infrared and visible p a rts o f the spectrum . A s the te m p e ra tu re in the co re of th e gas cloud ap proaches 20 X 106 K, energy p ro d u ctio n by hydrogen fusion becom es possible, and a star is born. M ost o f the stars of a typical galaxy derive energy from this process and th erefo re plot in a band, called the m ain sequence, on the H e rtzsp ru n g -R u ssell diagram show n in Figure 2.1. M assive stars, called blue giants, have high lum inosities and high surface tem peratures. T he Sun is a star o f in term ed iate m ass and has a surface te m p e ra tu re o f ab o u t 5800 K. Stars th at a re less m assive th a n the S un are called red dwarfs an d p lo t at th e low er en d of th e m ain sequence. A s a star five tim es m o re massive th a n the Sun converts hydrogen to helium while on the m ain sequence, th e density of the core increases, causing th e in te rio r o f th e star to contract. The core te m p eratu re th erefo re rises slowly during the hydrogen-burning phase. This higher te m p e ra tu re accelerates the fusion reaction and causes the o u te r envelope o f th e star to expand. H ow ever, w hen the core becom es d epleted in hydrogen, the ra te of energy pro d u ctio n declines and the star contracts, raising th e core tem p eratu re still fu r ther. T he site o f energy production now shifts from the core to th e surrounding shell. The resu lt ing changes in lum inosity an d surface te m p e ra tu re cause the sta r to m ove off the m ain sequence tow ard the realm o f th e red giants (Figure 2.1). T he helium p ro d u c e d by h y drogen fusion in th e shell accum ulates in the core, w hich continues to contract and th e re fo re gets still h o tte r. The resulting expan sio n o f th e env elo p e low ers the surface te m p e ra tu re an d causes th e color to tu rn red. A t the sam e tim e, th e shell in which hydrogen
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lo g Su r f ace T e m p e ra t u r e , K Fi g u re 2.1 Stellar evolution on a Hertzsprung-Russell diagram for stars ranging from 1 to 9 solar masses. When a star has used up the hydrogen in its core, it contracts and then moves off the main sequence and enters the realm of the red giants, which generate energy by helium fusion. The evolutionary track and the life expectancy of stars are strongly dependent on their masses. Stars five times more massive than the sun are nearly 1000 times brighter, have surface temperatures of about 18.000 K— compared to 5800 K for the Sun—and remain on the main sequence only about 68 million years. Their evolution to the end of the major phase of helium burning takes only about 87 million years (Iben, 1967).



is reactin g gradually thins as it m oves tow ard the surface, an d th e lum inosity o f th e sta r declines. T hese changes tran sfo rm a m ain-sequence star in to a b lo a te d red giant. F or exam ple, the radius of a sta r five tim es m o re m assive th an the Sun increases a b o u t 30-fold ju st befo re helium bu rn ing in th e core begins. W hen th e co re te m p e ra tu re approaches 1 0 0 X 106 K, helium fusion by m eans of the “triple alpha process” begins and converts three helium nuclei into the nucleus of carbon-12. A t the same



time, hydrogen fusion in the shell aro u n d the core continues. The lum inosities and surface tem p era tures (color) o f red giants becom e increasingly variable as they evolve, reflecting changes in the rates of energy production in the core and shell. T he evolutionary tracks in Figure 2.1 illustrate the im portance o f the m ass of a star to its evolution. A star five tim es as m assive as the Sun is 1000 times b righter while on th e m ain sequence and has a m ore eventful life as a red giant th a n stars below a b o u t two solar m asses (Iben, 1967,1974).



 2.3 The length of tim e a star spends on the m ain seq u en ce dep en ds prim arily on its m ass and to a le sse r extent on th e H /H e ratio of its ancestral gas cloud. In general, m assive stars (blue giants) co nsum e th eir fuel rapidly and m ay spend only 10 X 106 years on th e m ain sequence. Sm all stars (re d dw arfs) have m uch slow er “m etab o lic” rates a n d rem ain on the m ain sequence fo r very long perio d s of tim e exceeding 10 X 10 9 years. T he Sun, b ein g a sta r of m o d est m agnitude, has enough h y d ro g en in its core to last ab o u t 9 X 10 9 years at th e p resen t rate of consum ption. Since it form ed a b o u t 4.5 X 109 years ago, th e Sun has achieved m id d le age and will provide energy to th e planets o f th e solar system fo r a very long tim e to com e. H o w ev er, ultim ately its lum inosity will increase, a n d it will expand to b ecom e a re d giant, as show n in Figure 2.1. T he te m p e ra tu re o n th e su r face of th e E a rth will th e n rise an d b ecom e in to l e ra b le to life forms. T he expansion of th e Sun m ay engulf the terrestrial planets, including E arth , a n d vaporize them . W hen all o f its n u clear fuel h a s been consum ed, th e Sun will assum e th e en d stag e of stellar evolution th a t is a p p ro p ria te fo r a sta r of its m ass and chem ical com position. Tow ard th e end o f the giant stage, stars b ecom e increasingly unstable. W hen th e fuel fo r a p articu lar energy-producing reactio n is ex h au st ed, th e star contracts and its internal tem p e ra tu re rises. T he increase in te m p e ra tu re m ay trigger a new set o f nuclear reactions. In stars of sufficient mass, this activity culm inates in a gigantic explo sion (supernova) as a result of which a large frac tion of th e outer envelope of the star is blown away. T he debris from such explosions mixes with hydro gen and helium in interstellar space to form clouds of gas and dust from which new stars may form. A s stars reach th e end o f their evolution they tu rn into white dwarfs, or neu tro n stars (pulsars), o r black holes, d e p e n d in g o n th e ir m asses (W heeler, 1973). Stars w hose m ass is less than ab o u t 1 . 2 solar masses contract until th eir radius is only a b o u t 1 X 104 km an d th e ir d en sity is betw een 104 and 108 g /c m 3. Stars in this configu ratio n have low lum inosities b u t high surface te m p eratu res and are th erefo re called w hite dw arfs (Figure 2.1). They gradually cool and fade from
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view as th eir lum inosities and surface te m p e ra tures dim inish w ith tim e. Stars th at are ap precia bly m ore m assive th an the Sun develop dense cores because o f the synthesis of heavy chem ical elem ents by nuclear reactions. Eventually, such stars becom e unstable and explode as supernovas. The core th e n collapses until its radius is reduced to ab o u t 1 0 km and its density is of th e o rd e r of 10n to 10 1 5 g /c m 3. Such stars are com posed o f a “n eutron gas” because electrons and p ro to n s are forced to com bine u n d e r the enorm ous pressure and the abundance of neutrons greatly increases as a result. N e u tro n stars have very ra p id rates of rotation and em it pulsed radio w aves th a t were first observed in 1965 by Jocelyn Bell, a graduate student w orking with A . H ew ish at th e C avendish L aboratory of C am bridge U niversity in England (Hewish, 1975). T he C rab N ebula contains such a “pulsar,” which is the re m n an t of a supernova observed by C hinese astronom ers in 1054 a .d . (Fowler, 1967). T he cores of the m ost m assive stars collapse to form black holes in accordance with E instein’s theory of general relativity. B lack holes have radii of only a few kilom eters and densities in excess of 10 1 6 g /c m 3. T heir gravitational field is so great th at neith er light n o r m atter can escape from them , hence the nam e “black hole.” O bservational evidence supporting the existence of black holes is growing and they are believed to be an im p o rtan t phenom enon in the evolution of galaxies. Stars, it seems, have predictable evolutionary life cycles. They form , shine brightly for a while, and then die. H ans B ethe (1968, p. 547) put it this way: If all this is true, stars have a life cycle much like animals. They are born, they grow, they go through a definite internal development, and finally die, to give back the material of which they are made so that new stars may live.



2.3



Nucleosynthesis



The origin of th e chem ical elem ents is in tim ately linked to the ev o lu tio n of stars b ecau se th e ele m ents are synthesized by the n u c le a r reactio n s from w hich stars d eriv e th e energ y th e y ra d ia te in to space. O nly heliu m and d e u te riu m , th e
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heav y iso to p e of h ydrogen, w ere synthesized d u rin g th e initial exp an sio n o f th e universe. The e n tire th e o ry o f n u cleosynthesis was p re se n te d in a d etailed p a p e r by B urbidge, B u rb id g e, Fow ler an d H o y le (1957) re fe rre d to affectio n ately as B 2 F H . S u b seq u en t c o n trib u tio n s (e.g., Schram m an d A rn e tt, 1973) have b e en co n ce rn e d w ith spe cific aspects of th e th eo ry an d its app licatio n to th e ev o lu tio n o f stars of d iffe re n t m asses and ini tial com positions. T h e th e o ry p re s e n te d by B 2F H (1957) evolved from th e w ork o f sev eral o th e r scientists, am ong w hom G eo rg e G am ow deserves special recognition. G am ow received his d o cto ra te from th e U niversity of L en in g rad an d cam e to the U n iv ersity o f G ö ttin g e n in th e spring o f 1928 fo r som e p o std o c to ra l studies. T h e re h e m et F ritz H outerm an s, w ith w h o m he sp en t m any ho u rs in a cafe m aking calculations (G am ow , 1963). Subsequently, H o u te rm a n s m o v ed to the U niversity of B erlin w here h e m e t th e B ritish a stro n o m er R o b e rt A tkinson. H o u te rm a n s and A tk in so n used G am o w ’s th e o ry of alp h a decay to p ro p o se th a t stars g en erate energ y in th e ir in teri ors by th e fo rm atio n of heliu m nuclei fro m four p ro to n s c a p tu red by th e nucleu s of a n o th e r light elem ent. T he in itial title o f th e ir p a p e r w as “W ie k a n n m an ein en H eliu m k ern im P o ten tialto p f ko ch en .” (H ow one can cook a helium nucleus in a p ressu re cooker.) N eedless to say, th e ed itors of th e Z eitschrift fü r P h y sik insisted th a t th e title be changed (A tk in so n and H o u term an s, 1929). Ten years later, in A pril of 1938, G am ow orga nized a conference in W ashington, D.C., to discuss the internal constitution of stars. The conference stim ulated one attendee, H an s B ethe, to exam ine the possible nuclear reactions b etw een p rotons and th e nuclei of th e light elem ents in o rd er of increas ing atom ic num ber. B ethe (1939) found th at the “pressure cooker” of A tkinson and H outerm ans was the nucleus of n6C and m ad e it the basis of his fam ous CN O cycle for hydrogen fusion in stars (to be p resented later in this section) (B ethe, 1968). G am ow influenced th e evolution of the th e o ry o f nucleosynthesis in m any o th e r ways. In 1935 he p ublished a p a p e r in th e O hio Jo u rnal o f



Science (an unlikely place for a nuclear astro physics p a p e r) on th e buildup of heavy elem ents by n e u tro n c a p tu re and subsequently cham pi o n e d th e id ea th a t the chem ical elem ents were synthesized durin g the first 30 m in after the Big B ang. In the m id-1940s A lpher and G am ow w rote a p a p e r d etailing the origin of the chem ical ele m ents based on th at assum ption. A t G am ow ’s suggestion, H an s B e th e’s nam e was added “in absentia,” thus creating the fam ous trium virate A lp h er, B eth e, an d G am ow (1948). T he ab u n d an ce of the chemical elem ents and th e ir naturally occurring isotopes is the blueprint fo r all th eories of nucleosynthesis. For this re a son, geochem ists and stellar spectroscopists have dev o ted m uch tim e and effort to obtaining accu ra te analytical d a ta on the concentrations of the elem ents in th e Sun and o th e r nearby stars from th e w avelength spectra of the light they emit. In fo rm atio n o n th e abundances of nonvolatile elem ents has com e also from chem ical analyses o f stony m eteorites, especially th e carbonaceous chondrites, w hich are the m ost undifferentiated sam ples o f m a tte r in th e solar system available to us (M ason, 1962). Table 2.1 lists th e a b u n dances o f th e elem en ts in the solar system com piled by A n d e rs and E b ih ara (1982). T he ab u n d an ces a re ex p ressed in term s o f th e n u m b e r of ato m s relativ e to 106 atom s of silicon. Figure 2.2 is a p lo t of th ese d a ta and illustrates several im p o rta n t observ atio n s about the ab u n dances of th e elem ents. 1. H yd ro g en and helium are by far th e m ost ab u n d an t elem ents in the solar system, and the atom ic H /H e ratio is a b o u t 12.5. 2. T he abundances of the first 50 elem ents d ecrease exponentially. 3. T he abundances of the elem ents having atom ic num bers greater th a n 50 a re very low an d do n o t vary appreciably with increasing atom ic num ber. 4. E lem en ts having even atom ic num bers are m o re a b u n d a n t th an th e ir im m ed ia te n e ig h b o rs w ith odd ato m ic n u m b e rs (O d d o -H a rk in s rule).



 A b u n d a n c e s o f th e E le m e n ts in th e S o la r S y s te m in U n its o f N u m b e r o f A to m s p e r 10 6 A to m s o f S ilico n



T a b l e 2.1 A tom ic no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52



Element hydrogen helium lithium beryllium boron carbon nitrogen oxygen fluorine neon sodium magnesium aluminum silicon phosphorus sulfur chlorine argon potassium calcium scandium titanium vanadium chromium manganese iron cobalt nickel copper zinc gallium germanium arsenic selenium bromine krypton rubidium strontium yttrium zirconium niobium molybdenum technetium ruthenium rhodium palladium silver cadmium indium tin antimony tellurium



Symbol H He Li Be B C N O F Ne Na Mg A1 Si P



s Cl Ar K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te



Abundance“ 2.72 2.18 5.97 7.8 2.4 1.21' 2.48 2.01 8.43 3.76 5.70 1.075 8.49 1.00 1.04 5.15 5.240 1.04 3.770 6.11 3.38 2.400 2.95 1.34 9.510 9.00 2.250 4.93 5.14 1.260 3.78 1.18 6.79 6.21 1.18 4.53 7.09 2.38 4.64 1.07 7.1 2.52 0 1.86 3.44 1.39 5.29 1.69 1.84 3.82 3.52 4.91



x X x x X X x X X X X x X X X X x X X X x x x X x x x x



X x x X X X X x x X X



1010 109 10* H T1 10' 107 106 107 102 106 104 106 104 106 104 105 103 105 103 104 101 103 102 104 103 105 103 10" 102 103 102 102 10° 101 101 101 10° 101 10° 101 10“ 1 10°



x X x X x X X X x



10° 10“1 10° 10“1 10° 10“1 10° 10"1 10°



X



X X



Atom ic no. 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103



Element iodine xenon cesium barium lanthanum cerium praseodymium neodymium promethium samarium europium gadolinium terbium dysprosium holmium erbium thullium ytterbium lutetium hafnium tantalum tungsten rhenium osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon francium radium actinium thorium protactinium uranium neptunium plutonium americium curium berkelium californium einsteinium fermium mendelevium nobelium lawrencium



Symbol I Xe Cs Ba La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn Fr Ra Ac Th Pa



U Np Pu Am Cm Bk Cf Es Fm Md No Lr



Abundance" 9.0 4.35 3.72 4.36 4.48 1.16 1.74 8.36 0 2.61 9.72 3.31 5.89 3.98 8.75 2.53 3.86 2.43 3.69 1.76 2.26 1.37 5.07 7.17 6.60 1.37 1.86 5.2 1.84 3.15 1.44



3.35



x x X X X X x X



K T1 10° 10“1 10° 10“1 10° 10’ 1 10-*



X X X X X x X X x



10“1 10~2 10“1 10’ 2 10~’ 10“2 10’ 1 10~2 10“1 X 10“2 X 1 0 -1 X 10"2 X 10"1 X 10“2 x H T1 x 10“1 x 10° X 10“1 X 10“1 X 10“1 X 10° X 10“1 ~0 ~0 ~0 ~0 ~0 ~0



x io -2



~0 9.00 x 10~3 —0 ~0 0 0 0 0 0 0 0 0 0



“The terrestrial abundances of the radioactive daughters of uranium and thorium are very low and are therefore indicated as “ ~ 0 .” In addition, neptunium and plutonium are produced in nuclear reactors and therefore occur on the Earth. However, the transuranium elements having atomic numbers of 95 or greater do not occur in the solar system. Their abundances are therefore stated as “0.” s o u r c e : Anders and Ebihara (1982).
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A t o m ic N u m b e r (Z) F i g u r e 2 .2 Abundances of the chemical elements in the solar system in terms of atoms per 106 atoms of Si. The data were derived primarily by analysis of carbonaceous chondrite meteorites and by optical spectroscopy of light from the Sun and nearby stars (Anders and Ebihara, 1982).



5. T h e abundances of lithium , beryllium , and b o ro n are anom alously low com pared to o th e r elem ents of low atom ic num ber. 6



. T he ab u n d an ce of iro n is n otably higher th a n those of o th e r elem en ts w ith similar ato m ic num bers.



7. Two elem ents, tech n etiu m an d p ro m eth i um , do n o t occur in th e solar system b ecause all of th e ir isotopes are unstable a n d decay rapidly. 8



. T h e e le m e n ts h av in g a to m ic n u m b ers g re a te r th an 83 (B i) h av e n o stable iso topes, b u t occur n atu rally a t very low ab u n d ances because th ey a re the daugh



ters o f long-lived radioactive isotopes of u ran iu m an d thorium . T he nucleosynthesis m o d el of B 2F H (1957) includes eight d ifferen t kinds o f nuclear reactions th a t occur a t specified te m p e ra tu res in th e course of th e evolution o f a star. Several o f these re a c tions m ay ta k e place sim ultaneously in th e cores and o u te r shells of m assive stars. A s a result, the core o f a star m ay have a d ifferen t chem ical com position th a n th e shell surrounding it. M oreover, n o t all of th e n u clear processes tak e place in all stars. C onsequently, o th e r stars in the M ilky W ay G alaxy do n o t necessarily have th e sam e chem i cal com position as th e Sun an d h er planets.



 2.3 A ll stars on the main sequence generate en er gy by hydrogen fusion reactions. This process results in the synthesis of helium either by the d irect p ro to n -p ro to n chain (e q u a tio n s 2.5-2.8) o r by the C N O cycle (eq u atio n s 2.9-2.14). T he p ro to n -p ro to n chain works as follows. Two nuclei of hydrogen, consisting of one p roton each, collide to form th e nucleus of deuterium ((H ) plus a p ositron (ß +) and a neutrino (v). (The designation of atom ic species is presented in C hap ter 6 .) Each reaction of this kind liberates 0.422 million electron volts (M eV ) of energy. The positron (positively charged electron) is annihilated by interacting with a negatively charged electron giving off additional energy of 1.02 MeV. The deuterium nucleus col lides with anoth er p roton to form the nucleus of helium-3 Q H e) plus a gam m a ray (y) and 5.493 M eV of energy. Finally, two helium-3 nuclei m ust collide to form helium -4 ((H e), two protons, and 12.859 MeV. The end result is th at four hydrogen nuclei fuse to form one nucleus of helium-4, a gam m a ray, a neutrino, and 19.794 M eV of energy. T he entire process can be described by a series of eq uations in which the nuclei of hydrogen and helium are represen ted by th e symbols of the appropriate isotopes (see C h ap ter 6 ), even though these isotopes do not actually exist in atom ic form in stellar interiors w here th eir electrons are rem oved from th em because of the high tem perature: |H + JH -> (H + ß + + v + 0.422 M eV



(2.5)



ß + + ß~



(2.6)



7



-> 1.02 M eV (annih ilatio n )



(H + }H -> (H e + y + 5.493 M eV



(2.7)



(H e + (H e - » (H e + }H + |H + 12.859 M eV



( 2 .8 )



T he direct p ro to n -p ro to n fusion to form helium -4 can only take place at a te m p e ra tu re of about 1 0 X 106 K, and even then the probability of its occurrence (or its “reactio n cross sectio n ”) is very small. N evertheless, this process was the only source o f nuclear energy for first-generation stars th a t fo rm ed from th e p rim o rd ial m ix tu re of hydrogen and helium after the Big Bang. O nce th e first g eneration of stars had run through th eir evolutionary cycles an d h ad explod
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ed, the interstellar gas clouds con tain ed elem ents of higher atom ic num ber. T he presence of carbon12 ( ’gC) synthesized by the ancestral stars has m ade it easier for subsequent generations of stars to g enerate energy by hydrogen fusion. This alter native m ode of hydrogen fusion w as discovered by H ans B eth e and is know n as th e C N O cycle: 12r + !H



13n + y



(2.9)



'(N —>13r + ß + + V



( 2 .1 0 )



l3r + IH



>(N + y



( 2 .1 1 )



'(N +



15o S'“* + y



( 2 .1 2 )



13n + ß + + V



(2.13)



’| o



13n + !H —>12r + (H e



(2.14)



The end result is th at four protons are fused to form o n e nucleus of (H e , as in the direct p ro to n p ro to n chain. T he nucleus of l\C acts as a sort of catalyst and is released at the end. It can th en be reused fo r an o th er revolution of th e C N O cycle. The Sun contains elem ents of hig h er atom ic n u m b er th an helium including *gC an d th erefo re carries on h y d ro g e n fu sio n by th e C N O cycle. In fact, m o st stars in o u r M ilky W ay G alaxy are seco n d -g en eratio n stars because o u r G alaxy is so old th a t only th e very sm allest first-g en eratio n stars could have survived to th e p re se n t time. T he low reactio n cross section o f th e p ro to n p ro to n chain by which the ancestral stars g e n er a ted energy has been a source of concern to nuclear astrophysicists. W hen this difficulty was p o in ted o u t to Sir A rth u r E d d in g to n , w ho p ro posed hydrogen fusion in stars in 1920, he replied (Fow ler, 1967): We do not argue with the critic who urges that the stars are not hot enough for this process; we tell him to go and find a hotter place.



A fter th e hydrogen in th e core has b een co n v ert ed to helium “ash,” hydrogen fusion ends, and the core contracts u n d e r th e influence of gravity. The core te m p e ra tu re rises tow ard 100 x 106 K, and the helium “ash” becom es the fuel fo r the next set of energy-producing nuclear reactions. T he critical reaction for helium burning is th e fusion o f three



 18



IN T H E BE G I N N I N G



alpha particles (triple-alpha process) to form a nucleus of l\C\ jH e + gHe - » gBe



(2.15)



IjBe + gHe -» l2C + y



(2.16)



This is the critical link in th e chain o f nucleosyn thesis because it bridges th e gap in nuclear stabili ty of the isotopes of lithium , beryllium , and boron. T he crux of the problem is th a t the nucleus of gBe is very unstable and decays quickly w ith a “halflife” of about 10" 1 6 sec. T herefore, gBe m ust absorb a third helium nucleus very soon after its form ation to m ake it safely to stable 'gC (Fowler, 1967). A n alternative reaction involving th e addition of a pro to n to the nucleus of gHe has an even smaller chance to succeed because th e product, gLi, has a half-life of only 1 (T 2 1 sec and decom poses to form helium and hydrogen: jH e + }H - » 53Li gLi - » gHe + |H



are the neutron-capture reactions, which produce a large num ber of the atom s having atom ic num bers greater than 26 (Fe). These reactions involve the addition of a neutron to the nucleus of an atom to produce an isotope having the same atomic num ber but a large mass num ber. For example, the equation: ggNi +



in



-> “ Ni + y



(2.21)



neutron



indicates th a t the nucleus of ggNi absorbs a n e u tron, which changes it to an excited state of ggNi, which then deexcites by em itting a gam m a ray. Nickel-63 is radioactive and decays to stable ggCu by em itting a ß~ particle: ggNi -> ggCu + ß - + v + 0.0659 M eV (2.22) w here v is an antineutrino. ggCu is a stable iso tope of copper and can absorb an o th er n eu tron to form IgCu:



(2.17)



ggCu + in -> IgCu + y



(2.18)



Copper-64 is radioactive and undergoes branched decay to form g^Zn and ggNi, b o th of which are stable:



T he trip le-alp h a process is in d eed th e key to th e synthesis of all elem en ts b ey o n d helium . W ith o u t it, s te lla r e v o lu tio n w o u ld b e sh o rtcircuited, and th e universe w ould b e com posed only of hydrogen and helium . H elium b urning sustains red giants only for a few tens of m illions o f years o r less. W ith increas ing te m p e ra tu re in th e core, alpha particles fuse w ith the nuclei o f 'gC to p ro d u ce nuclei of still h ig h er atom ic num ber: 12C + gHe -> 'gO



(2.19)



'gO + gHe -> 2"Ne



(2.20)



etc.



H ow ever, electrostatic repulsion betw een posi tively charged nuclei and alpha particles limits th e size of th e atom s th a t can form in this way. T he heaviest ato m p ro d u ced by th e addition of alpha particles is ggNi, which decays to ggCo and th e n to stable ggFe. T hese n u clear reactio n s th e re fo re cause the en h an ced ab u n d an ce of th e ele m ents in th e iron g ro u p illu strated in Figure 2.2. D uring the final stages of the evolution of red giants, several o ther kinds of nuclear reactions occur (B 2 FH , 1957). The m ost im portant of these



(2.23)



ggCu -> ggZn + ß~ + v + 0.575 M eV



(2.24)



ggCu -> g N i + ß + + v + 1.678 M eV



(2.25)



This process of successive additions of n eu tro n s is illustrated in Figure 2.3. It takes place during the red giant stage of stellar evolution w hen th e n e u tro n flux is low enough to p erm it the product nucleus to decay b efo re the n ext n eu tro n is added. This process th ere fo re is characteristically slow and is th ere fo re re fe rred to as the s-process. By exam ining Figure 2.3 closely we see that the track of the s-process bypasses ™Zn, which is one of the stable isotopes of . zinc. In o rd e r to m ake this isotope by n eu tro n capture reactions, the pace m ust be speed ed up so that unstable goZn can pick up a n eu tro n to fo rm ggZn befo re it decays to stable 3 ?Ga: goZn + In - » ]°0Z n + y



(2.26)



A n even m o re rapid ra te o f n eu tro n c ap tu re is req u ired to m ake ggZn from ggCu by addition of five neu tro n s in succession to fo rm 2 9 CU, w hich th en decays by ß~ em ission to stable ggZn:
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N e u t r o n N u m b e r (N) Fig u re 2 .3 Nucleosynthesis in red giants by neutron capture on a slow time scale (s-process) followed by beta decay. The dark squares are stable isotopes, whereas the unshaded ones are radioactive. The process starts with stable (|N i, which absorbs a neutron to form unstable “ Ni, which decays to stable ))Cu by emitting a ß~ particle. The main line of the s-process, as indicated by arrows, proceeds from § N i to ((Se and beyond but bypasses ([}Zn and ((Se. (jjZn is produced by neutron capture on a rapid time scale (r-process) from fgZn via unstable (fjZn and from ))Cu, which captures five neutrons in rapid succession to form (°Cu followed by decay to stable (JjZn. ((Se is a proton-rich nuclide that cannot form by either the s-process or the r-process and requires the addition of two protons (p-process) to stable ((Ge.



65Cu + 5 in -> JgCu + 5 y 29 l°C u



70 3



oZn + ß~ + v + - 7 . 2 M eV



(2.27) (2.28)



C a p tu re of n e u tro n s at such rapid rates is charac teristic of th e r-process, w hich req u ires a m uch g re a te r n e u tro n flux th an th e s-process and th e re fo re takes place only during th e last few m inutes in th e life o f a red giant w hen it explodes as a supernova. H ow ever, no n e u tro n cap tu re on any tim e scale can account for th e form ation of som e atom s such as stable ((Se show n also in Figure 2.3. This nuclide is synthesized by th e add itio n of tw o p ro tons to stable ((G e in th e so-called p-process:



IjGe + 2 }H



74



Se



(2.29)



T his process also tak es place a t th e very en d of th e giant stage o f stellar evolution. T he system of nuclear reactions originally p ro p o se d by B 2F H (1957) can acco u n t fo r th e observed abundances of the chemical elem ents in the solar system and in nearby stars. N ucleo synthesis is taking place at the present tim e in the stars of our galaxy and in the stars of other galaxies th roughout the universe. We have good evidence in the w avelength spectra of light from distant galaxies that the chem ical elem ents we find on E a rth also occur everyw here else in the universe.
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H ow ever, pulsars and black holes have high inter nal pressures and tem peratures th a t cause atomic nuclei to disintegrate into m ore prim itive con stituents. T he relative proportions of th e chemical elem ents in o ther stars are different because local conditions m ay affect th e yields o f th e m any nuclear reactions th at contribute to their synthesis.



2.4



Summary



W e live in an expanding universe w hose fu tu re is un certain. T he universe sta rte d w ith a Big Bang a b o u t 15 X 109 years ago an d has evolved since then in accordance w ith th e laws o f physics. Stars are th e basic units in the h ierarchy of heavenly bodies. T hey form by co ntraction of clouds of in terstellar gas and d u st until th eir core



tem p eratu res are sufficient to cause hydrogen fusion. Stars evolve through pred ictab le stages depending on their m asses and initial compositions. They gen erate energy by nuclear reactions th a t synthesize o th e r elem ents from prim ordial h y d ro gen and helium . In th e end, stars explode, and the rem nants becom e solid objects of g reat density. The abundances of the chem ical elem ents in th e solar system can be explained by th e nuclear reactions th a t energize the stars. T hese reactions progress from fusion of hydrogen and helium to n e u tro n cap tu re an d to o th e r reactions, m ost of which occur only fo r a short tim e at th e end o f the active life o f a star. The chem ical elem ents we know on E a rth occur th ro u g h o u t th e universe, b u t th eir abundances vary because local conditions affect the yields of th e nucleosynthesis processes.



Problems* 1. How has the abundance of hydrogen (H) in the universe changed since the Big Bang?



7. Why is lead (Pb) more abundant than we might have expected?



2. Why are elements with even atomic numbers more abundant than their neighbors with odd atomic numbers?



8. Check the abundance of argon (Ar) and deter mine whether it is greater than expected. If so, suggest an explanation.



3. How do we know that the Sun is at least a “sec ond-generation” star?



9. How did lithium (Li), beryllium (Be), and boron (B) form?



4. Why do technetium (Tc) and promethium (Pm) lack stable isotopes?



10. Compare the abundances of the “rare earths” (lanthanum to lutetium) to such well-known metals as Ta, W, Pt, Au, Hg, and Pb. Are the rare earths really all th a t“rare”?



5. What other elements also lack stable isotopes? 6. Why do the elements of Problem 5 exist on the Earth, whereas Tc and Pm do not? *Not all of these questions have unequivocal answers.
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 3 The Solar System T he Sun form ed from a cloud o f gas and dust par ticles, as did all o th e r stars in th e M ilky Way G alaxy and elsew here in th e universe. Som etim es th e process leads to th e fo rm atio n of tw o com p anion stars. H ow ever, in th e case of th e Sun a sm all fraction of the original cloud accreted to fo rm a set of nine planets, including th e Earth. C om pared to stars, these plan ets a re insignificant objects, b u t to us they are th e very basis of exis tence. T he hu m an race a p p eared on th e E arth only tw o o r th ree m illion years ago and, after a slow start, learned to fly and to explore the solar system w ithin a span of a m ere century. G eochem istry to d ay n o t only encom passes th e stu d y o f th e co m p o sitio n an d chem ical processes occurring on th e E a rth , b u t is also con cern ed w ith all of th e plan ets an d th e ir satellites. Info rm atio n for geochem ical studies o f th e solar system is derived by analysis o f m eteo rites and rock sam ples from th e M o o n an d by rem ote sensing of p lan etary surfaces. T h e exploration of th e solar system has exp an d ed o u r horizo n and has provided th e basis for com p arativ e planetary geochem istry. T he satellites o f th e large gaseous p lan ets are of special in terest in this new field of study because som e of th em a re larg er th an our M oon an d have very different chem ical com po sitions and surface featu res th a n th e E arth . W e th erefo re n eed to b ecom e acquainted w ith th e new w orlds we m ust ex p lo re b efore we c o n cen trate o u r atte n tio n o n th e conventional geochem istry o f th e E arth .



3.1



Origin of the Solar System



T he origin of th e planets of th e solar system is intim ately linked to th e fo rm atio n of th e Sun. In th e beginning th e re was a diffuse m ass of inter
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stellar gas and dust know n as the solar nebula. It h ad form ed a b o u t six billion years ago as a result o f th e term inal explosions of ancestral stars, which ad ded th e elem ents they had synthesized to the prim ordial hydrogen and helium that orig inated from th e Big Bang. T he chem ical composi tion of the solar nebula was given in Chapter 2 (Table 2.1). T he dust cloud was rotating in the sam e sense o f the M ilky Way Galaxy and was acted upon by gravitational, m agnetic, and elec trical forces. A s soon as th e m ain m ass of the solar nebu la began to contract, o rd e r began to be imposed on it by th e physical and chem ical conditions that existed during this p h ase of star form ation. These included th e d ev elo p m en t of pressure and tem p e ra tu re gradients an d an increase in the rate of rotation. C ertain kinds of solid particles that had form ed in th e n eb u la ev ap o rated as the tem pera ture increased in o rd e r to m aintain equilibrium b etw een solids and gases. A s a result, only the m ost refractory particles (F e-N i alloys, A12 0 3, CaO, etc.) survived in the h o tte st part of the con tracting nebula, w hereas in the cooler outer regions a larger variety of com pounds rem ained in th e solid state. T he increase in the rate of ro ta tion caused p a rt of the nebula outside of the protosun to form a central disk. T he solid particles congregated in this disk and m ade it sufficiently opaque to absorb infrared radiation. The tem per ature in th e cen tral disk th erefo re increased until it ranged from ab o u t 2000 K at the center to about 40 K at approxim ately 7.5 X 109 km from the protosun. T he pressure ranged from less than 0 .1 atm to a b o u t 1 0 - 7 atm n e a r the edge of the disk (C am eron, 1978; C am eron and Pine, 1973). T he d ev elo p m en t o f p ressu re and tem p era ture gradients w ithin the disk caused the first



 3.1 m ajo r chem ical d ifferentiation of th e solar n e b u la. C o m pounds w ith low vapor pressures persisted th ro u g h o u t th e n ebula and form ed “d u st” p a rti cles, w hereas com pounds w ith high v ap o r pres sures could exist only in the cooler o u te r regions. T he condensation tem p eratu res of various com p o u n d s th at existed in the solar n eb u la are listed in Table 3.1. T he condensates accreted to form larg er bodies as a result of selective adhesion cau sed by electrostatic and m agnetic forces. The resulting solid bodies, called planetesimals, had d iam eters ranging from about 1 0 m to m o re than 1 0 0 0 km , and th eir chem ical com positions varied with distance from th e center of th e planetary disk .T h e planetesim als close to the p ro to su n w ere com posed of refracto ry com pounds d o m in ated by oxides and m etallic iron and nickel; fa rth e r out w ere M g and Fe silicates and farth est out, ices com posed of w ater, am m onia, m ethane, and o th er volatiles. T he initial ra te of evolution of th e solar sys tem was rem ark ab ly fast. T he tim e re q u ired for the Sun to reach the ignition te m p eratu re for



T a b l e 3.1



925-220 725



Condensates refractory oxides: CaO, A120 3, T i0 2, REE oxides metallic Fe and Ni enstatite (MgSiO,) Fe forms FeO, which reacts with enstatite to form olivine [(Fe,Mg)2S i0 4] Na reacts with A120 3 and silicates to form feldspar and related minerals. Condensation of K and other alkali metals



400



F12S reacts with metallic Fe to form troilite (FeS)



280



H20 vapor reacts with Ca-bearing minerals to make tremolite H20 vapor reacts with olivine to form serpentine HzO vapor condenses to form ice



-1 2 5



NH3 gas reacts with water ice to form solid NH3 • H20



-1 5 0



CH4 gas reacts with water ice to form solid CH4 • 7H20



1 N> O



150 -1 0 0



Ar and excess CH4 condense to form Ar and CH4 Ne, H, and He condense



-250"
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hydrogen fusion was less th an 100,000 years. The S u n ’s initial lum inosity was tw o to th re e tim es g re a te r th a n is consistent w ith th e m ain sequence b ecau se th e Sun co n tain ed excess th erm al energy g e n e ra te d during th e initial co n tractio n . This “su p erlu m in o u s” phase of th e Sun lasted about 1 0 m illion years and resulted in the expulsion of a b o u t 25% of its original m ass in th e form of “so lar w in d ” com posed of a p ro to n /e le c tro n plas m a. This is called th e “T-Tauri stage” o f stellar evolution after the star th a t is th e p ro to ty p e for this process. All gaseous m atte r in the vicinity of th e Sun was blow n aw ay during this period, and only th e solid planetesim als having d iam eters larger th a n a b o u t 1 0 m rem ained. T he planetesim als in th e in n e r region of the p lan e ta ry disk subsequently accreted to fo rm the s o -c a lle d e a rth lik e p la n e ts — M ercury, V enus, E a rth , and M ars— and the p a re n t bodies of the m e te o rite s now r e p re s e n te d by astero id s. Instabilities in the o u te r p a rt o f th e disk resulted in th e fo rm atio n of th e gaseous o u te r planets: Jupiter, S aturn, U ranus, N eptune, and Pluto.



Condensates from the Solar N ebula at Different Tem peratures



Temperature, °C 1325 1025 925



O RIG I N O F T H E S O L A R SYSTE M



“These reactions probably did not occur because the temperature in the planetary disk did not decrease to such low values. SOURCE: Glass (1982), based on Lewis (1974).
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T h e orig in a n d chem ical co m p o sitio n of P luto a re still n o t well know n becau se this planet is difficult to observe from E a rth . P lu to also does n o t conform to th e so-called T itiu s-B o d e law, w hich ap p ears to govern th e distances of the p lanets from th e Sun w hen these are expressed in astronom ical units (A . U.), d efin ed as th e average d ista n c e b e tw e e n th e E a r th a n d S un. The T itiu s-B o d e law was p ublished in 1772 by J. E. B ode, d ire c to r of th e A stro n o m ical O bservatory in B erlin, an d is based on a series of n u m b ers dis cov ered by J. D. Titius of W itten b erg in 1766. The series is com posed of th e n u m b ers 0.4, 0.7, 1.0, 1 .6 . 2 .8 . . . . , which are o b tain ed by w riting 0 , 3 , 6 , 1 2 . 2 4 . . . . , adding 4 to each n u m b er, an d dividing by 10. T h e resu ltin g n u m b ers m a tc h th e dis tan ces o f th e p lan e ts fro m th e S u n rem ark a b ly well u p to an d including U ra n u s (M eh lin , 1968). H ow ever, the radius of the o rb it of N ep tu n e is only 30.1 A .U ., w h ereas th e T itiu s -B o d e valu e is 38.8 an d th e d iscrep an cy in th e case o f P lu to is even g re a te r (T able 3.2). T he T itiu s-B o d e law predicts a v alue o f 77.2, b u t th e actual o rb ita l rad iu s of P lu to is only 39.4 A .U . T h e d iscrep an cy may suggest th a t P lu to did n o t fo rm in th e o rb it it now occupies. T a b le 3 .2



The descriptive physical p ro p erties of the solar system listed in Table 3.2 indicate th a t 99.87% of the to tal m ass of the solar system (2.052 X 103 3 g) is co n cen trated in th e Sun. The rem aining 0.13% is d istrib u ted am ong th e nine m ajor planets, am ong which Ju p iter is by far th e largest with about 71% o f the plan etary masses. The densities and sizes of the planets, show n in Figure 3.1, vary w idely and imply the existence of large differences in th eir chem ical com positions. T he inner planets (M ercury, Venus, E a rth , and M ars), as well as th e M oon and th e asteroids, are solid objects com posed prim arily of elem ents and com pounds having low vapor pressures. T he o u te r planets (Jupiter, S aturn, U ranus, and N ep tu n e) have low densities and are essentially gaseous, although all of th em p robably have conden sed cores. T he inner p lan ets resem b le th e E a rth in chem ical com position and are th e re fo re re fe rred to as the terrestrial o r earthlike planets. T h e o u te r p lan ets consist prim arily o f h y drogen an d helium w ith small am ounts o f th e o th e r elem en ts and resem ble the Sun in chem ical com position. T he earth lik e p lan ets (plus the M o o n and asteroids), tak en to g eth er, m ake up only 0.0006% of th e total mass of the solar system and only



Properties of the Sun and H er Planets Mean solar distance



Object



106km



A.U.



Equatorial diameter, km



Mass, g



Density g/cm3



Num ber o f satellites



Sun



—



Mercury



57.9 108.2



0.387 0.723



4,878 12,100



1.987 x 1033 3.30 x 1026 4.87 X 1027



Earth Moon



149.6



1.00



12,756



5.98 x 1027



3,476



7.35 x 1025



5.25 5.52 3.34



Mars



227.9



1.52



6,786



6.44 x 1026



3.94



2



Ceres (asteroid) Jupiter



414.0



2.77



1.17 x 1024 1.90 x 1030



—



5.20 9.54



1,020 142,984



2.2



778.3



1.33



120,536 51,118



5.69 x 1029



0.70



16 21



8.66 x 1028



1.30



15



49,562



1.01 23 x 1029



1.76



3,000



1.5 x 1025



8 1



Venus



1,391,400



—



Saturn



1,427.0



Uranus



2,869.6



19.2



Neptune



4,504



Pluto



5,900



30.1 39.4



so u r c e



: Carr et al. (1 9 8 4 ), Glass (1 9 8 2 ), and fact sheet, Jet Propulsion Laboratory.



1.4 5.44



1.1



—



0 0 1 —



 3.2 0.44% of th e p lan etary masses. A ll of these o b je c ts are so close to the Sun th a t th e orbital ra d iu s of th e o u te rm o st astero id is only ab o u t 7 % o f the to ta l radius of th e solar system. E vidently, th e te rre stria l planets a re n o t typical o f th e solar system and owe th e ir existence to the special conditions in th e p lan etary disk close to th e Sun. E a rth is th e largest of th e in n er planets w ith a b o u t 50.3% of th e mass, follow ed by Venus (4 0.9% ), M ars (5.4% ), and M ercury (2.8% ). T h e earth lik e planets, view ed in F igure 3.1 in th e perspective o f th e en tire solar system , are a physical an d chem ical anom aly. T h e E a rth is u n iq u e am ong its earth lik e neig h b o rs in having a b o u t 71% of its surface covered b y liquid w ater w ithin which life d ev eloped early in its history an d evolved into the m u ltitude of species of the p la n t an d anim al kingdom s. In so far as we know, life form s do n o t exist at th e p re se n t tim e any w h e re else in th e solar system .



O RIG I N O F T H E E A RT H LIKE PLA N ETS



3.2
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Origin of the Earthlike Planets



O u r c u rre n t u n d e rsta n d in g of th e origin o f th e solar system in d icates th a t th e earth lik e planets w ere h o t w hen th ey fo rm ed and th a t th e ir in te r nal geochem ical differen tiatio n m ay have begun w ith th e sequential accretion of planetesim als of differing co m positions (M urray et. al., 1981). P lanetesim als com posed o f m etallic iro n and oxides a ccreted first to form a core th a t was sub seq u en tly b u rie d by th e planetesim als com posed of silicates. T he earth lik e planets w ere initially m o lte n becau se o f th e h eat g en erated by the rap id c a p tu re o f th e planetesim als an d because of radioactive heating. T he last p h ase of fo rm atio n of E a rth , Venus, a n d M ars involved the cap tu re of planetesim als com posed o f volatile com pounds th a t had form ed in th e o u te r reach es of the plan etary disk, perhaps



M ean D istance from th e C en ter of th e Sun, 10s km Fi g u r e 3.1 A: Variation of density of the planets with mean distance from the Sun. Note that the Earth has the highest density among the earthlike planets, which, as a group, are more dense than the outer gaseous planets. B: The planets of the solar system magnified 2000 times relative to the distance scale. The earthlike planets are very small in relation to the Sun and the gaseous planets of the solar system.
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bey o n d th e o rb it o f Jupiter. T hese volatile-ric ■) p la n e te sim a ls, also k n o w n as com etesim ai-. d ep o sited solids com posed o f w ater, am m onia, m ethane, an d o th e r volatiles o n th e surfaces of the plan ets.T h e w ater and o th e r volatiles deposited on th e E a r th prom ptly ev a p o rated to form a dense atm o sp h ere from w hich w ater ultim ately con den sed as th e surface o f th e E a rth cooled. M ercury an d th e M oon do n o t have atm o sp h eres partly becau se th ey are to o sm all to re tain gaseous ele m ents of low atom ic n u m b er and th e ir com pounds. A cco rd in g to this scen ario , th e earthlike p lan ets have b een cooling since th e tim e of their form ation. M ercury an d th e M oon have cooled sufficiently to b ecom e geologically “inactive” in th e sense th a t th e ir in terio rs n o longer interact w ith th e ir surfaces. V enus and E a rth , being the larg est o f th e earth lik e planets, have retained m o re of th e initial h e a t th a n th e ir neighbors in th e solar system and are still active. M ars is in ter m e d ia te in size and has h ad volcanic eruptions in th e n o t-to o -d istan ce geologic past. H ow ever, the age of th e last m artian volcanism is n o t known. In spite of th e sim ilarity in size and overall com position of V enus an d E a rth , th e ir surfaces have evolved very differently. V enus has a dense atm o sp h e re com posed o f C 0 2 th a t has caused its surface to b ecom e extrem ely h o t and dry. The surface o f E a rth cooled rapidly, allow ing oceans



T a b le 3 .3



to form m ore than 4 X 109 years ago by co n d en sation of w ater v apor in the atm o sp h ere. The presence of a large volum e of w ater on the su r face of E arth perm itted geological processes to o p e ra te and created conditions conducive to th e developm ent and evolution o f life. N e ith e r the E a rth n o r any of th e earth lik e p lan ets ever had atm ospheres com posed of the hydrogen and h eli um of th e solar n eb u la because these gases w ere expelled from the inner region of the so lar system during the T-Tauri stage o f th e Sun.



3.3



Satellites of the Outer Planets



A ll of th e o u te r planets have satellites, som e of which are larger than th e M oon and th e plan et M ercury. In addition, these satellites have a w ide ra n g e o f chem ical co m p o sitio n s a n d h a v e resp o n d ed in very d ifferen t ways to th e forces acting on them . The large satellites o f Ju p ite r w ere seen by G alileo G alilei on January 7,1610, with his newly built telescope. A ctually, th e y m ay have b e en o b se rv e d e v en e a rlie r by S im on M arius. H ow ever, detailed im ages of th e ir s u r faces w ere ob tain ed only recently during “flybys” of the A m erican P ioneer and V oyager space probes. A chronology of these events in T able 3.3 reveals the sudden burst of activity in th e e x p lo ration o f the solar system betw een 1973 an d 1989.



Chronology of Exploration of the Satellites of Jupiter and S a tu r n Encounter date



Spacecraft



Dec. 3,1973 Dec. 2,1974



Pioneer 10



left solar system on June 14,1983



Jupiter Jupiter



March 5,1979



Pioneer 11 Voyager 1



continued to Saturn 1408 images of jovian satellites



Jupiter



July 9,1979 Dec. 7,1995



Planet Jupiter



Jupiter



Comments



Voyager 2



1364 images of jovian satellites



Galileo



mission in progress in 1997



Saturn



Sept. 1,1979



Pioneer 11



low-resolution images



Saturn



Nov. 13,1980



900 images of saturnian satellites



Saturn



Aug. 26,1981



Voyager 1 Voyager 2



Uranus



Jan. 25,1986



Voyager 2



images of all satellites as well as the rings



Neptune



Aug. 25,1989



Voyager 2



images of the planet and its satellite Triton



After Greeley (1985).



1150 images of saturnian satellites



 3.3 T h e p lan et Ju p ite r has 16 satellites and a ring g u a rd e d by two sm all satellites. T he so-called G alilean satellites Io, E u ro p a, G anym ede, and C allisto w ere actually n am ed by M arius after m ythological lovers of th e G re e k god Z eus w hose L atin n am e was Jupiter. A fifth satellite was dis co v ered 282 years later by B arn ard w ho nam ed it A m a lth e a a fte r a n y m p h w ho o n ce n u rse d Ju p iter. These satellites, to g e th e r w ith th re e small ones fo u n d in 1979, m ove in n early circular orbits close to the eq u ato rial p lan e of Jupiter. Four sm all satellites (L ed a, H im alia, L ysithea, and E la ra ) are located a b o u t 11 m illion km from Ju p ite r and have eccentric orbits th a t are inclined n early 30° to its eq u ato rial plane. A th ird group (A n a n k e , C arm e, Pasiphae, and S inope) at a dis tan ce o f a b o u t 22 m illion km from Ju p iter have re tro g ra d e orb its w hose inclination is b etw een 150° an d 160°. T he G alilean satellites form in effect a sm all-scale p lan etary system of th e ir own w ith Ju p iter as th e ir central “star.” T heir densities, listed in Table 3.4 and displayed in Figure 3.2, d e c re a se w ith in creasin g o rb ita l ra d iu s from 3.53 (Io) to 1.79 (C allisto) g/cm 3; th erefo re they are believed to have significantly different chem ical com positions. Io is com posed prim arily of silicate m aterial an d m ay have an iron sulfide core. B efore the encounters with the Voyager spacecraft, Peale et al. (1979) calculated th e am o u n t of h eat g en erated w ithin Io by tidal friction caused by th e gravita tional pull of Ju p ite r an d E u ro p a and p redicted th a t active volcanoes m ay be p resen t. This p re diction was su p p o rted by im ages sen t back by V oyager 1 on M arch 9,1979, which indicated that th e surface of this p lan et was n o t c rate red as had b een expected. Subsequently, M o rab ito et. al. (1979) discovered a huge volcanic eru p tio n on Io th a t was o b literatin g im pact craters an d all o th e r to p o g rap h ic fe atu re s in a large a re a surro u nding th e volcano. E ventually, nine active volcanoes w ere id entified and n am ed after m ythological d e itie s a sso c ia te d w ith fire (A m ira n i, L o k i, M ard u k , M asubi, M aui, Pele, P rom etheus, Surt, and V oland). T h e volcanic plum es contain sulfur d ioxide and th e lava flows m ay be com posed of liquid sulfur, consisten t w ith th e fa c t th a t th e su r
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face of Io is yellow to red in color. T he surface h e a t flow of Io is a b o u t 48 m icrocalories/cm 2/sec an d is th erefo re a b o u t 30 tim es g re a te r th a n th at of the E a rth . Io is clearly th e m o st volcanically active object in th e solar system . T h e o th e r G a lile a n s a te llite s o f Ju p ite r (E u ro p a , G anym ede, and C allisto) have low er densities th a n Io and are com posed o f silicate m aterial w ith crusts o f w ater ice an d m an tles of liquid w ater. They are n o t volcanically active at th e p re se n t time, and th eir surfaces are cratered. E u ro p a ap p ears to be com pletely covered by a fro zen o cean 75-100 km deep. T he icy crust m ay b e u n d erlain by liquid w ater th a t does n o t freeze because o f h e a t g en e ra ted by tidal friction. The surface o f E u ro p a is crisscrossed by a m u ltitude o f curving bands, som e of w hich h av e been tra ce d for m ore th a n 1000 km . T he b an d s ap p ear to b e fractures in the crust caused by in ternal tectonic activity and by m e te o rite im pacts. The fra c tu re s w ere su b seq u en tly filled w ith subcrustal w ater th a t froze to form ice dikes. G an y m ed e is larg er th a n th e p la n e t M ercury a n d a p p e a rs to b e com posed of w a te r a n d sili c a te m a te ria l in a b o u t e q u a l p ro p o rtio n s. Its surface is com posed of w a te r ice m ixed w ith im pu rities th a t cause it to d a rk e n in color. The d a rk te rra in s are fra g m e n te d an d m o re heavily c ra te re d th a n th e light-colored te rra in in w hich th e y a re e m b e d d e d . T h e ice c ru s t is a b o u t 1 0 0 km thick and is u n d e rla in by a m an tle o f liq u id w ater b e tw e e n 400 an d 800 km deep. The w a te r m ay have in tru d e d th e c ru st locally in the form o f ice slush to p ro d u c e in tru siv e b o d ies of w a te r ice. C allisto is the o u term o st of th e G alilean satel lites. It is d a rk e r in color th a n the oth ers and has a heavily cratered icy crust a b o u t 200 km thick. A pro m in en t featu re on its surface is a very large m ultiringed basin called Valhalla w hose diam eter is nearly 2000 km. A second ringed basin n e a r the n o rth pole is called Asgard. T he icy crust m ay be underlain by a liquid m antle a b o u t 1 0 0 0 km thick com posed o f w ater. Callisto ap p aren tly becam e inactive very early in its history p a rtly because th e am ount of h e a t g en erated by tidal friction is less than th at of th e o th e r G alilean satellites. In
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Physical Properties of the M ajor Satellites of Jupiter, Saturn, Uranus, and N eptune



T a b le 3 .4



Name



Mean distance from planet, km



Diameter, km



Mass, g



Density, g/cm3



Jupiter 421,600 670,900



3,640 3,130



8.91 X 1025 4.87 x 1025



3.53



Europa Ganymede



1,070,000



5,280



1.49 x 1026



1.93



Callisto



1,883,000



4,840



1.06 X 1026



1.79



Mimas



188,000



390



240,000



500



(3.7 ± 0.1) X 1022 (7.4 ± 3.4) X 1022



1.2



Enceladus Tethys



297,000



1,050



(6.26 ± 0.17) X 1023



1.0



Dione



379,000



1,120



(1.05 ± 0.03) X 1024



1.42 1.3



Io



3.03



Saturn



Rhea



528,000



1,530



(2.16 ± 0.7) X 1024



Titan



1,221,000



5,140



(1.348 ± 0.017) X 1026



Hyperion



1,502,000



-2 9 0



Iapetus



3,559,000



(2.8 ± 0.7) X 1024



Phoebe



10,583,000



1,440 160



1.1



1.9(+) 1.2



Uranus Miranda



130,000



470



7.34 X 1022



1.35



Ariel Umbriel



192,000



1,150



1.32 x 1024



1.66



267,000 438,000 586,000



1.26 X 1024 3.47 x 1024



1.51



Titania Oberon



1,170 1,580 1,520



2.90 X 1024



3,000 940



9.273 x 1025 1.3 X 1018



1.68 1.58



Neptune Triton Nereid



354,000 5,510,000



Data from Glass (1982), Greeley (1985), Hunt and Moore (1981), Hamblin and Christiansen (1990), and fact sheet, Jet Propulsion Laboratory.



addition, less h e a t is g en erated by radioactivity because its rocky core is relatively small. T he satellites of Saturn, U ranus, an d N ep tu n e are id entified in Table 3.4. A ll of th em w ere “se e n ” during flybys o f V oyager 2. W e will m en tio n only T itan, th e larg est o f th e satellites of Saturn. It has a d ense atm o sp h ere com p o sed p rin cipally of m ethane, nitro g en , an d sm aller am ounts



of o th e r gases including ethane, acetylene, ethyl ene, and hydrogen cyanide. L ike th e G allilean satellites o f Ju p ite r, each of th e satellites of Saturn, U ranus, and N ep tu n e is a u n iq u e body in th e solar system th a t has rec o rd e d on its surface a history of events caused by in tern al a n d external processes. Im ages and rem ote-sensing d ata of th ese satellites w ere received only recen tly during
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D ist a n c e fro m t h e C e n t e r o f Ju pit er, 105 k m F i g u re 3 .2 A : Variation of the density of the Galilean satellites of Jupiter with increasing distance from the planet. The decrease in density is caused by increases in the proportion of water relative to silicate material. B : The Galilean satellites magnified 50 times relative to the distance scale. Amalthea is much smaller than Io but appears to be a silicate object.



th e flyby o f th e V oyager space p ro b es in 1981 (S aturn), 1986 (U ran u s), a n d 1989 (N ep tu n e).



3.4



Pictures of Our Solar System



T he ex p lo ratio n of th e solar system relies p rim a r ily o n u n m a n n e d space p ro b e s th a t have th e c ap a bility o f tak in g p ictures o f p la n e ta ry surfaces an d of retu rn in g th e im ages to E a rth . T he tw o V iking landers an d th e P a th fin d er m ission o n M ars, as well as th e tw o V oyager spacecraft an d th e space craft G alileo in th e Ju p iter system are sp ectacular exam ples of this technique, w hereas th e M oon has b een ex p lo red prim arily by A m erican a stro n au ts w ho actually w alked on its surface.



T he ex p lo ratio n of th e new worlds, w hich are suddenly w ithin o u r reach, will becom e an im p o r ta n t task of th e com m unity o f E a rth Scientists. A lth o u g h an u n d erstan d in g o f these new w orlds m ust ultim ately be b ased on studies of th e chem ical com positions o f m a tte r an d o f reactio n s and processes th a t tak e place on them , im ages o f the surfaces o f p lan ets h elp to identify th e pro b lem s th a t n eed to b e solved. F or this reason, w e now exam ine som e of the im ages o f o u r solar system to co n fro n t th e chal lenge th a t lies ah ead . E xcellent p h o to g rap h s of landform s on p la n e ta ry surfaces a p p e a r in te x t books by H am blin and C hristiansen (1990) and by G reeley (1985).
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The Moon is a familiar image in the sky. Its surface is pockmarked with craters formed by impacts of meteoroids, which continue to fall, though at a greatly reduced rate. The lunar landscape consists of dark plains, called mare (singular) and maria or mares (plural), and bright mountainous highlands. The mare basins, formed by impacts of large objects during the early history of the M oon, are filled with sheetlike basalt flows. The highlands are older than the mare basins and are composed of anorthositic gabbro. The surface of the M oon is covered by a layer of regolith (colloquially called “soil”) that consists of rock and mineral particles, beads of impact glass, and chunks of regolith breccia. This view of the Moon was taken from space by the astronauts of Apollo 17 in Decem ber 1972. It shows the roughly circular, black Mare Crisium in the left upper quadrant. Southwest of Mare Crisium is the Mare Fecunditatis, and directly west of Crisium is the Mare Tranquilitatis. The Mare Serenitatis is located northwest of Tranquilitatis and extends northwesterly beyond the horizon. (Photo by NA SA .)
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In the late evening of July 20,1969 (ED T on Earth), Neil A. Armstrong and Edwin E. Aldrin descended from their spacecraft and set foot on the surface of the Moon. They had landed near the southwest margin of the Sea of Tranquility (Mare Tranquilitatis). The picture shows Edwin Aldrin on his way down just before he stepped onto the lunar surface. The dusty plain in the background contains scattered boulders ejected from craters exca vated by impact of meteoroids. (Photo by NASA.)



 32



T H E S O L A R SYSTE M



The surface of the planet Mars comes closest among all the planets in the solar system to the landscapes of Earth. Mars has an atmosphere composed of N 2 and CO, with a small amount of water. It also has roughly circu lar plains called planitia and highly cratered highlands resembling those of the Moon. Mars has been an active planet, as indicated by large shield volcanoes and rift valleys. In some places on Mars the surface is dissected by valleys in dendritic patterns similar to stream valleys on Earth. Therefore, there is reason to believe that liquid water has existed on the surface of Mars and that ice, in the form of permafrost, may still occur on Mars at the present time. The picture shows the summit of the volcano Olympus Mons protruding through clouds on a frosty morning on Mars much like Mauna Loa on the island of Hawaii. The summit contains several overlapping calderas whose presence suggests a long history of volcanic activity. The volcano is 550 km in diameter at its base, and it rises 25 km above the surrounding plain— far higher than any mountain on Earth. (Photo by NASA.)
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The Valles Marineris on Mars, which are probably rift valleys, extend more than 2400 km in an east-west direction near the martian equator. Some of the valleys are up to 200 km wide and 7 km deep. The walls of the valleys have been extensively modified by slides and by erosional channels. The rocks into which the valleys are cut are layered and may be sheetlike flows of basalt. (Photo by NASA.)
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The first Viking lander touched down on Mars in Chryse Planitia on July 20,1976. As shown, this area is a stony desert containing small sand dunes and angular boulders. The view at the landing site of Viking 2 in the Utopia Planitia is quite similar, indicating the importance of wind in shaping the surface of Mars. Some of the boulders are pitted or vesicular, perhaps because they originated from underlying lava flows. (Photo by NASA .)
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Jupiter is by far the largest and most massive of the planets in the solar system. It has a turbulent atmosphere that contains several cyclonic storm centers, including the “Great Red Spot.” The atmosphere is composed pri marily of hydrogen and helium with small amounts of other elements of higher atomic number. Jupiter is not massive enough to initiate hydrogen fusion in its core. Nevertheless, it has several sets of satellites, and some of the satellites are comparable in size to the Moon of the Earth. (Photo by NASA.)
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Io is the innermost of the so-called Galilean satellites of Jupiter. It is probably composed of silicate rocks like the Moon and Mars, but its many active volcanoes emit sulfur-rich lavas and gases. The surface of Io is not cratered because impact craters are quickly buried by lava flows and volcanic ash. The heat that causes the volcanic activi ty is generated by tidal forces caused by the gravitational fields of Jupiter and Europa, the neighbor of Io. (Photo by N A SA .)
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Europa is the second of the Galilean satellites of Jupiter. Unlike Io, Europa is encased in a layer of water ice beneath which liquid water may be present. The icy surface is cut by sets of lines that may be fractures filled with “ice-dikes” from below. Impact craters are present but are not common, presumably because of periodic renewal of the surface of extrusion of water through the system of fractures. The interior of Europa consists of silicate rocks and a small dense core. Ganymede and Callisto, the other two Galilean satellites, are also ice-covered, but each is distinctly different from its neighbors. (Photo by NASA.)
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Saturn is justly famous for its intricate rings, although all of the gaseous planets are now known to have rings. Saturn, like Jupiter, has a retinue of satellites, the largest of which is Titan. This satellite is only slightly smaller than Ganymede and has an atmosphere composed mainly of nitrogen with some methane and other hydrocar bon gases. Because of the low surface temperature on Titan, most of the methane (or ethane, CfjHg) may form oceans of liquid hydrocarbons. (Photo by NASA .)
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Neptune, the last of the great gaseous planets, was photographed in August 1989 by Voyager 2. It is blue in color and has a turbulent atmosphere like that of Jupiter in spite of its great distance from the Sun (more than 4 x IO9 km) and its much smaller size compared to Jupiter (about 6%). Neptune has at least eight satellites, Triton being the most massive. The surface temperature of Triton is only 37 K or - 2 3 6 °C. Nevertheless, cryovolcanic activity is occurring on Triton involving the eruption of liquid N 2 and perhaps methane. Consequently, the surface of Triton contains few impact craters and is composed of landforms never seen before on any satellite. (Photo by NA SA .)
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Planet Earth is our home in the solar system. It is the only planet or satellite with liquid water on its surface and with an atmosphere containing molecular oxygen. Earth is also the only place in the solar system that can sustain life as we know it. This view of the southern hemisphere showing Africa, the Indian Ocean with Madagascar, and the Atlantic Ocean was taken from space by the astronauts of Apollo 17, December 1972. (Photo by NASA.)
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Manicouagen-Mushalagen Lakes, north shore, St. Lawrence River, Quebec, Canada. These two lakes form a cir cular structure because they are the remnants of a deeply eroded impact crater. This and hundreds of other such impact craters testify to the fact that the Earth has been bombarded by meteoroids and comets just as have the Moon, Mars, and all other bodies in the solar system. In fact, such impacts are now recognized as an important geological process that has disrupted the surface environment by causing short-term catastrophic climate changes and biological extinctions. (Photo by NASA.)
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Summary



T h e seq uence of ev en ts leading to th e fo rm atio n of th e solar system can b e re c o n stru c te d as a direct exten sio n of stellar ev o lu tio n by applying th e laws o f physics an d chem istry to a diffuse cloud o f gas an d d u st p articles in in te rstellar space. T he earth lik e p lan ets co n stitu te a very sm all fraction of the to ta l m ass o f th e solar system an d a re d w arfed ev en by th e o u te r gaseous planets. N evertheless, E a rth is th e only p la n e t in the e n tire solar system o n w hich th e su rface e n v iro n



m en t is conducive to the d ev elopm ent and evolu tion of life forms. T he satellites of Ju p iter form a m in iatu re p lan etary system of th eir own. T he fo u r largest satellites are sim ilar in size to M ercury and the M oon b u t differ significantly in th e ir chem ical com positions and surface features. T he satellites of Saturn, U ranus, an d N ep tu n e are likew ise o f g reat in te re st in th e study of the solar system b u t are less w ell know n th a n th e satellites of Jupiter.



References ANONYMOUS, 1989. Voyager Fact Sheet; Neptune Encounter.



Jet Propulsion Laboratory, Pasadena, CA. C a m e r o n , A . G . W ., 19 7 8 . Physics of the primitive solar accre tion disk. Moon Planets, 18:5—40. C a m e r o n , A. G. W., and M. R. Pine, 1973. Numerical models of the primitive solar nebula. Icarus, 18:377-106. C a r r , M. H., R. S. S a u n d e r s , R. G. S t r o m , and D. E. W i l h e l m s , 1984. The Geology o f the Terrestrial Planets. N A SA SP-469,317 pp. G l a s s , B. P., 1 9 8 2 . Introduction



to Planetary Geology. Cambridge University Press, Cambridge, England, 469 pp. G r e e l e y , R., 1985. Planetary Landscapes. Allen and Unwin, London, 265 pp. H a m b l i n , W. K., and E. H. C h r i s t i a n s e n , 1990. Exploring the Planets. Macmillan, New York, 449 pp.



H u n t , G , and P. M o o re , 1981. Jupiter. Rand McNally, New



York, 96 pp. L e w i s , J. S., 1974. The chemistry of the solar system. Sei.



Amer., 230(3):51-65. M e h l i n ,T . G., 1968. Astronom y and the Origin o f the Earth,



Brown Co., Dubuque, IA, 131 pp. M o r a b i t o , L. A., S. P. S y n n o t t , P. N. K u p f e r m a n , and S. A. C o l l i n s , 1979. Discovery of currently active extraterres



trial volcanism. Science. 204:972. M u r r a y , B., M. C. M a u n , and R. G r e e l e y , 1981. Earthlike



Planets. W. H. Freeman, San Francisco, 387 p p . P e a l e , S. J., P. C a s s e n , and R . T. R e y n o l d s , 1979. Melting o f



Io by tidal dissipation. Science, 2 0 3 :8 9 2 -8 9 4 .



 4 Chemical Differentiation of the Earth T he E a rth is a highly d ifferen tiated p la n e t, and its geological activity con tin u es to p ro d u c e d iv er sified suites of igneous and sed im en tary rocks. A lth o u g h som e o f th e o th e r terrestrial planets m ay also h av e rem ain ed active in certain lim ited an d specific ways, the E a rth still has “fire in h e r b elly” and is clo ak ed in envelopes o f corrosive w ater a n d atm o sp h eric gases.



4.1



Internal Structure of the Earth



T he E a rth was p ro b ab ly initially m olten and dif fe ren tia ted very early in its history in to several layers o r shells having different chem ical co m po sitions. T he resulting intern al stru ctu re of th e E a rth has b e e n d e te rm in e d by seism ologists based on th e reflection and refraction o f compressional (P ) an d sh ear (5) seismic waves. O n th e basis of th ese results, th e in te rio r of th e E arth has b een divided into the core, the mantle, and th e crust, as show n in Figure 4.1. T he densities of these m ajo r in terio r units of th e E a rth range fro m 2 . 8 g /c m 3 for rocks in th e crust to m o re than 12 g /c m 3 for th e core (Bullen, 1963).T he increase o f the density an d o f th e velocities o f seismic waves w ith d e p th is caused b o th by changes in th e chem ical com position and by th e recrystal lization of m inerals into m ore closely packed structures. Figure 4.1 shows th a t th e seism ic velocities and densities have tw o m ajor disconti nuities m arking th e boundaries b etw een th e crust and m antle and b etw een th e m an tle and core. T he cru st-m an tle boundary, located at a d ep th of



ab o u t 40 km u n d e r the continents, is know n as the M ohorovicic discontinuity o r “M oho,” w hereas the m an tle-co re boundary, a t a d ep th of 2883 km , is referred to as the W iech ert-G u ten b erg discon tinuity, and b o th a re nam ed after em in en t seis mologists. T here are additional, b u t m o re subtle, transition regions w ithin th e E arth caused by o th e r im p o rtan t changes in its physical properties. Table 4.1 contains a sum m ary of the physical properties of the E arth. The m antle of the E a rth has b een subdivided into th ree parts based on the presence of b o u n d aries at depths o f 413 and 984 km . The upper m a n tle, betw een the M oho and th e b o u n d ary at ab o u t 400 km , is probably hetero g en eo u s because o f the form ation of m agm a by p artial m elting. X enoliths of ultram afic rocks derived from this region indi cate th a t the u p p er m antle is com posed of olivine, pyroxene, and g arn et with lesser am ounts of spinel, am phibole, and phlogopite. The transition zone, located betw een depths o f ab o u t 400 and 1 0 0 0 km , is a region of pressure-induced phase transform ations o f the orthosilicates of Fe and Mg from the structure of olivine to th a t of spinel. The lower mantle, below a d ep th o f ab o u t 1 0 0 0 km , is probably hom ogeneous and m ay be rich er in Fe th an the u p per m antle (H enderson, 1982). T he chem ical co m position o f th e m an tle is difficult to d e te rm in e w ith certain ty because it is inaccessible an d h etero g en eo u s. N evertheless, ultram afic xenoliths, as w ell as the stony m e te orites, have p ro v id ed useful clues. In addition, large m asses o f alp in e-ty p e p e rid o tite m ay have o rig in ated fro m th e u p p e r m a n tle a t co n v erg en t
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Depth, km



Depth, km p la te b o u n d a ries. E stim a te s o f th e ch em ical co m p o sitio n o f th e m an tle m u st m e e t certain g e o p h y sic a l r e q u ir e m e n ts re g a rd in g den sity , seism ic velocities, an d h e a t p ro d u c tio n b y th e decay o f U, T h, an d K. In a d d itio n , th e m an tle m u st b e cap ab le o f fo rm in g th e m a jo r types of



F i g u r e 4.1 A: Variation of seis mic velocities with depth in the Earth. The velocity of P waves increases abruptly at the base of the crust (Mohorovicic disconti nuity or Moho) from about 6 k m /sec to nearly 8 km /sec. It increases with depth in the man tle but drops sharply again at the m antle-core boundary. A third discontinuity in the E-wave velocities within the core marks the transition from the liquid outer core to the solid inner core. The velocity of S waves also increases at the Moho and con tinues to rise with depth in the mantle. However, S waves do not penetrate the mantle-core boundary, which indicates that the outer core is liquid. B: The density of rocks rises abruptly at the Moho and contin ues to increase with depth in the mantle. A t the mantle-core boundary the density rises sharply from about 6 g/cm 3 to nearly 10 g/cm 3, and then contin ues to increase to values in excess of 12 g/cm 3 at the bound ary between the outer and inner core. The variation of these phys ical properties leads to the con clusion that the mantle is solid and is composed primarily of sili cates and oxides of Mg and Fe. The core consists of an alloy of Fe, Ni, and other siderophile ele ments and is liquid except for the inner part which is solid (after Bullen, 1963).



basaltic m agm as by p a rtia l m elting u n d e r the physical c o n d itio n s likely to prevail in th a t reg io n of th e E a rth . These req u irem en ts are generally satisfied by a rock called p y r o lite inv en ted by R ingw ood (1966) by com bining p e rid o tite and basalt in the ra tio of 3



 4.1 T a b l e 4 .1



I N TER N A L S TR U C T U RE O F T H E EART H



45



P h y s ic a l D im e n s io n s o f th e E a r t h In c lu d in g th e C o n tin e n ta l



C ru st Thickness, km



Volume, 1021 cm3



Average density, g/cm?



Mass, 1021g



Mass, %



Whole Earth



6371a



1.083



Core



3471a



0.175



10.7



1.876



31.5



Mantle



2883



0.899



4.5



4.075



68.1



Crustb



40



0.008 42



2.8



0.023 6



0.4



0.001 37



1.03



0.001 41



0.024



—



—



0.000 005



0.000 09



Hydrosphere



3.8 (av.)



Atmosphere



—



5.52



5.976



100



“Radius. bContinental crust. S o u r c e : Parker (1967) and Taylor and McLennan (1985).



T a b l e 4 . 2 E s tim a te s o f th e C h e m ic a l



C o m p o s itio n o f th e M a n tle o f th e E a r t h Sample 13



Sample 2b



Sample 3C



S i0 2



45.2 37.5



48.1 31.1



45.0



MgO FeO



8.0



12.7



8.0



3.1



3.5



CaO



3.5 3.1



3.25



NazO



0.57



2.3 1.1



Cr20 3 MnO



0.43 0.14



P2Os



0.06



k 2o



0.13



T i0 2



0.17 —



a i 2o



3



NiO Sum



98.8



0.55



39.0



0.28 0.41



0.42 0.34



0.11



0.12 0.12



0.04 0.09



—



—



0.25



99.95



99.93



“Pyrolite (Ringwood, 1966). bMantle plus crust based on meteorites (Mason, 1966). 'Undepleted mantle based on lherzolites (Hutchison, 1974).



to 1. T he resulting chem ical com position of th e m antle is sim ilar to o n e p ro p o sed by M ason (1966), which was based on m eteorites, and also resem bles th e estim ate m ad e by H utchison (1974), which was derived from ultram afic lherzolite inclusions in igneous rocks. T he estim ates of th e chem ical com position of the m an tle are com piled in Table 4.2.



The g reat in te re st by the scientific com m unity in th e chem ical com position o f th e m an tle an d in th e M oho caused one o f the m o re colorful episodes in th e history o f science. In th e course of a g a th e r ing o f so m e m e m b e rs o f th e A m e ric a n M is cellaneous Society (A M S O C ) in W ashington, D.C., chaired by P rofessor H arry H ess of P rinceton U niversity, som eone casually suggested th at a hole should be drilled th ro u g h th e oceanic crust to find o u t w hat causes th e M oho. T h e idea ignited th e enthusiastic su p p o rt of the group, and a p roposal was p ro m p tly sub m itted to th e N atio n al Science F oundation to determ in e th e feasibility of this idea. Thus began th e so-called M o hole Project, which received m uch a tte n tio n in the p o p u la r press but never achieved its objective. N evertheless, engi neering studies w ere m ade w ith su p p o rt from the N ational Science F o u n d atio n , a drilling ship was outfitted, and som e test holes w ere drilled. T hese tests d e m o n strate d th a t it was in d e e d possible to drill in d eep w ater from a ship p o sitio n ed over th e selected site. E v en tu ally A M S O C d isbanded, b u t th e eq u ip m en t was ta k e n over by the D eep-S ea D rilling P rogram , w hich has b ee n exploring the history o f the ocean basins by drilling first from the G lom ar Challenger and la te r from th e G lom ar Explorer. T he A M S O C gave up th e quest to drill to th e M oho partly because it b ecam e a p p a re n t th a t this im p o rtan t b o u n d a ry is actually exposed in som e d eep-sea tren ch es and th a t rocks from the
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u p p e r m antle could be, an d in fact had been , recov e re d by dredging.



4.2



The Continental Crust: Major Elements



T he crust of th e E a rth is im p o rta n t because it con tain s all of th e n a tu ra l reso u rces th a t sustain us. It includes th e atm osph ere, h yd ro sp h ere, and b io s p h ere, as well as p a rt of th e lithosphere. T he te rm lith osph ere is now d efin ed as th e rigid o u te r p o r tio n o f th e E a rth consisting o f th e crust and u p p er m a n tle in c o n trast to th e underlying asthenosp h ere, which deform s plastically in resp o n se to tecto n ic stress. T he stu d y o f th e chem ical com po sition of th e con tin en tal crust, a n d o f th e different types of rocks of w hich it is com posed, has b een a m a jo r o b jectiv e o f g e o c h e m istry (W ed ep o h l, 1969; Taylor and M cL en n an , 1985). T he cru st is th e o u te r shell o f th e E a rth , w hich lies ab o v e th e m an tle. I t n o t only m akes u p th e c o n tin e n ts b u t also occurs u n d e r the oceans. T h e o cea n ic cru st is only 5 - 8 km thick an d differs fro m th e c o n tin e n ta l cru st in ch em i cal co m p o sitio n a n d o rig in . T h e c o n tin e n ta l c ru st is c o m p o se d p rim a rily o f ig n eo u s and m e ta m o rp h ic rocks. M e ta m o rp h ic ro ck s a re c o n c e n tra te d in o ro g e n ic belts, b u t th e d istin c tio n b e tw e e n ig n eo u s an d m e ta m o rp h ic rocks is n o t alw ays o b v io u s b ec au se m o st o f th e ig n eo u s ro ck s in th e c o n tin e n ta l c ru st h av e b e e n m e ta m o rp h o se d . S e d im e n ta ry and vol canic rocks fo rm a t th e su rface o f th e E a rth an d th e re fo re te n d to co v er th e underly in g ig n eo u s and m e ta m o rp h ic rocks. S ed im en tary an d volcan ic ro c k s m ay also b e co m e fo ld ed in to e lo n g a te d m asses by co m p re ssio n o f te c to n ic b a sin s in w h ich th e y w e re o rig in a lly d e p o site d . C lark e an d W ash in g to n (1924) e sti m a te d th a t th e c o n tin e n ta l c ru st consists of 95% ig n e o u s a n d m e ta m o rp h ic ro c k s an d 5% s e d im e n ta ry ro ck s. T h e la tte r in c lu d e 4 % shale, 0.75% sa n d sto n e , a n d 0.25% lim e stone. E vidently, s e d im e n ta ry ro ck s m ak e up only a m in o r p o rtio n o f th e c o n tin e n ta l crust,



b u t th e ir o ccu rren ce at th e su rface o f th e c o n ti n e n ts en h a n c e s th e ir im p o rtan ce. T he chem ical c o m p o sitio n o f th e c o n tin e n tal cru st has b e e n e s tim a te d by ( 1 ) averaging large n u m b e rs o f ch em ical analyses, ( 2 ) co m b in in g c h em ica l a n a ly se s o f d iffe re n t ro ck types w eig h ted in term s o f th e ir abu n d an ces, (3) analyzing se d im e n t d e riv e d from th e c o n ti n en t, (4) com bining th e co m p o sitio n s o f acidic an d m afic ro ck s in v a ry in g p ro p o rtio n s, and (5) by m odeling. T he re su lts o f th ese d iffe re n t m e th o d s a re su rp risin g ly sim ilar as in d ic a te d in T able 4.3. C larke and W ashington (1924) estim ated the chem ical com position o f th e crust n o t only by averaging a large n u m b e r o f chem ical analyses of igneous rocks from all co n tin en ts and from the ocean basins, b u t also by com bining th e average chem ical com position o f igneous rocks w ith those of shale, sandstone, and lim estone in accordance w ith th e ir o bserved abundances. T he results in colum ns 1 and 2 of Table 4.3 are very sim ilar. A n en orm ous am o u n t of w ork was req u ired to collect an d analyze th e well over 5000 rock sam ples on w hich th e estim ate in colum n 1 is b ased.T herefore, V. M. G oldschm idt d ecid ed in th e early 1930s to analyze th e clay-size fractio n of till in so u th ern N orw ay because, he argued, glacial sedim ent of P leistocene age was p ro d u ced by m echanical e ro sion of bed ro ck in Scandinavia w ith little chem ical w eathering. In addition, tra n sp o rt a t the base of th e ice sh e e t and su b seq u en t deposition by rneltw ater caused glacial clay to be well m ixed, m aking it a re p re se n ta tiv e sam ple o f th e rocks in th e p a th of the ice sheet.T he average chem ical com position of 77 sam p les o f glacial clay fro m so u th e rn N orw ay (colum n 3, Table 4.3) is, in fact, q u ite sim ilar to th e estim ates of C larke and W ashington. We note, how ever, th at the con cen tratio n s of C aO and N a20 o f th e glacial clay are som ew hat lo w er than th eir values in colum ns 1 an d 2 , p resu m ab ly because these elem ents w ere partially lost from th e clay by leaching. In addition, the glacial clays have a low er T i0 2 c o n te n t th a n th e cru stal av er ages of C larke and W ashington, w hich m ay be a regional characteristic o f th e rocks of Scandinavia.
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T a b l e 4 . 3 E s tim a te s o f th e A v e r a g e C h e m ic a l C o m p o s itio n o f th e C o n tin e n ta l C r u s t in W e ig h t P e r c e n ts r



2b



S i0 2



59.12



59.07



59.19



T i0 2



1.05



0.79



7%






5e



6



60.06



59.4



59.3



57.3



1.2



0.7



0.9



68.4 0.4



15.6



15.0 2.4



15.9



14.8



3C



4d



3



15.34



1.03 15.22



15.82



0.90 15.52



Fe20 3



3.08



3.10



3.41



3.55



2.3



FeO



3.80



0.11



4.06 0.21



5.0 0.1



5.6



0.12



3.71 0.11



3.58



MnO MgO



3.49



3.45



3.30



3.56



4.2



4.9



5.3



1.7



CaO



5.10



3.07



5.62



6.6



7.2



7.4



3.4



NazO



5.08 3.84



3.71



2.05



3.28



3.1



2.5



3.1



3.1



k 2o



3.13



3.11



3.93



2.88



2.1



1.1



3.6



0.30



0.30



0.22



0.36



2.3 0.2



0.35



0.54



a i 2o



p 2o



5



co2



h



2o Sum



—



1.15



1.30



3.02



99.50



99.56



99.03



— —



100.00



—



0.1



0.2 —



—



9.1 —



—



1.3 3.2 —



0.1



—



— — 100.0



—



—



—



100.0



100.0



100.1



“Clarke and Washington (1924) based on the average of 5159 analyses of igneous rocks from all continents and the oceans. bClarke and Washington (1924) based on 95% igneous rocks, 4% shale, 0.75% sandstone, 0.25% limestone. 'Goldschmidt (1954) based on 77 analyses of glacial clay from southern Norway. dDaly (1914) based on 1 :1 mixture of average granite and basalt. 'Poldervaart (1955), based on the average of young folded belts and continental shield region shown in Table 4.4. fRonov and Yaroshevsky (1976) based on a detailed model like that of Poldervaart (1955). eTaylor and McLennan (1985,Table 3.4, No. 10) based on 75% Archean crust and 25% andesite crust. hSederholm (1925) based on the Precambrian rocks of Finland. s o u r c e : Parker (1967);Taylor and McLennan (1985).



C olum ns 4 -8 of Table 4.3 contain estim ates of the chemical com position of the continental crust derived by various m ethods. D aly (1914) estim ated its com position by com bining analyses o f granite and basalt in equal proportions (colum n 4,Table 4.3) because these rock types w ere thought to originate from fundam ental m agm as of granitic and basaltic com positions. P o ldervaart (1955) con stru cted a detailed m odel by dividing the crust into the conti nental shields, yo u n g fo ld e d belts, the suboceanic region, and the deep oceanic region. H e assigned each region certain lithologic com positions (indicat ed in Table 4.4) and com bined the chem ical com po sitions of the different rock types according to their abundances. Colum n 5 of Table 4.3 contains his esti m ate of th e chem ical com position of th e continental



crust as a whole. P o ld erv aart’s estim ates of th e chem ical com position of each of th e four structural units are shown separately in Table 4.4. These results illustrate the differences in the chem ical com posi tion o f th e co n tin en ta l cru st (co n tin en tal shield + young folded belts) and the oceanic crust (deep oceanic region). It is evident th at the oceanic crust has higher average concentrations of Fe 2 0 3 + FeO, M gO, CaO, M nO , P 2 O s, and T i0 2 and low er concentrations of S i0 2, A12 0 3, N a 2 0 , and K zO than the continental crust (colum n 5, Table 4.4). These differences arise because the continental crust is com posed prim arily o f granitic rocks (granodiorite?), w hereas th e oceanic crust was assum ed by P oldervaart (1955) to consist largely of olivine basalt. H ow ever, the study of o p h io lite com plexes,
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Poldervaart 1 Continental shieldsa S i0 2



2 Young folded beltsb



3 Suboceanic regions:



4 Deep oceanicd



5 Oceanic crust



59.8 1.2



58.4



49.4



46.6



49.4



T i0 2



1.1



1.9



2.9



1.4



a i 2o



15.5



15.6



15.4



2.8



15.1 3.4



15.0



2.1



3.8



2.7



FeO



5.1



6.4



8.0



7.6



MnO



0.1



4.8 0.2



0.2



0.2



MgO



4.1



4.3



6.2



0.3 7.6



3 Fe20 3



CaO



6.4



7.2



13.2



7.8 11.9



Na20



3.1



3.1



2.5



2.5



12.5 2.6



k 2o



2.4



2.2



1.3



1.0



0.3



p 2o



5 Sum



0.2



0.3



0.3



0.3



0.2



100.0



100.0



100.0



100.1



100.0



“Sedimentary cover —0.5 km: 41% shale, 43% sandstone, 16% limestone. Igneous rocks vary in composition with depth such that there are 22 km of granodiorite, 3 km of diorite, and 10.5 km of basalt. bSedimentary cover —5 km: 52% shale, 13% sandstone, 22% limestone, 5% greywacke, 6% andesite, 2% rhyolite. Igneous rocks: 22.5 km of granodiorite, 2.7 km of diorite, and 7.3 km of basalt. In addition, 40% of the sediment layer is assumed to be granodiorite based on the outcrop area of granitic batholiths. cShelf sediment —4 km, similar in composition to that of folded mountain belts. In addition: 74% terrigenous mud, 22% coral mud, 4% volcanic mud. Igneous rocks: 4 km of diorite, 2 km of tholeiite, and 5 km of olvine basalt. dSediment thickness —0.3 km: 72% calcareous sands and oozes, 19% red clay, 9% siliceous ooze. Igneous rocks: 5.57 km of olivine basalt. so u r c e



: Poldervaart (1955);Ronov and Yaroshevsky (1976).



sum m arized by M oores (1982), indicates th a t the oceanic crust is actually com posed of mafic and ultram afic rocks, w hose average com position may approach th a t of basalt, although trace elem ent con centrations have b een altered by interaction with heated seaw ater. R onov and Y aroshevsky (1976) also m odeled the continental and oceanic crust and arrived at com positions th a t are sim ilar to those of Poldervaart (1955). T heir estim ate of the chemical com position of th e continental crust is listed in col um n 6 of Table 4.3, w hereas colum n 5 of Table 4.4 contains their estim ate for th e oceanic crust. Taylor (1964) revived D a ly ’s m eth o d of esti m ating the chem ical com position of th e continental crust by dem o n stratin g th a t th e average co n centra tions o f rare ea rth elem ents (R E E s) in sedim entary



rocks can be duplicated by com bining chemical analyses of m afic an d felsic igneous rocks in the p ro p o rtio n s 1:5. T he resulting chem ical com posi tion resem bles th a t o f diorite or andesite, which is why this crustal m odel is generally re fe rred to as th e andesite m odel. S ubsequently, T aylor and M cL ennan (1985) p ro p o sed th a t the continental crust consists of 75 % average A rchean rocks and 25% andesite crust. T he resulting com position is shown in colum n 7 o f Table 4.3. It differs from all o th e r estim ates listed in Table 4.3 by having som e w hat lower co n centrations of S i0 2 ,T i0 2, N azO, and K20 and higher concentrations of A12 0 3, Fe as FeO, MgO, and CaO . Accordingly, th e chem ical com position o f the continental crust proposed by Taylor and M cL ennan (1985) is som ew hat m ore
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m afic th a n those of th e ir predecessors. H ow ever, it does m eet th e follow ing im p o rtan t constraints. 1. It satisfies th e o b serv ed ra te o f h e a t flow based on th e decay of U ,T h, an d K. 2. It is capable of g en eratin g th e m o re highly d ifferen tiated g ran o d io rites o f th e u p p e r crust by p artial m elting. 3. It re stric ts c ru sta l g ro w th by an d esitic islan d -arc volcanism to p o st-A rch ean time. 4. It recognizes th a t 75% o f th e co n tin en tal crust is com p o sed o f rocks th a t are m ore th an 2500 m illion years old, w hich did n o t necessarily form by th e sam e tectonicm agm atic processes th a t b ecam e im por ta n t in p o st-A rch ean time. In conclusion, we n o te th a t th e chem ical com position of th e c o n tin en ta l crust of th e E a rth is very differen t from th a t of th e solar n eb u la and stony m eteorites. T he nine m ost ab u n d a n t e le m en ts and th e ir av erag e co n cen tratio n s in the co n tin en tal crust are: Wt.%



Wt. %



o



45.5



Mg



3.2



Si



26.8



Na



2.3



K Ti



0.90 0.5



Al Fe Ca



8.40 7.06 5.3



A ll of the rem ain in g elem en ts m ak e up only a very small fraction o f th e crust of th e E arth .



4.3



Differentiation of Igneous and Sedimentary Rocks



T he chem ical com positions of igneous rocks vary widely because of geochem ical differentiation th a t takes place during th eir form ation. T he differentia tio n starts during m agm a fo rm ation by partial m elt ing of rocks in the low er crust o r up p er m antle. T he chem ical com position o f th e resulting m agm a depends on the com position of th e source rocks and
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on the extent of m elting, which is controlled by the pressure and te m p eratu re at the source. The com position of m agm as m ay b e m odified subsequently by assim ilation o f country rocks o r by mixing with m agm as derived from different sources. T he crys tallization of m agm as dep en d s o n th eir chem ical com positions and on the physical conditions in the m agm a cham ber. T he rocks produced by fractional crystallization o f m agm a m ay vary widely in their m ineral com position from ultram afic cum ulates of early-form ed ferrom agnesian m inerals (olivine or pyroxene) to quartz-rich late-stage differentiates. The m ost com prehensive com pilation of the chem ical c o m p o sitio n s o f th e highly d iv erse igneous rocks can be fo u n d in th e H a n d b o o k o f G eochem istry, edited by K. H . W edepohl from 1969 to 1978. The com pilation of d a ta in Table 4.5 is based on ea rlie r com pilations by Tiirekian and W edepohl (1961) an d V in o g rad o v (1962).T he data a re grouped into ultram afic rocks, basalt, high-C a granite, and low -C a granite and th erefo re re p re sent m ost of the com positional spectrum o f igneous rocks. The category “b a sa lt” includes b o th volcanic and plutonic rocks o f basaltic com position, w h e re as th e “high-C a g ran ites” re p re se n t igneous rocks o f in term ed iate com position, w hich m ay n o t actu ally be granites in th e strict sense of th a t term . T he se d im en tary rock s a re ju st as highly diversified in th e ir chem ical co m p ositions as igneous rocks. H ow ever, th e processes th a t cause this diversification o p e ra te on th e su rface of the E a rth ra th e r th a n at d ep th an d include w eath er ing, tran sport, d ep o sitio n , and lithification. The study of th e se p rocesses en com passes a m ajor p o rtio n of th e subject of g eochem istry an d will occupy th e re m a in d e r o f this book. S edim entary rocks can be divided into tw o groups d ep en d in g o n w h eth er they are com posed o f m ineral an d rock particles o f preexisting rocks o r w h eth er th ey p rec ip itated from aq ueous solu tion. This division is n o t co m p le te ly ju stified because clastic sed im en tary rocks m ay contain chem ically p recip itated m in eral cem ents, w hereas th e chem ical p recip itates m ay co n tain a com po n en t of detrital sedim ent. M oreover, the chem ical com positions o f ro ck s in b o th groups are m odified
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T a b l e 4 . 5 C h e m ic a l C o m p o s itio n o f I g n e o u s a n d S e d im e n ta r y R o c k s (in p a r ts p e r m illio n u n le s s o th e r w is e in d ic a te d ) Element, Z



Ultra-mafic*



3 Li 4 Be 5B 9F 11 Na (%) 12 Mg (%) 13 A1 (%) 14 Si (%) 15 P 16 S 17 Cl 19 K (%) 20 Ca (%) 21 Sc 22 Ti 23 V 24 Cr 25 Mn 26 Fe (%) 27 Co 28 Ni 29 Cu 30 Zn 31 Ga 32 Ge 33 As 34 Se 35 Br 37 Rb 38 Sr 39 Y 40 Zr 41 Nb 42 Mo 47 A g 48 Cd 49 In 50 Sn 51 Sb 53 I 55 Cs 56 Ba 57 La 58 Ce 59 Pr



0.5 0.2 2 100 0.49 23.2 1.2 19.8 195 200 45 0.017 1.6 10 300 40 1800 1560 9.64 175 2000 15 40 1.8 1.3 0.8 0.05 0.8 1.1 5.5



—



38 9 0.3 0.05 0.05 0.012 0.5 0.1 0.3 0.1 0.7 1.3° 3.5C 0.49°



B asalf 16 0.7 5 385 1.87 4.55 8.28 23.5 1130 300 55 0.83 7.2 27 11400 225 185 1750 8.60 47 145 94 118 18 1.4 2.2 0.05 3.3 38 452 21 120 20 1.5 0.11 0.21 0.22 1.5 0.6 0.5 1.1 315 6.1d 16d 2.7d



High-Ca granitesb



Low-Ca granitesb



Shaleb



24 2 9 520 2.84 0.94 8.20 31.40 920 300 130 2.52 2.53 14 3400 88 22 540 2.96 7 15 30 60 17 1.3 1.9 0.05 4.5 110 440 35 140 20 1 0.051 0.13



40 3 10 850 2.58 0.16 7.20 34.70 600 300 200 4.20 0.51 7 1200 44 4.1 390 1.42 1 4.5 10 39 17 1.3 1.5 0.05 1.3 170 100 40 175 21 1.3 0.037 0.13 0.26 3 0.2 0.5 4 840 55 92 8.8



66 3 100 740 0.96 1.50 8 7.30e 700 2400 180 2.66 2.21 13 4600 130 90 850 4.72 19 68 45 95 19 1.6 13 0.6 4 140 300 26 160 11 2.6 0.07 0.3 0.1 6 1.5 2.2 5 580 92 59 5.6



—



1.5 0.2 0.5 2 420 45 81 7.7



Sandstoneb 15



— 35 270 0.33 0.70 2.50 36.80 170 240 10 1.07 3.91 1 1500 20 35



—



0.98 0.3 2



—



16 12 0.8 1 0.05 1 60 20 40 220



—



0.2 0.01



— —



0.1 0.01 1.7 0.1 10 30 92 8.8



Carbonate rocks0 5



—



20 330 0.04 4.70 0.42 2.40 400 1200 150 0.27 30.23 1 400 20 11 1100 0.33 0.1 20 4 20 4 0.2 1 0.08 6.2 3 610 30 19 0.3 0.4 0.01 0.035



—



0.1 0.2 1.2 0.1 10 1 11.5 1.1



Deep-se clay0 57 2.6 230 1300 4 2.10 8.40 25 1500 1300 21000 2.50 2.90 19 4600 120 90 6700 6.50 74 225 250 165 20 2 13 0.17 70 100 180 90 150 14 27 0.11 0.42 0.08 1.5 1 0.05 6 2300 115 345 33



 4.3



Table 4 .5



(c o n t in u e d )



Element, Z



Ultramafic“



60 Nd 62 Sm 63 Eu 64 Gd 65 Tb 66 Dy 67 Ho 68 Er 69 Tm 70 Yb 71 Lu 72 Hf 73 Ta 74 W 79 Au 80 Hg 81 T1 82 Pb 90 Th 92 U



1.9C 0.42c 0.14c 0.54c 0.12° 0.77c 0.12c 0.30c 0.041c 0.38c 0.036c 0.4 0.5 0.5 0.006 0.01 0.04 0.5 0.0045 0.002



51



D IF FERE N TIA TI O N O F IG N E O U S A N D SE D IM E N T A RY R O C KS



B asalf 14d 4.3d 1.5d 6.2d l.ld 5.9d 1.4d 3.6d 0.60d 3.2d 0.55d 1.5 0.8 0.9 0.004 0.09 0.21 7 3.5 0.75



High-Ca granitesb



Low-Ca granitesb



33 8.8 1.4 8.8 1.4 6.3 1.8 3.5 0.3 3.5 1.1 2.3 3.6 1.3 0.004 0.08 0.72 15 8.5 3



37 10 1.6 10 1.6 7.2 2 4 0.3 4 1.2 3.9 4.2 2.2 0.004 0.08 2.3 19 17 3



Shaleb



Sandstoneb



24 6.4 1 6.4 1 4.6 1.2 2.5 0.2 2.6 0.7 2.8 0.8 1.8



37 10 1.6 10 1.6 7.2 2 4 0.3 4 1.2 3.9 0.01 1.5



—



0.4 1.4 20 12 3.7



—



0.03 0.82 7 1.7 0.45



Carbonate rocksb



Deep-sea clayb



4.7 1.3 0.2 1.3 0.2 0.9 0.3 0.5 0.04 0.5 0.2 0.3 0.01 0.6



140 38 6 38 6 27 7.5 15 1.2 15 4.5 4.1 0.1 1



0.04 0.01 9 1.7 2.2



0.1 0.8 80 7 1.3



—



—



“Average of Turekian and Wedepohl (1961) and Vinogradov (1962). bTurekian and Wedepohl (1961). 'Calculated from data listed by Herrmann (1970). dAverage values calculated by Hermann (1970). 'Krauskopf (1979) listed a value of 23.8%.



by ion exchange processes associated w ith electri cal surface charges of m in eral grains regardless of w h eth er they a re d etrital o r form ed as chem ical precipitates. T he co m p ilatio n o f d a ta in Table 4.5 includes tw o rock types th a t are pred o m in an tly d etrital (shale an d sandstone), one th a t is predom iriantly p rec ip ita te d (carb o n ate rocks), and deep -sea clay, w hich is a m ixtu re of d e trita l grains an d chem ical precipitates. T he selection o f these ro ck types has an ad d itio n al virtue because it includes rocks th a t fo rm in shallow m arin e basins in th e vicinity of co n tin en ts as w ell as sedim ent dep o sited in deep ocean basins fa r fro m land. T he a p p a re n t g eochem ical d iffe re n tia tio n in d icated by th ese d ata reflects th e w ay in which geological processes o p eratin g o n th e surface of



th e E a rth “s o rt” th e e lem en ts on th e basis o f th e ir chem ical p ro p erties. W e can th in k o f th e surface e n v iro n m en t o f th e E a rth as a giant m achine th a t processes igneous a n d m eta m o rp h ic rocks in to a w ide v ariety o f sed im en tary rocks. T h e p ro d u cts o f this m achine a re highly diversified because th e chem ical elem ents, a n d th e m inerals th ey form , re sp o n d differently to th e tre a tm e n t th ey e x p eri ence as th ey pass th ro u g h th e m achine. T he re p re se n ta tio n o f geological processes o p eratin g o n th e surface o f th e E a rth as a m achine is helpful because it em phasizes th e coherence o f these processes and because it p ro m otes a global view o f th e geochem istry of the E a rth ’s surface. We re tu rn to this th em e in P a rt V o f this book, w h ere w e consider th e geochem ical cycles o f selected elem ents (C h a p te r 22).
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Differentiation of the Hydrosphere



T h e h y d ro sp h ere consists o f a n u m b e r of re se r voirs o f w ater th a t are co n n ected by m eans o f th e h y d ro lo g ic cycle. T able 4.6 in d icates th a t th e oceans are by fa r th e larg est reserv o irs o f w ater w ith 97.25% o f th e to ta l volum e, follow ed by ice sh eets and glaciers (2.05% ) an d d eep g round w a te r (0 .3 8 % ).T h a t leaves a very sm all fraction of th e w a te r in th e h y d ro sp h e re in shallow gro und w a te r (0 .30 % ), la k e s (0 .0 1 % ), and riv ers ( 0 .0 0 0 1 % ) w h ere it is accessible to hum ans for m unicipal and in d u strial u se (see also C h ap ter 2 0 ). W hen igneous, m etam o rp h ic, o r sedim entary rock s com e in co n tact w ith w ate r at o r n e a r the su r face o f th e E a rth , d ifferen t kinds o f chem ical rea c tions occur, w hich collectively co n stitu te chemical w eathering o r w a ter-ro ck interaction. T he outcom e o f th e se reactio n s d e p e n d s n o t only o n th e chem i cal and physical con d itio n s at th e site b u t also on th e p ro p e rtie s o f th e m inerals. M inerals vary w ide ly in th e ir susceptibility to chem ical w eathering a lth o u g h m o st a re q u ite in so lu b le in w ater. T h erefo re, th e chem ical elem en ts do n o t en te r th e aq u eo u s phase in th e sam e p ro p o rtio n s in w hich th ey occur in th e rock s o f th e co n tin en tal crust. A s a resu lt, th e chem ical com position o f surface w ater o r g ro u n d w ater differs fro m th a t o f th e rocks of th e u p p e r co n tin e n ta l cru st in w ays th a t reflect the geochem ical p ro p e rtie s o f th e elem en ts and o f th e m inerals th ey form . W hitfield an d T urn er (1979) actually ex pressed th ese d ifferences in term s of p a rtitio n co efficien ts ( w a te r /u p p e r cru st) and show ed th a t th ey a re re la te d to th e ionic ch aracter o f th e m etal-o x y g en b o n d s in th e m inerals. O nce an e le m e n t has e n te re d th e h y d ro s p h ere, it is sub jected to o th e r k in d s o f processes th a t m ay affect its c o n c e n tra tio n . F or exam ple, som e ions are selectively a d so rb e d o n th e charged surfaces of clay m in erals o r p articles o f oxides an d hydro x id es o f Fe, M n, and A l. O th e r elem ents m ay e n te r th e b io sp h e re as n u trie n ts an d b ecom e associated w ith organism s an d biogenic carbon com pounds. T he n o b le gases a re re le a se d into the atm o sp h ere, w h ereas oxygen, c a rb o n dioxide, and



T a b l e 4 . 6 I n v e n to r y o f W a te r in th e H y d ro sp h e re Reservoir Oceans Ice sheets and glaciers



Volume, 106 few3



Percent, o f total



1370



97.25



29



2.05



D eep groundwater (750-4000 m)



5.3



0.38



Shallow groundwater



4.2



0.30



Lakes Soil moisture



0.125



0.01



0.065



0.005



Atmosphere3



0.013



0.001



Rivers



0.001 7



0.000 1



Biosphere



0.000 6



0.000 04 100



(< 7 5 0 m)



Total



1408.7



“Liquid equivalent of water vapor. s o u r c e : Berner and Berner (1987).



n itro g e n of th e a tm o sp h e re dissolve in th e w ater. T h erefore, the chem ical com position o f w a te r varies w idely an d reflects n o t only th e m in eral com position of th e rocks it has in te ra c te d w ith, b u t is also affected by th e geochem ical en v iro n m en t, w hich is d ete rm in e d by clim ate, to p o g ra phy, vegetation, an d by th e possible discharge of industrial o r m unicipal w aste. T hese m a tte rs are considered in m uch g re a te r detail in P a rt V. Stream s ultim ately tra n sp o rt the elem en ts th a t dissolve in th e w a te r to th e oceans w h ere they reside fo r varying p e rio d s o f time. T he geochem i cal processes o p eratin g in th e oceans selectively rem ove elem ents fro m solution in such a w ay th a t seaw ater is not sim ply average river w ater th a t has b een co n cen trated by evap o ratio n . This sta te m e n t is su p p o rted by inspection of th e average c o n cen tratio n s o f the elem ents in stream s an d in the oceans (Table 4.7). T he fifth colum n in Table 4.7 contains e n rich m en t factors calculated by divid ing th e co n centration o f each ele m e n t in the oceans by its c o n cen tratio n in average riv er w ater. T he resulting en rich m en t facto rs vary w idely from 3350 fo r B r to a b o u t 0.0006 for Th. Evidently, geo chem ical processes in th e oceans are changing its
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T a b l e 4 . 7 A v e r a g e C o m p o s itio n o f W a te r in S tre a m s a n d in th e O c e a n s in



m ic ro g ra m s p e r g r a m .’merit



Classificationa



Li Be B F Na Mg A1 Si P S Cl K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Rb Sr Y Zr Nb Mo Ag Cd In Sn Sb I Cs Ba La Ce



I IV I I I I IV II II I I I I IV IV IV IV III IV III III III III IV IV IV III I I I III IV IV I III IV IV IV III I I III III III



Stream water 3 X 1 x 1 x 1 X 6.3 4.1 5 x 6.5 2 X 3.7 7.8 2.3 15 4 X 3 X 9 X 1x 7 x 4 x 1 x 3 x 7 x 2 x 9 x 5 x 2 x 6 x 2 x 1 x 7 x 4 x



---



1(T 3 IO“5 10“2 1(T3



1(T2 10“2



10“6 1(T3 10“4 1CT3 1(T3 10“2 10"4 1(T4 10"3 1(T2 1(T5 10‘ 6 10“3 1(T5 1(T2 10"3 10“2 1(T5



6 x 1(T4 3 X 10“4 1 x 1(T5



--



4 7 7 2 2 4.8 7.9



x x x x X x x



1(T5 10"5 10“3 1(T5 10“2 1(T5 10“5



Seawater 1.7 X 10"1 2 X lO-7 4.5 1.3 1.08 x 104 1.29 X 103 8 x 1 0 '4 2.8 7.1 x 1 0 '2 9.0 X 102 1.95 x 104 3.99 X 102 4.13 X 102 6.7 X 10-7 < 9 .6 X 1 0 '4 1.2 x 10-3 2 x 1 0 '4 3 X 1 0 '4 6 x 1 0 '5 2 x 1 0 '6 5 x 1 0 '4 3 x 10"4 4 x 1 0 '4 2 x 10~5 5 x 10~6 1.7 X 10~“3 1.3 x 1 0 '4 6.7 x 101 1.2 X 1 0 '1 7.6 7 x 10-6 3 X 10“5 < 5 X 1 0 '6 1.1 x 10"2 2.7 X 10~6 8 x 10"5 1 x 10“7 5 x 10~7 1.5 x 10“4 5.6 X 10~2 2.9 x 10"4 1.4 x 10~2 4.5 x 1 0 '6 3.5 x 10-6



Seawater enrichment 56.7 0.02 450 1300 1714 315 0.016 0.43 3.6 243 2500 173 27.5 0.17 0.32 1.3 0.2 0.04 0.0015 0.02 1.7 0.04 0.02 0.2 1 0.85 2.2 3350 120 109 0.18



— —



18.3 0.009 8



—



0.013 2.1 8 14.5 0.7 0.094 0.044



M ORTb 2.5 X 106 6.3 X 101 1.6 x 107 7.9 x 105 2.0 x 10s 5.0 x 107 7.0 7.9 x 103 4.0 X 104 5.0 x 10s 6.3 x 108 1.3 x 107 1.3 x 106 2.5 x 101 < 1 .6 x 102 7.9 x 103 1.6 X 103 3.2 x 101 6.9 x 10-1 2.0 x 101 1.6 x 103 1.0 x 103 1.3 x 103 7.9 x 102 2.0 x 103 1.0 x 105 6.3 X 10s 7.9 X 108 7.9 X 105 5.0 X 106 1.3 X 102 1.6 x 102 < 2 .5 x 102 3.2 x 105 2.0 x 104 7.9 X 104 1.0 x 103 1.3 X 102 1.3 x 105 < 4 .0 x 106 4.0 X 104 5.0 X 103 7.9 X 101 3.2 X 101
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4.7 (continued)



Element



Classificationa



Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta W Re Au Hg T1 Pb Bi Th



III III III III III III III III III III IV IV IV IV IV IV III III IV III IV IV I



U



Stream water 1 3 x IO '6 3.8 7.8 1.5 8.5 1.2 7.2 1.4 4.2 6.1 3.6 6.4



X X X X X X X X x x X



---



1(T5 IO“6 IO“ 6 IO“6 IO"6 1(T6 1(T6 IO“6 10“7 IO“6 10“7



3 x 10 5



--



2 x 10“6 7 x IO”5



--



1 x 10^3



--






Seawater 1.0 4.2 8.0 1.5 1.0 1.7 1.1 2.8 9.2 1.3 9.0 1.4 


x X X X X x x x X x x x x X x x x x x x x x x



10 6 10“6 10“7 IO“7 10“6 10“7 10~6 1 0 -7 10“7 10“7 10“7 IO“7 10“6 10~6 10“4 10“6 10“6 10”6 10~5 10“6 10"5 IO"8 10“3



Seawater enrichment 0.14



0.11 0.10 0.10



0.11 0.14 0.15 0.20 0.22 0.21 0.25 0.22



— —



3.3



—



2.5 0.14



—



0.002



—



~ 0.0006 2.7



M ORTb 7.9 7.9 7.9 6.3 1.0



X X X X x 1.0 x 1.0 x 1.3 X 1.6 x 1.6 x 2.0 x 2.0 x < 1 .3 x < 2 .0 x 7.9 x 3.2 x 1.6 x 7.9 X 6.3 X 5.0 X 2.5 x 3.4 1x



101 101 101 101 102 102 102 102 102 102 102 102 103 103 104 106 106 103 103 101 104 106



“I. Conservative elem ent whose concentration is directly related to the salinity of seawater. II. Nonconservative elem ent whose concentration varies with depth or regionally within the oceans, or both, generally because of involvement in biological activity. III. Nonconservative elem ent whose concentration varies irregularly and is not related to salinity, depth, or geographic factors. IV. Unclassified, but probably nonconservative. bMean oceanic residence time in years. s o u r c e : Taylor and McLennan (1985).



chem ical co m p o sitio n in co m p ariso n w ith river w a te r an d th e re b y c o n trib u te to th e geochem ical d iffe re n tia tio n o f th e h y d ro sp h ere. T h e e v e n tu a l fa te o f all e lem en ts an d co m p o u n d s dissolved in th e o ce an is to be rem o v ed fro m it. M o st e lem en ts a re in c o rp o ra te d in to th e sed im en t th a t is accu m u latin g a t th e b o tto m of th e oceans, b u t a few elem en ts escape fro m th e o cean in to th e atm o sp h ere, w hose co m p o sitio n is su m m arized in T able 4.8. T h ese changes in re si d en ce a re p a rt o f th e m igration o f elem en ts on th e surface o f th e E a r th a n d c o n trib u te to th e o p e ra tio n o f geochem ical cycles (see C h a p te r 22). E very



elem en t is m oved from o ne reserv o ir to th e n e x t by geological, geochem ical, o r biological p ro cess es operating on the surface o f the E arth . T his is th e geochem ical m achine w e sp o k e of earlier. T he dissolved constituents in th e oceans can be divided into th e conservative (I in Table 4.7) an d nonconservative groups (II and III in Table 4.7). T he conservative elem ents occur in constant p r o p o rtio n s th ro u g h o u t th e oceans, although th e ir concentrations m ay vary because of d ilu tio n or evaporative concentration. This group includes th e m ajo r elem ents and com plex anions— N a, K, Mg, Ca, Cl, sulfate, and borate. T he con cen tratio n s



 4 .4 T a b le 4 .8



Chemical Com position of



D ry A ir Concentration by Volume Constituent n



2



o2 co2



416



(14.5-1714)



151



(27.5-315)



— —



Halogens



78.084 20.946 0.033



—



0.934 —



18.18



He



—



5.24



Kr



—



1.14



Xe



—



0.087



—



0.5



2



n 2o



4



river w ater.T heir average en richm ent factors in the oceans are



Alkaline earths (except Be and Ba)



ppm



Ar



c h
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Alkali metals



%



Ne



h



D IF FERE N TIA TI O N O F T H E H Y D R O SP H ERE



—



—



2



—



0.5



Data from the CRC H andbook o f Chemistry and Physics (Weast et al., 1986).



of th e n o n co n serv ativ e elem ents vary w ith d ep th as well as regionally w ithin th e oceans, and th e ir c o n c e n tra tio n ratio s w ith chloride a re n o t c o n stant. T he n o n co n serv ativ e elem en ts in seaw ater include m o st of th e trace elem en ts along w ith dis solved n itrate, bicarb o n ate, silicic acid, p h o sp h ate, and dissolved oxygen. T h e co n cen tratio n s of m any n o n c o n se rv a tiv e c o n stitu e n ts v ary w ith d e p th b ecau se th e y are involved in th e biological activity o f th e oceans. A s a resu lt, they have low co n cen tratio n s in th e surface layer o f the oceans w here m o st o f th e biological activity is co n cen trated. W hen th e organism s die, th e ir bodies sink and decom pose, th ere b y re tu rn in g n u trien ts to th e w ater. C onsequently, d e e p ocean w a te r is enriched in nutrien ts co m p ared to surface w ater. T he c o n se rv a tiv e c o n stitu e n ts h av e large enrich m en t factors, indicating th a t they are unreac tive and th e re fo re b ecom e co n cen trated in seaw a te r co m pared to river w ater. T he average enrich m e n t fa c to r o f th e m a jo r (con serv ativ e) co n stituents o f seaw ater is 775. T hese elem ents are generally jo in ed by th e ir congeners, m any of which are trace elem ents. F o r exam ple, th e alkali m etals, alkaline e a rth s (except B e and B a), and halogens all have h ig h er concen tratio n s in seaw ater th a n in



1790



(8-3350)



In addition, B an d S, b o th o f w hich a re m ajo r con servative elem ents, have large e n rich m en t facto rs indicating th a t they to o te n d to accum ulate in the oceans. T hey a re follow ed by P, V, N i, G e, Se, Mo, Sb, W, Au, and U, w hose en rich m en t facto rs a re all < 2 0 b u t > 1 . O nly M o an d U are conservative am ong th e elem en ts in this group. The enrichm ent factors o f th e rem aining n o n conservative elem ents are all < 1 , an indication th a t th ey are rapidly rem oved from seaw ater by geo chem ical processes.The concentrations of these ele m ents in seaw ater are controlled prim arily by ion exchange reactions w ith p articu late m atter, by ionic substitution in calcium carbonate, calcium p h o s p hate, and am orphous silica, which are in large p art biogenic in origin, by direct precipitation caused by evaporatio n o f seaw ater, an d by exchange reactions w ith volcanic rocks along spreading ridges (H a rt and Staudigel, 1982). T he concentrations of m ost elem ents in seaw ater are n o t controlled by the solu bilities of th eir com pounds. In contrast to th e conservative elem ents (and a few nonconservative ones), the m ajority o f the nonconservative elem ents do n o t accum ulate in the ocean b u t are rapidly rem oved fro m it by one or several of the geochem ical processes m en tioned earlier. T he adsorption o f ions on the charged surfaces o f b o th inorganic an d organic particles plays a very im p o rtan t role in this regard and was described by B ro eck er and P eng (1982) as “th e g reat p articu late sweep.” O th e r im p o rtan t books on th e geochem istry of seaw ater a re by B e rn e r an d B e rn e r (1987), H o lla n d (1978), G oldberg (1972), an d R iley and C h ester (1971). T he w ide v ariatio n o f th e en ric h m en t factors we have b e e n discussing im plies th a t th e u n re a c tive conservative e le m e n ts re m a in in th e oceanic reserv o ir m uch lo n g e r th a n th e reactiv e n o n c o n
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servative elem ents. This p h en o m e n o n is reflected by th e residence tim e d efined as:



w here t is th e resid en ce tim e in years, A x is the to ta l a m o u n t of an e le m e n t (x ) in so lu tio n in th e oceans, an d d X / d t is th e average annua] in p u t of th a t ele m e n t in to th e oceans. T h e am o u n t A x of an e le m e n t in th e ocean s is assum ed to be co n stan t, w hich is p ro b ab ly valid fo r th e o p en o cean b u t m ay n o t apply to th e co n tin e n tal shelves and estuaries. T he an n u al in p u t in to th e oceans can be e stim ated fro m th e discharge and chem ical com position of th e m ajo r rivers o f the E arth . Such estim ates are u n c erta in , how ever, because b o th discharge an d ele m e n ta l c o n cen tratio n s of stream s vary seasonally an d a re n o t know n fo r all riv ers w ith eq u al c e rtain ty (see also C h a p te r 20). In a d d itio n , th e ru n o u t o f g ro u n d w ate r into the ocean s is d isre g a rd e d b ecau se of lack of in fo rm a tion. F u rth e rm o re , th e d ischarge of in d u strial and m unicipal w aste w a te r has significantly a ltered th e chem ical co m p o sitio n of m an y rivers. F or this re a so n T aylor an d M cL en n an (1985) estim ated th e average an n u al in p u t to th e ocean s from the ra te o f d e p o sitio n a n d th e chem ical com position o f d ee p -se a se d im e n t as originally suggested by Fi (1982). A ccordingly, th e m e an ocean ic re si d en ce tim es (M O R T ) listed in T able 4.7 w ere cal cu lated by this m e th o d b ased on sed im en tatio n rates p ro v id ed by Fisitsyn e t al. (1982). The M O R T s calculated fro m th e o u tp u t to d eep-sea sed im en t d iffer from th o se o b ta in ed fro m riverin p u t d ata, b u t th e tw o sets of resu lts are well co rre la ted . A ctually, th e re sid e n c e tim e of elem en ts in th e oceans w as first u sed to e stim ate th e age of th e E a rth . T he id e a w as originally suggested in 1715 by E d m u n d H ailey, b u t n o th in g w as d one a b o u t it fo r n early 200 years. Finally, in 1899 Jo h n Joly to o k u p H a ile y ’s suggestion an d calcu lated th e resid en ce tim e of N a in th e oceans. H is re su lt w as 90 m illion years, w hich is less th an h alf th e 200 m illion y ears calcu lated by Taylor an d M c F e n n a n (1985). N everth eless, Jo ly ’s result was an im p o rta n t m ilesto n e in th e h istory of



geology because it c o n tra d ic te d F o rd K elvin’s calculations based on th e cooling of the E arth , w hich in d icated th a t its a g e was less than 40 m il lion years. T h e M O R T s of th e e le m e n ts in Table 4.7 vary o v er n ine o rd ers o f m a g n itu d e from 0.69 years for F e to 7.9 X 10s years for B r. As expected, th e con servative elem en ts h a v e long residence times, w h ereas m any n o n c o n serv a tiv e elem ents have sig nificantly s h o rte r re sid e n c e tim es. T he average resid en ce tim es in th e o c e a n s of the conservative elem en ts are Years Alkali metals Alkaline earths (except B e and Ba)



43.3 x 10fl 18.8 x IO6 356.2 x IO'1



Halogens



T h e o th e r tw o m ajo r e le m e n ts (B and S) have residence tim es of 16 X 10 6 an d 500 X 10 6 years, respectively. T he lithophile e le m e n ts h av e w idely different en richm ent factors and resid en ce tim es, w hereas a m ajo rity o f th e ch alco p h ile an d siderophile ele m en ts are d ep leted in s e a w a te r an d h av e short residence times. Evidently, th e o c e a n s play a very im p o rtan t role in th e geochem ical d ifferen tiatio n o f the crust o f the E a rth by sto rin g som e elem ents and letting oth ers pass rap id ly to th e sedim ent accu m ulating at th e b o tto m o f the oceans. T he ele m ents th a t are re m o v e d from the oceans in the fo rm of sed im en t m ay u ltim ately re e n te r th e rock cycle and becom e the in p u t for a n o th e r pass th ro u g h the geochem ical m achine.



4.5



Summary



T h e E a rth d iffe re n tia te d v ery early in its history in to a core, m an tle, a n d c ru st w ith c h a ra c teristic c h em ical c o m p o sitio n s. T h e c o re co n sists of m etallic Fe, N i, and re la te d elem en ts. T h e m a n tle is co m p o sed p rim a rily o f silicates an d oxides of M g and Fe. T he ch e m ic a l co m p o sitio n o f the c o n tin e n ta l c ru st h as b e e n e stim a te d in d iffe re n t w ays w ith gen erally c o n c o rd a n t results. T h e nine



 REFEREN CES m o st a b u n d a n t ch em ical e le m e n ts in th e c o n ti n e n ta l c ru st o f th e E a rth a re O, Si, A l, Fe, C a, M g, N a, K, an d Ti. A ll o th e r e le m e n ts to g e th e r m a k e up only a very sm all fra c tio n o f th e c o n ti n e n ta l crust. T he d istrib u tio n of trace elem en ts am ong d if fe re n t kinds of igneous rocks d e p e n d s on th e ir ability to replace m ajo r elem en ts in th e ionic crys tals th a t fo rm during crystallization o f m agm a. A s a result, d iffe re n t kin d s o f igneous rocks are enriched in specific trace elem ents, so m e of w hich a re im p o rta n t industrial m etals. C erta in kinds of igneous rocks m ay th e re fo re h o st o re dep osits of th ese m etals. T he chem ical com positions of sed im en tary rocks are ju st as diversified as th o se of the
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igneous rocks. T hey form by chem ical w e a th e r ing o f igneous, m etam o rp h ic, and sedim entary rocks and by the tra n sp o rt, deposition, and lithification o f th e resulting products. M any elem ents becom e c o n cen trated in deep-sea clay and may re e n te r the rock cycle w hen deep-sea sedim ent m elts in subduction zones to form m agm a. T h e o cean s play an im p o rta n t ro le in th e chem ical d iffe re n tia tio n o f th e c ru st b e c a u se som e e le m e n ts a cc u m u late in se aw ate r, w h e re as o th e rs pass th ro u g h it rapidly. T he geological a n d g e o c h e m ic a l p ro c e s se s a s s o c ia te d w ith ch em ical w e a th e rin g o f m in erals, tra n s p o rt of w ea th erin g p ro d u cts, an d th e ir u ltim a te d e p o si tio n in th e o cean s a re th e su b jects o f P a rt III of this b o o k .



Problems 1. Recalculate the chemical composition of pyrolite (Table 4.2, column 1) in terms of the weight percent concentrations of the elements and rank them in terms of their abundance. 2. Recalculate the concentrations of Si, A l, Fe, Ca, Mg, Na, K, Ti, Mn, and P of shale, sandstone, and carbonate rocks (Table 4.5) in terms of the appro priate oxides. 3. Combine the concentrations calculated in Problem 2 in proportions of 4 parts shale, 0.75 parts sandstone, and 0.25 parts limestone.



4. Compare the results of Problem 3 to the esti mates of the average chemical composition of the con tinental crust (Table 4.3). Take note of discrepancies and similarities and relate them to the geochemical properties of the individual elements. 5. Assess the validity of the hypothesis that the sedi mentary rocks (shale, sandstone, and limestone) collec tively represent the “weathering crust” on the continents. What additional sources or sinks are needed to ade quately describe the redistribution of elements from the continental crust into different kinds of marine sediment?
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 II PRINCIPLES OF INO RGANIC CHEMISTRY



A n im p o rta n t task o f geochem ists is to u n d erstan d th e chem ical com positions of m inerals an d rock s based o n th e physical an d chem ical p ro p e rtie s o f th e e lem en ts an d th e ir atom s. T h e reg u lar p a tte rn o f v ariatio n o f th e electronic stru ctu res o f ato m s d e te r m ines th e ch em ical p ro p e rtie s o f th e elem ents a n d hence th e ir positions in th e p e rio d ic table. C onsequently, o u r u n d erstan d in g o f th e d istrib u tio n of chem ical elem en ts am ong th e m in erals an d rocks o f th e E a rth rests securely on th e principles o f physics an d ch em istry em bodied in th e perio d ic table.



 5 The Electronic Structure of Atoms W e now en d o u r to u r of th e stars and th e solar system and tu rn to som e basic principles of chem istry th a t will h elp us to u n d e rsta n d th e chem ical processes tak in g p lace o n th e earth lik e planets. T he in tellectu al e x citem en t g e n e ra te d by th e ex p lo ratio n o f th e solar system can n o t hide th e fact th a t only o n th e E a rth can w e live w ith o u t e la b o ra te p ro tec tio n against th e h arsh envi ro n m en ts o f th e o th e r planets. This lesson of p lan etary ex p lo ratio n sh o u ld in crease o u r in te r est in o u r ow n p la n e t an d in th e n a tu ra l p ro cess es th a t ta k e place o n its su rface an d in its in terio r. W e n e e d to u n d e rsta n d th ese p rocesses w ell in o rd e r to assure a d e q u a te living conditions fo r fu tu re generations. F o r th e se re a so n s w e now m ove to a descrip tio n of ato m s w hose orb itin g electro n s resem b le th e o rbiting p lan e ts an d th e ir satellites o f th e so lar system .



5.1



The Atom of Thomson and Rutherford



T h ro u g h o u t th e 19th cen tu ry physicists accepted Sir Isaac N e w to n ’s o p in io n th a t atom s a re “solid, massy, hard, im p en etrab le, m o veable p a rtic le s” (Jastrow, 1967, p. 9). H ow ever, in 1897 J. J. T h om son (1856-1940) discovered th e electron and u sed it to develop a new m o d el of th e ato m in w hich negatively ch arg ed electro n s w ere th o u g h t to be e m b ed d ed in a positively charg ed m atrix like raisins in a plum pudding. In 1911 N iels B o h r (1885-1962) cam e to th e C avendish L aborato ry a t C am bridge as a p o std o cto ral fellow to w ork w ith T ho m so n o n his electro n theory. H e arg u ed
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th a t th e plum -pudding m odel o f th e atom could n o t be correct b ecause it did n o t p rovide for the q u an tizatio n o f electro m ag n etic ra d ia tio n th a t had b een discovered by M ax Planck (1858-1947) in G erm an y (Planck, 1900). H ow ever, Thom son was in n o m o o d to argue w ith th e 26-year-old D a n e w ho h a d little know ledge of th e English language a t th e tim e. Sir John, w ho was the direc to r o f th e C avendish L aboratory, h a d won the N o b el P rize in 1906, an d h ad b een knig h ted in 1908, w as n o t in te re ste d in B o h r’s ideas ab o u t how to im prove his electro n theory. Besides, he was th e n w orking o n his “positive-ray apparatus,” which w ould soon lead to th e discovery of iso topes and the dev elo p m en t of m ass sp ectrom e ters (H olton, 1986). B o h r th e re fo re decided to leave C am bridge, and w ent to M anchester w here E rn e st R u therford (1871-1937) was th e L angw orthy P ro fesso r of Physics. P erh ap s as a test o f T h o m so n ’s m odel of th e atom , R u th e rfo rd had fired a b eam of alpha particles at a piece o f gold foil and h a d observed to his g rea t surprise th a t th e b e am did n o t simply pass th ro u g h th e foil as expected. In stead, a sig nificant n u m b er o f alpha particles w ere scattered and som e even seem ed to b o u n ce straig h t back as th o u g h th ey h ad struck a heavy object. H e said later “It was quite th e m o st incredible ev ent th at h as ever h ap p en ed to m e in m y life. I t was alm ost as incredible as if you fired a 15-inch shell at a piece o f tissue p a p e r an d it cam e back an d hit you.” (Jastrow, 1967, p. 9). A fte r thinking a b o u t it, R u th e rfo rd decided th a t th e m assive objects had to be very sm all because th e y w ere struck only rarely by alpha particles and concluded th a t m ost
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o f the m ass of th e ato m w as c o n c e n tra ted in this sm all body, w hich h e n a m ed th e “nucleus.” R u th e rfo rd ’s m o d el of th e a to m w as in h e re n t ly u n stab le becau se in classical physics an electro n orbiting a positively ch arg ed nucleus loses energy by em itting an electro m ag n etic wave. A s a result, th e e le c tro n m ust speed u p and th e rad iu s o f its o rb it m u st d ecrease until th e electro n crashes into th e nucleus. N evertheless, B o h r lik ed R u th e rfo rd ’s m o d el b ecause he h a d a h u n ch th a t h e could im prove it b y exten d in g th e co n cep t of q u a n tiz a tion of electro m agnetic energy to the m echanical energy o f an e lectro n orbitin g th e nucleus. We all know th a t B o h r succeeded brilliantly, received th e N obel Prize in physics in 1922, and becam e one o f th e leaders in science in the 2 0 th cen tury. H ow ever, he h a d a h a rd tim e convincing even R u th erfo rd th a t his m odel o f th e ato m was right. W hen B ohr, w ho had briefly re tu rn e d to D en m ark, sent a m anuscript copy of his paper, R u th erfo rd agreed to subm it it for publication b u t added, “I suppose you have n o objection to m y using my judgm ent to cut o u t any m atter I m ay consider u n necessary in your p a p e r? ” (H olton, 1986, p. 240). B o h r did object an d cam e back to M anchester from C openhagen to discuss his p a p e r w ith R u th erfo rd p o in t by point. In th e end, R u th erfo rd agreed to subm it th e entire m anuscript, b u t grum bled th at B o h r h ad been so obstinate. W hen this p a p e r and a second one w ere p u b lished (B o h r, 1913a, b), th ey w ere n o t well received. T he p ro m in en t G erm an physicist O tto S te m m ay have spo k en for m any of his colleagues w hen he re p o rte d ly said, “If this nonsense is co r rect, I will give u p being a physicist.” (H olton, 1986, p. 240). It w as th e end of an era. Physics was a b o u t to b e sh ak en to its ro o ts by q u an tu m m echanics an d th e uncertain ty principle.



5.2



Bohr's Theory of the Hydrogen Atom



T he instability o f a n atom com posed of o n e elec tro n orb itin g th e nucleus can be d em o n strated by m eans of N ew to n ian physics. We assum e th a t the electro n o rb its th e p ro to n a t a distance r an d a
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velocity v. T he condition fo r stability of such an a to m is th a t th e force o f electrostatic attractio n m u st b e equ al to th e centrifugal force: mv



(5.1)



T he energy of such an ato m is th e sum o f the kinetic energy and th e p o te n tia l energy. (5.2)



1 öm v2



T he p o ten tial energy te rm has a n egative sign because th e e le ctro n is a ttra c te d tow ard th e p ro ton. F rom eq u a tio n 5.1 we obtain: m



(5.3)



rv



S ubstituting in to eq u a tio n 5.2 yields: \(e



E = t-r)~ 7 =



2 1



r



(5.4)



We see from eq u atio n 5.4 th a t the energy of the ato m is negative and th a t it is inversely related to the radius of the orbit. In th e limit, the energy app ro ach es m inus infinity as th e radius goes to zero. T he instability arises because th e atom is an “energy well.” E n e rg y is lib e ra te d as th e radius of th e electron o rb it decreases. Since th e re a re no restrictions on th e m ag n itu d e o f th e electronic rad iu s in this m odel, atom s will te n d to achieve a condition o f m inim um en erg y and m axim um sta bility by redu cin g th e rad iu s to zero. B o h r avoided this p ro b lem by specifying th a t the energy o f th e ato m is n o t continuously variable b u t is, in fact, q u a n tize d so th a t th e e lec tro n m u st be restricted to orbits having specific radii. In o rd e r to accom plish this, he p o stu la te d th a t th e angular m o m en tu m o f th e e lectro n is restricted to m u lti ples o f h / h r , w here h is P la n ck ’s constant, w hich is equal to 6.62517 X 1 0 - 2 7 erg /s e c (see also the inside back co v er).T h erefo re, according to B ohr: m vr =



nh 27T



(5.5)



w here n = 1, 2, 3, . . . , and is know n as th e first q u a n tu m n u m b er. H ow ever, th e ato m m u st still
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satisfy th e con d itio n ex p ressed by eq u atio n 5 .1 . A ccordingly, th e an g u lar m o m e n tu m o f th e elec tro n m ust also be: m vr = — v



(5.6)



an d a stab le ato m m u st satisfy b o th eq u atio n s a n d 5.6; thus: e2 _ nh v
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(5.7)
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T h e velocity of th e e lectro n is d eriv ab le from eq u a tio n 5.5: v =



nh



(5.8)



2vm r



Sub stitu tin g in to eq u a tio n (5.7) yields: 2 m n re 2 _ n h nh



(5.9)
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- E2 = A£ = hv



w hich leads to: n,21,2 zh



r = 4 7



(5.10)



r2m e2



E q u a tio n 5.10 in d icates th a t th e rad iu s o f the e le c tro n now d e p en d s o n th e sq u are o f th e first q u a n tu m n u m b e r m u ltip lied by a c o n sta n t a w hose m ag n itu d e is: h2 4 7



(5.11)



r2m e2



T h e sm allest rad iu s p e rm itte d b y B o h r’s th e o ry is o b ta in e d fro m e q u a tio n 5.10 by settin g n = 1, in w hich case: r = aQ = 0.529 X 10 - 8 cm



(5.12)



w h e re a0 is th e so-called B o h r radius. T h e en erg y o f th e a to m can n o w b e calcu lat ed b y su b stitu tin g e q u a tio n 5.10 fo r th e radius in to e q u a tio n 5.4 fo r th e en erg y o f th e atom : E = -fe 2



sq u are o f th e first q u a n tu m n u m b er. Evidently, th e q u a n tu m n u m b e r plays a decisive ro le because it controls b o th th e rad iu s o f the elec tro n ic o rb it an d th e energ y o f th e ato m . In B o h r’s m odel of th e ato m th e e lectro n can occupy only certain o rbits w hose rad ii d ep en d on th e first q u an tu m num ber. T he en ergy of th e atom varies in increm ents de p en d in g on w hich o rb it the electro n occupies. W hen th e e le c tro n jum ps from a higher o rb it to a lo w er one, th e en erg y of the atom decreases. T he energy lib e ra te d in this way is ra d ia te d aw ay as an electro m ag n etic wave. B o h r used an e q u atio n derived by A lb e rt E instein to re p re se n t this energy change. If E 1 is th e energy o f th e ato m w h en th e elec tro n is in a p articu lar o rb it and E 2 is th e energy w hen the electro n is in a sm aller o rb it, th e n the change in th e energy o f th e atom as th e electron m oves from o rb it 1 to o rb it 2 is:
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W e see th a t in B o h r’s m o d e l th e en erg y o f th e ato m n o lo n g er d e p e n d s o n th e rad iu s o f th e elec tro n ic o rb it b u t varies as th e recip ro cal o f th e



(5.14)



w here v is the frequency o f the electrom agnetic ra d ia tio n and h is P la n ck ’s constant. T he velocity of electrom agnetic rad ia tio n c is re la te d to its w avelength A an d th e frequency v by: c = Xv



(5.15)



T herefore, th e energy o f th e ra d ia tio n em itted by an ato m as a result of an electronic “tra n sitio n ” is:



a it hc A£ = t



(5.16)



In o th e r w ords, th e energy o f th e rad iatio n is inversely p ro p o rtio n a l to its w avelength. W hen B o h r developed this m o d el o f the atom b etw een 1912 and 1913, it was alread y know n th a t hydrogen atom s absorb and em it light a t discrete w avelengths. T hese w avelengths had b ee n ex pressed by th e equation:
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(5.17)



w h ere al an d a2 a re w hole num bers, a x > a2, an d R is th e R ydberg constant, w hose value was know n to be 109,678.18 cm -1. (N o te th a t w e use a in e q u atio n 5.17 in stead of n in o rd e r to avoid co n fusion w ith th e first q u a n tu m n u m b er.) By apply



 5.3 ing q u a n tu m m echanics to R u th e rfo rd ’s m o del of th e h y d ro g e n ato m B o h r was able to calcu late the w avelengths of light th a t h y d ro g en ato m s can em it as a re su lt o f tran sitio n s am o n g th e orb its th e electro n can occupy. By com bining eq u atio n s 5.13, 5.14, an d 5.16 w e have:
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w here n x an d n 2 are th e q u a n tu m n um bers, and n 2 > n x as re q u ire d by th e R y d b erg form ula. It follow s that:
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By com p arin g eq u atio n s 5.19 (B o h r’s m o d el) and 5.17 (R y d b e rg fo rm u la) w e see that: R =



2iT2m e4 h 3c



(5.20)



B o h r su b stitu ted a p p ro p ria te values in to equation 5.20 an d calculated a value of 109,677.76 cm - 1 for the R y d b erg constant. T he result agreed very well with th e observed value and th ereb y confirm ed B o h r’s m o d el for th e h y d ro g en atom . N iels B ohr was justifiably p leased w ith this resu lt an d subse q uently d ev o ted him self w h oleheartedly to the study o f q u a n tu m mechanics. T h e R o y al D an ish A cad em y of Science, which receives a large p o rtio n of its funding from th e C arlsberg B rew ery, gave B o h r a g ra n t o f m oney to build an In stitu te fo r T h eo retical Physics in C o p enhagen. B o h r’s in stitu te b ecam e th e cen ter for re se a rc h in q u an tu m m echanics an d nuclear physics. It w as fam ous n o t only fo r its intellectual ex citem en t b u t also fo r its relaxed atm osp h ere cre a te d b y th e “P ro fesso r” (G am ow , 1966).



5.3



Emission of X-rays



B o h r’s m o d el o f th e ato m provided a direct expla n atio n fo r th e em ission o f x-rays, w hich h ad been discovered in 1895 by W ilhelm K onrad R ö ntg en (1845-1923). A lth o u g h B o h r’s m o d el has b een rep laced by th e w ave m echanics o f W. K. H eisen b erg (1901-1976) an d E . Schrödinger
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(1887-1961), som e aspects o f it a re still in use in the physics of x-rays. In a com m ercial x-ray tu b e a stre a m o f elec tro n s is a ccelerated by a voltage difference in a vacuum b efo re striking a ta rg e t com posed o f a m e ta l such as chrom ium , copper, m olybdenum , o r tungsten. T he en erg etic electrons in te ra c t w ith the electrons o f th e ta rg e t atom s an d m ay knock th e m o u t o f th e ir orbits. X -rays are th e n g e n e ra t ed w hen th e resulting vacancies are filled b y o th e r electrons. T he w avelengths o f th ese x-rays d ep en d on th e difference in th e energies of th e orb it in which a vacancy has b e e n cre a te d and th e orb it from w hich th e replacing electro n originated, as re q u ired by e q u a tio n 5.16. T hese x-rays th erefo re have discrete w avelengths an d give rise to a w ave len g th spectrum th a t is characteristic o f th e targ et elem ent. T he characteristic x-ray sp ectra w ere dis cov ered in 1911 by C harles G. B ark la (1877-1944), w ho received th e N obel P rize for physics in 1917. T he relatio n sh ip b etw een th e characteristic x-ray sp ectru m and th e atom ic nu m b er of th e targ et ele m en t was discovered in 1913 by H . G. J. M oseley (1877-1915). In ad d itio n to th e ch aracteristic w avelength spectru m , a co n tin u o u s x-ray sp ectru m is p ro d u ced by e lectro n s th a t pass th ro u g h th e targ et a tom s w ithout actually colliding w ith any o f th e ir electrons. N evertheless, som e energy is tra n s fe rre d in this ty p e o f in teractio n , an d this energy is e m itte d as x-rays having continuously varying w avelengths. T h e ch aracteristic x-ray sp ectru m o f th e ta r get atom s is divided in to several series o f w ave lengths re fe rre d to by th e letters K, L, M , etc. T he “K x-rays” are em itted w h en a vacancy in th e low est energ y level (K; n = 1) is filled. T he electro n filling th e vacancy in th e K -level m ay o rig in ate fro m th e n e x t h ig h er level (L ) o r fro m o th ers associated w ith electro n ic o rbits having still larg e r radii. T he L -series o f ch aracteristic x-rays is g e n e ra te d by tran sitio n s to the L-level (n = 2), an d so on. T h e g e n e ra l schem e o f identifying th e characteristic x-rays is m o re com plicated th an th a t show n in F igure 5.1 b ecause electro n s in each o f th e K-, L-, a n d M -en erg y levels h av e slightly
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Fi g u r e 5.1 Schematic energy level diagram of atoms based on Bohr’s model. X-rays of the K-series are generated by electronic transitions to the K-energy level (n = 1), whereas the L-series involves transitions to the L-level (n = 2). Greek letters are used to indicate the orbit from which the electrons originate. In reality the characteristic wavelength spectrum is more complicated than shown here because of small differences in the energies of the electrons that populate the M-, N-, and O-energy levels.



d ifferen t energies. T hese d ifferences are ex p lain able in term s of w ave m echanics and a re n o t p re d icted in B o h r’s m o d el of th e atom . W e see in Figure 5.1 th a t th e K -series o f c h a r acteristic x-rays is sub d iv id ed according to a sim ple schem e. Electronic transition L to K
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K-gamma
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T h e L -series is su b d iv id ed sim ilarly, b u t the details in b o th series g et m o re com p licated



because of th e “splittin g ” o f th e w avelengths caused by sm all energy differences of the elec trons. In general, K -alpha x-rays are p ro d u ced in g re a te st ab u n d an ce becau se vacancies in the K -energy level are m ost often filled by electrons from th e overlying L-level. T h erefo re, K -alpha x-rays are usually selected fo r analytical purposes b o th in x-ray-diffraction and in x-ray-fluorescence studies. T he K -b e ta an d K -gam m a x-rays a re m ore energetic, b u t th e ir in tensities are less than those o f the K -alpha x-rays because the respective tran sitio n s occur less frequently. X -ray diffraction and x-ray fluorescence have becom e indispensable tools in geochem ical research. The fo rm er is based on the diffraction of x-rays by crystals (K lug and A lex an d er, 1954), w hereas th e la tte r arises from the em ission of characteristic x-ray by atom s. X -ray fluorescence is now used to d eterm in e the chem ical com posi tions of rocks including n o t only th e m ajor ele m ents b u t also m any trace elem ents (N orrish and H u tto n , 1969).



5.4



Schrödinger's Model of the Atom



B o h r’s m odel w orked fo r the hyd ro g en atom and fo r ions having only one e lectro n such as H e +, Li2+, and B e3+. H ow ever, it did n o t w ork w ell for atom s having tw o o r m ore electrons. A rn o ld Som m erfeld (1868-1951) m ade som e im provem ents by in tro ducing elliptical orbits like those of th e planets in th e solar system . In addition, he allow ed the planes of the orbits to include all the free space around th e nucleus, th ereb y m aking th e atom look m ore like a sphere th an a flat disk. T hese refinem ents of B o h r’s m odel req u ired the in tro d u ctio n of a sec ond q u an tu m n u m b er b u t still did n o t m ake it applicable to m ultielectro n atom s. The problem with B o h r’s m odel is th at is treats electrons as particles w hose positions in space can be determ ined. T he validity of this idea was ques tioned by Louis-Victor 7th D u k e de Broglie



 5 .4 (L892-1987) in 1923 w ho d em o n strated th a t p a rti cles such as electrons also have the p ro p erties of waves. T he wavelength A of particles o f m ass m and velocity v is: a



- A mv



(5.21)



w here h is P lan ck ’s co n stan t. F or exam p le, the w avelength of an electro n having a k in etic energ y of 1 0 electro n volts is 0 . 1 2 X 10 8 cm, c o rre sp o n d ing to fairly en erg etic x-rays (M oore, 1955, p. 271). If electro ns have w ave p ro p erties, th e n it m akes no sense to think of o n e as being in a p a r ticular place at a p articu lar tim e. W erner H eisen b erg ex pressed this co n d itio n in th e form o f the uncertainty principle, which im plies th a t th e m o tio n of an electro n aro u n d th e nucleus of an atom ca n n o t be describ ed in term s o f specific orbits reg ard less o f w h eth er th e y are circular o r elliptical. T hese strange ideas w ere in co rp o rated into a new m odel of th e atom p ro p o sed in 1926 by W ern er H eisen b erg and E rw in S chrödinger. H eise n b e rg ’s m eth o d was ab stract an d relied on m atrix algebra, w hereas S chrödinger (1926) used de B roglie waves to re p re se n t th e d istrib u tio n o f electrons in threedim ensional space. S chrö d in g er’s eq u atio n is gen erally sta te d in th e form : d2ljj
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w here ip is a “w ave fu n ctio n ,” m is th e m ass o f the electro n , E is th e to tal energ y of th e atom , and V is the p o te n tia l energy (Fyfe, 1964). T he w ave e q u atio n can be u n d ersto o d by com paring it to a violin string vibrating b etw een tw o fixed points. Such a string can develop nodes w hose n u m b e r m ay be 0 ,1 ,2 , etc. T he n u m b er of nodes in th e one-d im en sio n al case is d eterm ined by the qu an tu m n u m b er n. If n = 1, th e n u m b er of n o d es is zero; w hen n = 2 th ere is one node, and so on. In th e th ree-d im en sio n al electron wave, nodes m ay form along th e th re e principal directions; th e re fo re at least th re e quantum n u m
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bers a re n eed ed to describe th e m otions of an e le c tro n in th e space aro u n d th e nucleus o f an atom . T hese q u a n tu m n u m b ers are: n = 1, 2, 3 , . . . , 0 0 (principal q u a n tu m n um bers) / = n — 1, n — 2, n — 3 , . . . , 0 (azim u th al q u a n tu m n u m b er) m =



0



, ± 1 , ± 2 , . . . , ± (/ - l) , ± I (m agnetic q u a n tu m n u m ber)



s = ±i



(spin q u a n tu m n u m ber)



T he fo u rth qu an tu m n um ber, 5, indicates th e direc tion o f spin of th e electron, w hich controls the p o larity o f th e m agnetic m o m e n t e x erted by the electro n . N o te th a t the e lectro n is again reg a rd e d as a charged p article in space in this context. Solutions to the w ave e q u atio n are ob tain ed for w ave functions having c ertain types o f sym m etry in space. F or exam ple, th e w ave function can have spherical sym m etry aro u n d th e nucleus, or it m ay be sym m etrical w ith resp ect to the x, y, z d irectio n s o r th e xy, x z, y z planes. In g eneral, four d ifferen t types o f w ave fu nctions are possible, w hich are iden tified by th e le tte rs s, p, d, an d / These w ave functions describe th e m otions o f the electro n to w hich they apply and a re th e re fo re called “o rb ita ls” in o rd e r to distinguish th e m from the “o rb its ” o f the B o h r-S o m m e rfe ld m odel. The x-orbital has spherical sym m etry a b o u t th e n u cle us. T h e p -ty p e o rb ital is sym m etrical a b o u t th e x-, y-, an d z-axes, an d th e d -o rb itals a re sym m etrical a b o u t th e xy, xz, and y z planes. T hese o rb itals are p ic tu re d in Figure 5.2. T he /-ty p e o rb itals can n o t be p ic tu re d in th re e dim ensions. In the case o f the x-type w ave fu n ctio n th e re is only o n e solution; b u t th e re are th re e p -o rb ita ls co rresp o n d in g to the p rin cip al axes, five d-orbitals, and seven /-o rb itals. T h e w ave fun ctio n s o f th e d iffe re n t ty p es of o rb ita ls convey th e p ro b a b ility th a t th e e lec tro n of th e h y d ro g e n a to m will be found in a c e rta in volum e o f space. C o n seq u en tly , we can illu stra te th e d is trib u tio n o f th e e le c tro n a ro u n d th e n u cleu s b y p lo ttin g th e fu n c tio n Airr2^ 2 versus



 F i g u r e 5 .2 Electron clouds representing the s-, p-, and d-orbitals of the hydrogen atom according to the wave mechanical model of Schrödinger.



 5.5 th e d ista n c e r fro m th e nucleus. F ig u re 5.3 is such a cro ss se c tio n o f an ^-orbital fo r th e h y d rogen atom . W e see th a t th e p rofile has a m axim um a t a distan ce r = a0, th e rad iu s o f th e first electro n o rb it in B o h r’s m odel. H ow ever, w e also see th a t th e e lectro n can be fo u n d closer to o r fa rth e r aw ay fro m th e nucleus som e of th e tim e. In o th e r words, th e e lectro n actually occupies all o f th e space aro u n d th e nucleus b u t can be fo u n d m ost o fte n at a distance o f a0 fro m th e nucleus. T he sam e is true fo r all orbitals, and th e orb ital b alloons show n in Figure 5.2 th e re fo re have a “fuzzy” skin. T h e elec tro n s occupying th ese orbitals d o n o t spend all of th e ir tim e o n th e skins o f th e b alloons b u t m ove in a n d o u t in a ra n d o m p a tte rn p red ictab le only in term s of probability. This aspect of q u an tu m m echanics w as very disturbing to A lb e rt E instein an d ev en to E rw in Schrödinger. E instein objected to th e ele m e n t of chance im plied by the proba-



D is t a n c e fr o m t h e N u c l e u s (r) Fi g u r e 5 .3 Variation of the radial distribution function (4Trr2ip2) for the y-orbital with increasing distance from the nucleus (r).The radial distribu tion function is a measure of the probability of finding the electron at a certain distance from the nucleus. In the s-orbital this probability has a maxi mum at a distance r = a0, where a0 is the radius of the smallest orbit (n = 1) permitted by Bohr’s model. We see that the electron in an s-orbital can also be found inside as well as outside that radius. The electron in effect occupies all of the space around the nucleus but can be found most often at the distance from the nucleus predicted by Bohr.
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bilistic d escription of th e electro n ic stru ctu re of atom s by saying “D e r liebe G o tt w ürfelt nich t!” (th e good L o rd does n o t throw dice).



5.5



The Aufbau Principle



W e a re now re a d y to b eg in th e co n stru ctio n of atom s o f increasin g ato m ic n u m b e r by adding electrons to th e possible o rb itals o f th e hyd ro g en atom . This p ro c e d u re is k n o w n as th e A u fb a u principle by m ean s o f w hich th e o rb itals o f th e h y drogen ato m s a re u sed to m a k e m u ltie le c tro n atom s. In doing so we assum e th a t th e n u m b e r of p ro to n s in th e nucleus in creases in ste p w ith th e electrons. T he energy o f an ato m having a certain n u m b e r of electrons d e p e n d s on th e orbitals th e elec tro n s occupy. T h erefore, th e electrons occupy only those orbitals th a t m in im ize th e resulting energy o f th e a to m because th e low est energy state of an a to m is also its m o st stable o r “statio n a ry ” state. This re q u ire m e n t co n tro ls th e sequence in w hich o rb itals a re filled. T h e seq u en ce can be derived by calculating th e energy o f an ato m fo r d ifferen t e le ctro n configurations. H ow ever, for m ultielectro n ato m s th e se calculations becom e very difficult and m u st b e su p p le m e n te d by spec troscopic studies. T h e fo u r q u a n tu m n u m b e rs p la y an im p o r ta n t ro le in this p ro cess becau se, a cc o rd in g to P a u li’s ex clu sio n p rin c ip le , n o tw o e le c tro n s in o n e a to m can h av e th e sa m e set o f q u a n tu m n u m b ers. T his p rin c ip le th e re fo re lim its th e n u m b e r o f e le c tro n s th a t can e n te r a p a rtic u la r o rb ita l. T h e re la tio n s h ip b e tw e e n th e q u a n tu m n u m b e rs an d th e d iffe re n t o rb ita ls is in d ic a te d in T able 5.1. We see th e re th a t th e q u a n tu m n u m b ers allow only th e s-orbital fo r n = 1 ; s-, an d p -o rb itals fo r n = 2; s-, p-, d -o rb itals fo r n = 3; an d s-, p-, d-, an d /-o rb ita ls w hen n = 4. T he ta b le also in d i cates th a t th e re a re th re e d iffe re n t p -o rb ita ls, five d -o rb itals (th e seven /-o rb ita ls a re n o t list ed ). M o re o v e r, ea c h in d iv id u a l o rb ita l can a c c o m m o d a te tw o e le c tro n s p ro v id e d th e ir spin n u m b e rs a re d iffe re n t. A s a re su lt, o n ly tw o e le c tro n s can b e ac c o m m o d a ted in o rb ita ls having
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4. A to m s achieve a sta te o f d ecreased energy s



Type o f orbital



1



0



0



+> 2’



2



2



0



0



+ I '2i



2



2s



2



1



0



T+ -2’



2p



2



1



2



1



2 +i2>_>2 + 1 _1



1 -1



T 2>



2



Is



2p 2p



3



0



0



+ i _Jl



2



3s



3



1 1



•f1 2’ —2 + 1 _I



3p



3



0 1



2’



2



3p



3



1



' T+ 2’



- 12



3p



3 3



2



0



+ 2’ 1 -±2



3d



2



1



-f1 ' 2’



3



2



3



2



2



3



2



-2



-1



-1



Subsequently, a second electron m ay enter an orbital th a t already contains an electron provided its spin is opposite (rule 2 ).
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n = 1 , eight electro n s fo r n = 2 , and 18 electrons for n = 3. T he sequen ce in w hich electro n ic o rb itals are actually filled is: I s, 2s, 2p, 3s, 3p, 4s, 3d, 4p, 5s, 4 d, 5p , 6s, 4f, 5 d, 6 p, Is,



6



d



T he A u fb au principle, by m ean s o f w hich we can p re d ic t the electro n ic co n fig u ratio n of th e ele m en ts in th e p erio d ic table, is g o v ern ed by a set of rules w e sta te h e re in p lain lan g u ag e w ithout re g a rd to th e ir h istorical origins. 1. T he first e le c tro n e n te rs th e o rb ital having th e low est energy. A d d itio n a l electro n s e n te r o rb itals th a t m inim ize th e en erg y o f th e ato m (see above). 2. E a c h o rb ital can acco m m o d ate tw o elec tro n s p ro v id ed th e ir spins a re opposite. 3. W hen electrons e n te r a particular set of orbitals, they distribute them selves such th a t each orbital at first aquires only one electron.



and en h an ced stability w hen the available orbitals are e ith e r com pletely filled, half filled, o r empty. W e are now ready to construct the atom s of the elem ents in o rd e r o f increasing atom ic n u m b er by specifying th eir electronic structures. W e do this by stating the value of th e first q u an tu m num ber, the type of orbital, and th e n um ber of electrons in each of those orbitals. F o r exam ple, ls 22s22p 3 is the electronic structure of nitro g en (atom ic n u m b er 7). It has two electrons in the Is orbital, two in the 2s orbital, and three in the 2p orbitals. Evidently, each of th e th ree p-o rb itals contains one electron. W e can an ticip ate from ru le 4 th a t n itro g e n atom s m ay a ttra c t th re e ad d itio n a l electro n s to them selves in o rd e r to fill th e p -o rb itals. In a d d i tion, they m ay also e m p ty th e p -o rb ita ls by giving up th re e electrons, o r lose five electro n s by e m p tying both the p - and s-orbitals having n = 2 . Consequently, nitrogen is likely to have different oxidation states or valences: - 3 , 0, + 3, and + 5. Evidently, we are already able to m ake predictions ab o u t the chem ical properties of nitrogen based entirely on its electronic stru cture and th e princi ples of w ave mechanics. Table 5.2 lists the electronic “fo rm u la s” of the elem ents in o rd e r o f increasing atom ic n u m b e r from 1 to 96. T he electrons are in serted in to the orbitals in the p ro p e r sequence. The highest posi tive oxidation state o f each elem ent can b e an tic ip ate d by m eans o f rule 4. We have no difficulty in assigning hydrogen an oxidation state o r valence of + 1 , although - 1 is also possible and occurs in hydrides such as L iH . In n a tu ra l system s h y d ro gen has a valence of + 1 , or 0 w hen it occurs as the diatom ic m olecule H 2. H elium (Is 2) has filled th e only o rb ita l avail able to it, and th erefo re it n e ith e r accepts n o r gives up additional electrons. Its valence is 0. L ithium ( ls 22sl) begins a series of elem en ts th a t fill orbitals having n = 2. T he lone electro n in



 5.5 th e 25 o rb ita l o f lithium exists o u tsid e th e closed lx 2 o rb ita l an d is th e re fo re read ily lost. H en c e lith iu m has a valence of + 1 . B eryllium (l5 2252) has tw o e lectro n s in the 2s o rb ital, b u t it gives th em up easily, th e re b y acq u irin g a valence o f + 2 . B o ro n (1 s22s22 p x) sta rts a se q u e n c e o f six e le m e n ts in w hich th e 2p o rb itals a re filled. T he po sitiv e valences o f th e se e lem en ts follow logi cally: b o ro n + 3 , c a rb o n + 4 , n itro g e n + 5 . T he n e x t e le m e n t, oxygen ( l s 22s22p4), sh o u ld h av e a v alen ce o f + 6 ; b u t its v alen ce in n a tu re actually is - 2 because, a fte r th e p -o rb ita ls a re half-full (n itro g e n ), atom s o f oxygen a ttra c t electro n s to th em selv es in o rd e r to fill th e ir orbitals. E v e n n itro g e n can acq u ire th re e electro n s an d h av e a v alence of - 3 as, fo r exam ple, in am m o n ia (N H 3). F lu o rin e ( l s 22s22 p 5) has th e stro n g est te n d e n c y o f all th e e lem en ts to a ttra c t electro n s to itself and, consequently, h as a v alen ce o f - 1 . N e o n ( ls 22s22p':) co m p letes th e se q u en ce by fill ing th e 2 p o rb ita l and th e re b y ends th e series of ele m e n ts th a t sta rte d w ith lithium . In T able 5.2 sq u a re b rack ets in d icate th a t th e n o b le gases h a v e filled orbitals. N e o n is an in e rt o r “n o b le ” chem ical e lem e n t th a t d oes n o t fo rm b o n d s w ith o th e r elem ents. In the n ex t sequence th e 5 - an d p -o rb itals of th e th ird shell are filled. T he valences of th ese ele m en ts (sodium , m agnesium , alum inum , silicon, phosphorus, sulfur, chlorine, and argon) follow predictably from th eir electronic structures. S odium has a 3s 1 electro n outsid e of a n eo n core an d th e re fo re has a valence o f + 1 , ju st like lithi um an d hydrogen. M agnesium follows w ith + 2, like beryllium befo re it, and so on. T he electronic configuration of sulfur ([N e]3s 2 3p4) resem bles th a t of oxygen, w hich has a valence o f - 2 because it strongly attracts electrons to itself. Sulfur atom s likew ise a ttra c t tw o electrons to form S2_, but th ey can also release th eir p-electrons and th en assum e a valence of + 6 , as in th e sulfate ion (SO 4 - ). C hlorine strongly p refers the valence of - 1 b u t tak es a valence of + 7 in th e perchlo rate (C IO 4 ) ion. A rgon ([N e] 3 5 2 3 p 6) closes this se quence w ith a valence o f 0 .
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The third energy shell includes af-type orbitals; how ever, potassium ([A r] 4 5 J) puts th e next elec tro n into the 4x o rb ital ra th e r than one of the 3d orbitals. C alcium ([Ar]4x2) does likew ise, so th ese elem en ts have v alen ces o f + 1 an d + 2 , re s p e c t ively. T he d -o rb ita ls a re filled n ext, as we progress from scan d iu m to zinc. In this se quence, ch ro m iu m and c o p p e r a re s ta rre d in Table 5.2 to d raw atten tio n to a significant an o m aly in their electronic structures. C hrom ium should be [A r]3d 4 4x 2 b u t is actually \A r \3 d 2As{, and co p p er is [A rß c /'H ?1. B o th exem plify the benefit of half-filling o r filling a set o f electronic orbitals. Irregularity also occurs in the cases o f iron, cobalt, and nickel because th e ir valences do n o t follow the expected p a tte rn . A ll th ree elem ents have valences of + 2 an d + 3 , even though we m ight have predicted + 4 fo r cobalt and + 5 for nickel. N ext, we have a n o th e r sequence o f six ele m ents, starting w ith gallium and ending w ith kry p to n , in w hich th e Ap orbitals are filled. T hese elem ents are sim ilar to th e alu m in u m -a rg o n series in w hich 3p orbitals a re filled. Table 5.2 co n tinues w ith a n o th e r 18 ele m ents: rubidium and stro n tiu m (5x), y ttrium to cadm ium (Ad), an d indium to xenon (5p ). A fte r th a t com e elem ents w ith electrons in 65, Af, 5d, and 6 p orbitals ending w ith radon (atom ic n u m b e r 8 6 ). T he sequence continues w ith Is, 6 d, and 5 / th ro u g h th e tran su ran iu m series. In general, th e chem ical p ro p e rtie s o f elem ents having partially filled d- and /-o rb ita ls do n o t vary as m uch as th o se in w hich s- and p -o rb itals are being filled.



5.6



Summary



O u r concept of th e internal structure o f th e atom has undergone m any changes since J. J. Thom son form ulated th e “plum -pudding m odel.” Som e of the im portant m ilestones in this evolution are the scattering of alpha particles, discovered by E. R utherford; th e quantization of th e energy of the hydrogen atom by N. B ohr; and the d em onstra tion by L. V. de B roglie th at small particles have wave properties. U ltim ately W. K. H eisenberg and E. Schrödinger described th e energy states of



 Electronic Structure and Valences of the Elem ents za 1



2 3 4 5



6 7 8 9 10



11 12 13 14 15 16 17 18 19 20 21 22 23 24= 25 26 27 28 29= 30 31 32 33 34 35 36 37 38 39 40 41 42= 43 44 45



Element Hydrogen Helium Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon Sodium Magnesium Aluminum Silicon Phosphorus Sulfur Chlorine Argon Potassium Calcium Scandium Titanium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton Rubidium Strontium Yttrium Zirconium Niobium Molybdenum Technetium Ruthenium Rhodium Palladium Silver Cadmium Indium



Electronic structure Is1 Is2 l^ Z s1 ls 22s2 l s 22s22pl ls 22s22p2 ls 22s22p3 ls 22s22p4 l s z2s22p5 1s22s22p6 [N e^ s1 [Ne]3s2 [N ejss^ p 1 [Ne]3s23p2 [Ne]3s23p3 [Ne]3s23p4 [Ne]3s23p5 [Ne]3s23p6 [Ar]4s1 [Ar]4s2 [Ar]3d14s2 [Ar]3rf24s2 [Ar]3dMs2 [A + d W [Ar]3d54s2 [Ar]3d64s2 [Ar]3d74.y2 [Ar]3rf8452 [Ar]3d™4sl [Ar]3d104s2 [Ar]3d104sa4p1 [Ar]3


Valences + 1 ,- 1 0 +1 +2 +3 + 4 ,+ 2 ,-4 + 5, + 4, +3, +2, —3 + 6 ,- 2 + 7 ,- 1 0 +1 +2 +3 + 4 ,- 1 + 5, + 4, + 3, —3 +6, + 4, + 2, —2 + 7, + 5, +3, + 1, —1 0 +1 +2 +3 + 4 ,+ 3 +5, + 4, +3, +2 + 6 , +3, + 2 + 7, + 6, + 4, +3, + 2 + 3 ,+ 2 + 3 ,+ 2 + 3, + 2 + 2 ,+ 1 +2 +3, +1 + 4 ,+ 2 + 5 , +3, —3 + 6, + 4, - 2 + 7, + 5, + 1, —1 0 +1 +2 +3 +4 + 5 ,+ 3 + 6, + 5, + 4, + 3, + 2 +7 + 8, + 6, + 4, + 3, + 2 + 4 ,+ 3 ,+ 2 + 4, + 2 +1 +2 +3, +1



 T a b l e 5 .2 (c o n t in u e d )



za



Element



Electronic structure



50 51 52 53 54 55 56 57 58* 59 60 61 62 63 64* 65 66 67 68 69 70 71 72 73 74 75 76 77 78* 79 80 81 82 83 84 85 86 87 88 89 90 91* 92 93 94 95 96



Tin Antimony Tellurium Iodine Xenon Cesium Barium Lanthanum Cerium Praseodymium Neodymium Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thullium Ytterbium Lutetium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon Francium Radium Actinium Thorium Protactinium Uranium Neptunium Plutonium Americium Curium



[Kr]4d105s25p2 [Kr]4du)5s25p3 [Kr]4d105s25p4 [Kr]4d105s25p5 [Kr]4rf105s25 / [X e ^ 1 [Xe]6s2 [Xe]5dl6s2 [X e]4f25d°6s2 [X e]4/35d°6s2 [X e]4 f5 d °6 s2 [X e]4f55d°6s2 [X e]4/65d°6s2 [X e]4 f5 d °6 s2 [X e]4/75d16s2 [X e]4/95o!06s2 [X e]4 /105 d 06s2 [X e]4 /n5rf°6s2 [X e]4 /125d°6s2 [X e]4/135d°6s2 [X e]4/145d°6s2 [X e]4/145rf16s2 [X e]4/145d26s2 [X e]4 fH5d36s2 [X e]4 /145d46s2 [X e]4 /145 Ä 2 [X c]4f'45d66s2 [X e]4 /145d76s2 [X e]4/145d96s1 [X e]4fu5d106sl [X e]4 fu5dw6s2 [X e]4/ iA5d106sl6p' [X e]4fH5d106s26p2 [X e ]4 /145rf106s26p3 [Xe] 4 / 145 d1°6s26p4 [X e]4/,45d106s26p5 [X e]4/145d106s26p6 [Rn]7s1 [Rn]7s2 [Rnjöd^s2 [Rn]5/°6d27.52 [R n]5/26d17s2 [Rn]5/36rf17 i2 [Rn]5/46rf17 i2 [Rn]5/66d°7s2 [Rn]5/76d°7s2 [Rn]5/76d17.s2



aThe electron configuration of starred elements is irregular.



Valences + 4, + 2 + 5 ,+ 3 ,- 3 + 6 ,+ 4 ,-2 + 7 , + 5, +1, —1 0 +1 +2 +3 +3, + 4 + 3 ,+ 4 +3 +3 + 3 ,+ 2 + 3 ,+ 2 +3 + 3, + 4 +3 +3 +3 + 3 ,+ 2 +3, + 2 +3 +4 +5 + 6 , + 5 , +4, +3, + 2 + 7, + 6, +4, + 2, - 1 + 8 , +6, +4, +3, + 2 + 6, +4, +3, +2 + 4, + 2 + 3 ,+ 1 + 2 ,+ 1 + 3 ,+ 1 + 4, + 2 + 5 ,+ 3 + 4, + 2 + 7 , + 5 , +3, + 1, —1 0 +1 +2 +3 +4 + 5 ,+ 4 + 6 , + 5 , +4, +3 + 6 ,+ 5 , + 4 ,+ 3 + 6 , +5, +4, +3 + 6, + 5, +4, +3 +3
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atom s in term s of electron orbitals based on the wave-m echanical tre a tm e n t of th e m otions of elec trons in the space around the nucleus. A s a result, w e can only describe th e m otion of an electron in term s of the probability o f finding it at a particular point in space. B o h r’s original m odel of the atom has been replaced by th e w ave-m echanical tre a t m en t except in th e explanation for th e generation of th e characteristic x-ray spectra of the elements. T he electronic stru c tu re of th e elem ents can b e dedu ced from th e p ossible orbitals of the h y d ro g en atom by m ean s o f th e A u fb au principle to g e th e r w ith a set o f rules th a t tell us, in effect, how electro n s d istrib u te them selves in th e avail able orbitals. We fin d th a t atom s chan g e th e n u m



b e r of electrons in such a w ay th at partially filled o rb itals are em p tied com pletely, filled co m p le te ly, o r are occupied by only one electro n p er orb ital in a set. This p ro p e rty of atom s can be used to explain the valences o f th e elem ents and hence th e ir chem ical properties. W e conclude th a t the chem ical and physical p ro p erties of the elem ents d ep en d on th e n u m b er of p ro to n s in the nuclei o f th eir atom s (atom ic n u m b e r) and on th e distribution of the electrons aro u n d th e available orbitals. K now ledge of th e electronic structure of th e elem ents th erefo re enhances o u r u n d erstanding of th eir chem ical p ro p erties and provides a ratio n al explanation for the construction of the periodic table.



Problems 1. Familiarize yourself with the names, chemical symbols, atomic numbers, and electronic structures of the first 36 elements.



6. Without consulting Table 5.2, write the electron formula for a neutral atom having 14 electrons and predict its highest positive valence.



2. How many electrons can be accommodated in orbitals having the quantum number n = 4? (Answer: 32)



7. Table 5.2 suggests that the valences of the ele ments vary systematically with increasing atomic num ber. Determine how many sequences there are that end with a valence of zero.



3. Write a complete set of quantum numbers for« = 4. 4. Using the electronic formulas in Table 5.2, explain the valences of the following elements: Co, S, Br, V, and Cu. 5. What do the elem ents of each group have in common (a) B, Al, Ga, and In (b) Be, Mg, Ca, Sr, Ba, and Ra (c) N, P, As, Sb, and Bi (d) K +,C a2+,S c3+,Ti4+,V 5+,Cr6+



8. Elements having similar chemical properties tend to be associated in nature. For the following pairs of elements indicate whether or not you expect them to be associated with each other. Base your answer on the electronic structures of these elements. K and Rb (a) Al and Ge (b) Sc and Cu (c) S and Se (d) Li and Mg (e)
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 6 The Periodic Table and Atomic Weights In th e early p a rt o f th e 19th cen tu ry chem ists w ere alm ost ov erw h elm ed by th e discovery of new elem ents. By 1830 th e n u m b er o f elem ents h a d increased to 55, an d th e re was n o way of know ing h ow m an y m o re re m a in e d to b e discov ered . This u n c o m fo rtab le situ atio n m otivated effo rts to organize th e e lem en ts in som e system atic ways th a t m ight b rin g o rd e r to this increas ingly ch ao tic sta te o f affairs.



6.1



Mendeleev's Periodic Table



A lth o u g h m any chem ists c o n trib u te d to th e effo rt to organize th e elem ents, D m itri Ivanovich M en d eleev (1834-1907) deserves to be recog nized as th e in v e n to r o f th e p erio d ic tab le (A sim ov, 1965; van S pro sen , 1969). M endeleev was a g rad u ate student in G erm any w hen F riedrich A ugust K ekule von S tradonitz (know n as K ekule) organized a m e et ing o f th e leading chem ists o f E u ro p e in 1860 in K arlsruhe. T he purp o se of this “First International C hem ical C ongress” w as to d e b a te th e m erits of th e stru ctu ral form ulas o f organic com pounds K ekule h a d p ro p o se d in 1858. T hese form ulas w ere based on th e id ea th a t carb o n has a valence of 4 an d bonds w ith hydrogen, an d even with itself, to fo rm increasingly com plex m olecular chains. D uring th e C ongress in K arlsru h e th e Italian chem ist Stanislao C annizzaro u rg ed th e delegates to recognize th e im p o rtan ce o f th e atom ic weights o f th e elem ents an d to distinguish th em from th e equ iv alen t w eights an d th e m olecular weights
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based on an hypothesis his colleague A m adeo A vogadro had advanced in 1811. W hen M endeleev retu rn ed to R ussia he used b o th th e valences an d th e atom ic weights to orga nize the elem ents into periods. In 1869 he p u b lished a table in th e Journal o f the Russian C hem ical Society in which he identified several periods w ithin w hich the valences rose and fell in regular patterns. In th e following y ear (1870), the G erm an chem ist Julius L o th ar M eyer published a graph o f atom ic volum es plotted versus atom ic weights th a t also rev ealed th e periodicity of these properties. H ow ever, M endeleev (1871) boldly re o rd e re d som e elem ents in his table on the basis of th eir valences and left gaps w here, h e claim ed, elem ents existed th a t had no t yet been discovered. F or exam ple, he predicted the existence of an ele m ent sim ilar to silicon and specified m any of its physical and chem ical properties by com parison w ith those of its neighbors in his table. His pred ic tions w ere confirm ed w hen C. A . W inkler discov ered germ anium in 1886 during the analysis of the rare m ineral argyrodite (A g 8 G eS6) (W eeks, 1956).



6.2



The Modem Periodic Table



The periodic ta b le has assum ed m any form s since it was first p resen ted by M endeleev. M azurs (1974) described over 700 different graphic re p resentations. T oday we use th e so-called long form depicted in Figure 6.1. T he elem ents are arranged into horizontal row s called p eriods and vertical colum ns called
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Figure 6.1 The periodic table of the elements. The numbering of the groups has been changed to run consecutively from 1 to 18 across the table. The old method is used here to emphasize the relationship between the electronic structures and highest positive valences of atoms.
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T H E PERI O D IC T A BLE A N D A T O M IC W EIG H TS



groups. T h e perio d s a re n u m b e re d in accordance w ith th e first q u a n tu m n u m b e r o f th e orbitals th a t are being filled w ith increasing atom ic n u m b er. F o r exam ple, th e elem en ts o f th e first p e rio d c o n ta in electro n s in th e Is orbital, th e elem en ts o f th e second p e rio d h av e electro n s in th e 2s an d 2 p orbitals, th o se in th ird p erio d a re filing 3s and 3p orbitals, a n d in th e fo u rth p e rio d electro ns e n te r 4s and 4p orbitals. H o w ev er, th e fo u rth p e rio d co n tain s an ad d itio n al g ro u p o f 1 0 elem en ts in w hich the 3d o rb itals a re filling up. Similarly, th e fifth and sixth p erio d s each c o n tain elem en ts in w hich d-orb itals are being filled. T hese elem ents to g e th e r fo rm th e so-called d-b lo ck in th e p e rio d ic table. T he sixth p erio d co n tain s 14 ex tra ele m ents know n as th e rare earths with electrons in 4/orbitals. T he rare earth s are pulled out of th e table and placed separately below it to g eth er with the actinide elements in which 5 /o rb ita ls are being filled and which include th e transuranium or “super heavy” elem ents. W e see, therefore, th a t th e n u m ber o f th e elem ents in each p erio d is a direct conse quence o f th e progressive filling o f electronic orbitals. T hese relationships are evident in Table 6.1. T h e n u m b erin g o f th e v ertical colum ns or g ro u p s h as b ee n confusing to say th e least. T hey u sed to b e n u m b e re d from left to right in accor d ance w ith th e h ig h est positive valence o f th e ele-



T a b l e 6 .1 R e la tio n s h ip B e tw e e n P e r io d s



a n d E l e c tr o n O r b ita ls o f A to m s o f th e E le m e n ts Period



Orbitals being filled



Num ber o f elements



1



\s



2



2



2s,2p



8



3



3s, 3p



8



4



4s, 3d, 4p



18



5



5s, 4 d, 5p



18



6



6s, 4f 5d, 6p



32



7



Is, 5 f 6d, Ip



32a



“Only 17 are known.



m ents in th a t group. In this version o f the periodic tab le th e elem ents in th e s- and p-blocks form ed th e “A groups,” and th e elem en ts in the J-b lo ck com posed th e “B g roups.” H ow ever, the identifi cation o f A and B g ro ups has n o t b een consistent. T he valences o f th e elem en ts in th e A groups, as used in Figure 6.1, can b e d ed u ced directly from th e electronic configurations of the atom s. F or exam ple, group IA consists o f H , Li, N a, K, Rb, Cs, and Fr, each o f w hich has o n e electron in an so rb ital o u tsid e of a n o b le gas core and thus a valence of + 1. E x cluding h ydrogen, th e elem ents in group IA are k n o w n as th e alkali metals. T he elem en ts in group IIA , called th e alkaline earths, include B e, Mg, C a, Sr, B a, and R a. T hese elem ents have tw o electrons in a n s-o rb ital outside a noble gas core and th e re fo re have valences of + 2 . T he n u m b erin g o f th e A g roups as defined abo ve co n tin u es w ith th e ele m e n ts o f th e p -b lo c k o n th e rig h t side o f th e p e rio d ic table. O n ce again th e n u m b e rin g c o rre sp o n d s to th e highest p o sitive v alen ce co n sisten t w ith the e le c tro n ic co n fig u ratio n . Thus th e elem en ts in g ro u p 7 A can h av e v alen ces o f + 7 becau se th ey all h av e five e le c tro n s in p -o rb ita ls a n d tw o e le c tro n s in y-orbitals. T h e e lem en ts in this group are called th e halogens an d include F, Cl, B r, I, and A t. In n a tu re th e atom s o f th e se elem en ts a ttra c t an e le c tro n a n d actually fo rm ions w ith a ch arg e o f - 1 . N ev erth eless, th e y h av e electro n ic stru c tu res th a t m a k e a valence o f + 7 at least technically possible. T he last g ro u p o f elem en ts are th e no b le gases H e, Ne, A r, K r, X e, and R n , all o f w hich h av e filled orbitals. C onsequently, th ey n e ith e r gain n o r lose e lectro n s u n d e r n a tu r al co n d itio n s and th e re fo re h a v e a v alence o f 0 . In spite o f th a t fact, this g ro u p u sed to be given th e n u m b e r 8 , a lth o u g h 0 is m o re a p p ro p ria te . Partly b ecause o f these kinds of inconsisten cies, chem ists have d ecided to n u m b e r th e groups consecutively fro m left to right. In this new schem e th e alkali m etals a re still in group 1 b u t the noble gases a re now in group 18 (Figure 6.1). N evertheless, w e will co n tin u e th e old num b erin g system o u tlined above because it em phasizes the



 6.3 close relatio n sh ip b e tw ee n th e valen ce an d th e electronic stru c tu re o f th e elem ents. T h e elem en ts w ith in co m p letely filled d -orbitals are re fe rre d to as th e transition metals. T he groups in this block o f elem en ts are n u m b e re d in accordance w ith th e v alences o f th e e le m ents ju st like th e A groups. T h erefo re, g ro u p IB consists o f th e p recio u s m etals Cu, A g , an d Au, w hich have electro n config u ratio n s o f d ws 1 and th e re fo re can have a valen ce o f + 1. H o w ev er, cop p e r can also b e + 2 , and gold can b e + 3 . T he n u m b erin g o f th e B gro u p s co n tin u es w ith IIB com posed o f Z n, C d, and H g w ith d ws2 electro n config u ratio n s th a t fo rm + 2 ions. N ex t, w e m ove to th e left to IIIB (Sc, Y, a n d L a, d 1s2, valen ce + 3 ) an d pro g ress from th e re to group V IIB (M n, Tc, an d R e, d 5s2, valence + 7 ). H ow ever, th e n ex t th re e groups a re anom alous. T he iron g ro u p (Fe, R u, an d O s) should have a v alence o f + 8 in accor d ance w ith th e ir electro n ic stru c tu re (d 6s2), b u t iro n actually has valences o f + 2 an d + 3. C obalt an d n ickel also have valences of + 2 and +3. T h erefo re, th ese th re e gro u p s are lu m p ed to g e th e r as g ro u p V IIIB . This is n o t a very eleg an t solu tion, b u t it has tra d itio n o n its side. T h e congeners o f Fe, Co, and N i fo rm th e p la tin u m group ele m ents (P G E ) consisting o f R u , Os, R h , Ir, P d, and P t. T hese elem en ts can o ccu r in th e n ative state and, in ad dition , h av e valences o f + 2 , + 3 , + 4 , + 6 , and even + 8 in th e case of R u an d Os. T he p erio d ic ta b le is fo u n d e d o n the re c u r ren ce o f sim ilar physical an d chem ical p ro p erties of th e elem en ts w ith increasing atom ic num ber. T his sta te m e n t is know n as th e periodic law of th e elem ents. In addition, elem en ts in groups have the sam e valences becau se th ey have sim ilar elec tro n ic structures. A s a resu lt, th eir physical and chem ical p ro p e rtie s te n d to be sim ilar. In g eo chem istry this m ean s th a t th e elem ents o f a g ro u p te n d to o ccu r to g e th e r an d display geochem ical coherence. F o r exam ple, th e alkali m etals, th e alk alin e earth s, th e halogens, the n o b le gases, an d th e p recio u s m etals display welld ev elo p ed geochem ical co h eren ce in th e ir d istrb b u tio n in natu re.
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Basic Principles of Atomic Physics



W e know th a t ato m s h av e n uclei com posed of p ro to n s and neutrons. T he n u m b er of p ro to n s in th e nucleus d eterm in es th e positive charge and th e re fo re th e n u m b e r o f extran u clear electrons re q u ire d to fo rm a n e u tral atom . T he n u m b er of electro n s and th e ir d istrib u tio n in th e available o rb itals give ato m s th e ir ch aracteristic chem ical properties. T h erefore, the atom ic n u m b er (Z) indirectly determ in es th e chem ical p ro p e rtie s of an atom . Since all atom s of a chem ical elem en t m ust have th e sam e (o r nearly th e sam e) chem ical p ro p erties, it follow s th a t all ato m s of a given ele m e n t m u st have th e sam e atom ic num ber. T h e n u m b e r (N ) o f n e u tro n s in the nuclei of atom s affects ato m ic m asses b u t has no d irect b e a rin g o n chem ical p ro p e rtie s. T h erefo re, atom s o f th e sam e chem ical e le m e n t m ay co n tain d iffe re n t n u m b e rs o f n e u tro n s in th eir nuclei. A to m s th a t have th e sam e atom ic n u m b e r b u t d iffe ren t n e u tro n n u m b e rs are called isotopes. T he w ord m eans “sam e p la c e ” an d in d i cates th a t th e iso to p es o f an e le m e n t all occupy th e sam e place in th e p erio d ic ta b le because th ey have th e sam e (o r very sim ilar) chem ical p ro p erties. T he intern al com position o f th e nuclei o f iso topes is indicated by the shorthand notation used to identify them . This n o tation consists of the chem i cal sym bol of the elem ent, preceded by the atom ic n u m b er (Z ) w ritten as a subscript, and th e mass n u m b er (A ) w ritten as a superscript, where: A = Z + N



(6.1)



T h erefo re, th e n o ta tio n nbC indicates th a t th e ato m o r nuclide is an isotope o f carbon, th a t its nucleus contains 6 protons, a n d th a t the sum of p ro to n s an d n eu tro n s is 12. F ro m e q u atio n 6.1 we find th a t th e nucleus also contains 6 neutrons. M ost chem ical elem ents have two or m ore sta ble isotopes. H ow ever, som e elem ents, including Be, F,N a, A l, P, M n, Co, and A s have only one stable
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isotope. Several o th e r elem ents, including K, Rb, Sm, Lu, R e,T h , and U, have long-lived radioactive isotopes th a t decay so slowly th a t th ey still occur in th e solar system ev en th o u g h th e y fo rm ed m ore th an 6 X 109 years ago by nucleosynthesis reac tions in ancestral stars. In addition, m o re th an 2 0 0 0 short-lived radioactive iso to p es are know n th a t do n o t occur in n a tu re becau se they have d ecayed since th e tim e of nucleosynthesis. A fairly large g ro u p o f sh o rt-liv ed rad io active isotopes does occur in n a tu re b ecause th e se iso to p es a re continuously p ro d u c e d e ith e r by the decay o f long-lived p a re n ts (U an d Th) o r by n u c le a r reactio n s involving cosm ic rays. T he u n stab le d au g h ters of u ra n iu m an d th o riu m are p olonium , astatin e, rad o n , francium , radium , actinium , and p ro tactin iu m . A n o th e r large n u m b e r o f rad io active iso topes is p ro d u c e d by n u clear reactio n s in th e atm o sp h ere: tritiu m , ,H , ' “B e, '^C , 1 7 CI, a n d m any others. T h e ab u n dan ces of th e n a tu ra lly occurring iso to p es (stable o r long-lived rad io activ e) are d e te r m in ed w ith m ass sp ectro m eters an d are expressed in p e rc e n t by num ber. F or exam ple, b o ro n has two stable isotopes w hose abundances a r e '“B = 19.8% an d " B = 80.2% . This m ean s th a t o u t o f 1000 b o ro n atom s 198 are th e iso to p e '°B an d 802 are 'jB . A ctually, it tu rn s o u t th a t th e isotopic co m p o sitions o f b o ro n and o f o th e r elem ents o f low atom ic n u m b e r (H , C, N, O, an d S) m ay b e changed by isotope fractionation b ecau se m ass differences am o n g th e isotopes of an ele m e n t affect th e k in et ics o f chem ical reactio n s an d th e stren g ths of chem ical bonds. T h ese effects are p a rt of th e su b je c t o f iso to p e geoscience p re se n te d in d etail in a tex tb o o k by F au re (1986) and will b e discussed in C h a p te r 18 o f this book.



6.4



Atomic Weights



T h e co n cep t o f th e atom ic w eight is fu n d a m e n tal to all form s o f chem istry b u t is n o t alw ays clearly u n d e rsto o d . O n e re a so n fo r th e u n c e rta in ty is th a t th e scale by m ean s of w hich ato m ic w eights are



expressed has changed over th e years. Originally, chem ists used oxygen as th e sta n d a rd an d gave it an atom ic w eight o f 16.0000. H ow ever, a fte r th e discovery of isotopes, physicists a d o p te d a d iffer e n t scale based on '(JO = 16.0000. A ll of the resulting confusion h as now b e e n elim in ated by th e ad o p tio n o f l\C as the stan d ard . T h erefore, th e m asses of atom s a re now expressed in th e atom ic m ass u n it (am u), defined as 1 / 1 2 of th e m ass of « C , w hich is th e m o st ab u n d an t stab le isotope of carbon. T he m asses o f th e n atu rally occurring iso to p es have also b een d e term in ed by m ass spec trom etry, and th e results are ta b u la te d in stan d ard reference books such as th e C R C H a n d b o o k o f C hem istry and Physics (W east et al., 1986). W e are now read y to define th e atom ic w eight of an elem ent. The atomic weight o f an element is the sum of the masses of its naturally occurring isotopes weight ed in accordance with their abundances.



A n exam ple will clarify w hat this m eans. Silicon has th re e n atu rally occurring stable isotopes w hose abundances an d m asses are Isotope



Abundance, %



Mass, amu



?|Si



92.23



S si



4.67 3.10



27.976927 28.976495



£Si



29.973 770



T he atom ic w eight o f silicon is fo u n d by m ultiply ing th e m asses o f th e iso to p es by th e ir a b u n dances expressed as decim al fractions an d adding th e resulting products: $S i:



0.9223 X 27.976927 = 25.803 12



fJSi:



0.0467 X 28.976495 =



i°Si:



0.0310 X 29.973770 = 0.929 18 Sum = 28.085 50



1.353 20



Therefore, the atom ic weight of silicon, ro u n d ed to five significant figures, is 28.086. Chem ists regard the atom ic weights of the elem ents as dim ension-



 6 .4 less num bers because they are expressed relative to th e m ass of (G reen w o o d and E am shaw , 1984). T he im p o rtan ce o f th e atom ic w eights o f th e elem en ts arises fro m th e ir use in th e definition of th e gram -ato m ic w eight. The gram-atomic weight of an element is equal to the atomic weight in grams.



Sim ilarly, th e gram -m o lecu lar w eight o r th e gram fo rm ula w eight o f a co m p o u n d is d efin ed as The gram-molecular weight (or the gram-formula weight) of a compound is the molecular weight (or formula weight) in grams.



B o th th e gram -atom ic w eight and gram -m olecular w eight a re re fe rred to as th e m ole (m ol). This is th e basic unit o f m ass of elem ents an d com pounds in chemistry. T h e reaso n w hy th e m ole is so im p o rtan t in chem istry is th a t o n e m ole of an elem ent o r a co m p o u n d alw ays contains a fixed n u m b e r of ato m s o r m olecules. T h a t n u m b e r is:



The mole is the amount of a system that contains as many elementary entities as there are atoms in 0.012 kg of carbon-12.



In o th e r w ords, 6.022 X 102 3 atom s, m olecules, ions, electrons, o r o th e r specified particles m ak e u p o n e m ole.
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T he relatio n sh ip b etw een m oles and th e c o r responding n u m b e r o f atom s and m olecules enables us to re p re se n t chem ical reactio n s by m ean s o f equations. F or exam ple, th e eq uation: 2 H , + O , -» 2 FLO



(6.2)



indicates th a t tw o m olecules o f hyd ro g en (H 2) m ust com bine w ith one m olecule of oxygen ( 0 2) in o rd e r to form tw o m olecules o f w ater (H 2 0 ) . If w e mix 2 g o f H 2 w ith 1 g o f 0 2 w e w ould n o t achieve th e desired p ro p o rtio n s o f m olecules. H ow ever, w hen th e am o u n ts o f H 2 an d 0 2 are expressed in term s of m oles, th e n th e H 2 an d 0 2 m olecules will b e p re se n t w ith th e necessary 2 : 1 ra tio req u ired fo r th e reaction. T he ato m ic w eights of th e elem en ts listed in Table 6.2 e n ab le us to calculate m o lecu lar w eights of com pounds b ased on th e ir chem ical form ulas and to convert am o u n ts o f such co m pounds from gram s to the corresp o n d in g n u m b e r of m oles. F or exam ple, th e m o le c u la r w eight o f B a S 0 4 (b a rite ) is calculated fro m th e atom ic w eights o f th e e le m ents:



N a = 6.022 045 X 10 2 3 atom s o r m olecules p e r m ole w hich is know n as A vo g a d ro ’s number. It is a con sequence o f th e hypothesis p ro p o sed by A m ad eo A vogadro in 1811 th a t equal volum es o f gases at th e sam e p ressu re an d tem p e ra tu re contain equal n u m b ers of ato m s or molecules. T herefore, the concept of th e m ole to g e th e r w ith A v ogadro’s n u m b e r enables us to convert an am o u n t of an ele m e n t o r com pound from gram s to th e co rrespond ing n u m b er o f atom s o r m olecules. In addition, we can now ap p reciate th e form al definition o f the m o le stated o n th e inside back cover o f this book.
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Ba: S: O:



137.33 32.06 15.9994



T he m olecular w eight of b a rite is 233.366, an d one m ole of b arite w eighs 233.366 g. T he solubility of b a rite in cold w a te r is 2.22 X 10 - 4 g/100 m L (W east et al., 1986). T h erefo re, o n e liter o f a sa tu ra te d solution contains 2.22 X 10 - 3 g o f b arite, w hich co rresp o n d s to: 2.22 X 10~ 233.366



= 9.513 X 10 ~ 6 m ol



W h en b a rite dissolves in w ater, it dissociates into ions: BaSCK -» B a2+ + SCE



(6.3)



T he equation indicates th a t each m ole of b arite th at dissolves produces one m ole of B a2+ and one m ole of SO 2 - . Since 9.512 X 1(T 6 m ol o f barite dissolves in 1 L of a saturated solution, th e concentration of



 T a b l e 6 . 2 A to m ic W e ig h ts o f th e E le m e n ts R e la tiv e to 'j?C z



Element



A tom ic Weight



Z



Element



1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47



H He Li Be B C N O F Ne Na Mg A1 Si P S Cl Ar K Ca Sc Ti V Cr Mn Fe Co Ni Cu ' Zn Ga Ge As Se Br Kr Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag



1.00794 4.00260 6.941 9.01218 10.81 12.011 14.0067 15.9994 18.9984 20.179 22.9898 24.305 26.9815 28.0855 30.9738 32.06 35.453 39.948 39.0983 40.08 44.9559 47.88 50.9415 51.996 54.9380 55.847 58.9332 58.69 63.546 65.39 69.72 72.59 74.9216 78.96 79.904 83.80 85.4678 87.62 88.9059 91.224 92.9064 .95.94 (98 )a 101.07 102.906 106.42 107.868



48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94



Cd In Sn Sb Te I Xe Cs Ba La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn Fr Ra Ac Th Pa U Np Pu



aMass num ber of longest-lived isotope in nature.



Atom ic Weight 112.41 114.82 118.71 121.75 127.60 126.905 131.29 132.905 137.33 138.906 140.12 140.908 144.24 (145)a 150.36 151.96 157.25 158.925 162.50 164.930 167.26 168.934 173.04 174.967 178.49 180.948 183.85 186.207 190.2 192.22 195.08 196.967 200.59 204.383 207.2 208.980 (209)a (210)a (222)a (223)a 226.025 227.028 232.038 231.036 238.029 (237)a (239)a



 6.5 b o th Ba2+ and SO 2- is also 9.512 X 10- 6 m ol/L .T he concentration of B a2+ in 1 L of satu rated barite solution can also be expressed as: 9.512 X 1CT6 X 137.33 = 1.306 X 10“ 3 g /L A lternatively, w e calculate the n u m b e r of B a2+ ions in o n e liter o f a sa tu ra te d b a rite so lu tio n by m eans o f A vo g ad ro ’s num ber: 9.512 X 1(T 6 X 6.022045 X 102 3 = 5.728 X 10 1 8 io n s /L Such co m p u tatio n s involving conversions of am o u n ts of elem ents o r com pounds in gram s to th e co rresp o n d in g n u m b er of m oles by m eans of th e atom ic o r m o lecu lar w eights occur com m only in geochem istry. B efo re we close this ch ap ter we define the g ram -equivalen t w eight. A gram-equivalent weight o f an ion is the gramatomic or gram-molecular weight divided by the valence. For acids and bases the gram-equivalent weight is the gram-molecular weight of the com pound divided by the number of hydrogen ions or hydroxyl ions the acid or base can produce when dissolved in water.



E q u iv alen t w eights a re used in geochem istry w hen electrical charges if ions are an im p o rta n t consideration. In addition, they are traditionally u sed to express th e co n cen tratio n s of acids or bases in a w ay th a t indicates th e co n cen trations of h yd ro g en or hydroxyl ions th a t m ay be available fo r reaction. In practice, th e eq u iv alen t w eight o f an e le m e n t is calcu lated by dividing its ato m ic w eight by th e charge th e ato m s o f th a t e le m e n t acquire w h en th e ele m e n t is dissolved in w ater. T h erefo re, th e e q u iv ale n t w eight o f a divalent ele m e n t like calcium is eq u al to th e atom ic w eight divided by two. Conversely, o n e m ole of C a2+ contains tw o eq u iv alen ts o f C a2+. In the case o f m olecules o f an acid such as H 2 S 0 4, the eq u iv alen t w eight is eq u al to o n e h alf o f th e m ol ecu lar w eight because one m ole of H 2 S 0 4 co n tain s tw o equivalents o f hydrogen ions. Similarly, ph o sp h o ric acid (H 3 P 0 4) can yield th re e m oles
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of hydrogen ions p e r m o le o f th e co m p o u n d , and th e re fo re its eq u iv alen t w eight is eq u al to its m olecular w eight divided by th ree. In this case, it m ak es no d ifferen ce th a t p h o sp h o ric acid a c tu a l ly gives u p its h y d ro g e n ions relu ctan tly an d releases all th re e o f th em only u n d e r special co n ditions.



6.5



Summary



T he periodic tab le was originally in v en ted by D. I. M endeleev and o th e r chem ists in the 19th century based on th e relationship betw een the atom ic w eights o f the elem ents and th e ir chem ical and physical p ro p erties. W e now know th a t these relationships a re caused by th e com position of th e nuclei of th e atom s an d by th e d istrib u tio n of th e ir electrons in th e available orbitals. The so-called long form o f th e p eriodic table is organized into seven h o rizo n tal row s called periods and eig h teen vertical colum ns called groups. T he physical and chem ical p ro p e rtie s of elem ents in th e p eriods change system atically w ith increasing atom ic n u m b er. T he elem en ts in th e groups te n d to have sim ilar p ro p e rtie s because they have sim ilar electronic structures. T he concept o f th e atom ic w eight is now b ased on th e m asses an d ab u n d an ces o f th e n a tu rally occurring isotopes o f th e elem ents. T he atom ic w eights are used to define th e g ra m -a to m ic w eight of elem ents o r th e gram -m olecular w eight o f com pounds, also k now n collectively, as th e mole. T he im p o rtan ce of th e m ole in ch em istry arises from th e fact th a t o n e m ole of an e le m e n t or com p o u n d always contains th e sam e n u m b e r of atom s o r m olecules. This n u m b e r is know n as A v o g a d ro ’s num ber. C hem ical reactio n s are re p re se n te d by e q u a tions in w hich th e q u an tities o f re a c ta n ts and p ro d u cts are specified in term s o f m oles, w hich can be co n verted to th e nu m b ers o f ato m s o r m ol ecules by virtue o f A v o g a d ro ’s num ber. T he g ram -equivalent w eight tak e s into acco u n t th e electrical charges o f ions o r th e n u m b e r o f h y drogen o r h ydroxyl ions th a t acids or bases can release in to an aq u eo u s solution.
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Problems 1. Familiarize yourself with the names, atomic num bers, and positions in the periodic table of the elements having atomic numbers from 1 to 36.



5. What is the weight of one atom of 2g2U in grams given that the mass of this isotope is 238.050 784 amu? (Answer: 3.953 x 10~22 g)



2. Calculate the atomic weight of magnesium given the abundances and masses of its naturally occurring isotopes.



6. How many atoms of iron are present in 5.00 g of hematite (Fe20 3)? (Answer: 3.77 X 1022 atoms)



Abundance, %



Mass, amu



?2Mg



78.99



23.985 042



“ Mg ?^Mg



10.00



24.985 837



11.01



25.982 593 (Answer: 24.305)



3. Calculate the formula weight of orthoclase feld spar (KAlSi30 8) using the atomic weights in Table 6.2. (Answer: 278.332)



7. What is the concentration of Cr in the mineral chromite (FeCr20 4)? (Answer: 46.5%)



8. If the concentration of S 0 4~ is 2.5 x 10“3 mol/L, how many grams of SO|" are present in one liter? (Answer: 0.24 g) 9. A solution of A12( S 0 4)3 contains 2 X 10 4 mol/L of A l3+. H o w many grams of SO2- does it contain per liter? (Answer: 0.029 g/L)



10. How many gram-equivalent weights of A l3+ and S 0 4' are in 2 mol of A12(S 0 4)3? (Answer: Al3+: 12; SO;". 12)



4. How many m oles of N a+ are present in one liter of an aqueous solution of Na2S 0 4 containing 4.760 g of the compound? (Answer: 0.0670 mol)
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 7 Chemical Bonds, Ionic Radii, and Crystals T h e physical an d chem ical p ro p ertie s of th e ele m en ts vary w ith increasing atom ic n u m b e r in acco rd an ce w ith th e periodic law. Som e o f these p ro p e rtie s a re n eatly sum m arized in perio d ic tab les available in university b o o k stores. It will b e helpful to use such a ta b le to study th e topics p re se n te d in this chapter.



7.1



Electron Donors Versus Acceptors



W e can divide th e elem ents in th e p erio d ic table in to tw o groups b ased on th eir tendency to give u p electro n s o r to a ttra c t them . In general, the elem en ts on th e left side of th e perio d ic table are th e electron donors because th eir electronic o rb itals are largely empty. T he elem ents on the right side o f th e perio d ic tab le have orbitals th a t a re nearly full, w hich causes th em to be electron acceptors. T he elem en ts th a t are lo cated b etw een th e alkali m etals on th e left an d th e halogens on th e rig h t vary progressively in th eir tendencies to be e lectro n d o n o rs or acceptors, dependin g on how close they are to filling th e ir orbitals with electrons. T he electron don o rs are the metals, w hereas the electro n acceptors are the nonmetals. T he m etallic ch aracter of the elem ents generally decreases from left to right in the p eri ods as th e orbitals are filling up w ith electrons. T he p ro p e rtie s o f m etals and n o n m etals are co m p lem en tary in th e sense th a t th e electrons given up by m etallic elem en ts are picked u p by



th e nonm etals. If a co m p lete tra n sfe r of elec tro n s is achieved, th e e le ctro n -d o n o r atom s beco m e positively ch arg ed ions called cations, w h ereas th e e le c tro n -ac c e p to r ato m s acq u ire a negative charge an d fo rm anions. O p positely ch arged ions a re a ttra c te d to each o th e r and m ay form an e le c tro sta tic o r ionic bond. M ost m inerals are chem ical co m pounds co m posed of catio n s (m etals) a n d an io n s (n o n m etals) h eld to g e th e r by ionic bonds. W hen tw o elem en ts having sim ilar m etallic o r nonm etallic c h a ra c ter interact, electrons are n o t actually tra n sfe rre d , b u t are sh ared by the atom s. The sharing of electrons am ong the atom s o f tw o o r m o re d iffe re n t elem en ts establishes a covalent b o n d b e tw e e n them . T he elem en ts do n o t necessarily sh are th e electrons equally, w hich causes covalent b o nds to have a certain am o u n t o f ionic character. Similarly, the tra n sfe r o f elec tro n s am ong atom s o f elem en ts on o p posite sides o f th e p erio d ic ta b le is n ev er com plete. A s a resu lt, ionic b o n d s have covalent ch aracter w hose m ag n itu d e d e p e n d s on th e difference in th e tendency of th e atom s to a ttra ct electrons to them selves. A s ato m s b ecom e m o re equal in th e ir ability to a ttra c t electrons, th e co valent c h a ra c te r o f the bond increases. T he distinction b e tw ee n ionic and co v alen t bonds is th e re fo re an over-sim plification o f a very com plex in te ra c tio n am o ng atom s o f d iffe re n t elem ents (Pauling, 1960). The only truly co valent bonds occur w hen tw o atom s of th e sam e ele m en t com bine to form diatom ic m olecules such as H 2 , 0 2, o r N 2.
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C H E M IC A L B O N D S, I O N IC R A D II, A N D CRYST ALS



Measures of Metallic Character



A lth o u g h we can ap p re ciate th e difference b etw een electro n d o n o rs an d electro n acceptors qualitatively, we n e ed to m easu re these te n d e n cies quantitatively in o rd e r to b e able to predict w h a t kind o f a b o n d th e ato m s o f tw o elem ents are likely to form . Several p a ram ete rs have been d efined th a t, in fact, p e rm it us to d o this. They are iden tified an d d efin ed as follows. First ionization potential is the energy required to remove one electron from a neutral atom in a vacuum and to place it at rest an infinite dis tance away. Electronegativity is a measure of the ability of an atom in a molecule to attract electrons to itself (Pauling, quoted in Cotton and Wilkinson, 1962, p. 89). Standard electrode potential is the voltage gener ated when one mole of electrons is removed from one mole of an elem ent or ion “in the stan dard state.”



W e deal w ith the sta n d a rd e lectro d e p o ten tia l in Section 14.3 an d co n sid er h e re how th e first io n ization p o ten tials an d th e electronegativities can be used to co m p are th e m etallic c h aracter of dif fe re n t elem ents. T h e first io n iz atio n p o te n tia l indicates how strongly th e nucleu s o f a n e u tra l a to m a ttra cts an e le c tro n in a p a rtia lly filled orbital. F igure 7.1 A in d icates th a t th e first ionization p o ten tials increase w ith in creasin g ato m ic n u m b e r in each p e rio d . T he in crease coincides w ith th e p ro g re s sive filling o f th e e le c tro n ic o rb itals and reflects th e re lu c ta n c e of ato m s to give u p electro n s from o rb ita ls th a t a re n e a rly full. F or exam ple, we see th a t in p e rio d s 2 an d 3 th e first io n izatio n p o te n tials in crease sharply w ith in creasin g atom ic n u m b e r to w ard th e n o b le gas e lem en ts th a t te r m in a te each p erio d . W e can even recognize th e effect o n th e first io n iza tio n p o te n tia l of filling th e s-orb itals o r half-filling th e p-orb itals. This explains why th e first io n izatio n p o te n tia l o f B is less th a n th a t of B e an d why it ta k e s less energy to rem o v e an e le c tro n fro m O th a n from N. The



sam e effect can be seen in perio d 3 in the first io n ization po ten tials of M g a n d A1 and of P and S. T he first io n iz a tio n p o te n tia ls o f th e tra n s i tion m etals o f p e rio d 4, w hich have p artially filled 3d o rbitals, v ary m u ch less th a n those in the first th re e p eriods. P e rio d 4 sta rts o u t w ell eno ugh w ith K an d C a, b u t th e n th e first io n iz a tio n p o te n tia ls ch ange little as we c o m p lete th e sequ en ce en d in g w ith Z n . G alliu m starts to fill th e 4p o rbitals, w hich cau ses it to h a v e a low er ionization p o te n tia l th a n Z n . H ow ever, the first io n izatio n p o te n tia ls th e n rise rap id ly w ith increasing atom ic n u m b e r u n til p e rio d 4 ends w ith Kr. T he n e x t p e rio d , 5, sta rtin g w ith R b and ending w ith Xe, likew ise illu stra te s th e lack o f d iffe re n tia tio n am o n g th e e le m e n ts w ith elec tro n s in th e Ad orbitals. T he first io n iz a tio n p o te n tia ls fo r th e se an d all o th e r elem en ts are listed in Table 7.1. Evidently, the system atic variation o f the first ionization po ten tials confirm s th at th e metallic character of th e elem ents in each p eriod decreases w ith increasing atom ic num ber. T he first ioniza tion potentials even reflect the reduction in the energy of atom s th a t have com pletely filled or half-filled orbitals and, in general, p erm it us to ran k the elem ents th ro u g h o u t the periodic table in term s of th e ir m etallic character, which arises from their tendency to b e electron donors. Ionization potentials required to rem ove additional electrons rise to high values because it takes ex traordinary am ounts of energy to rem ove electrons from atom s th a t have acquired a positive charge because they have already lost one elec tro n or because th e rem aining electrons com plete ly fill the o rb ital they occupy. T herefore, during chem ical reactio n s in n a tu re elem ents generally lose only th e ir “valence electrons,” th a t is, those th at reside outside of filled orbitals. The p ro b le m with ionization po ten tials as predictors o f chem ical p ro p erties is th a t the chem ical reactions we w ant to study do n o t occur in a vacuum b u t ta k e place in m ixtures o f gases, in aqueous solutions, in silicate melts, and even in the solid state. T herefore, w e need a p a ra m e te r th a t is a p p ro p ria te for th e environm ents in which chem ical reactio n s actually take place.
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T h e electronegativities, p ro p o sed by Pauling (1960), are a set o f dim ensionless num bers calcu lated from th e know n strengths of bonds betw een atom s in m olecules. T hey are a m easure of the ionic c h aracter o f covalent bon ds and th erefo re indicate th e ex te n t to which tw o atom s in a m o le cule actually sh are th eir valence electrons eq u a l ly. E lem en ts having a low electronegativity act as electro n donors, w hereas elem ents w ith high elec troneg ativ ity act as electron acceptors. Cesium has th e low est electronegativity (0.7) and th e re fore h as th e strongest tendency to be an electron do n o r, w hereas fluorine has th e highest elec-
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Figure 7.1 A: Variation of the first ionization potential with increasing atomic number in the first four periods. The first ionization potentials increase as the electronic orbitals are filling up in each period. Note that Be and N have exception ally high ionization potentials consistent with fill ing or half-filling of electronic orbitals. The ionization potentials of elements in period 4 with partially filled T-orbitals vary little with atomic number. In general, the data show that the charac ter of the elements in each period changes from metallic (low ionization potential, hence electron donor) to nonmetallic (high ionization potential, hence electron acceptor). B: Variation of the electronegativity of the ele ments with increasing atomic number. The dia gram shows that the electronegativity increases as the available orbitals become filled with electrons. This pattern, therefore, reflects the increasing ten dency of elements in the periods to fill their orbitals by attracting electrons to themselves. Note that metallic elements have low electronega tivities, whereas nonmetallic elements have high values. Therefore, the electronegativities also reflect the progressive decrease of the metallic character of elements with increasing atomic number in each period. C: Variation of the covalent character of single bonds with oxygen based on electronegativity dif ferences (Table 7.2). As the elements lose their metallic character and become increasingly reluc tant electron donors, the bonds they form with oxygen are increasingly covalent in character. In general, the alkali metal-oxygen bonds are highly ionic, whereas the halogen-oxygen bonds are highly covalent. All other elements in the periodic table form bonds with oxygen whose character is intermediate between these extremes.



tronegativity (4.0) a n d is th e strongest electro n acceptor. The electro n eg ativ ities of all n atu rally occurring elem ents are listed in Table 7.1 and are displayed in Figure 7.1B. A s expected, w e find th a t th e electro n eg ativ i ties rise with increasing atom ic n u m b er in each period. T he electronegativities of the noble gases are show n as “z e ro ” becau se th ese elem ents do not a ttra c t electrons to them selves. T he alkali m e t als and the halogens d e m o n stra te th a t the elec tronegativities o f g ro u p A elem en ts decrease w ith increasing atom ic num ber. T he first ionization p o ten tials of th e se elem ents also d ecrease with



 T a b l e 7 .1



F irs t I o n iz a tio n P o te n tia ls a n d E le c tr o n e g a tiv itie s o f th e E le m e n ts
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First ionization potential,a eV
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H He Li Be B C N O F Ne Na Mg Al Si P S Cl Ar K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag



13.598 24.587 5.392 9.322 8.298 11.260 14.534 13.618 17.422 21.564 5.139 7.646 5.986 8.151 10.486 10.360 12.967 15.759 4.341 6.113 6.54 6.82 6.74 6.766 7.435 7.870 7.86 7.635 7.726 9.394 5.999 7.899 9.81 9.752 11.814 13.999 4.177 5.695 6.38 6.84 6.88 7.099 7.28 7.37 7.46 8.34 7.576



“Weast et al. (1986). bPauling (1960).



Electronegativity b
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1.0 1.5 2.0 2.5 3.0 3.5 4.0 0.9 1.2 1.5 1.8 2.1 2.5 3.0 0.8 1.0 1.3 1.5 1.6 1.6 1.5 1.8 1.8 1.8 1.9 1.6 1.6 1.8 2.0 2.4 2.8 0.8 1.0 1.3 1.4 1.6 1.8 1.9 2.2 2.2 2.2 1.9



First ionization potential,:1 eF 8.993 5.786 7.344 8.641 9.009 10.451 12.130 3.894 5.212 5.577 5.47 5.42 5.49 5.55 5.63 5.67 6.14 5.85 5.93 6.02 6.10 6.18 6.254 5.426 7.0 7.89 7.98 7.88 8.7 9.1 9.0 9.225 10.437 6.108 7.416 7.289 8.42



Electronegativity b 1.7 1.7 1.8 1.9 2.1 2.5 0.7 0.9 1.1 1.1 1.1 1.2 1.2 1.1 1.2 1.2 1.2 1.2 1.1 1.2 1.3 1.5 1.7 1.9 2.2 2.2 2.2 2.4 1.9 1.8 1.8 1.9 2.0 2.2



10.748 5.279 6.9



5.8



0.7 0.9 1.1 1.3 1.5 1.7 1.3 1.3



 7.3 increasing atom ic n u m b er in each group.T his indi cates th a t the binding energy of th e first valence electron o f elem en ts in a given group decreases as the volum e of th e atom s in th a t group increases. In o th e r w ords, th e larg er an ato m , th e m o re loosely it holds its valence electrons. C onsequently, the m etallic c h aracter o f th e g ro u p A elem ents increases w ith increasing atom ic num ber. In th e B groups, w h ere d- an d /-o rb itals are being filled, th e electro neg ativ ities change m uch less dram atically w ith increasing atom ic n u m b er th an they do in th e A groups. A s a result, the chem ical p ro p e rtie s o f th e se elem en ts are m o re uniform th a n those o f th e elem ents in th e A groups. M oreover, th e electronegativities of elem ents in B groups do n o t decrease w ith increasing atom ic n u m b er as th ey generally do in th e A groups. F o r exam ple, th e electronegativities of th e co ngeners of group V IIIB (Fe, Co, and Ni) actually rise w ith increasing atom ic num ber. T he co n cep t of electronegativity has m erit because th e differences in th e electronegativities of elem ents are re la te d to th e ionic character of the bond form ed by th eir atoms. Accordingly, two elem ents w ith sim ilar electronegativities form covalent bonds w ith little ionic character, w hereas elem ents having d ifferen t electronegativities form bonds w hose ionic ch aracter is p ro p o rtio n al to the m agnitude of th e electronegativity difference. The relationship b etw een th e electronegativity differ ence and the ionic c h aracter o f chem ical bonds is expressed quantitatively by th e d ata in Table 7.2. In Figure 7.1C we see how th e bond character varies with increasing atom ic n u m b er w hen e le m ents form bon d s w ith oxygen. N ote th a t the graph shows the p e rc en t covalent character in o rd er to em phasize th e relatio n sh ip betw een bond character and electronegativity (Figure 7.1B) or first ionization p o te n tia l (Figure 7.1A ). We see th at the oxygen bonds o f th e elem ents becom e increasingly covalen t in each period. The h alo gens form the m o st cov alen t oxygen bonds, w hereas th e alkali m etals form oxygen bonds th a t are largely ionic. T he tran sitio n m etals in the fourth period show less v ariatio n in b o n d charac ter th an elem en ts w ith valence electrons in s- and p-orbitals.
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The d a ta in Tables 7.1 and 7.2 p erm it us to pred ict the ionic c h a ra c ter of th e bond betw een any two elem ents in th e p erio d ic table. In general, we find th a t bonds betw een neighboring elem ents in the periodic tab le a re highly covalent. For exam ple, th e n o n m etals on th e right side o f th e periodic table form m any fam iliar com pounds and anion com plexes th at are covalently bonded. T he H — O b o n d in th e H 2 0 , th e C — O b o n d in C O 2 - , th e N — O b o n d in N O 3 , th e S — O bond in S 0 4~, and the Si — O bond in S i0 4_ are all strongly covalent. In addition, w e can d e m o n stra te th a t bonds betw een elem ents from o p posite ends o f th e p e ri odic table are highly ionic. T he b est exam ples are the alkali halides (e.g., N aC l, KC1, and C sF). In fact, th e Cs — F b o n d is th e m ost ionic b o n d we know because Cs has th e stro n g est tend en cy to be an electro n d o n o r (low est electro negativ ity) and F is the strongest electro n acceptor (highest elec tronegativity). B onds w ith w ell-developed ionic ch aracter also occur b etw een th e cations o f m e t als and com plex anions exem plified by C aC O ,, N a N 0 3, M g S 0 4, an d Fe 2 S i0 4, all of w hich occur naturally as m inerals. A lth o u g h th e electro n eg ativ ities o f com plex anions are n o t defined, we n ev ertheless know th at th e bonds betw een th e cation o f the m etals and th e com plex anions are highly ionic b ecause these com pounds dissociate into ions w hen th ey dis solve in w ater.



7.3



Bonding in Molecules



W e now com e to th e question: W hat difference does it m ake in geochem istry w h e th e r chem ical bonds are covalent o r ionic? T he answ er is th a t th e physical and chem ical p ro p e rtie s o f all com pounds d ep e n d on th e c h a ra c ter o f th e b o nds th a t hold th em together. A n im p o rtan t p ro p erty o f m ost m inerals is th at they dissociate into ions w hen they dissolve in w ater. F o r exam ple, w hen calcite ( C a C 0 3) dis solves in w ater, it form s C a2+ ions and C O 2- ions: C a C 0 3 -> Ca2+ + C O f"



(7.1)
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Percent Ionic Character of a Single Chemical Bond with Oxygen T a b le 7 .2
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: Sargent-Welch (1980).



T h e c a rb o n a te a n io n d o e s n o t disso ciate in to c a rb o n a n d oxy g en io n s b e c a u se th e C — O b o n d s a re h ig h ly c o v a le n t, w h e re a s th e C a — C 0 3 b o n d is la rg e ly ionic. W hy sh o u ld th a t m a k e a d iffe re n c e? T h e a n sw e r h as to d o w ith th e in te ra c tio n s b e tw e e n th e m o le c u le s o f th e so lv e n t (w a te r in th is ca se ) a n d th e calcite “m o l ecu les.” T h e H — O b o n d in th e w a te r m o le c u le is a b o u t 60% c o v a le n t as c a n b e seen fro m F ig u re 7.1C. In a d d itio n , th e e le c tro n e g a tiv ity o f o x y g en (3.5) is la rg e r th a n th a t o f h y d ro g e n (2.1). C o n se q u e n tly , w e c o n c lu d e th a t O a ttra c ts th e e le c tro n s o f th e H a to m s to itself. T h e u n e q u a l sh a rin g o f th e e le c tro n b e tw e e n H a n d O th e r e f o re c a u se s a n e t n e g a tiv e c h a rg e to d e v e lo p o n th e O a to m s o f w a te r m o lecules, w h e re a s th e H a to m s h a v e a n e t p o sitiv e ch arg e. In o th e r w ords, th e w a te r m o le c u le has



e lec tric al p o la rity and is th e re fo re said to be “p o la r.” T he m an n er in which the covalent H — O bonds form also determ ines th e shape of th e w ater m olecule. A quick review o f th e electronic stru ctu re of O indicates th a t it has fo u r electro n s in th e 2p orbitals, w hereas H has o n e electro n in th e Is orbital. T he bond betw een th em form s by sharing of th e unpaired electrons. In acco rd an ce w ith rule 3 of the A ufbau principle (C h a p te r 5), one of the p -o rb itals of oxygen contains tw o elec trons w ith p aired spins, w hereas th e o th e r tw o p-orb itals of oxygen contain one electro n each. We can rep resen t the p-orbitals o f oxygen as cir cles and the electrons they contain by arrow s th a t p o in t up or dow n depending on th e spin.
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 7.4 T h e angle b etw e e n th e se p -o rb ita ls o f oxygen is 90° b ecau se th e y are sym m etrical a b o u t th e x-, y-, an d e-axes. T h erefo re, w e exp ect th a t th e angle b e tw e e n th e H — O b onds in th e w ater m olecule should also be 90°. H o w ev er, th e o b serv ed angle is 104.45° (Fyfe, 1964). T h e d isc re p a n c y a rise s b e c a u se th e s- an d p -o rb ita ls o f O a re m e rg e d in such a w ay th a t th e an g les b e tw e e n th e “ h y b rid iz e d ” o rb ita ls are n o lo n g e r 90°. H y b rid iz a tio n o f o rb ita ls is a c o m m o n p h e n o m e n o n in co v a len tly b o n d e d m o le c u le s a n d is th e k e y to u n d e rs ta n d in g the sh a p e s o r stereo ch em istry o f co v alen tly b o n d e d m o le c u le s (G re e n w o o d a n d E arn sh aw , 1984; P auling, 1960). T he p o larity o f th e w a te r m olecule th ere fo re arises n o t only becau se o f th e u n eq u al sharing of th e electro n s b etw een H an d O b u t also because o n e o f the h y b rid ized p -orbitals o f O containing th e tw o p a ire d electro n s p o in ts aw ay from the o th e r two, w hich are involved in th e bonding. In a d d itio n , th e H zO m olecule is in h eren tly polar b ecau se th e O a to m has m o re electrons th a n the H atom s. B ecau se o f th e ir electrical polarity, w ater m olecules a re a ttra c te d to electrical charges on th e surface of an ionic crystal such as C a C 0 3. The resulting electro static in teractio n s w eaken the ionic b o n d s b e tw ee n th e C a 2+ and th e C O 2- ions, b u t h av e no effect o n th e co v alen t C — O bonds of th e c a rb o n a te ions. T h e ions th a t fo rm by d issociation a ttra c t w a te r m o le c u les to th e m selv e s an d th e re b y b e co m e “ h y d ra te d .” T h e n u m b e r o f w ater m o le cules b o u n d to a n ion d e p e n d s p rim arily on its ra d iu s b u t also o n its c h a rg e . F o r exam ple, B e2+ (ra d iu s = 0.35 Ä ; A h re n s, 1952) h olds four w a te r m o le c u le s to fo rm th e h y d ra te d ion B e (O H 2)2+ w h e rea s A l3+ (rad iu s = 0.51 Ä ) h o lds six w a te r m o lecu les a n d form s A l(O H 2 )g+ . N o te th a t w e re p re s e n t th e h y d ra te d B e2+ ion as B e (O H 2 ) 4 + b e c a u se th e B e 2+ is a ttra c te d to the n e g a tiv e ly c h a rg e d O a to m s o f th e w a te r m o le cule. A n io n s a re also h y d ra te d by attra ctin g the p o sitively c h a rg e d h y d ro g e n ato m s of w ater. In so m e cases th e w ate r m o lecu les are h eld so
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stro n g ly th a t th e y a re in c o rp o ra te d in to crystals as w ater o f h y d ra tio n , as, fo r exam ple, in C a S 0 4 2H 20 (gypsum ). T h erefore, th e an sw er to th e original q u estio n is th a t w ater is able to dissolve ionic solids because it dissociates th e m in to ions, w hich are th e n se p a ra te d from each o th e r by becom ing hydrated. H ow ever, co valent b o nds do n o t disso ciate in w ater o r in o th e r p o lar solvents. T herefore, w a te r is gen erally n o t an effective sol v e n t for covalently b o n d e d com pounds.



7.4



Ionic Crystals



W h en ions com e to g e th e r to form a crystal they assem ble in reg u lar p a tte rn s d ictated by the re q u ire m e n t of “closest packing.” This re q u ire m e n t arises b ecause th e stren g th o f the ele c tro static bond (F ) b etw ee n cations and anions is inversely p ro p o rtio n a l to th e sq u a re of th e dis tan ce (r) betw een them :



w h e re e x an d e2 a re th e ch a rg e s o f th e ions. E v id en tly , th e m a g n itu d e o f F in c re a se s as r d ecreases. T h e re fo re , th e ions in a crystal a rra n g e th em selv es in such a w ay th a t th e in te ri o n ic d istan ces a re m in im ized , h e n c e th e te n d e n cy fo r closest p acking. In this co n te x t, ions a re a ssu m e d to b e in c o m p re ssib le sp h e re s like b il lia rd balls. A second re q u ire m e n t is th a t crystals m ust be electrically n e u tra l. This re q u ire m e n t determ in es th e ratio of cations to anions an d is reflected in th e chem ical fo rm u las o f m inerals. In addition, th e re q u ire m e n t fo r electrical n e u tra lity m u st be o b ey ed w h en ev er su b stitu tio n s occur in ionic crystals. T he a rra n g em en t o f ions in a crystal can be u n d ersto o d in term s o f th e m agnitudes of th e radii of th e cations an d anions ex pressed by th e radius ratio, which is defined as the ra tio of the radius of the cation to th a t of th e anion. In calculating radius ratios one com m only uses O 2- as the anion
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Fi g u re 7 .3 Derivation of the critical radius ratio for threefold coordination. Rc and R3 are the ionic radii of the cation and anion, respectively. The critical relation ship is sin 60° = R j ( R a + R c) from which it follows that Rc/R . = 0.155. 0 .4 1 4



F i g u r e 7 .2 Examples of closest packing of anions around cations at increasing values of the radius ratio. When R c/R a > 0.155, three anions fit around the cation and when Rc/R r > 0.414, fourfold coordination occurs. Coordination numbers 6,8, and 12 are also important in mineral structures and are pictured in Figure 7.4.



becau se oxygen is th e m ost ab u n d a n t chem ical ele m e n t in the crust o f th e E arth . T he g eo m etrical a rra n g e m en ts of ions in a crystal a re d escribed by th e coordination number, w hich is th e n u m b e r of anions th a t su rro u n d a p a rtic u la r catio n in a n io n ic crystal. It tu rns out th a t th e c o o rd in a tio n n u m b e rs o f elem en ts in ionic crystals can be p re d ic te d based on their rad iu s ratios. W e see fro m F igure 7.2 th a t only two large anions can fit a ro u n d a very sm all cation. T he sm allest c o o rd in a tio n n u m b e r th e re fo re is 2. If th e cation is la rg e r th a n in th e case ju st consid e re d an d th e rad iu s ra tio exceeds a critical value,



the co ordination n u m b er rises to 3. A t a still high er value of the radius ratio, four anions can be packed around the cation. The critical value of th e radius ratio a t which th reefold co o rd in atio n is possible in a plan ar stru ctu re can be derived from geom etrical consid erations pictured in Figure 7.3. L e t R e a n d R a be the radii of the cation and anion, respectively. By exam ining Figure 7.3 we find that: sin t) = since



0



R. Rc + Ra



(7.3)



= 60° and sin 60° = 0.8660: R' = 0.8660 Rc + R a



(7.4)



By cross multiplying and collecting term s we obtain:



R.



0.866



(7.5)



T herefore, th reefo ld coordination beco m es possi ble in a p lan ar stru ctu re w hen the rad iu s ratio is



 7.5 equ al to o r g re a te r th a n 0.155. A sim ilar arg u m en t indicates th a t fourfold co o rd in atio n occurs w hen the radius ratio is 0.414. A ll of the packing arran g em en ts show n in Figure 7.2 are tw o dim ensional o r planar. Since crystals are actually three-dim ensional bodies, we m ust also consid er three-dim ensional p a tte rn s of fitting anions aro u n d cations. For exam ple, fo u r fold co o rd in atio n occurs w hen th e anions occupy th e corners o f a te tra h e d ro n w ith th e cation in its center. Similarly, sixfold coord in atio n is realized in an o ctah ed ro n w here six anions occupy th e co r n ers and th e cation resides in th e center. H igher co o rd in atio n n um bers of 8 and 1 2 are com m on and involve th e cubic structures show n in Figure 7.4. O th e r co o rd in atio n num bers, for exam ple, 5, 7, 9 ,1 0 , and 11, occur only rarely and are not im p o rta n t in the crystal structures of m in erals (Fyfe, 1964).
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Sq uare planar
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Ionic Radii



The radii of ions in crystals w ere first d eterm in ed by V. M. G old sch m id t and L inus Pauling in the late 1920s by m eans o f x-ray diffraction and are expressed in angstrom s (Ä ; 1Ä = 10 “ 1(1 m). Ionic radii a re d ete rm in e d from the distances betw een ions in crystals and d e p e n d on the stru c tu re o f th e crystal in w hich th ey w ere m e a sured. M ost ionic rad ii w ere originally d eriv ed from crystals in w hich eac h cation is su rro u n d e d by six an ions (H e y d em an n , 1969). A com plete set of such rad ii was p u b lish ed by A h re n s (1952), b u t th e se have now b een su p e rse d e d by th e w ork o f S h an n o n and P rew itt (1969). S ubsequently, W h itta c k e r and M u n tu s (1970) p u b lish ed a new set of ionic rad ii (listed in T able 7.3) th a t ta k e s in to acco u n t th e d iffe re n t c o o rd in a tio n n u m b e rs th a t m ay occur in d iffe r e n t kinds o f crystals. A n o th e r set of ra d ii was la te r p u b lish e d by S han n o n (1976). T he d e p e n dence of ionic rad ii on th e c o o rd in a tio n n u m ber occurs b e c a u se the electro n cloud of an ion can b e d e fo rm e d by th e electrical charges th a t su r ro u n d it in a crystal lattice. F or exam ple, the rad iu s of N a + varies from 1.07 to 1.40 A
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Fi g u r e 7 .4 Possible arrangements of ions in crys tals for limiting values of the radius ratios and dif ferent values of the coordination number.



 T a b l e 7 .3 R a d ii o f t h e I o n s o f th e E le m e n ts in A n g s tr o m U n its ( Ä ) f o r D i f f e r e n t C h a rg e s



a n d C o o r d in a tio n N u m b e r s Coordination numbers



z 1 3



4 5 6



Symbol



Valence



H Li Be B



+1 +1 +2 +3



C



7



N



8



9



O F



11 12 13 14 15



Na Mg Al Si P



16



S



17



Cl



-4 +4 +3 +5 -2 -1 +1 +2 +3 +4 +3 +5 -2 +6 -1 +5 +7 +1 +2 +3 +2 +3



19 20 21 22



K Ca Sc



23



V



24



Cr



+2 +3 +4 +5 +2



Mn



+3 +4 +5 +6 +2



Ti



II



1.27 1.21



III



IV»



0.25 0.10



0.68 0.35 0.20



1.28 1.22



1.30 1.23 1.07 0.66 0.47 0.34



0.28



0.61



0.54



0.52 0.43 0.38



+3 +4 +6 +7



1.08 0.75 0.56



0.20



0.44



0.66



0.35 0.34



vrh



VII



VIII



IX



X



X II



1.67 1.36



1.68 1.43



extremely small 0.82



0.25 1.56 0.20 1.67



-1-4



25



V



2.60 (P) 0.16 (A) 0.16 (A) 0.13 (A) 1.32 1.25 1.10 0.80 0.61 0.48 0.44 (A) 0.35 (A) 1.72 0.30 (A) 1.72 0.34 (A) 0.27 (A) 1.46 1.08 0.83 0.94 0.75 0.69 0.87 0.72 0.67 0.62 0.81 (L) 0.90 (H) 0.70 0.63 0.52 0.75 0.92 0.66 0.73 0.62



(A) (L) (H) (L) (H)



0.46 (A)



1.34 1.21



1.24 0.97



1.40



1.78 1.65



1.54 1.15



1.59 1.20 0.95



1.63 1.26



1.01



 T a b le 7 .3 (c o n t in u e d ) Coordination numbers IVs



z



Symbol



Valence



26



Fe



+2



0.71 (H)



+3



0.57 (H)



+2



0.65 (H)



27



Co



//



III



V



0.69 0.86 0.63 0.73 0.73 0.83 0.61 0.69 0.77 0.64 0.68



+3 28



Ni



29



Cu



30 31 32 33 34



Zn Ga Ge As Se



35



Br



37 38 39 40 41



Rb Sr Y Zr Nb



42



Mo



43 44



Tc Ru



45



Rh



46



Pd



47



Ag



48 49 50



Cd In Sn



+2 +3 +1 +2 +2 +3 +4 +5 -2 +6 -1 +7 +1 +2 +3 +4 +2 +3 +4 +5 +3 +4 +5 +6 +4 +3 +4 +3 +4 +1 +2 +3 +4 +1 +3 +2 +3 +2 +4



vr-h



VII



VIII



IX



X



(L) (H) (L) (H) (L) (H) (L) (H) (L) (H)



0.54 0.70 0.68 0.55 0.48 0.42



0.73 0.76 0.63



0.37 1.88 0.34



0.40



0.50



0.58



0.81 0.83 0.70 0.62 0.58 1.88 0.42 (A) 1.95 (P) 1.39 (A) 1.57 1.21 0.98 0.80 0.79 0.78 0.77 0.72 0.75 0.73 0.71 0.68 0.72 0.76 0.70 0.75 0.71



0.98



1.90 1.84 1.64 1.29 0.86



1.68 1.33 1.10 0.92



0.74



0.79



0.67 0.72



0.75



1.10 0.73 0.88



1.20 0.95



0.94 0.84 0.70 1.23 1.03 0.88 0.93 (A) 0.77



1.32



1.38



1.08



1.15 1.00 1.30



1.74 1.40 1.18



 T a b l e 7 .3 (c o n t in u e d ) Coordination numbers



z



Symbol



Valence



51



Sb



52



Te



53



I



55 56 57 58



Cs Ba La Ce



59



Pr



60 61 62 63



Nd Pm Sm Eu



64 65



Gd Tb



66 67 68 69 70 71 72 73



Dy Ho Er Tm Yb Lu Hf Ta



74



W



75



Re



76 77



Os Ir



78



Pt



79



Au



80



Hg



81



TI



+3 +5 +4 +6 -1 +5 +1 +2 +3 +3 +4 +3 +4 +3 +3 +3 +2 E3 +3 +3 +4 +3 +3 +3 +3 +3 +3 +4 +3 +4 +5 +4 +6 +4 +5 +6 +7 +4 +3 +4 +2 +4 +1 +3 +1 +2 +1 +3



II



III



IV*



V



vpb



0.85



0.88



0.76 (A) 0.69 0.70 (A) 0.56 (A) 2.13 1.03 1.78 1.44 1.13 1.09 0.88 1.08 0.86 1.06 1.04 1.04 1.25 1.03 1.02 1.00 0.84 0.99 0.98 0.97 0.96 0.95 0.94 0.79 0.75 0.74 0.72 0.73 0.68 0.71 0.60 0.60 0.65 0.71 0.81 0.71 0.80 (A) 0.71 1.37 (A) 0.85 (A)



0.60



0.50



0.48



0.68



0.78



VII



VIII



IX



X



XII



1.86 1.55 1.28 1.23



1.89 1.60 1.36



1.96 1.68 1.40 1.37



1.97



1.47 1.18



1.11 1.12 1.10



1.82 1.50 1.26 1.22 1.05 1.22 1.07 1.20



1.17



1.17 1.33 1.15 1.14 1.12 0.96 1.11 1.10 1.08 1.07 1.06 1.05 0.91



0.77



1.05 0.77



1.04



1.10 1.58 0.97



1.22 1.68 1.08



1.84
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T a b l e 7 .3 (c o n t in u e d ) Coordination numbers z



Symbol



Valence



82



Pb



83 84



Bi Po



85 86 87 89 90 91



At Fr Ra Ac Th Pa



+2C +4 +3 +4 +6 +7 +1 +2 +3 +4 +3 +4 +5 +3 +4 +5 +6 +2 +3 +4 +3 +4



92



U



93



Np



94



Pu



II



III



IV3



V



1.02 1.07



0.53



0.56



V7a,b



VII



1.26 0.86 1.10 0.67 (A) 0.62 (A) 1.80 (A) 1.43 (A) 1.18 (A) 1.08 1.13(A ) 0.98 (A) 0.89 (A) 1.12 0.97 (A) 0.84 0.81 1.18 1.10 0.95 (A) 1.09 0.88



VIII



IX



1.37 1.02 1.19 1.16



1.41



X



1.57



1.72



1.56



1.06 1.04 0.96



X II



1.12



1.17



1.09 0.99



1.03



1.08



1.13



1.06 1.04



“Low spin and high spin are indicated by L and H, respectively. bA = Ahrens (1952); P = Pauling (1927). cPb2+, coordination number II, radius = 1.47 Ä. s o u r c e : Whittacker and Muntus (1970).



d e p e n d in g on th e c o o rd in a tio n n u m b e r on th e la ttic e site. E vidently, ions a re n o t actually hard sp h eres, a lth o u g h th ey a re tre a te d this w ay in som e asp ects o f crystal chem istry. T h e ionic rad ii listed in T able 7.3 vary in re g u lar p a tte rn s d e p en d in g on th e atom ic n u m b e r of th e e le m e n t and th e ch arg e of th e ion as show n in Figure 7.5, p ro v id ed all radii are b ased o n th e sam e c o o rd in atio n n u m b er. W e ta k e no te first o f th e existence of isoelectronic series c o n sisting o f seq u en ces o f ions in which th e charge in creases w ith increasing ato m ic n u m b e r and w hich th e re fo re co n tain th e sam e n u m b e r of electrons. Such iso electro n ic series exist in all



b u t th e first p e rio d . F o r exam ple, in th e seco n d p e rio d w e find: L i+, B e2+, B 3+, C 4+, N 5+, 0 6+, a n d F 7+ E ach of th ese ions has only tw o electrons. Similarly, th e ions: C4“ , N 3“ , O 2“ , an d F " fo rm an isoelectronic series in w hich each ion contains 10 electrons. O th e r isoelectronic series in p eriods 3 ,4 , an d 5 a re in d icated in Figure 7.5. We will find it h elp fu l la te r to have a m e n ta l im age o f th e ionic ra d ii an d to recall som e g e n e r
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•< ~o nJ Q£



20



25



A tom ic N u m ber



Fi g u r e 7.5 Variation of ionic radii with atomic number and valence. Note that ions having negative charges are larger than those having positive charges. N ote also that the radii of ions forming isoelectronic series decrease with increasing atomic number (e.g., Li+ to F7+, N a+ to Cl7+, etc). The radii of ions in the same group that have the same charge increase with atomic number (e.g., Li+ to R b+, F “ to Br~, etc) [based on the ionic radii reported by Ahrens (1952) for sixfold coordination].



alizations a b o u t th e w ay th ey vary w ithin th e p e ri o dic table. We th e re fo re d erive a n u m b e r o f co n clusions a b o u t th e io n ic rad ii o f th e elem en ts by exam ining F igure 7.5.



3. The radii o f ions o f th e sam e elem ent



1. T he ionic ra d ii o f iso electro n ic series decrease w ith increasing ato m ic n u m b e r for b o th positively an d neg ativ ely charged ions.



4. T he radii of ions w ith charges of + 2 and



2. T he radii o f ions w ith th e sam e charge in a group increase w ith increasing atom ic n u m b er, th a t is, d o w n w ard in th e p eriodic table.



decrease w ith increasing positive charge and increase w ith increasing negative charge. + 3 am ong th e tran sitio n m etals of the fourth perio d decrease with increasing atom ic num ber, th ereb y im plying a con traction o f the electro n cloud as the 3d orbitals are filled. 5. Ions of d ifferen t elem ents m ay have sim i lar ionic radii.



 PR O BLE M S E x am p les to illu strate the last o b serv atio n can be fo u n d in F igure 7.5 o r by consulting T able 7.3. Na", Ca2+, Cd2+, Y 3+, Tl3+, R E E (+ 3),T h 4+ H f4+,Z r4+



~ 1.00 Ä (sixfold coordination) ~ 0.80 A (sixfold coordination)



Fe3+, Co3+, Ni3+



~ 0.65 A (sixfold coordination)



T he sim ilarity of th e ionic radii of d iffe re n t e le m en ts is an im p o rta n t p h e n o m e n o n b ecau se it m ay p erm it th e ion of o n e elem en t to su b stitu te fo r an ion o f a n o th e r elem en t in ionic crystals (G o ld sch m id t et al., 1926). The radii of ions in aqueous solution m ay be significantly changed by hydration. In this co nnec tion it is helpful to define th e ionic potential as the ratio of the charge of an ion in electronic charges to its radius m easu red in angstrom units. T he ionic p otential is a m easure of the density of th e electri cal charge on th e surface of an ion and reflects the strength of the electrostatic bond th e ion can form with an o th er ion of the opposite charge o r w ith a polar m olecule like w ater. Ions with high ionic potential a ttra ct m ore w ater m olecules and form hydrated ions th at are larger than those of ions having low er ionic potentials. For exam ple, the radii of th e hydrated ions of the alkali m etals decrease from L i+ to C s+ even though th e ir ionic radii in crystals increase with atom ic n u m b er (Table 7.3). This can be explained by considering th e ionic potentials of th e alkali metals: L i+ = 1.2. N a + = 0.91. K + = 0.68. R b + = 0.64. and Cs + = 0.56. T herefore, even though L i+ (radius = 0.82 Ä ) is m uch sm aller th a n C s+ (radius = 1.78 Ä ), it form s a larger hyd rated ion than Cs+ because o f its higher ionic potential.



7 .6
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Summary



T he chemical elem ents can be divided into electron donors and electron acceptors, depending on w hether their valence orbitals are nearly em p ty or nearly full. The tendencies of elem ents to be elec tro n donors, and therefore to act like m etals, is reflected by their first ionization potentials and electronegativities. E lem ents with low ionization potentials and low electronegativities have strongly developed m etallic character. In general, the m etal lic character of the elem ents decreases from left to right across the periodic table and increases dow n w ard in those groups in which the elem ents have valence electrons in s- and p-orbitals. Chem ical bonds can be classified into ionic or covalent bonds, depending on w hether the valence electrons are effectively transferred o r shared, respectively. In reality, all ionic bonds have varying degrees of covalent character as indicated by the m agnitude of th e ir electronegativity difference. Polar solvents such as w ater are able to break ionic bonds because o f electrostatic interactions betw een ions in the solid phase and charges o n the w ater molecules. T he hydration of cations and anions fu r ther enhances the solubility of ionic solids in water. The radius ra tio of a cation w ith re sp e c t to the su rro u n d in g an io n s d e term in es its c o o rd in a tion n u m b er an d hence affects the th re e -d im e n sio n al p a tte rn s th e ions form in ionic crystals. T he ionic radii o f th e ele m e n ts in the perio d ic tab le vary predictably, d ep e n d in g on the atom ic n u m bers o f the elem ents, th e electrical charges o f the ions, and on th e c o o rd in a tio n num ber. T h e m e ta llic c h a ra c te r o f th e elem en ts, th e k in d s of b o n d s th e y fo rm w ith each o th e r, a n d th e radii of ions a re all re la te d to th e ir p o sitio n in th e p e rio d ic ta b le a n d th u s to th e ir e le c tro n ic co n fig u ratio n s.



Problems 1. Determine the percent ionic character of the following bonds, based on the electronegativity differences: (a) NaCl; (b) FeCl2; (c) CuCl; (d) A1C13; (e) CC14.



2. Look up the ionization potentials of silicon in a recent edition of the CRC H andbook o f Chemistry and Physics (Weast et al., 1986) and plot them in coordi-
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nates of electron volts (eV ) versus the number of elec trons removed.



6. Calculate the volume of an ion of N a+ in cubic meters (assume sixfold coordination).



3. Explain why the third and fifth ionization poten tials of silicon are significantly higher than those that immediately precede them.



7. Calculate the radius ratio for a planar structure with fourfold coordination.



4. Explain why the first ionization potential of sulfur (Z = 16) is less than that of phosphorus (Z = 15). 5. Write an equation to represent the dissociation of (N H 4)2S 0 4 into ions in an aqueous solution.



8 . Determine the ionic potentials of the ions in the isoelectronic series K+ to Mn7+ and derive a conclu sion about the size of the hydrated ions in the iso electronic series (use sixfold and fourfold coordination depending on the availability of data in Table 7.3).
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 8 Ionic Substitutions in Crystals O ne of the principal objectives of geochem istry has b e e n to explain the distribution o f chem ical elem ents in th e E arth (C hapter 1). B efore this objective could be achieved, it was first necessary to determ ine how the elem ents are actually dis trib u ted by analyzing large num bers of rocks and m inerals from all over the E arth . F. W. C larke took a giant step in th a t direction by his own efforts as an analytical chem ist and by presenting the d ata of geochem istry in his book, first published in 1908. In subsequent years, geochem ists continued to ana lyze geological m aterials in o rd er to d eterm in e the chem ical com position of the E a rth and to u n d er stand the reasons for the observed variation in chem ical com position of different kinds of rocks. This was by no m eans an idle exercise b ecause th e info rm atio n co n trib u ted directly to th e u n d erstan d in g o f the origin of m etallic and nonm etallic ore deposits. T he search for ore deposits o f all kinds continues to be o n e o f the principal tasks o f geologists in society. In a very real sense, geologists are still expected to know w here to find “th e good ro ck s” th at are th e fo u n dation of o u r m o d e rn industrial society.



8.1



Goldschmidt's Rules of Substitution



A n im p o rtant objective of G oldschm idt’s w ork in geochem istry was to discover the laws o f dis tribution of th e chemical elem ents (G oldschm idt, 1937). H e and P auling (1927) saw p erh ap s m ore clearly th an th eir contem poraries th at th e internal



stru ctu re of crystals could be understood in term s o f th e size and charge o f th e ions and th a t an ion o f one elem ent can replace the io n of a n o th e r if it is sim ilar in size and charge. T hese insights are sum m arized by a set of generalizations know n as G oldschm idt’s rules o f substitution. 1. T he ions o f one elem en t can extensively rep lace those of a n o th e r in ionic crystals if th eir radii differ by less th a n ab o u t 15% . 2. Io n s w hose charges differ by one u n it su b stitu te readily fo r one a n o th e r p ro v id ed electrical n eu trality of th e crystal is m a in tained. If the charges of the ions differ by m o re th a n one unit, substitution is g e n e r ally slight. 3. W h en tw o d ifferen t ions can occupy a p a r ticular position in a crystal lattice, th e ion w ith th e h ig h er ionic p o te n tia l form s a stro n g e r b o n d w ith the anions su rro u n d ing th e site. 4. S u b stitu tio n m ay b e lim ited, even w hen the size and charge criteria are satisfied, w hen th e com peting ions have d ifferen t electro n eg ativ es an d form b onds o f dif fe re n t ionic character. The fo u rth ru le was actually form ulated by R ingw ood (1955) in o rd er to explain discrepancies th at arose from the three rules proposed by G oldschm idt. For exam ple, N a + and C u+ have the sam e charge and th eir radii are virtually identical (A hrens, 1952). H ence, according to G oldschm idt’s rules, C u + should replace N a + in sodium m inerals
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such as albite (N aA lSi 3 0 8) o r halite (N aCl). We know, of course, th at this substitution does not occur. The reason is th at copper form s m ore cova lent bonds th an sodium , as indicated by their elec tronegatives. The occurrence of elem ents in m inerals and rocks eith er as m ajor or m inor constituents depends o n th eir abundances and chem ical properties. In general, th e m ost ab u n d an t elem ents form th e m in eral com pounds w ithin which th e m inor elem ents m ay be accom m odated by ionic substitution, in interstitial lattice positions, in fluid inclusions, o r as exsolved m ineral phases. Som e m in o r elem ents also occur in accessory m inerals such as zircon or apatite. T he tendencies of elem ents to form m inerals a re m ost clearly displayed during th e crystallization of a cooling m agm a. T h erefore, G oldschm idt’s rules prim arily apply d u rin g this process, w hich was th o u g h t to “s o rt” th e ions according to th e ir size an d charge. T hose ions th a t d o n o t fit in to th e m ajo r ro ck -fo rm in g m in erals a re said to be in c o m patible and th e re fo re accu m u late in th e resid u al m agm a. C onsequently, th e in co m p atib le elem ents a re c o n c e n tra ted in late-stag e d ifferen tiates of m agm as, including aplite dikes, pegm atites, and h y d ro th e rm a l veins. T he elem en ts in this category include K +, R b +, C s+, Sr2+, B a 2+, th e ra re e a rth elem en ts (R E E ), Z r4+, H f 4 +,N b 5 +,T a 5 +,T h 4+, and U 4+. A ll o f these elem en ts u ltim ately associate them selves w ith rocks co m posed o f silicate m in e r als an d , fo r th a t reaso n , are also re fe rred to as th e large ion lithophile (L IL ) group. G o ld sc h m id t’s rules w ere critically review ed by m an y geochem ists, including Shaw (1953) and B u rn s an d Fyfe (1967). T h e ru les are at b e st a first ap p ro x im a tio n to w hich th e re a re m any excep tions th a t arise b ecau se th e re p la c e m e n t o f one ion by a n o th e r is g en erally site-specific, especially in com plex com pounds. T he p ro b le m is m agnified b ecau se the ionic radii, used as a criterio n in G o ld sc h m id t’s rules, d e p e n d o n th e site w h ere th e re p la c e m e n t ta k e s place. In sp ite o f these lim ita tions, G o ld sc h m id t’s ru les still serve a useful p u r po se by identifying som e o f th e m a jo r facto rs th a t m u st b e co n sid ered in th e possible re p la c e m en t of ions in crystals fo rm in g in a cooling m ag m a o r fro m an aq u eo u s solution.



8.2



Camouflage, Capture, and Admission



A cco rd in g to G o ld sc h m id t’s first rule, ions th at h av e sim ilar radii a n d eq u al charg es rep lace each o th e r extensively in ionic crystals. The ex ten t of su b stitu tio n th a t actually ta k e s place d ep en d s on th e c o n c e n tra tio n o f th e ions in th e m ed iu m in w hich th e crystals a re form ing, o n th e te m p e ra tu re , and on th e co m patibility of th e ir bo n d s and c o o rd in a tio n num bers. C rystals form ing at high te m p e ra tu re a re m o re to le ra n t o f foreign ions th a n crystals fo rm in g at a low tem p eratu re. T h e re fo re, th e co n c e n tra tio n o f trace elem en ts in crystals can b e u sed to e stim ate th e te m p e ra tu re o f fo rm a tio n o f c e rta in m inerals. F or exam ple, th e co n c e n tra tio n o f Fe2+ in sp h alerite (Fe, Z nS ) in creases w ith th e te m p e ra tu re p ro v id ed th a t e n o u g h iro n was available to s a tu ra te th e sp h a le rite (K ullerud, 1959). T he second ru le applies to substitu tio n of ions o f sim ilar size b u t having d ifferen t charges. W hen th e ch arg e difference is g reater th a n one, substitu tion is lim ited because of th e difficulty in m ain taining electrical neutrality. C harge deficiencies th a t resu lt from su b stitu tio n o f ions o f unequal charge m ust be co m p ensated by a second substitu tion involving an ion having a different charge. This process of cou pled substitution contributes to th e diversification o f chem ical com positions of m an y m inerals. A n altern ativ e to coupled su b stitu tion displayed by th e clay m inerals is adsorption of ions on th e charged surfaces o f sm all crystals. The third rule describes th e effect o f the ionic p o te n tia l on the relative strengths of ionic bonds of ions com peting fo r the sam e site. Ions having a higher ionic p o ten tial (ch arg e/rad iu s ratio) form a stro n g er bond th a n their com petitors and are th e re fo re p referentially in co rp o rated into the crystal. Similarly, com peting ions w ith low er ionic p o ten tials are discrim inated against an d are ini tially excluded fro m crystals form ing from a m agm a. C onsequently, ions w ith high ionic p o te n tials are c o n cen trated in early-form ed crystals in a cooling m agm a, w hereas those w ith low ionic p o te n tia ls are c o n cen trated in th e resid u al m agm a and e n te r late-form ing crystals.
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C A M O U F L A G E , C A PT U R E, A N D A D M ISSI O N



A ccording to th e fo u rth rule, a m inor ion can replace a m ajo r io n only if th e ir electro n eg ativ i ties a re sim ilar. W h en tw o m in o r ions th a t are sim ilar in size an d ch arg e com p ete for the sam e site, th e o n e w hose electro n eg ativ ity is m o re sim ilar to th a t o f th e m ajo r ion is p re fe rred becau se th e bonds a re m o re com patible. W e see th a t G o ld sch m id t’s rules of su b stitu tion p ro v id e c riteria fo r predicting th e ex te n t to which m in o r elem en ts can replace m ajo r e le m ents in th e m in erals they form . A s a resu lt, w e can p re d ic t how m in o r elem ents d istrib u te th e m selves w h en m inerals crystallize from a cooling m agm a o r fro m a su p e rsa tu rate d aq u eo u s so lu tion. S o m e elem en ts a re selectively c o n c e n trated in to th e solid phase, w hereas o th ers re m a in in th e liquid phase. T he d iffe re n t ways in w hich th e ions of m in o r elem en ts a re partitioned b etw een th e solid an d liquid ph ases are described by the term s th a t fo rm th e heading o f this section. Camouflage occurs when the minor element has the same charge and a similar ionic radius as the major element it is replacing.



In this case, th e m in o r elem en t does n o t form its own m inerals b u t is hidden in th e crystals of a n o th e r elem ent. C am ouflage is displayed by Z r4+ (0.80 Ä ) an d H f 4 +(0.79 A ) because hafnium rarely form s its ow n m inerals and is always p resen t in the m ineral zircon (Z rS i0 4). We could say th at zircon crystals d o n o t distinguish betw een Z r4+ and H f4+ ions an d accept b o th w ith equal ease. Capture takes place when a minor element enters a crystal preferentially because it has a higher ionic potential than the ions of the major element.



E x am p les of c a p tu re occur in th e fo rm a tio n of fe ld sp a r crystals, w hich m ay c a p tu re B a 2+ (1.44 Ä ) o r Sr2+ (1.21 Ä ) in p lace of K + (1.46 A ). A s a re su lt, th e c o n c e n tra tio n s of these ele m e n ts in th e re sid u a l m ag m a decrease during th e cry s ta lliz a tio n of K -feld sp ar. H o w ev er, th e re p la c e m e n t o f th e u n iv a le n t K + ion by a d iv alen t io n re q u ire s a co u p led su b stitu tio n of A l3+ fo r Si4+
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in o rd e r to p re se rv e th e ele ctric al n e u tra lity of th e crystal lattice. Adm ission involves the entry of a foreign ion that has a lower ionic potential than the major ion because it has either a lower charge or a larger radius, or both.



T he occurrence o f R b + in K -feldspar an d o th e r potassium m inerals is an exam ple o f adm ission because R b + (1.57 Ä ) has a sm aller ionic poten tial th a n K + (1.46 Ä ). O th e r exam ples a re the rep la c e m e n t o f C a2+ (1.08 Ä ) by S r2+ (1.21 A ) in calcite, and th e substitution of C l- (1.72 A ) by B r“ (1.88 Ä ) in chlorides. T h e ex ten t to w hich ions are ad m itted into a particu lar lattice site decreases as the differ ence in th e radii o f com peting ions increases. For exam ple, I “ (2.13 Ä ) replaces C1“ (1.72 A ) m uch less th a n B r“ (1.88 A ) and B a2+ (1.44 A ) is less ab u n d a n t in calcite th a n Sr2+ (1.21 A ). Evidently, adm ission of foreign ions into th e crystal of a m ajor elem en t is ultim ately controlled by th e size criteri o n expressed in G o ldschm idt’s first rule. H ie th ird ru le m a k e s a s ta te m e n t a b o u t th e re la tio n s h ip b e tw e e n th e io n ic p o te n tia ls o f ca tio n s a n d th e s tre n g th o f th e b o n d s th e y fo rm w ith anions. T his re la tio n s h ip m an ifests itse lf in so m e cases in th e m e ltin g te m p e ra tu re s o f th e c o m p o u n d s th e y form . F o r ex am p le, th e M g sili c a te fo rs te rite (M g 2 S i 0 4) h a s a h ig h e r m e ltin g te m p e ra tu re (1910 °C ) th a n th e Fe silicate faya lite (F e 2 S i 0 4), w hich m elts a t 1503 °C. T h e tw o m in e ra ls fo rm a solid so lu tio n k n o w n as the m in e ra l oliv in e ((M g, F e ) 2 S i 0 4), w hich c ry sta l lizes fro m co o lin g m ag m as o f b a sa ltic c o m p o si tio n . E a rly fo rm e d olivine is e n ric h e d in th e fo rs te rite (M g) e n d m e m b e r, w h e re a s olivine fo rm in g at lo w er te m p e ra tu re s is e n ric h e d in th e fayalite (Fe) end m em ber. A possible explanation is th a t early form ed olivine captures M g2+ (0.67 A ) in fa v o r o f F e 2+ (0.74 A ) b e c a u se it has a h ig h e r ionic p o te n tia l (A h re n s, 1952). Sim ilarly, the fe ld sp a r a n o rth ite (C a A l 2 Si2 O g) h as a h ig h e r m eltin g te m p e ra tu re th a n a lb ite (N a A lS i 3 O g) p re su m a b ly b e c a u se C a2+ (1.08 A ) h as a h ig h e r ionic p o te n tia l th a n N a + (1.10 A ) (A h re n s, 1952). A s a resu lt, e arly -fo rm ed p lag io clase is
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T a b l e 8 .1



C la s s ific a tio n o f S ilic a te M in e ra ls B a s e d o n T h e ir S tru c tu re s as I llu s tr a te d in



F ig u re 8.1 Shared corners



Silicate anion



Neso Soro



0



s io y



1 :4



fayalite Fe2S i0 4



1



s i2o r



2 :7
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Cyclo
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benitoite BaTiSi3OC J



1 :3
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enstatite MgSiO, anthophyllite Mg7(Si40 11)2(0 H ):



s.2o r S i0 2



2 :5
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quartz S i0 2



Class



Ino single
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Ino double



2j 3 4



Phyllo Tekto



initially e n ric h e d in calcium relativ e to sodium . T he ionic p o te n tia l by itself, how ever, is not a reliable p re d ic to r of th e m eltin g tem p e ratu res of solid c o m p o u n d s an d th e ex am ples p resented abo v e are m o re th e e x cep tio n th a n the rule (B urns an d Fyfe, 1967).



8.3



Coupled Substitution: Key to the Feldspars



W hen th e ion o f a m ajor elem en t is replaced by a foreign ion having a d ifferen t charge, the electri cal neu trality o f th e crystal m ust be preserved by a co m plem en tary substitution elsew here in the crystal lattice. This p h en o m en o n helps to explain the chem ical diversity of silicate m inerals such as the feldspars, zeolites, and micas. Silicate m in erals co n tain a fram ew ork of sili ca tetrahedra linked to g e th e r to form different kinds of stru ctu res. T he silicate anion (S iO ^ ) form s a te tra h e d ro n in w hich th e Si atom is locat ed in th e c e n te r and is b o n d e d to th e fo u r O atom s th a t occupy th e co rn ers of th e te tra h e d ro n . The S i— O b o n d s a re a b o u t 50% cov alen t based on th e difference in th e ir electronegativities. Each O atom a t th e co rn e r o f a te tra h e d ro n has an u n p a ire d e le c tro n in a h ydridized p -o rb ital that can form io n ic bon d s w ith catio n s in orthosili cates, such as M g 2 S i0 4, F e 2 S i 0 4, o r Li 4 S i 0 4. The silica te tra h e d ra can also form bonds with each o th e r by sh arin g O atom s at th e corn ers to form



S i/O



Examples



rings, chains, d ouble chains, sheets, and threedim ensional netw orks listed in Table 8.1 and illus tra te d in Figure 8.1. T he feldspars are “tektosilicates” com posed of a three-dim ensional netw ork of silica te tra h e dra linked at th eir corners. In this arrangem ent, the tw o u n paired electrons of O atom s form b onds w ith different Si atom s and th ereb y link the tetra h e d ra together. W hen all of the O atom s are shared in this m anner, each silicon atom “ow ns” only half of each of the fo u r O atom s located at the corners of) its tetrahedron. T herefore, in a three-dim ensional n etw ork th e ra tio of Si to O is reduced from 1 : 4 to 1 : 2 and its form ula is S i0 2. This fram ew o rk of lin k ed silica te tra h e d ra can ad m it a lim ited n u m b er o f A l3+ ions in place of Si4+. T he sub stitu tio n is re stric ted because in fourfold c o o rd in a tio n A l3+ (0.47 A ) is signifi cantly larger th an Si4+ (0.34 Ä ) an d actually vio lates G o ld sch m id t’s first rule. O n th e o th e r hand, the radius ra tio of A l3+ to O 2- is 0.36, which allows it to have a co ordination n u m b e r of 4 like Si4+, w hose rad iu s ratio with O 2- is 0.26 (see Figure 7.4). A s a result, one in fo u r Si atom s is replaced to form the alum inosilicate anion AlSijO g. This an io n does n o t actually exist in discrete form b ecause the lattice ex tends c o n tin uously in all directions. H ow ever, th e form ula of the alum inosilicate anion allows us to recognize th a t the rep la c e m e n t of one o u t o f every four Si atom s by A l3+ causes a charge im balance of - 1
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in the lattice. This excess n egative ch arg e is n e u tra liz e d by th e in tro d u ctio n o f N a + o r K +. T he resu ltin g c o m p o u n d s a re know n to us as the alkali feldspars: K A lS i 3 0 8 orthoclase, m icrocline



N aA lS i 3 0 albite



8



W hen two o u t o f four Si atom s a re rep laced by A l3+, the alum inosilicate anion has a charge of - 2 , which is n eu tralized by th e a d dition o f C a2+ or B a2+ to form : C aA l 2 Si2 O s an o rth ite



B aA l 2 Si2 O s celsian



A lb ite an d a n o rth ite form a solid so lu tio n know n as plagioclase, w hich is subdivided into six m in e r al species, d ep ending on the m olar co n centrations of albite (A b ) o r an o rth ite (A n). Mineral



Ab, %



An, %



Albite
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0-10 10-30 30-50
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Labradorite Bytownite
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Anorthite
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T he series is divided into 20% in c re m e n ts o f A b or A n, ex cept at the ends, w here th e in crem en ts are 10% . T h e n am es of th e plagioclase series can be re m e m b e re d by no tin g th a t th e first le t te rs spell th e nam e o f th e fictitious geochem ist A . O. A lb a.



8.4 Fi g u re 8.1 Two-dimensional networks of silica tetrahedra connected in different ways by sharing oxygen atoms at their corners, (a) Nesosilicates, (b) sorosilicates, (c) cyclosilicates, (d) inosilicates (single chain), (e) inosilidates (double chain), and (f) phyllosilicates. The tektosilicate structure, consisting of a three-dimensional network of tetrahedra in which all four oxygen atoms are shared, is not shown. More details are given in Table 8.1.



Distribution Coefficients and Geothermometers



G o ld sch m id t’s rules pro v id e a ra tio n a l basis for predicting how m inor elem ents m ay e n te r crystals form ing fro m a cooling m elt o r from an aq u eo u s solution. T hese effects are described qualitatively as “cam ouflage,” “capture,” and “adm ission.” H ow ever, w ords alone a re n o t sufficient to describe th e p artitio n in g of m in o r elem en ts
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b e tw e e n crystals and th e liquid fro m w hich they fo rm ed . W e therefo re d efin e th e distribution co effi cient (D ): „



Cx



D = c'



( 8 .1)



w h ere C* is th e c o n c e n tra tio n o f a m in o r elem en t in th e crystal (x) of a m in eral an d C 1 is th e co n c e n tra tio n of th a t e le m e n t in th e liq u id ( 1 ) from w hich th e crystal fo rm e d u n d e r eq u ilib riu m c o n ditions. T he d istribution coefficient o f a p a rtic u la r e le m e n t in a specific m in eral m ay be > 1 , < 1 , or = 1. T h e m agnitude o f D is re la te d to th e verbal d escrip to rs as follows: D > 1



c ap tu re



D 



adm ission



1



D = 1



cam ouflage



T h e num erical values o f D m u st b e d e te rm in e d ex p erim en tally in th e la b o ra to ry o r by analysis of n a tu ra l system s in w hich b o th crystals an d liquid can b e sam pled. T h e o b serv ed d istrib u tio n of tra c e e le m e n ts in cry stals can b e u se d to e stim a te th e te m p e ra tu re o f fo rm a tio n o f co ex istin g m in erals. R ecall th a t th e e x te n t of su b stitu tio n is te m p e ra tu re d e p e n d e n t becau se cry stals b e c o m e m o re to le r a n t o f fo reig n ions as th e te m p e ra tu re in creases. T h e re fo re , d istrib u tio n co efficien ts are, in g e n e r al, te m p e ra tu re d e p e n d e n t an d a re also affected by th e com po sitio n s o f th e liq u id a n d th e crys tals, as w ell as by p re ssu re . If tw o m in e ra ls A and B c o p re c ip ita te o r cry stallize fro m th e sam e so lu tio n o r m agm a, a m in o r e le m e n t (y) can e n te r b o th m in erals A a n d B a t a p a rtic u la r te m p e ra tu re . T h e d istrib u tio n co efficien ts o f e le m e n t y are:



cx C 1 //A W



an d



öB= ( ^ ) ß



( 8 .2 )



T h e ra tio of th e d istrib u tio n co efficients fo r e le m e n t y is:



^ = = (CO nStant) K



E q u a tio n 8.3 indicates th a t the ratio of the c o n c en tratio n s o f th e trace e le m e n t y in m inerals A and B is eq u al to a co n stan t K , w hich is equal to the ra tio o f th e d istrib u tio n coefficients of y in th o se m inerals at the te m p e ra tu re o f form ation. In principle, th e te m p e ra tu re d e p en d en ce of th e d istrib u tio n coefficients of a trace elem ent in d ifferen t m inerals can be d e te rm in e d ex p e rim e n tally. T he te m p e ra tu re o f fo rm atio n of rock sam ples can th e n be d e te rm in e d fro m the ratio of th e m easu red co n cen tratio n s of th e selected tra c e ele m e n t in th ese tw o m inerals (M cIntyre, 1963). C onsider, fo r exam ple, th e rep lacem en t of Z n 2+ (0.68 Ä , fourfo ld co o rd in atio n ) in sp h a lerite (Z nS ) and P b2+ (1.26 Ä , sixfold co o rd in a tio n ) in galena by C d2+ (0.88 Ä , fourfold coo rd in atio n , 1.03 A , sixfold co o rd in atio n ). T he electronegativities o f th e th re e elem ents are sim i lar and th e b o nds th ey form w ith sulfur are a b o u t 85 % covalent. A n ex p erim en tal study by B e th k e and B arto n (1971) indicated th a t Cd is strongly p a rtitio n e d into sp h a le rite (sp) coexisting with galena (gn) betw een 600 and 800 °C and th a t the te m p e ra tu re d ep en d en c e o f th e d istribution coef ficients is given by: lo g tf( C d ) =



(2080 - 0.0264P)



- 1.08



(8.4)



w here: r vn K (C d ) = - f 2 for Cd C = co n c e n tra tio n o f CdS in w eight p e rc e n t T = ab so lu te te m p e ra tu re in kelvins P = p re ssu re in atm ospheres T he re la tio n sh ip b etw een P '(C d) and th e te m p e ra tu re is fo u n d to be highly n o n lin e a r w hen e q u a tio n 8.4 is p lo tte d in lin e ar c o o rd in a tes in F ig u re 8.2. H o w ev er, in c o o rd in a te s of log K (yc o o rd in a te ) an d 1 / T (x -co o rd in ate) e q u a tio n 8.4 is a stra ig h t lin e in th e slo p e -in te rc e p t form : y = mx + b



(8.5)



T he slope m = 2080 - 0.0264P and th e intercept on the y-axis is b = -1 .0 8 . The pressure can be dis-
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T e m p e r a t u r e , °C Fi g u r e 8 .2 Geothermometer based on the distribution of CdS between sphalerite and galena (equation 8.4). The constant K is the ratio of the concentrations of CdS in sphalerite and galena in weight percent. The curve implies that the Cd content of sphalerite decreases rela tive to that of galena with increasing temperature of formation of these minerals. The solid part of the line is based on the experimental data of Bethke and Barton (1971). The dashed line is an extrapolation of those data.



regarded for low values of P. O th e r g eo th er m om eters studied by B ethke and B a rto n (1971) are based on the distributions o f M n (600-800 °C) and Se (390-595 °C) b etw een sphalerite, galena, and chalcopyrite. T he results indicate th a n M n2+, like Cd2+, is preferentially in co rp o rated into spha lerite ra th e r th an galena, w hereas the ord er of p referen ce for Se2- is galena, chalcopyrite, and sphalerite, listed in o rd er of decreasing preference. T he applicability of these trace elem en t g e o th e rm o m e te rs is lim ited by th e re q u ire m e n t th a t the m inerals m u st have fo rm ed at the sam e te m p e ra tu re fro m th e sam e solution u n d e r equilibri um conditions an d th at in terfering effects caused by th e p resen ce of o th e r ions or pressu re varia tions w ere e ith er negligible or cancel. T hese are serious lim itations becau se m inerals generally p recip itate sequentially ra th e r th a n sim u ltane ously, w hich m eans th a t coexisting m inerals do n o t necessarily form at th e sam e te m p e ra tu re or from th e sam e solution.
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Geochemical Classification of the Elements



T he geochem ical classification of the e lem en ts is b ased o n th e w ay in w hich th e elem en ts actually d istrib u te th em selv es b e tw e e n d ifferen t k inds of liquids an d a gas phase. D u rin g th e sm elting of oxide an d sulfide o res th re e d ifferen t liquids a re e n c o u n te re d th a t a re im m iscible in each o th e r a n d th a t seg reg ate in to layers d ep en d in g o n th e ir density. T h ese liquids a re co m p o sed of m o lte n Fe, m o lten sulfides (m a tte ), an d m o lten silicates (slag). G o ld sch m id t an d his co n te m p o ra ries c o n sid ered it likely th a t th e E a rth was initially co m pletely m o lte n and th a t th ese liquids s e p a ra te d from each o th e r u n d e r th e influence of gravity to form an Fe core, a sulfide layer, and a silicate layer in th e in te rio r o f th e E a rth . T he gases fo rm ed th e atm o sp h ere, w hich sub seq u en tly p ro d u ced th e h y d ro sp h e re by c o n d e n sa tio n o f w ater vapor. T he h e a t re q u ire d fo r m elting was provided by the im pacts o f th e “planetesim als,” by com pression caused by the gravitational contraction o f the E arth , by the m igration o f dense phases to w ard the cen ter of th e E a rth , and by th e decay of th e rad io ac tive isotopes of U, Th, and K, which w ere m ore ab u n d a n t at th e tim e o f form ation of th e E a rth 4.5 x 109 years ago th a n they a re today and th e re fo re g en erated m o re h e a t th an they do a t p resent. A lth o u g h the E a rth does n o t actually contain a sul fide shell, G o ld sch m id t’s geochem ical classification still conveys useful inform ation about th e te n d e n cies o f the elem ents to e n te r liquids of different com position or to b e co n cen trated in the gas phase. T he in fo rm a tio n on w hich this classification is based cam e from th e study o f m eteo rites and from th e sm elting of th e K upferschiefer ore (co p p er slate) at M ansfeld in G erm any. M eteorites are frag m en ts of larg er p a re n t bodies th a t fo rm ed b etw een th e orb its o f M ars an d Jup iter (M ason, 1962) (see Table 3.2). Som e o f th e p a re n t bodies w ere large e n o u g h to re ta in sufficient h e a t for m elting and d iffe re n tia ted into m etallic Fe, silicate rocks, a n d sulfide m inerals. T he p a re n t bodies w ere su b seq u en tly b ro k e n up by tides cau sed by th e g ravitational fields of Ju p ite r and M ars an d by collisions am ong them selves. T he rem n an ts of the
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p a re n t bodies still occupy th e space b etw een M ars an d Jupiter. Fragm ents resulting from collisions am o n g them continue to be d eflected in to E arth crossing orbits and im pact on th e E a rth as m e te orites. G oldschm idt, as well as Id a an d W alter N od d ack in Berlin, analyzed th e m etallic, sulfide, an d silicate phases of m any m eteo rites an d d e te r m in ed from the results how th e elem en ts h a d b een p a rtitio n e d into th e th ree im m iscible liquids d u r ing th e geochem ical differen tiatio n o f th e p a re n t bod ies of m eteorites (N oddack and N oddack, 1930). T he inform ation derived from th e study of m e te o rite s was consistent w ith th e chem ical com p o sitions of the silicate slag, F e -C u sulfide m atte, an d m etallic Fe, all of which fo rm during the sm elting of ore. T he resulting classification o f th e elem en ts in Table 8.2 contains four groups th a t G o ldsch m id t n a m e d siderophile (iron liquid), chalcophile (sul fide liquid), lithophile (silicate liquid), and a tm ophile (gas phase). N ote th a t sev eral elem en ts o ccur in m ore th an one g roup an d th a t such sec o n d a ry affinity is indicated by p a ren th eses. In g en eral, w e see from Figure 8.3 th a t th e elem en ts in g ro u p V IIIB are siderophile to g e th e r w ith C, M o, A u, G e, Sn, an d P. The co ngeners of g roups IB and IIB a re jo in ed by th e elem ents G a, In, TI, Pb, As, Sb, an d Bi, as well as by S, Se, an d Te, to form the chalcophile group. T he lithophile e lem en ts include th e alkali m etals (group IA ), alk alin e e a rth s



(group IIA ), the halogens (group V IIA ), as well as B, A l, O, Si, and som e o f the tran sitio n m etals such as Sc, Ti, V, Cr, M n, and som e of th e ir congeners. T he n o b le gases, H , and N m ake up th e atm ophile group. T h ere are a few surprises in this classification. F or exam ple, O is lithophile ra th e r th an atm ophile, and C, as well as P, dissolves in m etallic Fe in the absence of O. Thallium is a chalcophile elem ent although it com m only substitutes for K + in silicate m inerals. W e n o te also th a t Au, Sn, and M o are siderophile, and p resum ably have been carried away by m etallic Fe to form the core o f th e E arth. T he sam e is tru e for Co and Ni, which occur as sul fides in o re deposits b u t p refer liquid Fe w hen given a choice. O n th e o th e r hand, Ti, Cr, and M n, w hich are com m only associated w ith Fe in igneous rocks, are not siderophile b u t lithophile elem ents.



.Summary



8 .6



T he ions of d ifferen t elem en ts can su b stitu te for each o th e r pro v id ed th e ir radii, charges, and elec tronegativities are sim ilar. In addition, they m ust be com patible w ith th e lattice site in term s of th e ir radius ratios and co o rd in atio n num bers. G o ld sch m id t’s rules p rovide a ratio n a l basis for un d erstan d in g the d istribution of trace elem ents b u t do n o t give eno u g h em phasis to th e ch aracter of th e site o f re p lac em en t in the crystal lattice.



T a b l e 8 . 2 G e o c h e m ic a l C la s s if ic a tio n o f th e E le m e n ts 3 Siderophile Fe, Co, Ni Ru, Rh, Pd Os, Ir, Pt plus Mo, R e, Au (W), and C, P, Ge Sn, (A s), (Pb)



Chalcophile



Lithophile



Atmophile



Cu, Zn, Ga Ag, Cd, In Hg, TI plus (Ge), A s, S (Sn), Sb, Se Pb, Bi, Te and (Cr), (Fe) (Mo)



Li, Be, B, (C), — , O, F Na, Mg, Al, Si, P, — , Cl K, Ca, (Ga), (Ge), — , — , Br Rb, Sr, — , I Cs, Ba, (TI), plus Sc, Ti, V, Cr, Mn, (Fe) Y, Zr, Nb La, Hf, Ta, W REE, Th, — , U, and



H, He (C), N, (O), Ne Ar, Kr, Rn



(H) "The elements in parentheses occur primarily in another class.



 8.6 II-«---------------------------A G r o u p s -------------------------- ► III



Sid e ro p h ile



V



VI



V II



107 V II I



Lit h o p h ile



C h a lc o p h il e



A t m o p h ile



IV



SU M M A RY



N o n e xist e n t



Fi g u re 8 .3 Geochemical classification of the elements in the periodic table.The classification is based on the way the elements distribute themselves between an iron liquid (siderophile), a sulfide liquid (chalcophile), a silicate liquid (lithophile), and a gas phase (atmophile).



The extent to which replacem ent of ions takes place is described by the term s cam ouflage, capture, and adm ission. Trace elem ents w hose ions closely resem ble those of m ajor elem ents in term s of size, charge, and electronegativity are cam ouflaged in th e crystals form ed by the m ajor elem ents. Trace elem ents th at are captured during the crystalliza tion of a m agm a are concentrated into early-form ed crystals and are depleted in th e residual liquid. Ions th a t are adm itted into the crystals of a m ajor ele m en t are initially enriched in th e residual m agm a and subsequently enter late-form ing crystals. S ubstitution of A l3+ for Si4+ in silicate stru c tu res causes a charge im balance in th e lattice th a t is n eu tralized by the co m p lem en tary in tro d u ction of certain cations th a t are com patible with th e p a r ticular lattice sites. This p h en o m en o n of cou p led su bstitution accounts for th e chem ical com posi



tion o f the feldspars and of o th er alum inosilicate m ineral groups. T h e d istrib u tio n coefficient is a q u a n titativ e m ea su re of ionic substitution. T he num erical val ues o f d istrib u tio n coefficients m ust be d e te r m ined ex p erim en tally as a function of te m p e ra tu re , chem ical com positions o f liquids and crystals, and o f pressure. The d istrib u tio n of trace e lem en ts betw een tw o coexisting m inerals th a t fo rm e d u n d e r equilibrium conditions from th e sam e liquid can b e used to determ in e th e te m p e ra tu re o f fo rm atio n . Such g e o th e rm o m e te rs a re o f g re a t in te re st in geochem istry b u t th e ir app licatio n is re stric te d by the conditions th a t m u st b e im posed. T h e g eo chem ical p ro p erties of th e e lem en ts a re re fle c ted by th e ir distribution b etw een a gas p h ase an d am o n g n a tu ra l liquids com p o sed o f
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m etallic Fe, tra n sitio n m etal sulfides, an d silicates. T he geochem ical classification o f th e elem ents, w hich is b a se d o n this p h e n o m en o n , was d eriv ed



fro m th e chem ical co m p o sitio n s o f m eteo rites and from m etallurgical studies in th e sm elting of sulfide and oxide ores.



Problems 1. Determine the coordination numbers of Ca2+ and S F + relative to O2-, and use the result to predict the substitution of Ca2+ by Sr2' in calcite (coordination : 6) and aragonite (coordinate : 8). 2. Predict whether Hg2+ can replace Sr2+ in the min eral strontianite (SrC 03).



8. The melting temperatures of the fluorides of the alkali metals and alkaline earths are listed below. Consider the observed variation in terms of both the ionic character of the bonds and the ionic potentials. How should the melting temperatures vary according to Goldschmidt’s rules? Which compounds conform to this prediction and which do not?



3. Explain the formula of leucite (feldspathoid, KAlSi20 6) in terms of coupled substitution.



Melting temperature °C



Compound



4. Examine the formula of the feldspathoid sodalite (Na8A l6Si60 24Cl2) and explain it on the basis of cou pled substitution. 5. Silver (A g +) is a common trace element in galena where it replaces Pb2+. Identify the ion of a chalcophile element that is best suited to enter galena with A g + in a coupled substitution.



LiF



845



NaF KF



993



RbF CsF



795 682



BeF2



800 (sublimes)



858



MgF2



6. Lithium (Li+) andMg2+ have similar radii and elec tronegativities, yet Li+ does not replace Mg2+ in olivine. Explain the reason for this occurrence and suggest anoth er host mineral for Li+ in which it does replace Mg2+.



CaF2



1261 1423



SrF2



1573



BaF2



1355



7. Zircon crystals (Z rSi04) commonly admit urani um (U 4+) but strongly exclude Pb. Deduce the valence of Pb in magma from this observation.
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 Ill A Q UEO U S GEOCHEMISTRY AND THE STABILITY OF MINERALS



Im p o rta n t chem ical reactio n s occur a t th e surface of th e E a rth w hen m inerals are exposed to w ater, carb o n dioxide, and oxygen. The principles th a t govern such re a c tions can be used to explain th e in te ra c tio n s o f ions in aq u eo u s solutions an d to c o n strain th e stabilities o f solid com p ounds w ith w hich th e ions a re in equilibrium . T he in fo rm atio n d erivable fro m such studies is conveniently p re se n te d in graphical form because E a rth Scientists a re accustom ed to using m aps and diagram s in th eir work.



 9 Acids and Bases C hem ical reactio n s in n a tu re com m only tak e place in th e p re se n ce o f w ater, which acts as the m edium w ithin which ions and m olecules can in teract. W hen tw o ions or m olecules approach each o th e r closely, they have an o p p o rtu n ity to establish a bond b etw een them . W hen they do so, we say th a t a chem ical reaction has ta k e n place and a p ro d u c t has form ed. Such chem ical reac tions a re re p re se n te d by m eans of algebraic eq u atio n s th a t express the balance of m asses and charges o f th e reactan ts and products. We use such eq u atio n s to u n d erstan d chem ical reactions in n atu re, and th ere fo re n eed to develop the skill o f w riting and in terp retin g them . F or this reason, we begin the th ird p a rt of this b o o k w ith a very sim ple exercise.



9.1



Chemical Reactions and Equilibria



In o rd e r to u n d e rstan d how chem ical reactions w ork w e first con sid er w hat h ap p en s w hen sodi um chloride is dissolved in p u re w ater at room te m p e ra tu re an d atm ospheric pressure. The ap p aratu s consists of a b e a k e r containing co n tin uously stirred w ater, into w hich is placed an ionsensitive electro d e capable o f m easuring the c o n cen tratio n o f N a + ions. T he electrode is co n n ected to a strip -ch art re c o rd e r o p eratin g at a know n ch art speed. We ignore all practical lim i tatio n s and com plications an d co n cen trate our a tte n tio n en tirely on th e events th at occur w hen w e place a q u an tity of solid N aCl in to th e w ater in the b eak er. T he results of this ex p eri m en t a re en tirely p red ictab le based on past experience: th e salt will dissolve in th e w ater.
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H ow ever, w e d elib erately ad d ed a larger q u a n ti ty of salt to th e b e a k e r th an will dissolve in th e w ater it contains. A s soon as th e solid N aC l com es in contact w ith th e w a te r in th e b e a k e r, it begins to dissolve and the c o n c e n tra tio n o f N a + in the w ater increases w ith tim e. A fte r a few m inutes the N a + c o n c e n tra tio n b ecom es c o n stan t regardless of how long we co n tin u e the experim ent. A t this tim e the b e a k e r still contains som e solid N aC l th a t did n o t dissolve in th e w ater. In o rd e r to in te rp re t th e resu lts o f this e x p erim en t w e tu rn to Figure 9.1, w hich is the rec o rd e r trace of o u r ex p erim en t. We see th a t the N a + concentration increased rapidly a t first b u t eventually leveled out and becam e constant. W hen no m ore NaCl would dis solve in the w ater at the tem p eratu re and pressure of the experim ent, the solution becam e saturated with respect to NaCl. W hen we reached that co n dition, the reaction achieved a state of equilibrium in which the ra te of solution of N aCl is equal to the rate at which it precipitate s. Therefore, at eq u i librium the am o u n t of excess solid N aCl and the concentrations of N a + and Cl- ions in the satu rat ed solution are invariant with respect to time. O nce the reaction reaches equilibrium , it stops being productive because the forw ard and b ack w ard reactions are occurring sim ultaneously and at the sam e rates. We can indicate this condition by m eans of equations. A t equilibrium the forw ard reaction: N aC l(s) ^ N a + + Cl



(9.1)



and the backw ard reaction: N a + + CI“



N aC l(s)



(9.2)



 9.1



Fi g u re 9.1 Increase of the concentration of N a+ with time after the addition of solid NaCl to pure water at 25 °C. This experiment illustrates the point that chemi cal reactions progress toward a state of equilibrium in which the concentrations of reactants and products are invariant with time. In this illustration the reaction reaches equilibrium when the solution becomes saturat ed with respect to NaCl. While reactions are at disequi librium they effectively convert reactants into products When reactions reach equilibrium, the rate at which products are converted back to reactants equals the for ward reaction rate and, as a result, the net change in the concentrations of reactants and products is zero.



occur at the sam e rates. W e re p re se n t this sta te by m eans o f dou b le arrow s: N a C l ( s ) ^ N a + + C l“



(9.3)



T hat is, double arrow s m ean th at th e reaction expressed by an equation is in a state of equilibrium . O u r ex p erim en t illustrates th e im p o rta n t poin t th a t chem ical reactio n s have a n a tu ra l te n dency to progress tow ard equilibrium . In o rd e r to reach this condition th e reactan ts are consum ed and pro d u cts are form ed such th a t th e am o u nts of both change w ith time. W e can thin k o f this dise quilibrium condition as th e active m o d e o f a re a c tion. A fte r a reactio n has reached eq uilib rium it becom es inactive in th e sense th a t th e am ounts of reactan ts and p ro d u cts p er u n it w eight o r u n it volum e of w ater b ecom e constant. In fact, w hen a chem ical reaction at eq uilibrium is d istu rb ed by
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changes in the physical and chem ical conditions, it responds by reestablishing a new sta te o f eq u ilib rium . This p ro p e rty of chem ical reactio n s was expressed by H enry L e Chätelier in 1888 in these w ords: A ny change in one of th e variables th a t d eterm in e th e state of a system in equilibrium causes a shift in th e position o f equilib riu m in a direction th a t tends to co u n teract the change in th e variable u n d e r co n sideration (M oore, 1955, pp. 79-80). In o th e r words, w hen a reactio n at equilibrium is disturbed, it reestablishes eq uilibri um by counteracting th e disturbance. This is the essence of L e C hätelier’s principle. This principle will be very useful in th e in te rp re ta tio n o f e q u a tions rep resen tin g chem ical reactions. O u r experim ent leads us also to u n d e rsta n d the m eaning of the concept o f solubility, w hich is defined as th e am o u n t of a com p o u n d th a t dis solves to fo rm a saturated solution. T herefore, in o rd e r to m easure o r calculate the solubility of a com pound th e reactio n by which it dissolves m ust be at equilibrium . This is an im p o rta n t p o in t to w hich we will re tu rn w hen we discuss solubility calculations. The reaction we used in o u r experim ent involves the dissociation of a solid into ions. T herefore, in this reaction no chem ical bon d s are actually form ed by close encounters betw een ions o r molecules. W e chose th a t reactio n m ainly because it is fam iliar to all of us. A n o th e r reaction th at is fam iliar to geologists is the decom position of calcium carbonate by hydrochloric acid. This reac tion can be rep resen ted by the follow ing equation: C a C 0 3 + 2 HC1 -» Ca2+ + 2 C1“ + H zO + C 0 2 (9.4) T he carbon dioxide th a t is p ro d u ced escapes in the form of bubbles w hen th e reactio n is carried o u t in contact w ith th e atm osphere. U n d e r these conditions the reaction cannot reach equilibrium because the C 0 2 does n o t accum ulate. T h erefore, the reactio n will co n tin u e in the direction in dicat ed by th e arrow in e q u atio n 9.4 until e ith e r th e HC1 o r the C a C 0 3 is used up. In this case, the reaction is p re v en te d from reaching equilibrium and instead runs to com pletion.
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H ere we encounter the first of m any differ ences betw een geochem istry and chemistry. In the chemistry laboratory the dissolution of C a C 0 3 by H C l can be carried out in such a way th a t the C O z cannot escape. In this case, the reactio n will achieve equilibrium and excess C a C 0 3 an d H C l will then coexist w ithout appearing to react with each other. H ow ever, when this reaction occurs u n d e r natural conditions, it does not achieve equilibrium because th e C O z escapes into the atm osphere. Similarly, chemical reactions on the surface of the E arth may n o t achieve equilibrium because som e of the p rod ucts continually escape either because they are gases o r because ions and m olecules are carried away by th e m ovem ent of groundw ater. A n o th e r reaso n why som e reactio n s in n atu re fail to achieve equilibrium is th a t th e ir reaction rates are slow. This is especially tru e o f reactions involving the tran sfo rm ation of a solid com pound in to a n o th e r solid. Such reactio n s re q u ire a com plex chain of events and th e ir ra te s are d e te r m ined by th e slow est or th e rate-determ ining step in the process. H ow ever, we will see th a t th e fail u re of som e reactions in n a tu re to achieve eq u i librium does n o t dim inish the im p o rtan c e of this condition as an aid to u n d e rsta n d in g th e geo chem istry o f the surface of the E a rth .



9.2



The Law of Mass Action



The alchem ists originally believed th a t chem ical reactions occur becuse certain e lem en ts an d com p o u n d s love each other. R o b e rt B oyle expressed reserv atio n s ab o u t this idea in 1661 an d C laude L ouis de B e rth o lle t p o in ted o u t a b o u t 150 years later th a t th e direction of chem ical reactio ns can be rev ersed by adding excess am o u n ts of one of the p ro d u cts (M oore, 1955). T he a p p a re n t reversibility o f chem ical reactio n s u ltim ately led to th e conclusion th a t reactions achieve a state of eq uilibrium w hen th e ra te of fo rw a rd reactio n is equ al to th e ra te of th e b ackw ard re a c tio n . F or a sim ple reactio n such as: (9.5)



T he ra te o f th e fo rw ard reactio n is: v f = /cf(A )(B )



(9.6)



and the ra te of th e backw ard re a c tio n is: = k b(C )(D )



(9.7)



w here (A ), (B ), (C ), and (D ) are the m olar am o u n ts o r co n c e n tra tio n s of th e com p o u n d s or elem en ts sym bolized by A , B, C, and D and k f and k b are p ro p o rtio n a lity constants. A t equilibrium v f = v b. T herefore: kf(A )(B ) = k b(C )(D )



(9.8)



w hich can b e rew ritte n as: kf



(C )(D )



kh



(A )(B )



= K



(9.9)



w here K is the equilibrium constant. In the gener al case of a reaction a t equilibrium re p re se n te d by: a A + b B ^ c C + d D



(9.10)



the L a w o f M ass A ction, first fo rm u lated by G u ld b erg an d W aage in 1863, tak es th e form :



(CT(D)d = K (A )fl(B )‘



(9.11)



w here a, b, c, and d are th e m o lar coefficients tak en from a balanced e q u atio n rep re sen tin g the reactio n , an d (A ), (B ), (C ), an d (D ) are th e co n cen tratio n s of re a c ta n ts and p ro d u cts of th e reac tion at equilibrium . T he left side of eq u atio n 9.11 is th e reaction quotient, w hich changes co n tin u ously as a reactio n proceeds to w ard equilibrium . W hen a re ac tio n has achieved equilibrium , the c o n c e n tra tio n s o f re a c ta n ts an d p ro d u cts do n o t change and th e reactio n q u o tie n t becom es a con stant know n as th e eq u ilib riu m co n stan t K (M oore, 1955). A lth o u g h it is tru e th a t at equilibrium th e rate of the fo rw ard reactio n is eq u al to th a t of the backw ard reaction, the Law o f M ass A ction expressed in e q u a tio n 9.11 ca n n o t be derived from kinetics. T he rea so n is th a t chem ical reactions con sist o f sequences of discrete steps occurring at th eir ow n rates. T h erefore, th e overall ra te of a



 9.2 reactio n is n o t necessarily a lin ear fu n ctio n o f the m olar c o n c e n tratio n s of rea c ta n ts an d products, b u t m ay vary as th e square, th e cube, o r even th e sq u are ro o t o f th e concentrations. T h erefo re, the Law of M ass A ctio n was initially sta te d only as a gen eralizatio n of ex p erim en tal resu lts an d did n o t have th e fo rce o f a scientific law. It tu rn s out, how ever, th a t th e L aw o f M ass A ctio n can b e d erived from th e first an d second laws o f th erm o d y n am ics for reactio n s am o n g ideal gases a t equilibrium . In o rd e r to apply it to reactio n s am ong ions an d m o l ecules in aq u e o u s so lutions w e m u st rep lace th e ir m olar c o n c e n tra tio n s by th e ir activities. T he activ ity a o f an io n in so lu tio n is re la te d to its m olar co n cen tratio n c by th e activity coefficient y such that: a = yc



(9.12)



T he activity coefficients c o rre c t th e m o la r c o n c e n tra tio n o f io n s fo r th e in te rfe re n c e by o th e r ions in real solutions. In m o st cases, th e values of activity coefficien ts are less than one, w hich in d i cates th a t th e effective concentration (o r activity) of ions is less th a n th e ir actual co n cen tratio n . N um erical values o f activity coefficien ts can be calculated fro m th e D e b y e -H ü c k e l th e o ry and its extensions, w hich we will discuss later. T h e L aw o f M ass A c tio n s ta te d in e q u a tio n 9.11 m u st n ow b e re s ta te d in te rm s o f activ ities: If a re a c tio n r e p re s e n te d by e q u a tio n 9.10 is at e q u ilib riu m , th en : [C]c[D ]'



[A)“[B]b



= K



(9.13)



w here th e b rack ets [ ] sym bolize activities, w heras p aren th eses ( ) sym bolize co n cen tratio n s of ions and m olecules. U n fortunately, th e re is no uniform convention to re p re s e n t activities. W e use brackets for activities and p aren th eses for co ncentrations following th e exam ple of G arrels an d C hrist (1965) an d K rau sk o p f (1979), w h ereas Stum m and M organ (1970) used th e o p p o site convention and D rever (1988) sym bolized activities by a low er case a with a p p ro p ria te subscripts. T he difference betw een activity an d c o n cen tratio n is u n im por
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ta n t in very dilute solutions and vanishes at infinite dilution w hen y = 1.0. We will tre a t the activity coefficient as a dim ensionless n um ber, which enables us to express activities in th e sam e units as concentration. T he units o f concentration o f ions and m ole cules in aq u e o u s solutions are based on am ounts ex pressed in m oles b u t differ in term s of w eight or volum e o f solvent o r solution. Molality (m) is the number of moles of solute per kg of water. Formality (F) is the number of moles of solute per kg of solution. Molarity (M) is the number of moles of solute per liter of solution. Normality (N) is the number of equivalent weights of solute per liter of solution.



T he m olarity an d norm ality are expressed in term s of volum es o f solution, w hereas m olality and fo r m ality are based on weight of the solvent or solu tion, respectively. T he la tte r are to be p referred because th ey a re independent of the tem p eratu re, w hereas m olarity and norm ality vary w ith tem p er ature b ecause of the expansion of w ater with increasing tem p eratu re. The d ata in Table 9.1 indi cate th a t th e volum e of 1 g of w ater increases from 1.000 13 m L at 0 °C to 1.043 42 m L a t 100°C or about 4.3% . M oreover, the specific volum e of w ater has a m inim um value of 1.000 00 m L at 3.98°C. T h erefore, concentrations based on vol um es m ust specify th e tem p eratu re at w hich the volum e was m easured. O n the o th e r hand, it is m ore co n v en ien t to m easure volum es of liquid than it is to w eigh them . T herefore, b o th kinds of co n cen tratio n units are in use. W h en a chem ical reaction b etw een a solid and its ions and m olecules in so lu tio n has achieved equilibrium , th e Law of M ass A ction applies w ith th e follow ing conventions: 1. T he activities of ions and m olecules m ust be expressed in term s of m oles b u t m ay be re fe rred to a unit w eight of solvent (m olal ity), a unit of weight of solution (form ality), or a unit of volum e of solution (m olarity).
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D e n s ity a n d S p e c ific V o lu m e o f P u r e W a te r F r e e o f A ir



T a b l e 9 .1



T , °C



D e n s it y , g / m L



V o lu m e , m L / g



0



0.99987



1.00013



3.98



1.00000



5



0.99999



1.00000 1.00001



10



0.99973



1.00027



15



0.99913



1.00087



20



0.99823



1.00177



25



0.99707



1.00293



30



0.99567



1.00434



35



0.99406



1.005 97



40



0.99224



1.00782



45



0.99025



1.00984



50



0.98807



1.01207



55



0.98573



1.01447



60



0.98324



1.01704



65



0.98059



1.01979



70



0.97781



1.02269



75



0.97489



1.02575



80



0.97183



1.02898



85



0.96865



1.03236



90



0.96534



1.035 90



95



0.96192



1.03958



100



0.95838



1.04342



So



u r c e : W e ast



et a l. (1 9 8 6), p. F -10.



2. T he activities o f p u re solids an d of w ater



are equal to one. 3. T he c o n cen tratio n o f gases a re expressed as p artial p ressures in atm ospheres. 4. R eactio n s a re assum ed to ta k e place a t the



stan d ard te m p e ra tu re (25 °C) an d p ressure ( 1 atm ) unless otherw ise indicated. T he use of m oles as th e unit of m ass is required because chem ical reactions result from th e interac tions of individual ions o r m olecules w hose num b e r p er m ole is specified by A v ogadro’s num ber. T he convention th a t solids and w ater have unit activities elim inates th em from th e eq u atio n of the Law of M ass A ction. T he activity o f w ater may, how ever, be less th an unity in very concen trated



solutions in which the ratio of w ater to solute is sig nificantly reduced. The convention to express the partial pressures of gases in units of atm ospheres is arbitrary but affects the num erical values of equi librium constants. T he te m p a ra tu re and pressure at equilibrium m ust be specified because equilibriium constants vary with tem p eratu re. T he effect of pressure on equilibrium constants is negligible u n d e r E arth-surface conditions.



9.3



Dissociation of Weak Acids and Bases



Follow ing the trad itio n of the Swedish chem ist Svante A rrhenius, we define an acid as a com pound th a t releases hydrogen ions w hen it is dissolved in w ater. Similarly, a base is a com pound th a t releases hydroxyl ions in aqueous solution. T hese defini tions are no longer accepted by chem ists w ho now p re fer B rp n sted ’s definition th at an acid is any sub stance th a t can d o n ate a p ro to n to a n o th e r sub stance and a base is a substance th at can accept a pro to n . Strictly speaking, p ro to n s o r hydrogen ions (H +) can n o t exist unattached in w ater and in teract w ith w a te r m olecules to form hydronium ions (H 3 0 +). W e ad o p t the A rrhenius concept of acids and bases because in geochem istry we deal only w ith aq u eo u s solutions of eletrolytes and we will rep resen t p ro to n s as H + regardless o f w hether they actually occur in this form. Som e acids are said to be strong because they release all o r m o st o f the available hydrogen ions w hen they are dissolved in w ater, w hereas weak acids release only a sm all fraction of th e ir h y d ro gen ions. B ases a re classified sim ilarly by the e x te n t to w hich th ey release hydroxyl ions (O H - ) in aq u eo u s solutions. H ow ever, th e b eh av io r of bases is m o re com plicated because som e bases do n o t readily dissolve in w ater. F or exam ple, M g (O H ) 2 is so insoluble in w a te r th a t it occurs n a tu ra lly as th e m in eral brucite. T h e re fo re, a sa t u ra te d solution o f b ru cite has a low c o n c e n tra tion o f O H - even th o u g h M g (O H ) 2 is a strong base an d d issociates extensively in to M g2+ and O H - . Som e com m on strong acids and bases are:
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Strong bases



Hydrochloric acid (HC1)



hydroxides of alkali metals



Nitric acid (H N 0 3)



hydroxides of alkaline earths (except Be)



Sulfuric acid (H2S 0 4)



lanthanum hydroxide (La(O H )3)



(i.e., y = 1 .0 ) an d th a t an u n know n fra ctio n x disso ciated in to ions. T h e refo re, at equilibrium : [C H 3 C O O H ] = 0.1 - x [C H 3 C O O -] = [H +] = x S ubstituting in to eq u a tio n 9.15 we o b tain a q u a dratic eq u ation: x2



T he com m o n w eak acids in clu d e acetic acid (C H 3 C O O H ), carb o n ic acid (H 2 C 0 3), p h o sp h o r ic acid (H 3 P O 4 ), an d silicic acid (H 4 S i 0 4). A m o n g th e w eak bases w e m e n tio n am m o n iu m h y d ro x ide (N H 4 O H ), n ick el h y d ro x id e (N i(O H )2), c o p p e r hy d ro x id e (C u ( O H ) 2) an d th e h y d ro x id e s of th e R E E s e x c e p t L a. A cle a r d istin c tio n m u st be m a d e b e tw e e n th e strength o f an acid o r b ase a n d its concentration. F o r ex am p le, h y d ro c h lo ric acid re m a in s a stro n g acid ev en in d ilu te so lu tio n b e c a u se it is co m p le te ly d isso c iated . S im i larly, acetic acid re m a in s a w eak acid ev en in a c o n c e n tra te d so lu tio n b ec au se it is only p a rtia lly d issociated. M any elem en ts form h ydroxides th a t can release e ith e r H + o r O H - d e p en d in g o n th e co n c e n tra tio n of H + in th e w ater in w hich they dis solve. T hese hydroxides are said to be am photeric. A m ong th e m o re th a t 20 elem en ts w hose h y d ro x ides are am p h o teric we find B e, A l, Si, Ti, V, Fe, Co, Z n, A g, A u, Sn, Pb, and U. W hen a w eak acid such as acetic acid is dis solved in w ater, it dissociates into ions: C H 3 C O O H -> C H 3 C O O - + FL



(9.14)



D issociation reactions like this one reach equ ilib rium very quickly an d are th en sub ject to th e Law of M ass A ction: [H +][C H 3 COQ~ [C H 3 C O O H ]



= K



(9.15)



w h e re K = 1.76 X 10 ~ 5 at 25 °C an d 1 atm . T he sm all value o f K in d icates th a t a t eq u ilib riu m m o st of th e acetic acid will re m a in in th e u n d is so ciated m o lecu lar form . In o rd e r to solve e q u a tio n 9.15 we now specify th a t 0.1 m ol of th e co m p o u n d was dissolved in 1 L o f p u re w a te r
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0.1 — x



= 1.76 X K T 3



(9.16)



This eq u a tio n can be solved by p u ttin g it into the stan d a rd form : a x 2 + bx + c = 0



(9-17)



w hich th e n yields th e q u ad ratic form ula: x =



-b ± (b 2 - 4 a c ) ,/2 2



a



(9.18)



In o u r case, w e find th a t a = 1, b = 1.76 X IO-5, and c = - 1 . 7 6 x l 0 -6 an d th a t eq u a tio n 9.18 yields x l = + 1.32 X IO - 3 and x 2 = - 1 .3 3 X 1CT3. We discard th e n eg ativ e ro o t of th e q u ad ratic e q u a tio n and conclude th a t at equilibrium a 0 . 1 m o lar so lu tio n of acetic acid contains: [H +] = 1.32 x 10 " 3 m o l/L [C H 3 C O O '] = 1.32 X 10 '



3



m o l/L



[C H 3 C O O H ] = 0.1 - 1.32 X 10 “



3



* 0.1 m o l/L



T he d eg ree of d issociation (D ) of a 0.1 m olar solution o f acetic acid is: D -



1 3 2



X “ /



X



1 0 0



= 1.32%



(9.19)



E vidently, acetic acid is a w eak acid b ecause only 1.32% o f th e m olecules in solution are dissociat ed into ions. T h e first ap p licatio n of th e Law o f M ass A ction has already ta u g h t us th a t even sim ple pro b lem s can re su lt in com plicated algebraic eq u atio n s th a t a re ted io u s to solve. We th e re fo re resolve to m ak e approxim ations w henever possi ble in o rd e r to re d u c e th e effo rt re q u ire d to w ork th ro u g h to th e answ er. F o r exam ple, going back to eq u a tio n 9.16, w e n o te th a t K is a very sm all n u m ber, w hich im plies th a t only a sm all fractio n o f th e
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acetic acid m olecules will dissociate. T h erefo re, we assum e th a t x « 0 . 1 and th a t 0 . 1 — x ~ 0 . 1 . E q u atio n 9.16 now reduces to:



0.1



= 1.76 X 10 -5



(9.20)



from which it follow s im m ediately that: x = (1.76 X 10 - f ’ )



= 1.32 X 10 - 3



1 /2



p H = - l o g 1 0 [H +] (9.21)



T herefore, x really is m uch less th a n 0.1 an d o u r assum ption was justified. T he final re su lt is indis tinguishable from th e value we o b tain e d by solv ing a q u ad ratic equation. A n o th e r lesson we can learn h e re is th a t m ost num erical p ro b lem s in geochem istry a re based on concep tu al m o d els whose validity as re p re s e n ta tions of reality is lim ited. F or this reaso n , it is in a p p ro p ria te to extend n um erical so lutions o f p roblem s to m o re th an tw o o r th re e significant figures. Similarly, a difference of 10% b etw een ap p ro x im ate an d exact solutions is accep tab le in m any cases. In fact, ap p ro x im ate so lutions h av e a special v irtu e becau se they force th e in v estigator to develop som e insight into a p ro b lem b efo re a ttem p tin g to solve it. W e have seen th at acetic acid releases h y d ro gen ions w hen it is dissolved in w ater. H ow ever, w ater is itself dissociated into ions: H 2CT



H + + OH"



[h 2 o]



=



1



x



1 0



-14



Since [H2O j = 1.0 by convention an d [H +] = [O H - ], w e find th a t in p u re w ater: [H +] = 1 X 10 - 7 m o l/L



(9.23) since



p H = - l o g (1.32 X 10-3) = 2.88



T he activity o f hydrogen ions is a useful p a ra m eter b ecau se it reflects directly o r in d irectly th e



(9.26)



T he h y drogen ions released by the acetic acid affect the activity o f hydroxyl ions th a t m ust rem ain in eq u ilib riu m w ith w ater. T h erefo re, from eq u atio n 9.23: [O H "] =



1



x



1 0 -1 4



1.32 x 10 - 3



= 0.757 X 10 - 1 1 m o l/L



(9.27)



T he hydroxyl ion activity can be expressed as p O H defined by: PO H = - l o g 1 0 [O H -



(9.28)



In th e solution of acetic acid p O H = -lo g (0 .7 5 7 x 10- n ) = 11.12. Evidently, it follows from e q u a tion 9.23 th a t a t 25 °C: p H + p O H = 14.0



(9.24)



(9.25)



I t follow s from eq u atio n 9.24 th a t th e p H of p u re w a te r at 25 °C is eq ual to 7.0. W hen th e hydrogen ion activity o f a solution is g re a te r th a n 10 - 7 m o l/L , its p H is less th an 7, and w hen its activity is less th a n 10 - 7 m o l/L , th e p H is g re a te r th a t 7. T hese statem en ts th e re fo re define the p H scale according to which p H < 7.0 a t 25 °C in d i cates acidic conditions and p H > 7.0 indicates basic conditions. In conclusion, we can now calculate the p H of a 0.1 m olar solution of acetic acid. A ccording to eq u a tio n 9.21, [H +] = 1.32 X 10 - 3 m o l/L from w hich w e calculate the p H by applying e q u a tion 9.25:



(9.22)



an d th e d isso c ia tio n c o n sta n t a t 25 °C is, to a very good a p p ro x im a tio n , K w = 1 X 1 0 '14. A c c o rd in g to e q u a tio n 9.22, p u re w a ter co n ta in s e q u a l c o n c e n tra tio n s o f h y d ro g en a n d h y d ro x y l ions w hose activ ities a re deriv ab le fro m th e L aw of M ass A ctio n : [h +][ o h ~



p ro g ress o f chem ical reactio n s th a t m ay be o ccu r ring in an aq u eo u s solution and because it can be m e a su re d by eletrical m e th o d s (Stum m and M o rg an , 1970). T h erefore, th e activity o f h y d ro gen ions is com m only expressed as th e p H value, defined by:



(9.29)



T he dissociation co n stan t of w ater, like all o th e r eq u ilib riu m constants, varies w ith te m p e ra tu re, as show n in Table 9.2. T herefore, th e “n eu tra l
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T a b l e 9 . 2 D is s o c ia tio n C o n s t a n t ( K w) o f W a te r a t D if f e r e n t T e m p e r a tu r e s -lo g K w



T, °C



—log K w



0



14.9435



30



13.8330



5



14.7338



35



13.6801



10



14.5346



40



13.5348



T, °C



15



14.3463



45



13.3960



20



14.1669



50



13.2617



24



14.0000



55



13.1369



25



13.9965



60



13.0171



S o u r c e : Weast et al. (1986), p.D-164.
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have th e sam e concen tratio n in b o th o f th e eq u i libria in w hich th ey occur. H ow ever, th e am ount o f H + p ro d u c e d by th e first equilibrium (9.30) is m uch g re a te r th a n th a t c o n trib u te d by th e second equilib riu m (9.31) because K x is a b o u t 1 m illion tim es larg er th a n K v The p ro b le m is to calculate the activities of all ionic and m o lecu lar species in a solution con taining 0.1 m ol o f H 2S dissolved in 1 L o f pure w a te r a t 25 °C. W e will d e m o n stra te tw o strategies fo r solving p ro b lem s involving tw o or m o re sim ul tan eo u s equilibria: 1. Stepw ise solution. 2. Sim ultaneous equations.



p o in t” o f th e p H scale is a t p H = 7.0 only at 25 °C. A ctually, th e d a ta in T able 9.2 indicate th a t K w = IO - 1 4 0 a t 24°C and a t 25 °C it is slightly larg er th a n this value. Several w eak acids are capab le o f yielding two o r m o re h y d ro g en ions o r p ro to n s p e r m olecule of acid. W h en such acids dissolve in w ater th ey disso ciate stepw ise such th a t each step has a d ifferen t deg ree o f dissociation. M any bases beh av e exactly th e sam e way w hen they dissociate in w ater to form O H ~. In o rd e r to illu strate th e application o f th e Law of M ass A ctio n to w eak d ip ro tic acids we choose hydrosulfuric acid (H 2 S).T his co m p o u n d is a gas th a t dissolves in w ater to form H 2S m olecules in aqueous solution, re p re se n te d by H 2 S(aq), w hich th e n dissociate in tw o steps: H 2 S (a q );



H + + HS~



H S " ; ; H + + S2”



Ki



(9.30)



K2



(9.31)



T he stepw ise m e th o d applies to th e dissociation o f w eak acids an d bases, w here th e dissociation constants o f successive steps differ by o rd e rs of m agnitude. H ow ever, th e use o f sim ultaneous equ atio n s is m o re exact and applies to all situa tions in w hich several reactions are involved. The stepw ise m ethod is based on simplifying assum ptions th at th e reactions reach equilibrium in sequence. T herefore, we tu rn first to reaction 9.30 and let x b e the n u m b er of m oles of H 2 S(aq) th at dissociate. A t equilibrium we then have: [H 2 S(aq)] = 0.1 - X [H +] = x [HS~] = x F rom th e Law o f M ass A ction we obtain:



0 . 1



w here K } = IO - 7 0 and K 2 = IO - 1 2 9 (K rauskopf, 1979). T he reactio n s rapidly achieve equilibrium an d th en satisfy th e Law o f M ass A ction: [h +][ h s ~] [ h +][s 2 ] [H S“]



= IO "



7 0



(9.32)



= IO -



129



(9.33)



H e re we e n c o u n te r for th e first tim e tw o sim ulta n eous eq u ilibria th a t have tw o ions in com m on (H + and H S - ). Obviously, these ions m ust each



(9.34)



- x



Since K x is a very sm all num ber, we p re d ict th at only a sm all fractio n of H 2 S(aq) will be dissociat ed at equilibrium , w hich justifies the assum ption th a t x « 0.1 and th a t 0.1 - x « 0.1. T herefore, e q u a tio n 9.34 becom es: 7.0



(9.35)



from w hich it follow s th a t x = 1 0 4 °, [H +] = [HS~] = 10 ~ 4 0 m o l/L , and p H = 4.0. The degree o f dissociation of H 2 S(aq) is:
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io -40 x 100 o.i



=



0



.1 %



(9.36)



T h e re fo re, th e assu m p tio n th a t x « 0.1 was ju sti fied in this case. A c e rta in n u m b e r o f HS m olecules dissoci a te fu rth e r to fo rm S2- and ad d itio n al H +. W e let y b e th e n u m b e r of m oles of H S - th a t dissoci ate an d set: [H S- ] = 10 - 4 - y [H +] = 10 - 4 + y [S21 = y T h en , from th e e q u a tio n 9.33: (1



+ y )(y )



0 - 4



(10-4 - y)



=



10 '



12.9



(9.37)



W e again sim plify th e p ro b lem w ith th e assu m p tio n th a t y « . IO - 4 0 and th a t IO- 4 , 0 + y = IO - 4 0 an d IO - 4 0 - y ~ IO-40. I t follow s th a t e q u a tio n 9.37 red u ces to y = 10-129, w hich confirm s th e validity of th e assum ption th a t y « IO - 4 0 an d in d icates th a t th e d egree of d issociation is: IO- 1 2 9 X 100 D ■>= ^T o = 10-6-9% 1 0



(9.38)



T h ese calculations th erefo re in d icate th a t a 0.1 m o la r so lu tio n of H 2 S(aq) contains th e follow ing ions an d m olecules: [H 2 S] = 0.1 - 10 - 4 0 = 0.1 m o l/L



(e q u atio n 9.30) in accordance w ith Le C h ä te lie r’s principle. H ow ever, th e stepw ise so lu tio n disre gards this in te rd ep en d e n ce of sim ultaneous eq u i libria having com m on ions. T he dissociation o f H 2 S(aq) can b e re p re se n t ed exactly by m ean s of sim ultaneous equations derived fro m applications of the Law of M ass A c tio n an d from th e re q u ire m e n t o f electrical n eu trality and m ass balance. T he n u m b e r of e q u a tions re q u ire d to solve th e pro b lem m u st be equal to th e n u m b e r o f unknow n param eters. In this case w e have five unknow ns: H 2 S (aq), H S ", S2 -, H +, and O H - , and th ere fo re we re q u ire five e q u a tions. T he first tw o arise from th e applicatio n of th e Law o f M ass A ction to the tw o dissociation eq u ilib ria an d w ere stated p reviously as e q u a tions 9.30 and 9.31. To these we add an equation b a se d on th e dissociation of w ater: [H +][O H - ] = 10"



(9.39)



N ext, we recall th a t all sulfur species in the solu tion arise by dissociation of H 2 S(aq) w hose initial co n c e n tra tio n was 0.1 m o l/L . T herefo re: (H 2 S) + (H S - ) + (S2-) = 0.1



(9.40)



N o te th a t th e m ass balance e q u atio n m ust be s ta t ed in term s of co ncentrations ra th e r th an activi ties. H ow ever, in dilute solutions th e activity coefficients of all ions a re close to unity and the difference betw een activities and concen tratio n th e re fo re vanishes. T he fifth e q u atio n is derived from th e re q u ire m e n t of electrical n eutrality:



[H S - ] = IO- 4



0



- IO - 1 2 ' 9 = 10 - 4



0



m o l/L



( H +) = 2(S 2-) + (H S - ) + (O H - )



[H +] = IO - 4



0



+ 10 - 1 2 9 = IO - 4



0



m o l/L



w hich states th at th e sum of the positive charges in th e solution m ust b e equal to the sum of the nega tive charges. T he m olar concentration o f S2- is m ultiplied by 2 because each S2- ion contributes tw o charges. O nce again we see th e im p o rtan ce of A vo g ad ro ’s law because it allows us to re late the q u antity of an ion o r m olecule, expressed in moles, to th e corresponding num ber of ions o r molecules. W e now have five in d ep en d en t eq u atio n s th at express relationships am ong th e five unknow ns and th e re fo re w e can solve th e problem . T he p ro ced u re is to express the activities o f th e ions in term s of one of th e ions, and th en to substitute



[S2-] = 10 - 1 2



9



m o l/L



T h e seco n d dissociation of H 2S co n trib u tes only a negligible a m o u n t of H +, b u t it p rovides all o f the S2- io n s w hose activity is equal to th e value o f th e second dissociation constant. T h e stepw ise m eth o d p re se n te d abo v e is in ex act b ecau se it treats th e tw o sim u ltan eous e q u ilib ria as th o u g h they w ere in d e p e n d e n t of e ach o th er. If w e look again at eq u atio n s 9.30 an d 9.31, w e can see th a t th e dissociation o f H S (e q u a tio n 9.31) causes m o re H 2S to dissociate



(9.41)



 9.3



these relationships (after converting them to co n cen tratio n s) into th e eq u atio n for electrical n e u trality because th a t e q u atio n contains all of the ions in the solution. W e th en solve this eq u atio n , by trial and e rro r if necessary, and use th e resu lt to calculate the activities of all of th e o th er ions and m olecules in the solution. O nce again, th e sensible ap proach is to m ake sim plifying assum ptions th a t reduce the c o m p u ta tional labor w ith o u t com prom ising the validity of th e results. In th e case at h and, we assum e th a t [O H ] « [H +] because we are discussing th e dis sociation of an acid. T herefo re, we may om it the hydroxyl ion in sum m ations such as e q u atio n 9.41 b u t n o t from m ultiplications such as eq u atio n 9.39. In addition, we know from p ast experience th a t [s2-] « [HS ] because K 2 « K v This assu m p tion simplifies b o th eq u atio n s 9.40 and 9.41. F rom eq u atio n 9.40 w e obtain: (H 2 S) + (H S - ) = 0.1



(9.42)



and from 9.41: (H +) = (H S ")



(9.43)



T he la tte r can b e used to revise eq u atio n s 9.32 and 9.33. F rom eq u a tio n 9.32 w e obtain: [H S -



] 2



[H 2 S]



= IO- 7 0



(9.44)



(9.45)



N ext, we use e q u a tio n 9.44 to express [H 2 S] as [H S - ] 2 /1 0 - 7 0 an d su b stitu te this valu e in to e q u a tio n 9.42: [H S - 1 2 1 0



-™



+ H S - = 0.1



(9.46)



M ultiplying by 10',-7 .0 an d rearran g in g term s yields: [H S -



] 2



+ 10- 7 0 [H S - ] - IO - 8 0 = 0



(9.47)



We solve this eq u a tio n by m eans of th e q u ad ratic form ula (eq u atio n 9.18) and obtain: [H S - ]



-IO



- 7 0



± [IO - 1 4 0 - 4 ( - 1 0 - s o



w hich reduces to [H S - ] = 1 X IO - 4 0 m o l/L . E vidently, in this case, th e stepw ise a p p ro a c h yields th e sam e resu lts as th e solution o f sim u lta neous eq u atio n s because the dissociation c o n stan ts are n o t only sm all num bers b u t also differ from each o th e r by a factor of n early 1 m illion. T h ese circum stances do n o t apply to all o f th e acids and bases w hose dissociation co n stan ts are listed in T able 9.3. M oreover, we will e n c o u n te r sets o f sim u ltan eo u s eq u ilibria in w hich th e seq u en tial tre a tm e n t is in ap p ro p riate an d which can b e solved only by m eans of a set of in d e p e n d e n t equations. T he dissociation constants listed in T able 9.3 apply only to specific equations. In the case o f a p o ly p ro tic acid such as arsenic acid th e a p p ro p ri ate eq u atio n s are: H 3 A s 0 4 (aq ) — H 2 A s 0 4- + H +



(9.49)



H 2 A s O / ^ H A sO 2 - + H +



K2



(9.50)



H A sO 2 - ^



K3



(9.51)



A sO 3- + H +



N o te th a t th e acid m olecule H 3 A s 0 4 is already dissolved in w a te r in th e first d issociation step. T he situ atio n is m ore com plicated fo r bases b ecau se som e o f th e m are insoluble an d b ecau se they m ay also b e am photeric (A ). W e choose C d (O H ) 2 to d efin e th e a p p ro p ria te equatio n s: C d (O H ) 2 ( s ) ^ C d (O H )+(aq) + O H -



and from e q u atio n 9.33: [S2-] = IO - 1 2 -9 m o l/L
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) ] 1 /2



(9.48)



C d (O H ) + ( a q ) ^ C d 2+ + O H C d (O H ) 2 ( s ) ^ C d ( O H ) 2 (aq)



AT, (9.52)



K2



(9.53)



K aq



(9.54)



C d (O H ) 2 (s) + O H - ^ C d ( O H ) 3 (aq) K (am photeric)



(9.55)



T he tw o dissociation steps m ay b e co m b in ed by adding e q u a tio n s 9.52 and 9.53. In this o p e ra tio n C d (O H )+ cancels, an d w e obtain: C d (O H ) 2 (s) ^ C d 2 +(aq) + 2 O H -



Kr



(9.56)



w h ere K T = K x X K 2. E q u a tio n 9.54 re p re se n ts th e so lu tio n o f solid C d (O H ) 2 to form m o le c u la r C d (O H ) 2 in aq u e o u s solution. W e can in c o rp o ra te th a t step in to th e dissociation eq u ilib ria by
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9.3 Dissociation Constants of Acids and Bases at 25°Ca Name



Formula



pK,



vk



2



P*3



PKA



P^aq



R e fb



CH3COOH H3A s 0 3(aq) H3A s 0 4(aq) H3B 0 3(aq) H2C 0 3(aq) HF(aq) h 3p o 4 H 2S(aq) H2S 0 4(aq) H 2Se(aq) H 2S e 0 4(aq) H4S i0 4



4.75 9.2 2.2 9.2 6.35 3.2 2.1 7.0 — 3.9 — 9.71



— — 7.0 — 10.3 — 7.2 12.9? 2.0 15.0 1.9 13.28



— — 11.5 — — — 12.4



— — — — — — — — — — — 13.1



— — — — — — — — — — — —



1 2 2 2 2 2 2 2 2 2 2 3



— — — — 6.7 6.5 — 8.4? — 4.4 — — 3.6 7 5.7 10.8



2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2



A dds Acetic Arsenious Arsenic Boric Carbonic Hydrofluoric Phosphoric Hydrosulfuric Sulfuric Hydroselenic Selenic Silicic



— — — — 9.86



(pk 4) Bases (Hydroxides) Ammonium Aluminum, amorph. Aluminum, gibbsite Beryllium, amorph. Cadmium Cobalt Copper Ferrous Ferric, amorph. Lead, red Magnesium Manganese Mercurous, red Nickel Silver Thorium, amorph.



NH4OH(aq) A l(O H )3 a i ( o h )3 Be(O H )2 Cd(OH)2 Co(O H)2 Cu(OH)2 Fe(OH)2 Fe(OH)3 PbO + H 20 Mg(OH)2 M n(OH)2 HgO + H20 N i(O H )2 2Ag20 + 5 H20 Th(OH)4



4.7 12.3 14.8 — 10.5 10.6 13.0 10.6 16.5 9.0 8.6 9.4 14.8 11.1 — —



— 10.3 10.3 — 3.9 4.3 6.3 4.5 10.5 6.3 2.6 3.4 10.6 4.1 — —



uo2



u o 2( o h )2 v ( o h )3 v o ( o h )2 Zn(OH),



14.2 — 15.2 10.5



8.2 — 8.3 5.0



Vanadium VO Zinc, amorph.



— 9.0 9.0 — — — — — 11.8 — — — — — — 10.3



; 1.4 2.2 4.1? 5.2 2.9 5.1 4.4 1.4 — 5.1 4.5 4 3.4 5.8



11.7 — —



3.6 — — 1.9



(P*4) — — 4.4?



Explanations: pK = - log K Zn(OH)2(s) Zn(OH) + + OHK, Zn(OH)+^ Zn2+ + OH K2 Zn(OH)2(s)^Zn(O H )2(aq) Kaq Zn(OH)2(s) + OH- =^Zn(OH) 3 KA (amphoteric) “—” means “does not apply” or “unknown”. b(l)Weast et al. (1986); (2) Krauskopf (1979); (3) calculated from thermodynamic data of Lindsay (1979).



2 2 2 2
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com bining eq u atio n 9.54 an d 9.52. In o rd e r to accom plish this, w e first in v e rt e q u a tio n 9.54: C d (O H ) 2 ( a q ) ^ C d ( O H ) 2 (s)



1 / K aq (9.57)



an d we th en ad d it to e q u a tio n 9.52, th e re b y elim inating C d (O H ) 2 (s): C d (O H ) 2 (aq) ^ C d (O H )+ + O H "



K J K aq (9.58)



E vidently, th ese e q u a tio n s can b e m a n ip u la te d algebraically w ith th e u n d e rsta n d in g th at: 1. W hen e q u a tio n s a re a d d e d , th e ir eq u ilib rium co n stants a re m ultiplied. 2. W hen e q u a tio n s a re su b tra c te d , th e ir e q u i librium con stan ts a re divided. 3. W hen a n eq u a tio n is rev ersed , its eq u ilib rium c o n stan t is inverted. Finally, w e n o te th a t e q u a tio n 9.55 re flec ts th e a m p h o te ric n a tu re o f C d (O H ) 2 b ecause, w hen it ta k e s o n an a d d itio n a l h y d ro x y l io n to fo rm C d (O H )/, a h y d ro g e n io n is re le a se d by th e d isso ciatio n o f w a te r. T h e re fo re , C d ( O H ) 2 in th is case acts as a n acid b ec a u se it re le a se s H + in to solution. W e p re d ic t, in ac c o rd a n ce w ith Le C h ä te lie r’s prin cip le, th a t th e a m p h o te ric c h a ra c ter of C d (O H ) 2 is enhanced in basic so lu tions because a high activity o f O H - cau ses th e eq u ilib riu m to m a k e m o re C d (O H ) / in o rd e r to re d u c e th e activity o f O H - . C onversely, in acidic solutions, w hich h av e a low activ ity o f O H - , th e re a c tio n shifts to th e left by co n v e rtin g C d (O H ) 2 to O H - an d C d (O H )2. T h e re fo re, a m p h o te ric h ydroxides act like acids in b asic e n v iro n m e n ts an d like b ases in acidic en v iro n m en ts. T he b eh av io r of am p h o te ric hydroxides teach es us tw o im p o rta n t lessons: 1. W eak acids a n d bases d o n o t co n tro l th e p H o f n a tu ra l e n v iro n m en ts b u t in stead respond to it. 2. The solubility o f sparingly soluble bases is p H d e p e n d e n t. In geochem istry th e p H is an environm ental p a ra m eter th a t is d e te rm in e d by all o f th e sim u ltan e
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ous equilib ria existing in a given env iro n m en t. T h erefo re, th e d eg ree o f dissociation o f w eak acids and bases and the resulting solubility o f o th erw ise insoluble w eak bases are co n tro lled by th e activity o f H + ions in the environm ent.



9.4



Solubility of Sparingly Soluble Bases



W e have defin ed th e solubility of a co m p o u n d as th e am o u n t of th e com pound th a t dissolves to fo rm a sa tu ra te d solution. Since m any b ases are only sparingly soluble, we m ay u se th e L aw of M ass A c tio n to calculate their solubilities. W e choose M g (O H ) 2 for this d em o n stratio n b ecau se it has a low solubility and th erefo re occurs as the m in eral brucite. T he first an d m ost im p o rta n t step to w a rd th e so lu tio n o f a p ro b le m involving th e Law o f M ass A c tio n is to w rite the equations th a t re p re se n t th e re le v a n t equilibria. The dissociation of M g (O H ) 2 p ro ceed s in tw o steps: M g (O H ) 2 (s) ^



M g (O H )+(aq) + O H (9.59)



M g (O H )+(aq ) ^



M g^aq) + OH-



K 2 (9.60)



A cco rd in g to Table 9.3, K x = IO - 8 , 6 and K 2 = IO-2,6. E vidently, in this case, K 2 is 1 m illion tim es larger th a n K v which m ay cause a p ro b le m if w e a tte m p t a stepw ise solution. T h e re fo re, we decide to tre a t th e problem by m eans o f a set of sim u ltan eo u s equations. We have fo u r u n k n o w n s [M g (O H )+, M g2+, O H - , and H +] and th e re fo re n e e d fo u r in d e p e n d e n t equatio n s to d e te rm in e th e activities o f all ions in a sa tu ra te d so lu tio n of bru c ite in p u re w ater. We elect n o t to specify th e p H o f th e so lu tio n at this tim e in o rd e r to d e m o n s tra te th e p H depen d en ce of th e solubility of M g (O H )2, b u t w e do set all activity coefficients eq u al to one an d th ereb y e q u a te activities an d concentrations. T he necessary equations are derived fro m the dissociation eq uilibria of M g (O H ) 2 and H 20 and fro m th e re q u ire m e n t of electrical n eu trality :
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(9.61)



[M g2+] =



[Mg2+] [ O H l [M g (O H * )]



- 10~“



[H +][O H - ] = IO “



1 4 0



(O H " ) = 2(M g2+) + (M g O H +) + ( H +)



(9.64)



In o rd e r to simplify th e problem , w e assum e th a t (H +) « (O H - ) and th erefo re d ro p (H +) from e q u a tio n 9.64. E q u atio n s 9.61 and 9.62 allow us to re la te th e M g-bearing ions to [O H - ]: [M g(O H )+] =



[Mg2+] =



10 -



8 .6



(9.65)



[O H - ] 10- 2 6 [M g (Q H +)] [O H - ] lO -i i-2 [O H -



(9.66) ] 2



Substituting into eq u atio n 9.64 yields: r



2 X IO-11'2



[ H ] “



[O H -



] 2



log [M g (O H )+] = ( 9



67)



A fte r m ultiplying by [O H - ] 2 an d rearran g in g term s, w e o b tain one equ atio n in o n e unknow n: [O H -



] 3



(9.68)



The eq uation can be solved by trial and error. We assum e th a t [O H - ] > 10 - 7 because M g (O H ) 2 is a base. W hen we try [O H - ] = IO- 4 0 in eq u atio n 9.68, we obtain: 1 0



- 12.0



- IO- 1 2 6 = 7.5 x 10 -1 3



(9.69)



which is less th a n 1.26 X 10” n . F u rth e r trials indi cate th a t eq u atio n 9.68 is solved satisfactorily w hen [O H - ] = 10 - 3 ' 6 3 m o l/L . T h erefo re, th e activities o f the M g-bearing ions fro m th e e q u a tions 9.65 an d 9.66 are: [M g (O H )+] =



= IO - 4 9 7



= 1.07 X 10 - 5 m o l/L



= io -3-94



8 . 6



+ pO H



(9.72)



or log [M g (O H )+] = 5.4 - pH



(9.73)



Similarly, from e q u a tio n 9.66:



- 10- 8 6 [O H - ] = 2 X 10 - 1 1 2 = 1.26 x 10- n



io - 7 2 6



T h e so lu b ility o f M g (O H ) 2 in p u re w a te r at 25 °C is th e s u m o f th e c o n c e n tra tio n s of th e tw o M g -b e a rin g ions and th e re fo re equals 12.55 X 10 - 5 m o l/L . Since th e m o le c u la r w eight o f M g (O H ) 2 is 58.3267, w e can ex p ress its s o lu bility as 58.3267 X 12.55 X 10 - 5 = 7.32 X 10 - 3 g /L , w hich is n o t a large a m o u n t. T he activity of H + in a s a tu ra te d so lu tio n o f M g (O H ) 2 in p u re w a te r is 10- l 4 0 / 1 0 - 3 '6 3 = 1 0 - 1 0 ' 3 7 m o l/L and th e p H = 10.37. E v id e n tly a s a tu ra te d so lu tio n of M g (O H ) 2 is s tro n g ly basic. T h e re la tio n s h ip b e tw e e n th e activities o f th e M g ions in a s a tu ra te d so lu tio n o f M g (O H ), a n d th e p H is in d ic a te d by e q u a tio n s 9.65 an d 9.66. B y ta k in g lo g a rith m s an d co n v ertin g p O H to p H by m ean s o f e q u a tio n 9.69, we o b ta in fro m e q u a tio n 9.65:



IO-86 + [O H - ]



11.2



= 11.48 X 10 - 5 m o l/L (9.71)







(9.63)



10 -



(9.70)



log [M g2+] = 16.8 - 2pH



(9.74)



E ach o f th ese eq u atio n s has b e e n plo tted in Figure 9.2 in co o rd in a te s of the log of th e activity and pH . T he to ta l solubility of M g (O H ) 2 is the sum of the c o n cen tratio n s of M g (O H )+ and M g2+ at d ifferen t values o f th e pH . E q u a tio n s 9.73 and 9.74 are straight lines th a t in tersec t a t p H = 11.4. W e see by inspection of F igure 9.2 th a t M g2+ is th e d o m in an t ion at p H values < 11.4, w h ereas M g (O H )+ becom es d o m in a n t in m o re basic solutions. Such extrem ely basic e n v iro n m e n ts occur only in highly saline lakes such as L a k e N a tro n in E a st A frica. T h e re fo re, M g2+ is th e d o m in an t ion in m ost g e o logical environm ents. B rucite is very soluble in acidic so lutions an d can occur in contact w ith w a te r only w h en th e activity o f M g2+ is large
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PH F i g u re 9 .2 Solubility of brucite (M g(OH)2) in pure water at 2 5 °C as a function of pH. M g(OH)2 dissociates to form M g(O H )+ and Mg2+ ions, whose activities in a saturated solution are strongly pH dependent, as given by equations 9.73 and 9.74. The resulting solubility of brucite is the sum of the concentrations of the Mg-bearing ions in the solution and is indicated by the dashed line. The coordinates of point P on the diagram represent conditions that will cause brucite to precipitate. The straight lines representing activities of Mg2+ and M g(O H )+ have been arbitrarily terminated at unit activities because in nature other Mg compounds will precipi tate at elevated concentrations of Mg ions.



e n o u g h to m ain tain equilibrium . T h erefo re, the solubility o f b ru cite in w a te r can be u sed to d efine its stability as a solid p h ase in a geological en v iro n m en t. C onsider p o in t P in Figure 9.2 w hose c o o rd i n a te s are [Mg2+] = 10 “ 2 m o l/L an d p H = 10. T he c o o rd in ates o f P d o not satisfy eq u atio n 9.74, w hich im plies th a t brucite c a n n o t be in eq u ilib ri um w ith a solution o f th a t com p o sitio n because, at this value of [Mg2+], th e activity of O H - is too high. T he application of Le C h ä te lie r’s principle to eq u atio n s 9.59 an d 9.60 indicates th a t th e p re s ence of excess O H ” will resu lt in th e p recip itatio n of solid M g (O H ) 2 until b o th [M g2+] an d [O H - ] have been red uced sufficiently to place p o in t P on



the eq u ilib riu m line. We conclude, th erefo re, th at brucite will p re cip ita te in all environm ents th at lie to the right o f th e solubility lim its in Figure 9.2. In o th e r w ords, th e activities o f th e ions fo rm ed by M g (O H ) 2 c o n stra in its stability in co n tact w ith w ater co n tain in g M g2+ and M g (O H ) +.



9.5



pH Control of Dissociation Equilibria



The dissociation o f w eak acids and bases is con trolled by th e p H of th e geochem ical environ m ent. In o rd e r to exam ine this concept we retu rn to th e dissociation of H 2 S(aq) re p re se n te d by
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equatio n s 9.30 an d 9.31. H ow ever, h e re we rew rite th e m ass-action eq u atio n s (9.32 and 9.33) as follows: [H S“ ]



10 - 7 . 0



[ h 2 s]



[ h +]



[S2-]



IQ -



[H S“]



[H +]



-



1 0



2



1 0



] =



(9.76)



10[H S- ] + [H S- ] + 10- 6 9 [H S - ] = 1 X 1 0 -2 m o l/L



1



QtH S ~]



(9 -77)



and from e q u atio n 9.76: [S2-] = 10 1 0



[HS ] = - 6 .0 io ro



(9.79) If all activity coefficients are eq u al to one, we can su b stitu te equ atio n s 9.77 and 9.78 into 9.79, obtaining:



We see th a t the activity ratio s o f [H S - ] /[ H 2 S] an d [S 2 ]/[ H S -] d ep e n d on th e activity of th e hy d ro g en ion. A ccording to e q u a tio n 9.75, [H S " ]/[H 2 S] = 1.0 w hen [H +] = IO - 7 0 m o l/L . If [H + ] > IO-70, say 10-60,th e n [H S - ] /[ H 2 S] = 0.1, w hich m ean s th a t the activity o f H 2S is 10 tim es g reater th a n th e activity of [H S - ]. Similarly, if [H +] < IO“ 70, say IO“ 80, th en [H S - ] /[ H 2 S] = 10 and [HS ] is 10 tim es g reater th a n th a t o f H 2 S. E vidently, [H +] = 10-7 ° (p H = 7.0) is an im p o r ta n t b o u n d a ry at which th e ab u n d an ces of H 2S and H S - a re equal. H 2S d o m in ates at p H < 7.0, w hereas H S - d om inates at p H > 7.0 Sim ilar argum ents, applied to eq u a tio n 9.76, indicate th a t p H = 12.9 is a n o th e r b o u n d a ry in th e system . A t p H < 12.9 we find th a t H S - is m ore a b u n d a n t th an S2-, w hereas a t p H > 12.9 th e sulfide ion (S2 -) dom inates. Such re la tio n ships occur in all w eak acids an d bases because th eir dissociation into ions is c o n tro lle d by the p H of th e environm ent. T he control o f dissociation equilibria by the p H has an im p o rtan t consequence because it m eans th a t w e can identify the d om inant ions a t dif ferent values of the pH . In o rd er to d em o n strate how this w orks we fix th e total am o u n t of sulfurbearing species in the solution a t 1CT2 m o l/L and calculate the activities of H 2 S, H S - , and S2- as a function of pH . A t p H = 6.0 we o b tain from e q u a tion 9.75: [ h 2 s]



(H 2 S) + (H S - ) + (S2-) = 1 X 10 - 2 m o l/L



(9.75)



and: 129



r r o m m e m ass oaianee:



(9.80)



w hich re d u c e s to: 11[H S- ] = 1 X 10 - 2 m o l/L



(9.81)



and h en ce [H S- ] = 9.09 X 10 - 4 m o l/L . F rom e q u a tio n 9.77 w e determ ine th a t [H 2 S] = 9.09 X 10 - 3 m o l/L and from 9.78 we have [S2-] = 1.14 X 10 - 1 0 m o l/L . T h erefore, H 2S is th e m ost a b u n d a n t species at pH = 6.0 and constitutes 90.9% o f all S-bearing ions o r m olecules in the solution. T he bisulfide ion (H S - ) is n ex t in ab u n dance w ith 9.09% , which leaves only 0.01% for S2 -. W h en w e re p e a t this calculation for different values o f th e pH , we gen erate th re e curves th a t re p re se n t th e changing abundances of H 2 S, H S - , an d S2- in th e solution. A s expected, w e see from F igure 9.3 th a t H 2S dom inates at p H < 7.0, th at H S - is th e dom inant ion for p H values from 7.0 to 12.9, an d th a t S2- is dom inant a t p H > 12.9. A lth o u g h all of th e ions o r m olecules are p resen t th ro u g h o u t the range o f p H values, m ost of the S in the solution is associated w ith a p articular species except a t th e b o undaries at which th e abundances of tw o species are equal.



9.6



Solubility of Amorphous Silica



T h e oxides of m any m etals react w ith w ater to fo rm b ases and the oxides of nonm etals re a c t w ith w ater to fo rm acids. F o r exam ple, C 0 2 reacts with w ater to form carbonic acid: CO, + h ,o - > h 2 c o



3



(9.82)



a n d S 0 2 form s h y drosulfurous acid: 1 0



—6 .9 [H S -]



( 9



78) S 0 2 + h 2 o - > h 2s o



3



(9.83)
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PH Fi g u re 9.3 The pH dependence of the abundances of S-bearing ions and molecules in a solution of H2S(aq) containing a fixed amount of S in solution (equation 9.79). N ote that H2S is dominant at pH < 7.0, HS" domi nates between pH = 7.0 and 12.9, and that S2_ is dominant only at pH > 12.9. However, all of the ions are pre sent at all pH values even though their abundances may be small compared to that of the dominant ion.



In a very sim ilar m anner, silicon dioxide reacts w ith w ater to form silicic acid, such th a t at equilibrium : S i0 2 (am o rp h .) + 2 H 20 ^



H 4 S i0 4



K = IO- 2 7 4



(9.84)



S i 0 2 is a solid com pound th a t can eith er be a m o r pho u s o r assum e several d ifferen t p o lym orphic crystalline form s, including quartz, cristobalite, and tridym ite. Silicic acid actually form s as a resu lt o f chem ical w eathering of th e com m on rockform ing alum inosilicate m inerals such as the feldspars and micas ra th e r than by solution of crys talline or am orphous S i0 2. H ow ever, w hen its solu bility is exceeded, it form s am orphous silica, w hich



settles o u t slowly as a gelatinous precipitate (Iler. 1979). G iven sufficient time, the precipitate expels w ater and begins to crystallize, form ing opal A and opal C T as in term ed iate phases (K astner et al., 1977).The process ends with the crystallization of a cryptocrystalline variety of quartz called chal cedony, which form s chert or flin t and occurs in geodes as agate. Q u artz is highly insoluble, and dissolves in w ater only sparingly, even during long periods of geologic time. A m orphous silica, how ev er, is m uch m o re reactive and generally m aintains equilibrium w ith silicic acid. W e a re now in a position to discuss th e solu bility o f am o rp h o u s silica based on e q u a tio n 9.84 and on th e dissociation T th e silicic acid:
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H 4 S i0 4 ^



H 3 S i0 4 + H + K x = 10



-9.71



H 3 S i0 4" ^ H 2 S iO ^ + H + K 2 = 10 H* 2,S H SiO ] ^ i0 42- ^



+ „H + ,v3 K , -=. u10 “



H S iO 3- ^ SiO 4“ + H + K 4 = IO “



1128



9 S 6



1310



(9.85) (9.86) (9.87) (9.88)



W hen am o rp h o u s silica an d p u re w a te r have re a ch e d eq u ilib riu m at 25 °C (e q u a tio n 9.84), the activity o f silicic acid is given by th e L aw of M ass A ction: [H 4 S i0 4] = IO ”



2 7 4



m o l/L



(9.89)



T he equilibrium (eq u atio n 9.84) is in d ep en d ent of th e pH ; th erefo re, th e activity of [H 4 S iÖ 4] in a sa t u ra te d solution of silicic acid in co n ta c t w ith solid am o rp h o u s S i0 2 is constant and varies only with tem p eratu re. T he dissociation co n stan ts of silicic acid are all very small, m aking this a very w eak acid. W e can calculate the degree o f dissociation of silicic acid at p H = 7.0 by p ro ceed in g stepw ise from eq u a tio n 9.85: [H +][H 3 SiQ 4 ] [H 4 S i0 4]



= IO“



[H 3 S i0 4 ] =



(9.90)



971



i c r 971 x n r 2-74 io-™



= IO "



545



m o l/L



(9.91)



1(T5-45 X 102 IO“



= 0.19%



2 -7 4



(9.92)



T herefore, the activity of H 3 S i0 4 at p H = 7.0 is ab o u t 500 tim es less th an th a t of H 4 SiÖ 4 an d does n o t c o n trib u te appreciably to th e solubility of am o rp h o u s S i 0 2. A t p H = 8.0 th e activity of H 3 S i 0 4 in c re a s es to 10 “ 4 4 5 m o l/L (e q u a tio n 9.91) an d D x rises to 1.95% . A t p H = 9.0 [H 3 S i 0 4] in c rea ses to 10 - 3 4 5 m o l/L and D x reaches 19.5% . We see th at th e degree of dissociation of silicic acid is very low at p H < 8.0 and rises rapidly as th e p H increases above th a t value. A s a result, the solubility of am or phous silica also rises because it is based o n th e sum



of the concentrations of the Si-bearing ions in solu tion. T he first dissociation step (equation 9.85) m akes the largest contribution to the increase in the solubility of S i0 2 (am orphous) with increasing p H .T h e o th e r ions com e into play only in extrem e ly basic solution. T he solubility o f am o rp h o u s silica as a fu n c tion of p H is show n graphically in Figure 9.4. N o te th a t th e concen tratio n is expressed in m il ligram s p e r liter (m g /L ) of SiO z because it is com m only stated this w ay in chem ical analyses of w ater. T he S i 0 2 is n o t actually p resen t in m o lecu lar fo rm b u t rep resen ts H 4 S i0 4 to which it can be re la te d by equ atio n 9.84. T herefore, the co n cen tra tio n of S i 0 2 sta te d in m illigram s p er liter can be recalcu lated as H 4 S i0 4 in m oles p e r liter by the follow ing consideration. If S i0 2 = 25.0 m g /L , its m o lar co n cen tratio n is 25.0/60.08 m m o l/L or 0.416 X IO - 3 m o l/L , w h ere 60.08 is th e m olecular w eight o f S i 0 2. E q u a tio n 9.84 indicates th a t for every m ole of am orphous S i0 2 th at dissolves 1 m ol of H 4 S i0 4 is produced. T herefore, since 0.416 X 10 3 mol of S i 0 2 dissolved to give a co n c e n tra tio n o f 25.0 m g /L , th e c o n cen tratio n of H 4 S i0 4 in th a t solution is also 0.416 X 10 - 3 or 4.16 X 10 ~ 4 m o l/L . T he c o n c e n tra tio n o f SiO z in Figure 9.4 is p lo tte d on a linear r a th e r th an a lo garithm ic scale in o rd e r to em p h asize th a t th e solubility o f a m o r p h o u s S i 0 2 a t 25 °C in creases steep ly at p H > 8 b ec au se o f th e dissociation o f H 4 S i0 4 to H 3 S i0 4 , w hich in tro d u c e s a d d itio n a l S i-bearing ions into th e w ater. T h erefo re, even a sm all decrease in th e p H of basic so lu tio n s co n tain in g H 4 S i 0 4 m ay reduce th e solubility of S i 0 2 eno u g h to sa tu ra te th e so lu tio n and to cause am o rp h o u s S i 0 2 to be d e p o sited . F o r exam ple, a d ecrease o f 0.1 pH u n its fro m 8.5 to 8.4 of a saturated so lu tio n can re su lt in th e d ep o sitio n o f 1.37 mg o f am o rp h o u s S iO z p e r lite r o f so lution. Such seem ingly sm all am o u n ts quickly in crease w hen we apply th e m to th e larg e v olum e o f g ro u n d w a te r th a t m ay flow th ro u g h an a q u ife r in th e course of geologic tim e. S u b tle ch anges in th e geochem ical e n v iro n m e n t can b e m agnified by tim e into large-scale tra n s fo rm ations.
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p er liter by converting first to m icrom oles o f Si and then to m icrogram s of SiO,. Fof average river w ater: SiO , =



pH



Fi g u r e 9 .4 Solubility of amorphous SiO, expressed in units of mg of SiO, per liter of pure water at 25 °C based on equations 9.84 and 9.85. Note that H4S i0 4 begins to dissociate appreciably at about pH = 8.0 and that HjSiO^ becomes dominant at pH = 9.71.The sec ond dissociation (equation 9.85) is negligible in the pH range shown here and, at pH = 10.0, it increases the solubility of amorphous SiO, by only 0.03%. Silicic acid is derived primarily by chemical weathering of the common rock-forming Al-silicate and silicate min erals, but may be precipitated from saturated solutions as gelatinous amorphous silica when the pH decreases. A s amorphous silica ages, it recrystallizes to form opal A and opal CT until it ultimately forms chalcedony, which is a variety of quartz.



Surprisingly, quartz is not an im portant source of silicic acid in natural solution because it is quite insoluble.T he equilibrium constant of the reaction: S i0 2 + 2 H 20 : Q u artz



H 4 SiQ 4



6.5



X



60.08: x IQ3



2 8.086



X



103



= 13.9 m g /L



(9.94)



T h erefore, average river w ater is supersaturated with resp ect to q u artz b u t is u n d e rsa tu ra te d with respect to am o rphous silica. H ow ever, quartz does n o t p recip itate from aqueous solutions directly b u t form s only by recrystallization of am o rp h o u s S i 0 2 as discussed previously. T h e con ce n tratio n o f SiO , in seaw ater is 5.8 m g /L (assum ing a density of 1.025 g /c m 3), which is close to the solubility of q u artz at 25 °C. Seaw ater has a low er co n cen tratio n of S i 0 2 th an river w ater becau se certain organism s (sponges, diatom s, and radiolarians) form skeleto n s com posed of opal A . W hen these organism s die, their siliceous skeleto n s accum ulate on the b o tto m of the ocean and m ay ultim ately form e ith e r chert, com posed of cryptocrystalline quartz, o r deposits o f diato m ite (C ressm an, 1962; W edepohl, 1972). The geochem istry of silica illustrates th e point th at som e reactions in natu re are essentially irre versible. W hen N aC l dissolves in w ater th e reaction is reversible because the com pound does precipi tate from su p ersaturated solutions. W hen am or phous silica dissolves in water, it can be m ade to precipitate again, although with som e difficulty. H ow ever, w hen q uartz dissolves in w ater at 25 °C to form silicic acid, the reaction cannot be reversed at the sam e tem perature. We will en co u n ter this p h e nom enon again in C hapter 10 w hen we discuss the solubility o f m inerals, som e of which form only by crystallization of m agm a at elevated tem peratures.



(9.93)



is K = 10 . A s a result, the activity of H 4 S i0 4 in a satu rated solution in contact with quartz a t 25 °C is 9.76 X lO- ^ m o l/L ; which is equivalent to T5-9 m g /L of S i0 2 in solutiotf/The concentrations of Si in average river w ater and seaw ater (Table 4.7) are 6.5 an d 2.8 /xg/g, respectively.These co n cen tra tions can be transform ed into SiOz in m illigram s



9.7



Summary



C hem ical reactio n s have a natural ten d en cy to achieve a sta te of equilibrium in which th e rates of the forw ard and backw ard reactions a re equal. As a result, th e am ounts of reactants and products th at coexist a t equilibrium are invariant w ith time. This o b serv atio n al evidence was originally used to
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fo rm u late th e L aw of M ass A ction, w hich was late r d eriv ed from th e principles of therm odynam ics. C hem ical reactio n s in th e n a tu ra l e n v iro n m e n t m ay fail to reach equilibrium becau se the p ro d u cts escap e from th e site of th e re a c tio n or b ecause reactio n s involving th e tra n sfo rm a tio n of o n e solid in to a n o th e r are very slow. In addition, som e n a tu ra l reactio n s are irreversible. A cids a n d bases are defined as com po unds th a t release H + o r O H - ions in aq u eo u s solutions, respectively. T h e bases of som e elem en ts are am p h o te ric an d act like bases in acidic en v iro n m en ts an d like acids in basic en vironm ents. W eak acids and b ases dissociate only p artially d e p e n d ing on th e p H o f th e environm ent. In general, th e p H of n a tu ra l en v iro n m en ts results from th e co m



bined effect o f all chem ical reactions th a t are ta k ing place sim ultaneously. Som e bases are insoluble and actually occur as m inerals in n a tu re . For exam ple, M g (O H ) 2 form s th e m in eral brucite. T he solubility of such insoluble bases can be calculated by solving a set o f sim u ltan eo u s eq u atio n s d eriv ed from the Law o f M ass A ctio n a n d from the re q u ire m e n t of co n servation of m ass and electrical charge. W eak acids play an im p o rta n t ro le in g e o chem istry b ecause th e ab u n d an ces of the ions th ey form by dissociation are co n tro lled by the p H o f the env iro n m en t. This p h en o m en o n affects the solubility o f am o rp h o u s silica, w hich increases rapidly at p H > 8 because o f th e dissociation of silicic acid.



Problems 1. If the concentration of an ion in a solution is 5.0 X 10-2 m ol/L at 25 °C, what is its concentration in the same solution at 45 °C? Use the data in Table 9.1. (Answer: 4.96 x 10-2 m ol/L) 2. Derive a relationship between the molarity (M), the formality (F), and the density (d) of a solution.



3. Calculate the normality of hydrochloric acid (HC1) from the following information provided by the label on the bottle. Assay: 37%; net weight: 2.72 kg; molecular weight: 36.46; specific gravity: 1.18. (Answer: 12.0) 4. Calculate the normality of sulfuric acid (H 2S 0 4) based on the information provided by the label on the



bottle. Assay: 98.0%; net weight: 4.08 kg; molecular weight: 98.08; specific gravity: 1.84. (Answer 36.8) 5. What volume of 35 N (normal) H2S 0 4 is required to make 250 mL of 1.5 N H2S 0 4? 6. Calculate the pH of hydrofluoric acid containing 0.1 mol of HF per liter of solution. Find the dissociation constant in Table 9.3.



7. Calculate the activities of all ions and the pH of a solution containing 0.1 mol of phosphoric acid per liter of solution. Find the equilibrium constants in Table 9.3. 8. Calculate the solubility of gibbsite (A l(O H )3) at pH = 5.0. Find the dissociation constants in Table 9.3.
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 10 Salts and Their Ions W h e n an acid and a b ase a re m ixed, the h y d ro gen ion o f th e acid co m bines w ith th e hydroxyl io n o f th e b ase to form w ater. T h e rem aining an io n o f th e acid a n d th e ca tio n o f th e base form a salt, w hich m ay p re c ip ita te o r rem ain in solu tio n d ep en d in g o n its solubility. S alts are nam ed a fte r th e acids th a t p ro v id e d th e anions. F or exam ple, h y d ro ch lo ric acid fo rm s chlorides, sul fu ric acid form s sulfates, c a rb o n ic acid form s car bonates, an d silicic acid fo rm s silicates. T he n a tu ra lly o ccurring salts o f th e se and o th e r acids a re m inerals th a t fo rm th e rock s o f th e crust of th e E a rth . T he only m in erals th a t a re n o t salts are th e oxides, hydroxides, a n d native elements. E vidently, th e stu d y o f salts an d th eir p ro p e rtie s is an im p o rta n t subject in geochem istry. In this c h a p te r we will stu d y th e solubility of salts in w a te r an d th e in te ra c tio n s o f th e resu ltin g ions w ith m olecules o f w ater.



10.1



Solubility of Salts



W h en salts dissolve in w ater, they dissociate into th e anions an d catio n s o f th e acid an d th e base fro m w hich th ey w ere deriv ed . N eu tra l m ole cules o f salts m ay also form , b u t th e ir ab u n d an ce is low in m o st cases. W h en a salt has fo rm ed a sat urated solution, a sta te o f eq u ilib riu m exists b e tw e e n the ions in th e so lu tio n an d any excess salt rem aining in th e solid state. T h erefo re, th e L aw o f M ass A c tio n app lies an d can b e used to calcu late th e activities o f th e ions in a sa tu ra te d so lu tio n and h e n c e th e solubility o f th e salt. W e choose a lu m in u m su lfate [A12 ( S 0 4)3] to illu stra te h ow th e Law o f M ass A ctio n can be u se d fo r this p u rp o se. A lu m in u m sulfate, a salt of
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sulfuric acid and alum inum hydroxide, is quite soluble in w ater an d dissociates read ily into ions: A l 2 ( S 0 4 ) 3 ( s ) ^ 2 A l3+ + 3 S O 2-



(10.1)



W e assum e fo r the tim e being th a t th ese ions do n o t in teract with w ater, th a t this re actio n is the only source o f A l3+ an d S 0 4_ ions, th a t no o th e r ions are p resen t, an d th a t th e w ater te m p e ra tu re is 25 °C. W e see fro m eq u atio n 10.1 th a t each m ole o f alum inum sulfate th a t dissolves p r o duces tw o m oles of A l3+ and th re e m oles o f S 0 4_ in th e solution. T h erefo re, if x is th e n u m b er of m oles of salt th a t dissolve in a satu ra te d solution, th e con cen tratio n s of the resulting ions will be (A l3+) = 2x and ( S 0 4~) = 3x. A ccording to the L aw of M ass A ctio n (eq u atio n 9.13): [A13 +]2 [ S 0 4 -



] 3



= K sp



(10.2)



w here K sp is the solubility pro d u ct constant, and th e activity of excess solid alum inum sulfate is eq u al to one. If th e co n cen tratio n s of th e ions a re eq u al to the activities in the solution, [A l3+] = 2x and [SO 2 -] = 3x. S ubstituting into th e e q u a tio n 1 0 . 2 we obtain: (2x)2(3 x f = K sp



(10.3)



w here K sp = 69.19 (calculated from its solubility given by W east et al., 1986).The solubility pro d u c t co n stan t is a large num ber, indicating th a t a lu m inum sulfate is, in fact, a very soluble salt. For this reason, it does n o t occur naturally as a m in er al. E q u atio n 10.3 reduces to 108x5 = 69.19, which yields x = 0.9147. T herefore, a satu rated solution o f alum inum sulfate contains 2x = 1.829 m o l/L o f A l3+ an d 3x = 2.744 m o l/L of SO;;- . T he A l3+ reacts w ith w ater to form insoluble A l hydroxide.



 10.1 T he am o u n t of alum inum sulfate th at dissolves in a sa tu ra te d solution is equal to x = 0.9147 m o l/L . Since th e m olecular w eight o f alum inum su lfate is 342.1478, its solubility is 0.9147 X 342.1478 = 3.13 x 102 g /L of w ater. M ost m inerals are m uch less soluble in w ater th an alum inum sulfate, an d th e ir solubility p ro d uct con stan ts have correspondingly sm aller val ues. T able 10.1 contains th e solubility p ro d u c t co n stan ts of som e com m on m inerals ta k e n p ri m arily from a com pilation by K rau sk o p f (1979) b u t a u g m en ted w ith d ata from L indsay (1979). T hese constants can be used to calculate th e activ ities o f th e ions in sa tu ra te d solutions o f m inerals by m eans of th e Law of M ass A ction. We are also in terested in finding o u t w h eth e r a solution is actually sa tu ra te d w ith resp ect to a specific m ineral. For exam ple, if a sam ple o f w ater contains 5.00 X 10 - 2 m o l/L of C a2+ and 7.00 x 10 - 3 m o l/L of S 0 4~, we m ay w ant to know w h eth er this solution is sa tu ra te d w ith re sp e ct to calcium sulfate (anhydrite). In o rd er to find out, we first w rite the eq u atio n to rep rese n t th e disso ciation of C a S 0 4 into its ions: C a S 0 4 ^ C a 2+ + SO 2-



(10.4)



A t equilibrium the Law o f M ass A ction applies; thus: [Ca 2 +][S 0 2 -] = IO - 4 5



(10.5)



If th e solution is sa tu ra te d w ith resp ect to an h y drite, th e p ro d u ct of activities of the ions in th e solution m ust equ al 10-4,5. W e assum e fo r th e sake of arg u m en t th a t th e m easu red co n cen tratio n s are equal to th e activities of th e ions and th e re fore calculate the ion activity p ro d u ct (IA P ): (5.00 X 10- 2 )(7.00 X 10~3) = 35.00 X 10 “ = IO - 3 4 5



constant, th e so lu tio n is undersaturated an d th e re fo re can dissolve th e m ineral. If IA P = K , th e solution is saturated and a sta te o f equilibrium exists b etw een th e solid an d its ions. In th e case w e a re considering, it tu rn s o u t th a t C a S 0 4 does n o t actually p re c ip ita te from a su p e rsa tu ra te d so lu tio n o f its ions. In ste a d , g y p su m ( C a S 0 4 • 2 H 2 0 ) form s an d su b seq u en tly crystallizes to anhydrite. This is a n o th e r exam ple o f th e irreversibility o f som e g eo chem ical re a c tions we first m e n tio n e d in Section 9.6. In this case, C a S 0 4 dissolves in w a te r b u t does n o t p re cipitate a t 25 °C. Similarly, m o st silicate m inerals dissolve in w ate r b u t do n o t p re c ip ita te from aqueous solutions o f th e ir ions a t low te m p e ra ture. Som e silifcate m in erals p re cip ita te from aqueous solutions only at e le v a te d te m p e ra tu res o r req u ire a specific startin g m a te rial like volcanic glass, an d th e silicate m in erals o f igneous rocks crystallize only fro m silicate m elts a t te m p e ra tu res close to 1000 °C. In th e case o f th e calcium sulfate so lu tio n we are considering, g yp su m p re cip ita te s u n til th e activities of th e ions a re re d u c e d sufficiently so th a t th e IA P is eq u al to K sp an d solid gypsum is in equilibrium w ith its ions: C a S 0 4 -2 H 2 0 ( s ) ^ C a 2+ + S 0 2A~ + 2H 20 (10.7) T herefo re, at e q u ilib riu m b e tw e e n gypsum an d its ions: [C a 2 +] [ S 0 2_] = IO - 4 6



( 1 0 .6 )



Since th e IA P (IO-345) in this case is larger th a n th e solubility p ro d u ct con stan t, th e so lu tio n is supersaturated w ith respect to calcium sulfate. T h erefore, anhydrite should precipitate. If the IA P is fo u n d to be less than th e solubility p ro d u c t



(10.8)



If x m oles o f gypsum p rec ip itate , th e activities of th e ions at eq u ilibrium will be: [C a2+] = 5.00 X IO - 2 - x [SO 2 -] = 7.00 X 10 “



5
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3



- x



(10.9) (10.10)



Substituting into eq u a tio n 10.8 yields: (5.00 X 10 - 2 - x)(7.00 X 10 “



3



- x) = IO - 4



6



(10.11) w hich red u ces to a q u a d ra tic eq u atio n : x 2 - (5.7 X 10-2)x + 3.25 X 10 - 4 = 0



(10.12)
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Solubility Product Constants for Different Salts at 25 °C p/ 0 'b



Carbonates Ag2C 0 3 B aC 03 C aC 03 C aC 03 C aC 03 • 6H zO C dC 03 C oC 03 C uC 03 Cu2( 0 H ) 2C 0 3 Cu3( 0 H ) 2( C 0 3)2 F eC 0 3 HgCOj Hg2C 0 3 M gC 03 M gC 03 • 3H20 -M g C 0 3 • 5H20 M gC a(C 03)2 M nC 03 N iC 0 3 PbC 03 Pb2C 0 3Cl2 Pb3( C 0 3)2( 0 H )2 S rC 03



uo2co3 Z nC 03



witherite calcite aragonite ikaite otavite sphaerocobaltite malachite azurite siderite [Hg^+][C 0 3- ] magnesite nesquehonite lansfordite dolomite rhodochrosite cerussite phosgenite strontianite



[uoHtcor]



smithsonite



11.09 (L) 8.3 (K)c 8.35 (K) 8.22 (K) 6.38 (L) 13.7 (K), 12.0 (L) 10.0 (K) 9.63 (L) 33.8 (K), 33.2 (L) 66.5 (L) 10.7 (K), 10.2 (L) 22.6 (L) 14.0 (L) 7.5 (K ),7.46 (L) 5.6 (K ),4.67 (L) 4.54 (L) 17.9 (L) 9.3 (K), 10.1 (L) 6.9 (K) 13.1 (K), 13.5 (L) 20.0 (L) 46.8 (L) 9.0 (K)c 10.6 (K) 10.0 (20°C, K), 10.2 (L)



Sulfates A g2S 0 4 k a i 3( s o 4)2( o h )6 BaS04 C aS 04 C aS 04 • 2H zO C dS 04 C dS 04 ■2H20 C uS 04 C uS 04 ■5H20 Cu4( 0 H ) 6S 0 4 F eS 0 4 F eS 0 4 ■7H20 Fe2( S 0 4)3 KFe3( S 0 4)2( 0 H )6 HgSO, Hg2S 0 4 MgSO, M n S 04 M n S 04 • H20



alunite barite anhydrite gypsum



brochantite



jarosite



4.81 (K, L) 80.95 (L) 10.0 (K) 4.5 (K),4.41 (L) 4.6 (K ),4.63 (L) 0.044 (L) 1.59 (L) -3 .7 2 (L) 2.61 (L) 68.6 (L) -2 .6 5 (L) 2.46 (L) -2 .8 9 (L) 96.5 (L) 3.34 (L) 6.20 (L) -8 .1 8 (L) -3 .4 3 (L) -0 .4 7 (L)
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(c o n t in u e d ) pK*



Mn2( S 0 4)3 PbS04 S rS 0 4 Z nS04



anglesite celestite zinkosite



11.6 (L) 7.8 (K), 7.79 (L) 6.5 (K) —3.41 (L)



Sulfides a-A g2S ß-A g2S A g2S Bi2S3 CaS CdS CoS (a) CoS(/3) Cu2S CuS



a_^ e0.95^



a-FeS FeS FeS2 FeS2 Fe2S3 a-HgS ß-K gS Hg2S MgS MnS MnS MnS2 MoS2 a-NiS y-NiS PbS Sb2S3 SnS a-ZnS ß-ZnS



Phosphates A g3P 0 4 a ip o 4 A 1P 04 • 2H20 H 6K3A15( P 0 4) s -18H 20 C a H P 0 4 • 2HzO C aH P04 a ~Ca3( P 0 4)2 /3-Ca3( P 0 4)2



bismuthinite oldhamite greenockite



chalcocite covellite pyrrhotite troilite troilite pyrite marcasite cinnabar (red) metacinnabar (black) [Hg2+][S2-] (green) (pink) alabandite haurite molybdenite



galena stibnite sphalerite wurtzite



berlinite variscite K-taranakite brushite monetite whitlockite



49.01 (L) 48.97 (L) 50.1 (K) 100.0 (K) 0.78 (L) 27.0 (K, L) 21.3 (K) 25.6 (K) 48.5 (K, L) 36.1 (K) 17.4 (L) 16.2 (L) 18.1 (K) 42.5 (L) 41.8 ( L) 88.0 (L) 53.0 (K), 52.0 52.7 (K), 51.7 54.8 (L) -5 .5 9 (L) 13.5 (K), 11.7 10.5 (K), 12.8 81.4 (L) 9 19.4 (K) 26.6 (K) 17.5 (K ,L ) 90.8 (K) 25.9 (K)c 24.7 (K ,L ) 22.5 (K, L)



(L) (L)



(L) (L)



16.0 (L) 19.0 (L) 22.1 (K, L) 178.7 (L) 6.57 (K, L) 6.89 (L) 25.5 (L) 28.7 (K), 28.9 (L)
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(c o n t in u e d ) p tfab



Ca8H2( P 0 4)6 • 5HzO Ca10F2(PO4)6 Ca10(OH)2(PO4)6 Cd3( P 0 4)2 Cu3( P 0 4)2 C u(P 04)2 • 2HjO F eP 04 (amorph.) F eP 0 4 ■2HzO Fe3( P 0 4)2 ■8H zO Hg2H P 0 4 k h 2p o 4 k 2h p o 4 M gH P04 • 3H20 M gK P04 ■6 H ,0 MgNH4P 0 4 • 6H20 Mg3( P 0 4)2 Mg3(P 0 4)2 • 8H zO Mg3(P 0 4)2 ■22H20 M nH P04 Mn3( P 0 4)2 PbH P04 Pb(H2P 0 4)2 Pb3(P 0 4)2 P b ,(P 04)3Br Pb5( P 0 4)3Cl Pb5( P 0 4)3F Pb5( P 0 4)30 H ( u o 2)3( p o 4)2 u o 2h p o 4 Zn3( P 0 4)2 • 4HzO Zn3( P 0 4)2 Molybdates A g2M o 0 4 C aM o04 Cu M



o



octacalcium phosphate fluorapatite hydroxyapatite



strengite vivianite



newberyite struvite bobierrite



bromopyromorphite chloropyromorphite fluoropyromorphite hydroxypyromorphite [ U O f ]3[PO^“]2 [ u o 2+][h p o J _] hopeite



powellite



0 4



F eM o04 M gM o04 M nM o04 P bM o04 Z n M o04



wulfenite



80.6 (L) 119.2 (L) 116.4 (L) 38.1 (L) 36.9 (K, L) 38.8 (L) 21.6 (K) 26.4 (K,L) 36.0 (L) 12.4 (L) 0.21 (L) -3 .6 0 (L) 5.82 (L) 10.6 (L) 13.2 (L) 25.2 (K), 14.6 (L) 25.0 (L) 23.1 (L) 12.9 (L) 27.4 (L) 11.4 (K), 11.5 (L) 114.7 (L) 43.5 at 38°C (K),44.4 (L) 78.2 (L) 83.7 (L) 71.6 (L) 76.8 (L) 49.7 (K) 12.2 (K) 35.3 (L) 35.3 (K)



11.55 (L) 7.94 (L) 6.48 (L) 7.70 (L) 0.62 (L) 4.13 (L) 16.0 (L) 4.49 (L)



Chlorides AgCl CuCI PbCl2 Hg2Cl2



cerargyrite cotunnite



[Hg2+] [ c r ]2



9.75 (K, L) 6.7 (K) 4.8 (K) 17.9 (K)
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(c o n t in u e d ) piC-b



Fluorides AgF BaF, CaF2 MgFz PbF, SrF2



fluorite sellaite



100.0 5.8 10.4 8.2 7.5 8.5



(L) (K) (K) (K)c (K) (K)



“Expressed as —log Ksp. bK = Krauskopf (1979), pp. 552-553; L = Lindsay (1979), calculated from standard free energies. “Uncertain by more than 0.8 (Krauskopf, 1979).



W e solve this eq u a tio n by m ean s of th e q u ad ratic fo rm u la (e q u a tio n 9.18) and o b tain tw o roots: x , = 5.05 X 10 ~ 2 and x 2 = 6.45 X 10-3. We choose x 2 becau se x, red u ces [SO 4 - ] in e q u atio n 10.10 to a negativ e value. T h erefo re, th e am o u n t o f gypsum th a t will precip itate p e r liter o f so lu tio n is 6.45 X 10 ~ 3 x 172.17 = 1.11 g. W hen e q u i lib riu m has b een established a fte r gypsum has p re c ip ita te d , th e IA P (5.00 — 0.645) X 10 “ 2 X (7.00 - 6.45) x 10 - 3 = IO-46, as re q u ire d for equilibrium . N o te th a t th e [Ca 2 +] / [ S 0 2^] ratio has in c re a se d by m o re th an a fa c to r o f 1 0 fro m its initial value of (5.00 X 10_ 2 )/(7 .0 0 X 10-3) = 7.1 to (4.35 X 10~2)/(0.055 X IO“2) = 79.2. E vi dently, th e p recip itatio n of a salt from a sup ersat urated solution not only reduces th e concentrations of the ions b u t actually changes the chemical com position of th e rem aining solution. If gypsum continues to precipitate from this solution, the activity of SO 2 ~ approaches zero and the [C a 2 +] / [ S 0 2_] ratio rises tow ard infinity. This phenom enon, which is illustrated in Figure 10.1, occurs during the evolution of brines by evapora tive concentration and constitutes a geochemical divide. T he solution we have been discussing is depleted in sulfate and is enriched in C a2+ by the progressive precipitation of gypsum because its ini tial m olar C a 2 +/SC>4 _ ratio was greater than one. If C a 2 +/ S 0 2‘ < 1.0, precipitation of gypsum causes depletion in C a2+ and enrichm ent in sulfate. T herefore, the value of the m olar C a 2 +/ S 0 2_ ratio of a solution from which gypsum precipitates deter-



G y p s u m P r e ci p i t a t e d , m o l es p e r li t e r F i g u r e 10.1 Changes in the molar Ca2+/ S 0 2_ ratio of a solution from which gypsum is precipitating based on equations 10.9 and 10.10. In this example, the solu tion contains more Ca2+ than SO2 -, and its Ca2+/ S 0 2' ratio therefore increases as equal amounts of Ca2+ and SO2- are removed from it. As a result, the solution becomes enriched in Ca2+ and depleted in SO2 -. If the solution initially contains more SO2- than Ca2+,it becomes enriched in SOj~ and depleted in Ca2+ as a result of progressive gypsum precipitation. This phe nomenon constitutes a geochemical divide that affects the chemical evolution of brines by progressive evapo rative concentration.



m ines w hether th e solution becom es enriched in C a2+ o r SO4“. Similar geochem ical divides o p erate w hen o th e r salts precipitate from isolated volum es of w ater undergoing evaporative concentration in a d esert lake (H ard ie and Eugster, 1970).
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N a tu ra l w ater sam ples are m uch m o re com p lex th a n th e solution we have b e en discussing b ecau se th e y contain a m ixture of cations and anio n s an d th erefo re m ay p recip itate several dif fe re n t salts. F or exam ple, a solution m ay be sa tu ra te d w ith respect to b o th gypsum and barium sulfate (barite). In this case we have tw o sim ulta n e o u s equilibria w ith a com m on ion: C a S 0 4 ■2 H 2 O ^ C a 2+ + S O 2“ + 2 H zO (10.13) (10.14)



B a S 0 4 ^ B a 2+ + SO 2“



B o th reactions contribute S 0 4 ions to th e solu tion, b u t th e resulting activities m ust be th e sam e for b o th equilibria. We can calculate th e [Ca 2 +]/[B a 2+] ratio of a solution that is saturated w ith respect to b o th gypsum and barite by applying th e Law of M ass A ctio n to equations 10.13 an d 10.14: [Ca 2 +][S 0 2“ ] = IO “ [Ba 2 +][S 0 4“ j = 10



-



4 6



10.0



(10.15) (10.16)



Since [ S 0 4“ ] has the sam e value in b o th equilibria, w e elim inate it by su bstituting [SO 2“ ] = 10 “ 4 6 /[ C a 2+] into eq u atio n 10.16: [Ba2+] X IO "



4 6



= IO “



[Ca2+]



100



(10.17)



from which it follows th at [Ba 2 +]/[C a 2+] = 10 “ 5 4 or [Ca 2 +]/[B a 2+] = 2.5 X 105. Evidently, th e activity of C a2+ is 250,000 tim es th at of B a2+ w hen th e solution is sa tu ra te d with respect to both gypsum and barite. W e can d eterm in e th e [S 0 2' ] co n cen tratio n o f such a solution from the req u irem en t for elec trical n eutrality: 2 (B a2+) + 2(C a2+) + (H +) = 2(SO ^“ ) + ( O H “ ) (10.18) F ro m eq u atio n s 10.15 and 10.16 we have, in term s o f concentrations: (C a2+) =



10 -4.6



(10.19)



4 ~]



and: (B a2+) =



1 0



-



10.0



y±2[so2“]



(10.20)



w here y ±2 is the activity coefficient of Ca2+ and B a2+ defined by eq u atio n 9.12. By substituting into equation 10.18, setting y ±2 = 1 .0 , and d ro p ping (H +) and (O H “ ), we obtain: 2 X 1 0 - + 2 > O 0 ^ = 2 (so n



(ia 2 1 )



[so2-]



[SO2“ ]



If we stipulate th a t [S 0 4 ] = (SO 2 ), equation 1 0 . 2 1 reduces to: 10



-4.6



1 0



- 10.0 _ = (SO 2 “



) 2



(10.22)



E vidently, th e b arite co n trib u tes a negligible am o u n t of sulfate to th e solution an d [ S 0 4“ ] = ( S O D = 10 “23 m ol/L T he results of this calculation indicate that gypsum is able to force barite to precip itate w hen a saturated solution of barite com es in contact with gypsum. In o th e r words, barite can rep lace gypsum or anhydrite because barite is less soluble th an gyp sum or anhydrite. The calcium sulfate can dissolve in a solution th a t is already saturated w ith respect to b arite and thereby it can increase th e sulfate concentration. A s a result, the solution becom es supersaturated w ith respect to barite. T herefore, b arite precipitates as gypsum or an h y d rite dis solves until th e [Ca 2 +]/[B a 2+] ratio o f th e solution approaches 250,000 which is req u ired fo r equilibri um . W hen th a t value is reached, the rep lacem en t of gypsum o r anhydrite by barite stops. R ep la ce m en t of one m ineral by a n o th e r is a com m on p h en o m en o n in geology an d affects not only sulfates b u t also sulfide m inerals, carbonates, and o th e r types of com pounds. In each case, the in tro d u ctio n o f a com m on ion causes th e solution to becom e su p ersatu rated with respect to th e less soluble com pound. T he effective ion m ay be the anion, as we have seen, or the cation itself. F or exam ple, if B aC l2, which is quite soluble, is added to a saturated solution of B a S 0 4, th e sulfate p re cipitates until m ost of it is rem oved fro m the solu tion. In this case b arite replaces B aC l2. The process always involves th e rep lacem en t of the m ore soluble co m pound by th e less soluble one. Solutions in n atu re m ay becom e su p e rsa tu ra t ed w ith respect to a specific com pound in several different ways, including ( 1 ) the in tro d u ctio n of a



 10.2 com m on ion, as ju st described; (2) a change in the pH , exem plified in C h ap ter 9 by th e p recipitation of am o rp h o u s silica; (3) evaporative concen tration of w ater in closed basins and in soil or sedim ent drying in the sun; and (4) te m p e ra tu re variations. T he solubility of com pounds does d ep e n d on the tem p eratu re, b u t n o t always as we m ight expect. In general, solubilities increase with increasing tem p eratu re, b u t fo r som e com pounds the o p p o site is true. F or exam ple, th e solubility of C a C 0 3 and o th e r carbonates decreases w ith increasing te m p e ra tu re because th e solubility p ro d u c t constants of calcite and aragonite actually decrease w ith increasing tem p eratu re. W e will ta k e up th e te m p e ratu re d ep en d en ce of th e solu bilities o f m inerals in C h ap ter 11 a fte r we le a rn to calculate equilibrium co nstants from th erm o d y n am ic data.



10.2



Hydrolysis



W eak acids are only p artly dissociated in w ater b ecause th e anion of the acid has a strong affini ty fo r hydrogen ions. W hen a salt o f a w eak acid is dissolved in w ater, it releases anions into solu tio n th a t have th e sam e strong affinity for h y d ro gen ions. T herefore, th ese anio n s im m ediately b o n d to h y drogen ions and th ere b y form the p a re n ta l acid. T he h y drogen ions th a t bond w ith anions m ay already exist in th e en v iro n m ent, or they m ay originate from th e dissociation of w ater. In eith er case, w hen th e salt of a w eak acid is dissolved in w ater, th e rem oval of H + causes the solution to becom e m o re basic. T he process w e have ju st describ ed is h yd ro l ysis. It is defined as th e in teractio n b etw een w ater and o n e or b o th ions of a salt th a t results in the fo rm ation o f th e p aren tal acid o r base, or both. We can classify salts by th e stren g th of th e acid and base fro m w hich they form: 1. S trong acid + strong base. 2. S trong acid + w eak base. 3. W eak acid + strong base. 4. W eak acid + w eak base.
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Salts derived fro m strong acids a n d strong bases (category 1), such as N aC l or C a S 0 4, do n o t hydrolyze because neith er the an io n n o r the cation has a particu lar affinity for H + o r fo r O H - . Salts of strong acids and w eak bases (category 2), such as F eC l3 o r C u S 0 4, release cations in to so lu tion th a t com bine with O H - to fo rm the p a re n ta l base. The rem o v al of O H - causes th e solution to becom e m o re acidic. Salts of w eak acids and strong bases (category 3) release anions th a t hydrolyze and m ak e the solution m o re basic. Salts of w eak acids and w eak bases (category 4), like C uC O s o r FeS2, release anions an d cations b o th of which hydrolyze. In this case, th e effect on th e p H of a neu tral solution m ust be d e te rm in e d by calcu lation because it depends on a com parison o f th e strengths of th e p a ren ta l acid and base. H ydrolysis is a very im p o rta n t p rocess because m ost o f th e com m on rock-form ing m in erals of th e cru st o f the E a rth a re salts o f w eak acids an d strong bases. For exam ple, th e c a rb o n ates an d silicates o f th e alkali m eta ls and alkaline earth s are salts o f this type. T h erefo re, th e anions of th ese m inerals split w ater m olecules in o rd e r to fo rm th e w eak p a re n ta l acid an d th e re b y cause th e h ydroxyl ion co n c e n tra tio n of th e so lu tion to increase. This is why g ro u n d w a ter in c a r b o n a te aq uifers is com m only basic. E v e n silicate m inerals, such as th e feldspars, hydrolyze w hen th ey in tera ct w ith w ater by releasing N a + o r K + from th e surfaces o f m ineral grains a n d replacing it w ith H +. T he dissociation of salts into ions an d su b se q u en t hydrolysis of the ions takes place very ra p id ly. A s a result, th ese kinds of reactions are usually at equilibrium . T herefore, if we dissolve a sm all q u a n tity of potassium carbonate in p u re w ater a t 25 °C, it will dissolve com pletely and dissociate into ions: K 2C 0 3



2K + + C O 2-



(10.23)



T he carb o n a te ions react w ith w ater to form bicarbonate:



co2- +



h 2o ^ h c o j + O H "



a:h1



( 1 0 .2 4 )



The b icarb o n ate ion ( H C 0 3) is itself an acid because it can release H + into solution. H ow ever, it also hydrolyzes:
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HCOJ + H20 ^ H



2



C 03 + OH”



Km



(10.25)



By applying the L aw o f M ass A c tio n to reactio n 10.24 we have: [H C O j][O H - ] [C O M



= Ku



(10.26)



= K,H2



(10.27)



and from eq u a tio n 10.25: [h 2c o 3][o h -] [H C O j]



K 2 C 0 3 in one liter of p u re w ater a t 25 °C. In a d d i tion, we specify th a t C 0 2 gas d o es n o t escape from th e solution. Since i ^ A 1 = 10 - 6 , 3 5 and K A2 = 10 - 1 0 3 (T able 9.3) and K w = 10-14, we find th at /CH] = 10 - 3 7 and K m = 10 - 7 65. Since 7CH 1 is n e a r ly 9000 tim es larg er th an K m , th e first rea ctio n is m uch m o re pro d u ctiv e th a n th e second. W e th e re fo re a tte m p t a stepw ise solution. If x m oles o f the c a rb o n a te ion hydrolyze in th e first step, we have a t equilibrium : [C O 3 -] = 0.1 - x



To find th e value o f th e first hydrolysis co n stan t (7fH1) we rep lace [O H - ] in e q u a tio n 10.26 by:



[H C O j] = [O H - ] = S ubstituting into e q u atio n 10.26 yields:



[O H - ] =



(10.28)



[h +]



w here K w is th e d issociation c o n sta n t o f w ater. T herefore, from eq u atio n 10.26: [H C O 3 K



K,



[ c o r ] [ n +]



3



+ H+



H C O J ^ C O 2- + H +



(10.31)



p H = 14 - 2.35 = 11.65



we see th a t in eq u a tio n 10.29: [H C O j]



[COM[H+]



k



(10.32) A2



By su bstituting e q u a tio n 10.32 into eq u atio n 10.29 we obtain:



v



Ä A2



~



H1



(10.33)



H2



(10.34)



T he sam e p ro c e d u re yields:



KA1 Ä



(10.35)



(10.30)



(10.29)



K Al



= io -3-7



If x « 0 . 1 , 0 . 1 — x ~ 0 . 1 and, from e q u atio n 10.35, x = 10-235, w hich is only 4.5% of 0.1. T herefo re, th e app ro x im atio n th a t x « 0.1 is ju s tified. T he second hydrolysis step p ro d u ces a n e g ligible a m o u n t of ad d itio n al hydroxyl ion eq ual to [O H - ] = 10 - 7 6 5 m o l/L . T he p H of a solution o b ta in e d by dissolving 0.1 m ole of K 2 C 0 3 in one liter o f p u re w a te r a t T = 25 °C is:



Since the dissociation o f c a rb o n ic acid p ro ceed s stepwise: H 2C 03^ H C 0



0.1



from e q u a tio n 10.27. W e a re now ab le to calcu late th e p H o f a solu tion th a t w as p re p a re d by dissolving 0 . 1 m ol of



(10.36)



Clearly, th e solution is q u ite basic, as p redicted. T he p ro b lem can also be solved by m ean s of a se t of in d e p e n d e n t equ atio n s th a t arise from the sim u ltan eo u s eq u ilib ria in th e solution, from the re q u ire m e n t o f electrical neutrality, and from the stipulation th a t th e to tal a m o u n t of m olecular and ionic c a rb o n a te species in th e so lu tio n is 0 . 1 mol. W e could have set ourselves a m ore g eneral p ro b lem by allow ing the solution to b e o p e n to the atm o sp h ere, p erm ittin g th e c a rb o n a te species in th e solution to e q u ilib rate w ith th e C 0 2 o f the atm o sp h ere. W e choose n o t to do so h ere because w e will tre a t ca rb o n a te eq uilibria in Section 10.4. Salts deriv ed from strong acids and w eak bases also hydrolyze, and th e necessary hydrolysis co n stan ts can b e d erived as d e m o n stra te d above. F o r exam ple, C u (O H ) 2 is a w eak base th a t disso ciates in tw o steps:



 10.3 C u ( O H ) 2( s ) ^ C u ( O H ) + + O H "



C u (O H )+( a q ) ^ C u 2+ + O H “



Km Km



(10.37) (10.38)



C u (O H ) 2 form s th e salt C u S 0 4 by re a c tio n w ith H 2 S 0 4. W hen C u S 0 4 is dissolved in w ater, C u2+ is re le a se d an d hydrolyzes, as show n: C u2+ + H 2 O ^ C u ( O H ) + + H +



Km



C u (O H )+ + H 2O ^ C u ( O H ) 2(s) + H +



(10.39) Km
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increases in ac c o rd a n ce w ith L e C h ä te lie r’s principle. T h e re fo re , th e so lu tio n h a s effectively stored h y d ro g en ions, a n d they are released w hen a re a c tio n occurs in th is so lu tio n th a t co n sum es H +. Sim ilarly, if a d d itio n a l h y d ro g e n ions w ere to b e re le a se d in to th e so lu tio n , they w ould be c o n su m ed b y re a c tin g w ith th e c a r b o n a te and b ic a rb o n a te ions to fo rm m o re c a r bonic acid.



(10.40) w here K m = K j K B2 and K m = K j K Bl. T h erefo re, we p red ic t th a t a so lu tio n o f C u S 0 4 in p u re w a te r beco m es acidic b ecau se o f th e h y d ro l ysis of th e cupric ion (C u2+). H ydrolysis is an im p o rta n t p h e n o m e n o n becau se it en h ances the solubility of salts fo rm ed fro m w eak acids an d bases and b ecau se it ten d s to stabilize th e p H of salt solutions. H ydrolysis affects th e solubility of salts by p ro d u cin g a d d i tio n al ionic and m olecular species th a t p e rm it m o re o f th e salt to dissolve. In fact, th e solubility of salts d eriv ed from w eak acids is g reatly e n h an ced w hen th ey are dissolved in stro n g acids th a t p rovide an am ple supply of h y d ro g en ions. T h erefo re, all carb o n ates, silicates, p hosphates, an d sulfides are m o re soluble in acids th a n in p u re w ater because of th e affinity o f th eir anio n s fo r h y drogen ions. T h e sam e is tru e in p rin cip le of salts d eriv ed fro m w eak bases, ex cept th a t th e bases th ey form m ay them selves b e q u ite insolu ble. F or exam ple, if we place ferric chloride in to a basic solution, th e F e3+ ion reacts w ith O H " to form insoluble F e (O H )3: F eC l 3



F e 3+ + 3 C P



F e 3+ + 3 O H “ -» F e (O H ) 3 (s)



(10.41) (10.42)



S o lution s th a t c o n ta in a w eak acid an d a salt of th a t acid a re b u ffered b ecau se th e y resist ch anges in th e ir p H . C o n sid er, fo r exam ple, a so lu tio n co n tain in g c arb o n ic acid an d K 2 C 0 3. T he c arb o n ic acid is only p a rtia lly disso ciated, as in d icated by e q u a tio n s 10.30 a n d 10.31. By adding K 2 C 0 3, w hich re le a se s a d d itio n a l C O 2 - , th e dissociation of th e acid is ev en m o re in h ib it ed an d th e c o n c e n tra tio n of m o lec u lar H 2 C 0 3



10.3



Activities and Concentrations



W e have assum ed so fa r th a t the ions in elec trolyte so lutions d o n o t in te rfe re w ith each other. This can only b e tru e in very dilu te solutions because, in g en eral, o p p o sitely charged ions in a solution a ttra c t each o th er. T h erefore, cations in an electro ly te so lu tio n are su rro u n d e d by anions and vice versa. T he resu lt is th a t th e ions o f a p a r ticular com p o u n d are less able to in te ra c t with each o th e r th a n e x p ected from th e ir c o n c e n tra tions. We express this co n d itio n by saying th a t th e activity o f th e ions in electro ly te solutions is less th a n th e ir concentration. It is plausible to expect th a t th e in te rfe re n ce by th e o th e r ions increases with th e ir c o n cen tratio n s an d charges. Similarly, the effect of a given suite o f ions on a particu lar ion d ep ends on th e charge o f th a t ion and its radius, w hich to g e th e r d e te rm in e the charge d e n sity on the surface o f the ion. In a d d itio n , the m olecules o f th e so lv en t p lay a ro le because, if they have electrical polarity, th ey also in teract w ith b o th anions an d cations. A ll of th ese factors are included in th e D e b y e -H iic ke l theory, o n the basis on w hich th e re la tio n sh ip betw een activity and co n c en tratio n o f ions in a solution o f elec trolytes can b e estim ated . T he c o n cen tratio n s an d charges of ions in a solution a re ex p ressed by m eans of its ionic strength, defined as: I = \^ m -z ]



(10.43)



w here m, are th e c o n cen tratio n s ex pressed in m oles and z-t a re th e charges o f th e ions. T h e ionic strength o f aq u e o u s solutions on th e surface of
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th e E a rth generally ran g es from a b o u t 1 X IO - 3 in rivers an d lakes to 1 X 10 “ 1 in old g ro u n d w a ter. S eaw ater has an ionic stren g th o f 7 X 10 - 1 an d oilfield b rines and b rin e lakes m ay have ionic stren g th s o f 5 o r m ore. In o rd e r to calculate the ionic stre n g th of a w ater sam ple, w e m ust h av e a co m p lete chem ical analysis, such as the analysis of w ater from th e M ississippi R iver a t N ew O rleans in Table 10.2. T he con cen tratio n s o f th e ions are converted from p arts p e r m illion (ppm ) to m oles p e r k ilogram b efo re they are en te re d in to e q u a tio n 10.43. T he resu lt is I = 4.4 X IO-3. N o te th a t S i 0 2 does n o t c o n trib u te to the ionic stren g th of this w ater becau se its charge is zero an d th a t H + an d O H - a re o m itted because th eir co n c en tra tions are very low (a b o u t IO - 7 m o l/k g ) unless th e w ater is highly acidic o r basic. N o te also th a t the co n cen tratio n s of H 2 C 0 3 and C O 3- w ere n o t re p o rte d in th e analysis in Table 10.2 because H C O ] is th e d o m in an t ion w hen th e p H is b etw een 6.35 an d 10.3. The ionic stre n g th is used in the D e b y e -H iic k e l th eo ry to estim ate values of the activity coefficient y d efin ed by th e equatio n: [activity] = y (co n cen tratio n )



Chemical Composition of W ater of the Mississippi R iver at New O rleans Concentration



HCOj



s o \-



cr



N0 7 Ca2+ Mg2+ Na + K+ Fe2+ SiO,



ppm 116 25.5 10.3



(10.45)



w here A = 0.5085 fo r w a te r at 25 °C, z is the charge o f the ion w hose activity coefficient is being calculated, an d I is th e ionic stren g th of the solution as defined by eq u atio n 10.43. N o te th at the activity coefficient o f m olecules is equal to one b ecause th e ir charge is eq ual to zero. A m o re com plete sta tem en t, valid for / < 0.1, is given by:



w here A and B are constants w hose values depend on the dielectric c o n sta n t o f the solvent and the te m p e ra tu re, and a is th e effective d ia m e te r of the ion in th e solution in A n g stro m units. V alues of A and B fo r w ater a re listed in Table 10.3 as a func tion of te m p e ra tu re, and values of a o f several ions in aq u eo u s solution are com piled in Table 10.4. E q u a tio n 10.46 was used to calculate th e activity



T a b l e 1 0 . 3 List of Values for Constants U sed in the D ebye-H ückel Theory Expressed in E quation 10.46 Temperature, °C



A



B



0



0.4883



5



0.4921



0.3241 0.3249



10 15



0.4960 0.5000



0.3258 0.3262



20



0.5042



0.3273



25



0.5085



0.3281



30



0.5130



0.3290



35



0.5175



0.3297



40



0.5221



45



0.5271



0.3305 0.3314



50



0.5319



0.3321



55



0.5371 0.5425



0.3329



m ol/kg 1.90 x 10“3 2.65 x 10~4 2.90 x 10~4



2.7 34



4.3 x 10“5



8.9



3.7 X 10^4



11.9



5.17 x 10"4



8.5 X 10"4



1.9a



4.9 x 10' 5



0.14



2.5 x 10-6



11.7



- l o g y = A z 2I l/2



(10.44)



T a b le 1 0 .2



Ion



For d ilute solutions having ionic strengths < 5 X 10 ~ 3 th e relatio n sh ip is, to good approxim ation:



1.95 x IO“4



“Based on N a+/K + = 6.4 (concentration ratio) in average North American river water (Livingstone, 1963,Table 81, p. G41). s o u r c e : Livingstone (1963), Table 15, entry H, p. G15.



60 so u rc e :



Garrels a n d Christ (1965).



0.3338
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T a b l e 1 0 .4 V a l u e s o f P a r a m e t e r a o f I o n s i n A q u e o u s S o l u t i o n Ions



a, Ä



R b+, Cs+,N H 4,T l+,A g +



2.5



K+,C L ,B r ‘ , r , N O ;



3 3.5



OH , F”,H S - , B r O J ,IO ;,M n 0 4 N aL H C O j, H2POL H SO j, Hg2+, SO2 -, SeO f- , CrOj , HPO2 -, PO3-



4.0-4.5



Sr2+, Ba2+, Ra2+, Cd2+, Hg2+, S2 -, WO2-



5.0



Li+, Ca2+, Cu2+, Zn2+, Sn2+, Mn2+, Fe2+, Ni2+, Co2+



6



Mg2+, Be2+



8



H +, A l3+, Cr3+, REE3+



9



Th4+,Z r4+,C e4+,Sn4+



11



so u r c e



: Garrels and Christ (1965).



coefficients for ions of d ifferen t charges and h y d rated rad ii show n in Figure 10.2. A th ird eq u a tion d ev elo p ed by D avies yields reliable resu lts up to / = 0.5: fl/2



-lo g y = A t



1 + I 1' 2



0 . 2/



(10.47)



F u rth e r extensions of these m ethods by Pitzer (1973) en ab led H arv ie and W eare (1980) to calcu late th e solubilities of m inerals in brines having ionic stren g th s g re a te r th a n 2 0 . A ctivity coefficients for ions of different charges in solutions of varying ionic strengths, as d eterm in ed from th e D avies eq u atio n (10.47), are listed in Table 10.5. N ote th a t th e values of the activity coefficients in Table 10.5 decrease with increasing ionic stren g th o f th e solution and with increasing charge o f the ion. F or exam ple, we find by in terp o latin g in Table 10.5 th at th e activity of N a + in w ater of th e M ississippi R iver ( / = 4.4 X 10-3) is a b o u t 0.936, w hereas th a t of C a2+ is 0.759, an d th a t o f L a3+ is only 0.543. In o th e r w ords, the p resen ce of o th e r ions red u ces the effective co n cen tratio n of N a + in th e M ississippi R iver by 6.4% , th a t of C a2+ by 24.1% , and th a t of L a3+ by 45.7% . In general, activity coefficients decrease w ith increasing ionic strength, b u t increase again a t high values of I and m ay becom e larger th a n o n e (G arrels an d Christ, 1965). The increase of th e activity coefficient in highly saline



electro ly te solutions can be a ttrib u te d to “cro w d in g ” of th e ions, w hich co u n teracts the “in te rfe r e n c e ” th a t occurs at low er ionic strengths. T h e in te rfe re n ce o f o th e r ions in th e so lu tio n w ith th e ions o f a salt causes th e solubility o f th e salt to increase. F or exam ple, th e solubility of C a S 0 4 in p u re w a te r a t 25 °C ( 7 = 1.0, K sp = 10-4,5) is IO - 2 2 5 o r 5.6 X 10 - 3 m o l/L . H ow ever, in w a te r o f th e M ississippi R iv e r ( / = 4.4 X 10 - 3 y ± 2 = 0.759) th e concentration o f C a2+ in eq u ilib riu m w ith anhydrite is: (C a2+) =



[Ca 2 ?±2



10 -2.25 0.759



= 7.4 X 10 - 3 m o l/L (10.48)



w hich im plies an increase o f th e solubility of an h y d rite o f 32.1% . This resu lt illustrates th e p o in t th a t th e Law o f M ass A ctio n yields in ac cu rate results unless th e co n c e n tra tio n s of re a c ta n ts an d p ro d u cts o f a re a c tio n at equilibrium are co n v erted to activities by m ean s o f activity coefficients in o rd e r to c o r re c t th em fo r the n o n id eality o f electro ly te so lu tions. C onversely, th e results o f calculations based on th e Law of M ass A c tio n a re ex pressed in term s o f activities an d m u st b e c o n v e rte d to c o n c e n tra tions b e fo re they are in te rp re te d . T he solubility calculation o f an h y d rite in M ississippi R iv er w a te r indicates th a t th e p re se n c e o f o th e r ions in a so lu tio n m u st n o t b e ignored.



 142



SALTS A N D T H EIR IO N S



Ionic Strength (/) Fi g u re 1 0 .2 Variation of the activity coefficients of ions having different charges and hydrated radii with the ionic strength of aqueous solutions at 25°C.The curves were calculated from the Debye-Hiickel theory expressed 10.46 with data from Tables 10.3 and 10.4. Note that the magnitude of hydrated radii of ions of equal charge becomes important at I > 10 2.



Table 10.5 Activity Coefficients for



Ions of D ifferent Charges in Electrolyte Solutions of Varying Ionic Strengths Based on Equation 10.47 by Davies z /



±1



±2



±3



1 x 1 0 '3



0.97



0.87



0.73



5 x IO '3



0.93



0.74



0.51



1 x IO '2



0.90



0.66



0.40



5 x IO '2



0.82



0.45



0.16



1 x 1 0 '1



0.78



0.36



0.10



2 x 1 0 '1



0.73



0.28



0.06



5 x 1 0 '1



0.69



0.23



0.04



so u rc e :



Rrauskopf (1979).



10.4



Solubility of Calcium Carbonate



We are now ready to calculate the solubility of calcite, w hich is one of th e m ost com m on m inerals on the face of th e E arth . T he calculation requires all of th e skills we have develo p ed in applying the Law of M ass A ction and is by no m eans trivial (B utler, 1982; G arrels and C hrist, 1965). We start w ith th e dissociation o f calcite in to ions a t 25 °C and th e su b seq u en t hydrolysis of the carb o n a te and b icarb o n ate ions to form carbonic acid: C a C 0 3 ^ C a 2+ + C O 2' CO2



+ H2 0 ^ H C 0



3



K Sf> = IO ' + OH'



H C 0 3 + H20 ^ H 2C 0 3 + O H -



8 3 5



/CH 1 Km



(10.49) (10.50) (10.51)



 10.4 If th e so lu tio n is o p e n to th e a tm o sp h e re , c a r b o n ic acid is in e q u ilib riu m w ith c a rb o n d iox ide, w hich has a p a rtia l p re ssu re of 3 X IO “ 4 atm o sp h e re : H 2 C 0 3 ^ C 0 2 (g) + H 20



K = 32.2



We no tice th a t according to eq u a tio n 10.56: [ h 2 c o 3]



= [ C P 2] = 3 X 10 ~ 4 32.2 “



[Ca 2 +] [ C O ] 1 = 10



-



8.35



(10.53)



io -10-3



=



10,-3.7



(10.54) [h 2 c o 3][o h ~ ] [h c o 3]



=



=



1 0



-14.0



1 0 -7.65



(9.3 X 10“ 6 )[O H -] io -



(10.60)



7 -6 5



= 102 6 1 8 [O H “ ] F rom e q u a tio n 10.54 w e derive a relationship betw een [C O ]- ] and [O H - ]: [C O ]“] =



[h c o 3][o h ]



102 6 1 8 [O H “



1 0 - 3 7



10 -



] 2



(10.61)



= 10 6 3 1 8 [O H " ] 2



- io - 7-65



Finally, from e q u atio n 10.52:



[ c o 2] = 32.2 [h 2c o 3]



(10.56)



an d for w ater: 140



[C a2+] =



1 0 -8.35



[C O ]“ ]



106 3 1 8 [O H -



IQ —14.668



] 2



(10.62)



[O H " ] 2



(10.55)



[H +][O H _] = IO“



[H2c o 3][OH-]



1 0 - 8 , 35



lO-i ' 4 -0



~~



[C O ]-]



[H C O 3 ] =



F rom eq u atio n s 10.61 and 10.53 we obtain:



F rom eq u atio n s 10.50 and 10.51: [ h c o 3 ][o h -]



(10.59)



E vidently, th e activity o f carb o n ic acid is fixed by th e p a rtia l pressu re o f C 0 2. W e can use this result in e q u a tio n 10.55 to express [ H C 0 3] as a func tion of [O H - ]:



C a2+, C O ]", H C O J , H 2 C 0 3, C 0 2, H +, O H “ H ow ever, th e p a rtia l p re ssu re of C O z is fixed by th e co m p o sitio n o f th e atm o sp h ere, alth ough soil gases m ay co n tain u p to ten tim es as m uch C 0 2 as th e o p en atm o sp h ere. T h erefo re, we n e e d only six in d e p e n d e n t e q u a tio n s in o rd e r to specify th e c o n ce n tra tio n s o f all ions and m o le cules in a sa tu ra te d so lu tio n of calcite. W e o b tain five e q u a tio n s by applying th e Law o f M ass A c tio n to e q u a tio n s 10.49 th ro u g h 10.52 and to th e d isso ciatio n eq u ilib riu m of w ater. F rom e q u a tio n 10.49:



32.2



= 9.3 X IO- 6 m o l/L



(10.52)



W hen calcite crystals are in equilibrium w ith their ions in p u re w ater o p en to th e a tm o sp h ere at 25 °C, seven ions an d m olecules a re present:
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(10.57)



T he sixth e q u atio n arises from th e req u irem e n t fo r electrical neutrality: 2 (C a2+) + (H +) = 2 (C O ]-) + ( H C 0 3) + O H ") (10.58)



Finally, fro m e q u a tio n 10.57: [H +] =



10“ 140 [O H “ ]



(10.63)



We now co n v ert the activities o f th e ions to their co rresp o n d in g co n cen tratio n s for su b stitu tio n into eq u atio n 10.58. In o rd e r to do so w e m ust know th e ionic stren g th o f th e solution, which d ep en d s o n th e c o n cen tratio n s of th e ions it co n tains. Strictly speaking, w e can n o t d e te rm in e th e ionic stren g th w ithout first com pleting th e calcu lation. H ow ever, we can n o t com plete th e calcula tion w ith o u t know ing th e ionic strength. W e deal w ith this C atch-22 situ atio n b y iteration. T h a t is, we assum e th a t all activity coefficients a re equal
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to one, m ake th e calculation, and th e n use the resu lts to d e te rm in e th e ionic stre n g th an d hence th e activity coefficents fro m th e D avies eq uation (10.47) or from Table 10.5. W e th en re tu rn to e q u a tio n 10.58, co n v ert th e activities o f all ions to th e a p p ro p ria te concen tratio n s, an d solve the p ro b le m a second tim e. If necessary, th e process can b e re p e a te d several tim es to achieve a desired level o f accuracy. T h e re fo re, w e now p ro c e e d w ith th e solu tio n o f th e p ro b le m by su b stitu tin g eq u atio n s 10.60, 10.61, 10.62, an d 10.63 in to e q u atio n 10.58, assum ing th a t all activity coefficients are e q u a l to one: x i c r 14-668 io -140 + r T—i = (2 X 10 [O H “ ] 2 [O H _



,



, , 1R. r



W e sim plify eq u a tio n 10.64 by elim inating the te rm fo r (H +) b ecau se th e solution will be basic an d by com bining 102 6 IS[O H _] + [ O H ] as 10 2 6 1 9 [ o h - ]. N ext, w e clear th e fractio n s by m ul tiplying all rem ainin g term s by [O H - ] 2 an d collect term s: ] 4



+ 10 2 6 1 9 [O H -



D ividing each te rm by 106 [O H -



]4



+ 10- 4 0 0 0 [O H -



619



] 3



] 3



= 10 - 1 4



365



(10.65)



yields: = IO - 2 0 9 8 5



(10.66)



W e solve this e q u atio n by trial an d e rro r starting w ith [O H - ] = 10 - 6 Qb ecau se we p re d ic t th a t the so lu tio n will be basic. S ubstituting into equ ation 1 0 . 6 6 yields 1 0 - 2 4 + 1 0 -22, which is a b o u t 1 0 tim es sm aller th a n IO-20'985. T h erefo re, [O H - ] m ust be la rg e r th an IO - 6 0. W e n o te th a t 10-24« 10-22and th e re fo re elim in ate th e first term from eq uation 1 0 . 6 6 to get: 1 0



-4.000



[O H -



] 3



1 0



-20.985



= io -3042 = 9.08 X 10 - 4 m o l/L [C O |- ] = i o 6 -3 1 8 [ o h



= IO6 3 1 8 x io -11-32



IQ -1 4 .6 6 8



[Ca 2



[O H -



14.668



10 - 1 L 3 2



]2



=



10-3-348



4.48 X 10 - 4 m o l/L [JJ+ ] =



10-14°



— _____ -



[O H - ]



IO - 1 4 0



— _____ -= 110 0 -8 - 8.3344



10“



m o l/L



We check the co rrectness of th ese results by cal culating th e IA P o f calcite in this solution: IA P = (9.95 X 10-6) X (4.48 X 10-4) = 10 - 8 3 5 ( 10 .6 8 )



which is identical to fo r calcite and th erefo re confirm s the co rrectness o f th e calculation. The ionic strength of th e solution is I = 1.4 X 10-3, and th e activity coefficients of the ions from Table 10.5 are y ± 1 = 0.966 an d y ± 2 = 0.857. R etu rn in g to equ atio n s 10.60-10.63, we now convert the activities to concentrations: (H C O j) =



1 0 2 6 1 8



[ o h - ] _ 102 6 1 8 [O H - ] 0.966



T±i



102.633[o h - ] (C O 2 -)



10 6 3 1 8 [O H -



y ±2 [O H ^ q —14.600



[O H -



] 2



10 6 3 1 8 [O H 0.857



-^q -14.668



(C a24) =



] 2



r± 2



io 6 3 8 5 [ o h



(10.67)



w hich yields [O H - ] = IO- 5 , 6 6 m o l/L . By su b stitu t ing th is v alue in to e q u a tio n 1 0 . 6 6 w e find th a t the te rm w e o m itte d is only 2.2% o f 10- 4 0 0 0 [ O H - ] 3, w hich is acceptable.



- ] 2



= IO - 5 0 0 2 = 9.95 X 10 - 6 m o l/L



(10.64)



+ 102 6 1 8 [O H - ] + [O H “ ]



10 6 6 1 9 [O H -



[H C O - ] = 10 2 6 1 8 [O H - ] = IO2 6 1 8 X 10 -5.66



,,



)[O H _]



-



2



We can now calculate th e activities of the o th e r ions in th e so lu tio n by su b stituting [O H - ] = 10 - 5 6 6 in to eq u atio n s 10.60-10.63. The results are:



- ]2



1 0 -1 4 .6 6 8 ] 2



0.857[O H - ]2



] 2



 10.4 S u b stitu tin g in to e q u a tio n 10.58, d ro p p in g ( H +), a n d co m b in in g th e [O H - ] te rm s as b e fo re , w e obtain: 2 X 10 -14.600 [O H - 1 2



=



( 2



x 10 6



385



)[O H -



] 2



(10.69) + 102 fi3 4 [O H - ]



N o te th a t this e q u a tio n is sta te d in term s o f the activities o f O H - , which express th e concentra tions of th e o th e r ions. By solving e q u atio n 10.69 as b efo re, we obtain [O H - ] = i o - 5 6 4 4 m o l/L . This value yields for th e o th e r ions: [H C O j] =



9.42 X 10 - 4 m o l/L



[C O 2 -] =



1.07 X 10 - 5 m o l/L



[C a2+] =



4.17 X 10 - 4 m o l/L



[H +] = 10 - 8 3 5 6 o r



p H = 8.36



T he ionic stren g th , b ased on these results, is I = 1.3 X 10-3, which does n o t differ enough from th e prev io u s estim ate to justify a re p e titio n of the calculation. T h erefo re, th e co n cen tratio n of Ca2+ in th e solution is: (C a2+)



4.17 X IQ - 4 0.857



= 4.86 X 10 - 4 m o l/L



o r 19.5 m g /L . T he solubility (S) of calcite in w ater in eq u ilib riu m w ith C 0 2 of th e atm o sp h ere at 25 °C is: 5 = 4.86 x 10 - 4 X 100.0787 = 4.86 X 10 - 2 g /L In a d d itio n , n o te th a t th e p H o f this so lu tion is 8.36, th u s confirm ing o u r p red ictio n b ased on th e e ffect o f hydrolysis o f th e ca rb o n a te ion of calcite. T he chem ical analysis in Table 10.2 indicates th a t th e w ater in th e M ississippi R iv er has a Ca c o n c e n tra tio n o f 34 ppm , which is nearly 75% larger th a n th e value we o b tain ed above. The dif ference is p artly due to the higher ionic strength of w a te r in th e M ississippi R iv er (I = 4.4 X 10-3) an d to th e correspondingly low er activity coeffi cients (y ± 1 = 0.936, y ±2 = 0.759). H ow ever, allow ance fo r th e h igher ionic stren g th increases
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the p red icted C a co n c e n tra tio n in th e M ississippi R iver only to 22.0 m g /L and th e re fo re does n o t resolve th e discrepancy. T h e w a te r in th e M ississippi R iv er, like all n a tu ra l solutions, co n tain s a m ix tu re o f ions and m olecules derived from different sources. Its C a2+ c o n ten t originates from th e solution of calcium c a rb o n a te (calcite an d a ra g o n ite ), calcium su l fa te (a n h y d rite a n d gypsum ), a n d calcium p h o s p h a te (a p a tite ) a n d fro m th e tra n sfo rm a tio n of p lag io clase to k a o lin ite o r o th e r clay m inerals. In a d d itio n , C a 2+ m ay be a d so rb e d on clay m in erals a n d on th e su rfaces o f o th e r sm all m in e ra l p a rtic le s in su sp en sio n in th e w ater. Finally, cal cium occurs in m a n y co m p lex ions an d m o le cules w hose p re se n c e p e rm its th e calcium c o n c e n tra tio n o f n a tu ra l w aters to ex ceed th e c o n c e n tra tio n o f C a2+ b a se d o n th e so lu b ility of its p rin cip al m inerals. A p a rtia l list o f th e co m plex ions o f C a in clu d es C a H C O j, C a C 0 3, C aC l+, C aC l2, C a N O j, C a ( N 0 3)§, C a O H +, C a(O H )°, C a P O /, C aH PO ^, ' C a H 2 PC>;, C aP 2 0 2 - , C aH P 2 O j , C a 0 H P 2 0 3 - , CaSO[j (Lindsay, 1979). T h e p o in t is th a t n a tu ra l w aters are very com plex an d th e ir com p o sitio n s a re n o t explainable by th e solubility o f a few com m on m inerals. We th e re fo re ab a n d o n th e effo rt to explain th e c o n c e n tra tio n of calcium o r any o th e r elem en t in th e M ississippi R iver. In stead , w e use th e discrepancy b etw een th e C a2+ c o n c e n tra tio n o f a sa tu ra te d calcite solution and th e calcium c o n cen tratio n in th e w ater o f th e M ississippi R iver to consider how th e solubility of calcite is affected by v ariations in th e p a rtia l p re ssu re C 0 2, th e p H , and the te m p e ra tu re. T he rea ctio n o f calcite w ith carb o n ic acid betw een p H values of 6.35 and 10.3 can b e re p re sented by th e eq uation: C aC 03



+ H 2 C 0 3 ^ C a 2+ + 2 H C O J



(10.70)



w here carbonic acid is also in equilib riu m w ith aq u eo u s C 0 2, w hich in tu rn is in eq u ilib riu m w ith C 0 2 gas: H 2 C 0 3 ^ C 0 2 (aq) + H 20



(10.71)



C 0 2 ( a q ) - C 0 2 (g)



(10.72)
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N o te th a t e q u a tio n 10.52 is th e sum o f 10.71 and 10.72 and th a t m o lecu lar C 0 2 dissolved in w ater is th e re b y elim in ated from consid eratio n . We can use these e q u a tio n s to p red ict qualitatively how th e solubility of calcite is affected by changes in th e p a rtia l p re ssu re of C 0 2. A n increase in the p a rtia l pressu re o f C O z a t co n stan t te m p e ra tu re in creases th e c o n c e n tra tio n o f carbonic acid in the solution. C onsequently, m o re calcite dissolves by e q u a tio n 10.70 in acco rd an ce w ith L e C h ä te lie r’s principle. Similarly, a decrease in th e p artial p re s su re o f C O z causes a sa tu ra te d solution of calcite to b ecom e su p e rsa tu ra te d an d results in the p re cipitation o f calcite until equilibrium is restored. T he p a rtia l p ressu re o f C 0 2 at a site on the su rface of th e E a rth m ay decrease as a result of p h o to sy n th esis o f aq u atic plants, w hich has the effect o f com bining C 0 2 an d H 20 to p ro d u ce glu cose (C 6 H 1 2 0 6) an d 0 2 w ith th e help of u ltraviolet rad iatio n . C onsequently, com m unities of aquatic p lan ts can low er th e co n c e n tra tio n o f C 0 2 (aq) in th e w a te r d u rin g daylight hours. This m ay cause calcite to p re cip itate if th e w ater becom es su p er sa tu ra te d w ith re sp e c t to calcite. C e rta in colonial algae are capab le of p recip itatin g calcite by this m echanism , th e re b y form ing thinly lam in ated cal cite m ounds called strom atolites (W alter, 1977). A sim ilar process in lim estone caverns results in th e d ep o sition of calcite speleothem s in the fo rm o f stalactites and stalagmites. L im esto n e cav ern s form by th e solution o f calcite by w ater con tain in g carb o n ic acid in accordance w ith equation 10.70. This process occurs p rim arily below the w a te r table, an d th e so lu tio n cavities are initially filled with w ater. H ow ever, if th e groundw ater ta b le is lo w ered b ecau se o f uplift of th e crust or a d e c re a se in m ete o ric p recip itatio n , th e solution cavities ab ove th e w ater ta b le b ecom e filled with air. M eteo ric w a te r perco latin g th ro u g h the soil m ay e q u ilib ra te w ith C 0 2 a t a higher p artial p res su re th a n exists in th e atm o sp h ere and thus b eco m es a m o re effective solvent o f calcite than it w o u ld have b e e n h a d it eq u ilib rated w ith C 0 2 of th e atm o sp h ere. W h en this w ater form s a d rop on th e ceiling o f a lim estone cavern, th e excess C O z escapes, th e so lu tio n th e re fo re m ay becom e su p e rsa tu ra te d , and calcite m ay th e n precip itate



to form a stalactite hanging from the ro o f o f the cavern. W h en the ra te of flow of g ro undw ater is so rap id th a t th e so lu tio n does n o t reach eq u ilib rium o n the ro o f o f th e cavern, additional calcite m ay p recip itate a fte r the w ater has dripped onto th e flo o r of th e cavern, th ereb y form ing a stalag mite. U ltim ately, stalactites and stalagm ites m ay jo in to beco m e pillars or curtains of calcite. T he effect of th e p a rtia l p ressure of C O , on th e solubility of calcite is show n quantitatively in Figure 10.3. H e re w e see th a t the co n centration of C a2+ in a s a tu ra te d solution of calcite at 25 °C increases from a b o u t 20 m g /L to ab o u t 45 m g /L w hen th e p a rtia l pressu re of C 0 2 increases from 3 X 10 ~ 4 atm in th e air to 3 X IO- 3 atm in soil gases. C onsequently, each liter of w ater appearing on th e ro o f o f a cavern could, u n d er ideal condi tions, d ep o sit 25 m g of calcite. T he am o u n t of cal cite th a t is actually dep o sited depends on the p a rtia l p ressu re o f C 0 2 in the soil above a given cavern, o n th e te m p e ra tu re, an d o n th e estab lish m e n t o f equilibrium betw een calcite and the g ro u n d w ater befo re th e w ater reaches the cavern. N evertheless, stalactites and stalagm ites can grow
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Partial P r essu r e o f C 0 2, a t m Fi g u r e 1 0 .3 Increase of the solubility of calcite in water at 25 °C with increasing partial pressure of C 0 2 from 3 X 1CT4 to 3 X 1CT2 atm. The solubility of calcite is expressed as the concentration of Ca2+in a saturated solution based on ionic strengths, which rise from 1.3 X 1CT3 to 6.3 x 1CT3, whereas the pH decreases, as more C 0 2 dissolves.



 10.4 to large size over th o u san d s o r ten s o f th o u san d s of years. T he solubility of calcite increases very signifi cantly w ith increasing acidity o f th e solution, if th e p H is contro lled in d e p e n d e n t o f th e c a rb o n ate equilibria. E q u a tio n 10.62 p rovides a re la tio n ship betw een the activity of C a2+ in a s a tu ra te d solution of calcite in equilibrium w ith C O z of th e atm o sp h ere of 2 5 °C and th e activity of O H ” . R eplacing [O H ”] by /CW/[ H +] gives: 1 0 “ 1 4 -6 6 8



a



10” 1 4 -6 6 8 [H +



J “ [ O H ” ]2 “



] 2



(K j2



= i o ,3-332[ h +]2 Taking logarithm s o f b o th sides and converting [H +] to pH , we obtain: log [Ca2+] = 13.332 - 2 p H



(10.74)



T his e q u a tio n in d ica tes th a t th e so lu b ility of calcite changes by a fa c to r o f 100 w h en th e p H is v aried by one unit. For exam ple, at p H = 7, [Ca2+] = 2.15 X 10 “ 1 m o l/L , w hereas at p H = 6 , [Ca2+] = 2.15 X 10 + 1 m o l/L . Evidently, w hen cal cite reacts with an excess am o u n t of a strong acid, its solubility is very high. Sim ilarly, calcite c a n n o t p ersist as a stab le p h ase in n a tu ra l en v iro n m e n ts th a t a re even m ildly acidic. F o r exam ple, calcite in till of W isconsin age in th e m id c o n tin e n t a re a o f N o rth A m erica h as b e en rem o v ed by leaching to d ep th s o f a b o u t o n e m e te r o r m o re in only 15,000 years. T he solubility of calcite is also affected by the te m p e ra tu re because of changes in th e n um erical values of all of the equilibrium constants. G arrels and C hrist (1965) com piled th e set of values of th e relevant equilibrium co nstants b etw een 0 an d 5 0 °C th a t is listed in T able 10.6. We see by in spec tion th a t th e dissociation constants of carbonic acid increase w ith increasing tem p eratu re, w h e re as the solubility p ro d u c t co nstants of calcite and C 0 2 decrease. A s a resu lt, th e solubility of calcite in p u re w ater in equilib riu m w ith C O z o f the atm o sp h ere actually decreases w ith increasing tem p eratu re, as show n in Figure 10.4. For ex a m ple, a satu rated so lu tio n o f calcite in eq uilibrium with C 0 2 a t 3 X 10 ” 3 atm contains a b o u t 75 m g /L
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o f C a2+ at 5 °C but only 40 m g /L at 30°C . Such changes in th e en v iro n m en tal conditions may occur w hen cold w ater fro m th e b o tto m o f the oceans rises to the surface and is w arm ed in a shallow lagoon. A s a result, sea w ater m ay becom e s u p e rsa tu ra te d w ith resp ect to calcite (o r a ra g o n ite ) becau se o f th e increase in te m p e ra tu re as w ell as th e decrease in the p artial p re ssu re o f C 0 2. H ow ever, c a rb o n ate sed im en t in th e oceans is p ri m arily o f biogenic origin and results from th e secretio n of carb o n a te sk eletons by p lan ts and anim als living in the w ater. T he o p p o site en v iro n m en tal changes are ex p erien ced by skeletal c a rb o n a te grains sinking th ro u g h th e ocean to w ard th e b o tto m . O ceanic b o tto m w a te r is cold er th a n su rface w a te r and contains m o re dissolved C 0 2 p ro d u c e d by decay o f o rganic m aterial. C onsequently, th e solubility o f calcite (o r arag o n ite) rises w ith increasing dep th , and skeletal c a rb o n a te particles dissolve as th ey sink in th e oceans. W h eth er such p articles survive the trip th ro u g h th e w a te r colum n an d re a c h th e b o tto m of th e ocean s d e p e n d s on the



Table 10.6 Equilibrium Constants of C arbonate Equilibria as a Function of T em perature3 Temperature, °C



P*A1



PKA2



pA/p



pAco,



0 5 10



6.58 6.52



10.62



8.02



6.47



10.56 10.49



15



6.42



10.43



8.09 8.15 8.22



1.12 (1.21)b



20 25



6.38 6.35



10.38 10.33



8.28 8.34



30



6.33



10.29



40



6.30



50



6.29



10.22 10.17



8.40 8.52 8.63



(1.28) (1.35) (1.41) 1.47 (1.52) 1.64 (1.74)



ap^M = -lo g *ai; p^a2 = -lo g Aa2; pKsp = —log * sp; pXca = —log Kc0_for CO, + H ,0 —H2CO, bValues in parentheses were obtained by graphical inter polation. so u r c e



: Garrels



and Christ (1965),Table 3.2.
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Te m p era ture, °C F i g u r e 1 0 .4 Decrease of the concentration of Ca2+ in a saturated solution of calcite in pure water with increasing temperature at two partial pressures of C 0 2. Activity coefficients were taken from Table 10.5 for the ionic strengths of the solutions, which range from about 5 X IO-3 (Pco, = 3 X 10“3 atm, 5°C) to 0.5 X 10“3(PCO, = 3 x 10r4 atm, 80°C).



ra te s a t which they sink and dissolve. If th e w ater is d e e p enough, c a rb o n a te particles dissolve b e fo re they reach th e b o tto m . T herefore, no c a r b o n a te sedim en t can accu m u late in the oceans below this critical d ep th , w hich is know n as the carbonate com pensation depth (C C D ).



10.5



Chemical Weathering



T he solution o f calcite as lim estone o r as m in eral grains in soil is a form o f chem ical w eathering. T h e chem ical reactio n s th a t ta k e place in this case



are th e dissociation o f th e co m p o u n d into ions as it dissolves in the w ater, accom panied by hydroly sis of the c a rb o n ate ion. T he p o in t h ere is th at cal cite and m any o th e r n aturally occurring chem ical co m pounds dissolve congruently, th a t is, w ithout form ing a n o th e r co m p o u n d . H ow ever, the A l sili cate m inerals generally dissolve incongruently; th a t is, they react w ith w ater to form a n o th e r solid com pound as w ell as ions and m olecules. The process o f chem ical w eath erin g not only includes th e co n g ru e n t and incongruent solution of m inerals b u t also encom passes all kinds of interactions of w a te r and atm o sp h eric gases with m inerals at o r n e a r th e surface of the E arth. C hem ical w eathering also includes o x id a tio n reduction reactions, w hich we will take up in C h apter 14. T he reactions th at co n stitu te chem ical w eathering are n o t restricted to th e surface of the E a rth w here m inerals are actually exposed to the w eather, b u t also o p e ra te effectively in soils and below the g ro u n d w ater tab le w here m inerals are continuously in co n tact w ith w ater. T he products of chem ical w eathering consist of ( 1 ) new m inerals such as clay m inerals, oxides, and hydroxides; ( 2 ) ions and m olecules th a t dissolve in the w ater; and (3) grains o f m inerals th a t are u nreactive such as quartz, garnet, zircon, m uscovite, and native gold. The solid w eathering products, including new com pounds and resistant minerals, are a m ajor source of “sedim ent” th a t m ay accum ulate in resid ual deposits at the site of w eathering or is tran sp o rt ed to the oceans w here it is deposited and ultim ately forms clastic sedim entary rocks. T he ions and m ole cules in solution determ ine the chem ical com posi tion or “quality” of w ater and m ake up the solution load th at is transported to th e oceans by streams. Ultimately, as noted in C h apter 4, these ions and m olecules are rem oved from the oceans by precipi tation of com pounds o r by adsorption on solid p a r ticles. Evidently, chem ical w eathering is p a rt of the geochem ical m achine th a t o p erates on the surface o f the E arth . C hem ical and m echanical form s of w eathering cause th e destruction of rocks, thereby releasing the elem ents for a trip to the ocean. We recognize, of course, th a t the trip to the ocean m ay be delayed by deposition of sedim ent or of dis solved constituents in basins on th e continents and
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th a t chem ical w eäthering occurs also in the oceans them selves. Som e of these com plexities will becom e the subject of m ore detailed consideration in P art V of this book. F or the tim e being, we attem p t to apply th e L aw of M ass A ction to th e chem ical w eathering of a com m on A l silicate such as K-feldspar.



10.6



Transformation of Potassium Feldspar to Kaolinite



W h en K -feldspar (o rth o clase or m icrocline) in igneous o r high-grade m etam o rp h ic rocks is exposed to chem ical w eathering, it develops a “ch alk y ” a p p e a ra n ce caused by th e fo rm ation of kaolinite. This m in eral b elongs to th e large group of clay m inerals (C h a p te r 13) th at can form by chem ical w eathering o f A l-silicate m inerals of igneous an d m etam orp hic rocks, by reactions involving volcanic glass, by h y d ro th erm al process es, and by tran sfo rm atio n s from o th e r clay m iner als. In o rd e r to apply th e Law of M ass A ction to th e reactio n th a t causes K -feldspar to fo rm k ao li nite, w e m u st first w rite th e e q u atio n th a t re p re sents this reactio n . T he construction o f such eq u atio n s req u ires an un d erstan d in g of th e ch em ical p ro p e rtie s of th e elem en ts th a t m ay p artici p ate in the reactio n an d of th e en v iro n m ent in which th e reactio n takes place. T herefore, we set up a list o f guidelines th a t will govern the w ay in w hich we constru ct eq u atio n s for chem ical re a c tions in nature. We sta rt by placing th e reactan t on th e left and th e k n ow n p ro d u ct on th e right side of the equation an d th en p ro ceed to balance th e e q u a tio n based o n th e follow ing conventions and requirem ents, provided th at th e valence num bers of th e elem ents do n o t change during the reaction. 1. In reactio n s involving A l-silicates th e A l is conserved; th a t is, it does not dissolve appreciably b u t is tra n sfe rre d into the solid p ro d u c t o f th e reaction. 2. Excess Si form s silicic acid, which does n o t dissociate unless th e en v iro n m en t is very basic (p H > 9.0). 3. A lk ali m etals and alkaline e a rth elem ents form ions in solution.
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4. A n y H + ions co nsum ed by th e reactio n originate from th e env iro n m en t. 5. A fter the equation has first been balanced with respect to A l, Si, and soluble cations, we balance oxygen by adding H 20 as necessary. 6



. W e th e n b alance hydrogen by adding H + as n eed ed .



7. T he e q u a tio n m ust b e b alan ced b o th in term s o f m a tte r and in term s o f electrical charges. N o te th a t oxygen can n o t b e balan ced by 0 2 unless th e re a c tio n involves o x id a tio n -re d u c tio n . In balancing o x id a tio n -re d u c tio n reactio n s th e electro n s th a t are exchanged m u st b e balanced first b e fo re a balan ce of m a tte r an d electrical charges is accom plished. T h e rules listed above now p erm it us to co n struct an eq u atio n for the conversion o f K -feldspar to kaolinite. We sta rt by w riting dow n the know n re a c ta n t and its product: K A lSi 3 O g -» A l 2 Si2 0 5 ( 0 H K -fe ld sp a r



) 4



(10.75)



k ao lin ite



N ext, we balance A l and th e n ta k e care of K and Si: 2 K A lSi 3 O s -> A l 2 Si2 0 5 ( 0 H + 2K



) 4



+ 4 H 4 S i0 4



(10.76) '



We now have 16 oxygens on th e left and 9 + 16 = 25 oxygens on th e right. T h erefo re, we add 9 H 20 to th e left side o f th e e q u a tio n to b a l ance oxygen: 2 K A lSi 3 0



8



+ 9 H 20 -> A l 2 Si2 O s(O H ) 4 + 2 K + + 4 H 4 S i0 4



^10‘77^



Finally, we h av e 18 hydro g en s on th e left and 4 + 16 = 20 hyd ro g en s o n th e right. T h erefo re, e q u a tio n 10.77 is b a lan ced in all respects by adding tw o H + to th e left side: 2 K A lS i 3 0



8



+ 9 H 20 + 2 H + -»



A l 2 Si2 0 5 ( 0 H



) 4



+ 2 K + + 4 H 4 S i0 4



(10.78)



This e q u a tio n also satisfies th e re q u ire m e n t fo r electrical n eu trality b ecau se w e have tw o positive charges o n the left an d tw o on th e rig ht side.
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W e now exam ine the equation we have con structed to learn by th e application of Le C h ätelier’s principle how the reaction at equilibri um responds to changes in certain environm ental param eters. W e recall th a t reactions in n atu re may n o t achieve equilibrium b u t run to com pletion if o n e of th e products escapes from th e system. In the case w e are considering, this could occur if K + and H 4 S i0 4 are rem o v ed by th e m ovem ent of the w ater in which the reaction is taking place. T herefore, the conversion of K -feldspar to kaolinite is favored by th e m ovem ent of g roundw ater or surface w ater in response to a hydraulic or topographic gradient. We also n o te th a t nine m oles of w ater are consum ed for each m ole of kaolinite th a t is produced. T herefore, th e form ation of kaolinite is favored by an abun dance of w ater, which, in addition, m ust be acidic to provide the H + needed by th e reaction. We con clude, therefore, th a t K -feldspar is converted into kaolinite in places w here an ab undance of acidified w ater is available and w here the w ater flows at a sufficient rate to rem ove the soluble products of the reaction. Also, since reaction rates generally double for every 10 °C increase in tem perature, the form a tion o f kaolinite is likely to be favored by tropical clim atic conditions n e a r th e eq u ato r of the E arth. T h e reaction b etw een K -feldspar an d w ater involves th e hydrolysis of a salt derived from a w eak acid an d strong base. We predict th a t such a reactio n should rem ove H + from the solution and increase its pH .T his is in d eed th e case here because H + is consum ed by th e reaction. H ow ever, the p re dicted increase of th e p H can only be dem o n strated in th e laboratory because n atu ral w aters are buffered (W ollast, 1967).T herefore, w hen this reac tion occurs in nature, the H + originates from the enviro n m en t by th e dissociation of carbonic or hydrosulfuric acid, o r som e o th e r reaction. If the supply of H + is large and if th e soluble p roducts are rem oved, th e reaction can ru n to com pletion. If, how ever, th e w ater is basic an d th e soluble p roducts rem ain a t th e site, th e reactio n can achieve equilib rium . In th a t case, th e conversion of K -feldspar to k aolinite stops and th e reaction becom es u n p ro ductive. T herefore, th e establishm ent of chem ical equilibrium m ay p revent th e form atio n o f a p o ten



tially valuable m ineral deposit and, in th at sense, is n o t desirable from o u r poin t of view. T he probability th a t a chem ical reaction in nature, such as e q u a tio n 10.78, can achieve e q u i librium depends, am ong o th e r things, on the w a te r/ro c k ratio. If th e re is an ab u n d an ce of w ater com pared to the volum e of rock, reactions are likely to ru n to com pletion becau se th e env iro n m en t controls th e reaction. If, o n th e o th er hand, the w ate r/ro ck ra tio is sm all, the reactions control the environm ent and equilibrium is possible, p ro vided reaction rates are adequate. T herefore, re a c tions taking place in large bod ies o f w ater and in aquifers w ith high perco latio n rates having large w a ter/ro c k ratios are m ore likely to ru n to com pletion than to achieve equilibrium , w hereas rea c tions in small volum es o f p o re w ater (sm all w a te r/ro c k ratios) m ay achieve a localized state of equilibrium betw een ions and their solids. Such restricted environm ents occur in the po re spaces of rocks in which m ineral cem ents m ay be deposited by reactions th a t m aintain a state of equilibrium . The Law of M ass A ction enables us to d e te r mine the activities of ions and m olecules required for equilibrium in a chem ical reactio n represented by a balanced equation. T herefore, we retu rn to equation 10.78 and place th a t reaction at equilibri um. By applying th e Law of M ass A ction we obtain: [H 4 S iQ 4 ]4 [K + [H +



] 2



K



(10.79)



] 2



We “linearize” this eq u atio n by taking logarithm s: 4 log[H 4 S i0 4] + 2 log [K +] - 2 log [H +] = log K



(10.80)



In o rd er to reduce th e n u m b er o f variables to two, we com bine K + and H + as th e [K +] /[ H +] ratio: 4 log [H 4S iO j + 2 log | | J | = log K



(10.81)



We rew rite this eq u a tio n as: log



[K [H +]



=



5



log K - 2 log[H 4 S i0 4]



(10.82)



which is the eq u atio n o f a straig h t line in coordi nates o f log [K +] /[ H +] and log [H 4 S i0 4] having a
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slope m = - 2 and an in te rce p t of b = ) log K . It is th e locus o f all p oints w hose co o rd in ates are the logarithm s of th e [K +] / [ H +] ra tio an d of [H 4 S i 0 4] re q u ire d for eq uilibrium of rea ctio n 10.78. Thus, any p o in t P on th e line in F igure 10.5 (eq u ation 10.82) re p re se n ts an en v iro n m en t in w hich Kfeld sp ar and k ao lin ite coexist in eq uilibrium with th e ions and m olecules in e q u a tio n 10.78. F u rther, any p o in t th a t is n o t on th e line rep resen ts an en v iro n m en t in w hich K -feldspar and kaolinite a re n o t at equilibrium . In th a t case, th e reaction



lo g [H 4S i 0 4]



Fi g u r e 1 0 .5 Partially completed activity diagram depicting the environmental conditions required to convert K-feldspar into kaolinite, and vice versa, in the presence of water at 25°C.The line labeled 10.82 represents conditions at which K-feldspar and kaolin ite coexist in equilibrium. Point P on the line was cho sen arbitrarily to help determine the direction of reaction 10.78 when [H4S i0 4] is increased or decreased. Line 10.83 represents the solubility of amorphous silica, which limits the activity of [H4S i0 4] to values less than IO”274 m ol/L , as shown in equation 9.89. (Line 10.82 was plotted from equation 10.16 of Garrels and Christ, 1965.)
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will p ro ceed in th e d irectio n th a t m oves it closer to a sta te of equilibrium . If th e w a te r/ro c k ratio is sm all, th e e n v iro n m e n tal p a ra m e te rs can change until they satisfy eq u atio n 10.82 and equilibrium is established. If th e w a te r/ro c k ra tio is large, the en v iro n m en tal p a ra m e te rs m ay n o t b e affected appreciably by th e re a c tio n we a re now co n sid er ing. T he re a c tio n th e re fo re ru n s to com p letio n and does n o t achieve equilibrium . T he stra ig h t line we have d raw n in Figure 10.5 (e q u a tio n 10.82) is a b o u n d a ry th a t se p a ra te s th e e n v iro n m e n ts in w hich K -feld sp ar is p ro duced by re a c tio n 10.78 fro m th o se in w hich kao lin ite is p ro d u ced . W e assum e h e re th a t the re actio n re p re se n te d by e q u a tio n 10.78 is, in fact, reversible. A lth o u g h this m ay n o t b e tru e in all cases, a K -feld sp ar kno w n as adularia d o es form from k a o lin ite a t low te m p e ra tu re (M en sin g and Faure, 1983; K a stn e r an d Siever, 1979). In any case, if w e m ove fro m p o in t P o n th e eq u ilib riu m line in F ig u re 10.5 to w a rd h ig h e r activities of H 4 S i0 4, th e re a c tio n will re sp o n d by com bining k ao lin ite w ith H 4 S i 0 4 to p ro d u ce K -feldspar. T h erefore, K -feldspar is th e stable p h a se in all en v ironm ents re p re se n te d in Figure 10.5 th a t have an excess o f H 4 S i 0 4 ab o v e th a t re q u ire d fo r e q u i librium . Similarly, kao lin ite is stab le in all en v iro n m en ts co ntaining less H 4 S i 0 4 th a n is re q u ire d for equilibrium o f reactio n 10.78. T he activity o f silicic acid is lim ited by its sol ubility, as show n in F igure 9.4. T h erefo re, a m o r ph o u s silica p rec ip itates w hen its solubility lim it is rea ch e d and th e activity o f [H 4 S i 0 4] in F igure 10.5 can n o t rise ab o v e th e value re q u ire d fo r eq u ilib ri um in th e reaction: S i0 2 (am o rp h .) + 2 H 2 0 ^ H 4 S i0 4



(10.83)



A t equilibrium , [H 4 S i 0 4] = 10 ” 2 7 4 m o l/L (e q u a tion 9.89). T herefo re, a line has b e e n draw n in Figure 10.5 a t log [H 4 S i 0 4] = -2 .7 4 w hich is an im p e n etrab le b o u n d ary b ecau se [H 4 S i 0 4] can n o t rise to higher values. T he tw o lines in F igure 10.5, th erefo re, divide th e com positional p lan e into th re e fields th a t re p re s e n t en v iro n m en tal co n d i tions n e e d e d to stabilize K -feldspar, k ao lin ite, and am o rp h o u s silica.
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T he p ro c e d u re w e have used to d eterm in e th e en v iro n m en tal con d itio n s n ecessary for th e co nversion o f K -feldspar to k ao lin ite can serve to define th e stab ilities o f all m inerals th a t m ay be exposed to w ater an d atm o sp h e ric gases at or n e a r th e surface of th e E a rth . U n fo rtu n ately, w e ca n n o t p ro ceed in this d irectio n because the e q u i lib riu m con stants o f th e reactio n s we w ant to stu d y have n o t b e e n m easu red ow ing to e x p eri m e n ta l difficulties. F o r this reaso n , we n ext u n d e r ta k e a b rief excursion into therm o d y n am ics b ecau se it is possible to calculate equilibrium co n stan ts fo r chem ical reactio n s fro m th e change in th e sta n d a rd fre e energy o f re ac ta n ts an d p ro d ucts. T h erm odynam ics will e n ab le us to ev aluate m o st chem ical reactio n s w e m ay care to investi gate an d will also p ro v id e a p ro o f fo r th e validity o f th e Law o f M ass A ction.



10.7



Summary



W hen salts dissolve in w ater, they dissociate in to cations and anions. T he solubility o f a salt can be d e te rm in e d by calculating th e activities of its ions in a sa tu ra te d so lu tio n b ased o n th e L aw o f M ass A ction. A salt m ay p recip itate fro m a su p e rsa tu ra te d solution in w hich th e ion activity p ro d u c t (IA P ) of its ions exceeds its solubility p ro d u c t co n stan t. W h en a salt does p recipitate, the co n cen tra tio n of its ions rem ain in g in th e solution change an d th eir ra tio ten d s to w ard infinity or zero. T he resulting change in th e chem ical com position o f th e w ater co n trib u tes to th e ev o lu tio n o f brines fo rm e d by p ro gressive ev ap o ratio n of w ater in d e se rt lakes o r in sed im en t drying in th e sun. T he p recip itatio n of salt A m ay also be caused by th e additio n of an o th er, m o re soluble, salt B th a t shares a com m on ion w ith salt A . A s a result, salt A p recipitates as salt B dissolves until eq uilibrium b etw een th e ions an d b o th salts is established. This p rocess can acco u n t fo r th e rep lacem en t of a m in eral (salt B) by a n o th e r (salt A ) th a t is less soluble. Salts can be classified o n th e basis o f th e stre n g th o r w eakness o f th e acids an d bases fro m w hich they origin ated . W h en th e ions of a w eak acid o r w eak b ase a re re lease d in to solution by th e dissociation o f a salt, th e y re a c t w ith w a ter to



form the p aren tal w eak acid o r w eak base. This p h en o m en o n is called hydrolysis and causes the p H of a salt so lu tio n to change. H ydrolysis of c a r bonates, silicates, and p h o sp h a tes of th e alkali m etals and alkaline e arth s ten d s to m a k e g ro u n d w ater basic, th e re b y en h an cin g th e ir solubility. In addition, salt solutions th a t also contain the p a re n ta l acid (o r b ase) o f th e salt resist change in th eir p H and are th e re fo re said to b e buffered. T he ability of th e ions of a salt in so lu tio n to in teract w ith each o th e r is dim inished by th e p re s ence of o th e r ions and by interactio n s w ith the m olecules of th e solvent. T herefo re, th e m olar concentrations o f ions m ust b e co rre c ted by fac tors called activity coefficients derived from the D e b y e -H ü c k el th e o ry b e fo re they are used in applications of th e L aw of M ass A ction. Similarly, calculations b ased on th e Law of M ass A ction yield th e activities o f ions, w hich m ust th e n be con verted to c o n cen tratio n s b e fo re they can be co m p ared w ith o b serv ed co n cen tratio n s d e te r m ined by chem ical analyses. The solubility of calcium ca rb o n a te is en hanced by th e hydrolysis o f th e c a rb o n a te ion an d also rises w ith increasing p a rtia l p re ssu re of C 0 2, w ith decreasin g p H o f th e en vironm ent, and decreasing te m p e ra tu re . T h ese relatio n sh ip s are all derivable by applications o f th e Law of M ass A ctio n and explain such diverse p h e n o m e na as the d ep o sitio n o f strom atolites, th e fo rm a tion of lim estone caverns, th e grow th of stalactites an d stalagm ites, leaching or d ep o sitio n of calcium c a rb o n a te in soils, and th e existence of th e c a rb o n a te co m p en satio n d e p th (C C D ) in th e oceans. T he L aw o f M ass A c tio n can also b e u sed to stu d y chem ical w e a th e rin g o f A l silicates such as K -feldspar, w hich is c o n v e rte d by incongruen t so lu tio n in to k ao lin ite. T h ese k in d s of re a c tio n s can be re p re s e n te d by eq u a tio n s th a t are c o n stru c te d on th e basis o f c e rta in assum ptions an d conven tions. T he e q u a tio n s in d ic a te th e necessary c o n d itio n s fo r th e c o m p le te c o n v e r sion o f o n e m in e ra l in to a n o th e r, a lth o u g h th e deco m p o sitio n o f A l silicates is n o t re v e rsib le at surface te m p e ra tu re s in m an y cases. T h e e q u a tio n s also yield th e activities o f ions a n d m o le



 REFERE N CES cules re q u ire d fo r e q u ilib riu m an d th e re b y d efin e th e sta b ility lim its o f th e solids. B y p lo t tin g th e re le v a n t e q u a tio n s d eriv ed fro m th e Law o f M ass A c tio n in lo g -lo g co o rd in ates, u se ful d iag ram s can be c o n stru c te d th a t d e p ict the
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e n v iro n m e n ta l c o n d itio n s a t w hich th e solids a re stable. T h e n u m e ric a l valu es of th e e q u ilib ri um c o n sta n ts re q u ire d fo r th is p u rp o se can be c a lc u la ted fro m th erm o d y n am ics, w hich is th e to p ic o f th e n e x t ch ap ter.



Problems 1. Calculate activities of Ca2+ and F“ and the solu bility of fluorite (CaF2) in pure water at 25 °C without regard to possible hydrolysis. Assume that all activity coefficients are equal to one. Express the solubility of fluorite in terms of m ol/L and g/100 mL.



NOJ



2. A quantity of 0.50 g of crystalline NaCl is added to one liter of a solution containing IO“3,0 mol of dis solved A g +. Demonstrate that AgCl precipitates from the solution and calculate the weight of AgCl in grams that forms per liter. Assume that all activity coefficients are equal to one. 3. What is the ratio of the activities of Zn2+ and Pb2+ in a solution that is in equilibrium with respect to sphalerite (ZnS) and galena (PbS)? (Disregard hydrolysis effects.) 4. Predict the outcome of reactions that occur when a solution having [Cu2+]/[F e2+] = 10 comes in contact with hydrotroilite (FeS). What will be the ratio of [Cu2+]/[F e2+] in the solution after equilibrium is estab lished? (Disregard hydrolysis effects.) 5. Calculate the ionic strengths of water in Lake Superior (A) and Lake Erie (B) and explain the differ ence (Livingstone,1963, Table 7). The concentrations are in m g/L. A h c o
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0 .0 3



S i0 2
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6. Calculate the activity coefficient of Mg2+ in an aqueous solution having / = 5 x 10-2 at 15°C based on the Debye-Htickel theory represented by equation 10.46. 7. Calculate the solubility of strontianite (SrC 03) in pure water at 25 °C in equilibrium with C 0 2 having a partial pressure of 3 X 1 0 -4 atm. Specify the concentra tions of all ions in a saturated solution in units of m ol/L.



8 . Calculate the solubility of calcite at 1 5 °C in pure water in equilibrium with C 0 2 at 3 X 1 0 -3 atm pressure. Set up the equations based on the dissociation of car bonic acid and solve for the activity of H +. Specify the concentrations of all ions and express (Ca2+) in m g/L. 9. Construct an equation to represent the incongruent solution of K-feldspar (KAlSi3Og) to “illite” (K A l3Si3O 10(O H )2).
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 11 Thermodynamics T he science o f th erm odynam ics originally evolved fro m a variety of o b serv atio n al evidence indicating th a t m echanical energy is tra n s fo rm ab le into heat. F or exam ple, B enjam in T h o m p so n (1753-1814) o f W oburn, M assachu setts, b e tte r know n as C o u n t R u m fo rd of the H o ly R o m a n E m pire, was im pressed by the am o u n t o f h e a t g en erated during th e boring of can n o n a t the arsenal in M unich. In 1798 he p ro p o sed th a t th e h e a t was form ed by conversion of th e m echanical energy ex p en d ed by th e boring an d actually calculated the am o u n t o f h eat g en er a te d by o n e horse turning th e b o re r fo r one hour. C o u n t R u m fo rd ’s ideas a b o u t th e equivalence of w ork and h e a t w ere su p p o rted by Sir H um phry D avy (1778-1829), w ho d em o n strated in 1799 th a t tw o pieces of ice could be m a d e to m elt by rubbing th em to g eth er by a clockw ork m ech a nism in a vacuum . N evertheless, th e scientific com m unity did n o t accept this id ea fo r nearly 50 years until Jam es R Joule (1818-1889), working in his fa th e r’s brew ery in M anchester, E ngland, carefully m easu red the rise in tem p eratu re caused by stirring w ater w ith a m echanical paddle w heel. H is research betw een 1840 an d 1849 clear ly d e m o n stra ted th a t th e ex p en d itu re of a certain am o u n t o f w ork always p ro duced the sam e am o u n t o f h e a t (M oore, 1955). T h e o b serv atio n th a t w ork is tran sfo rm ab le in to h e a t is an extension of th e principle of con serv atio n o f energy. It can b e re sta te d by saying th a t w h en ev er w ork is done, h e a t energ y is con sum ed, im plying th a t o n e m ust always pay a price by th e e x p e n d itu re of energy if w ork is to be accom plished. T herm odyn am ics is fo u n d ed o n th re e basic principles, w hich arise from com m on experience



b u t ca n n o t be p ro v e d o r disproved. T hey m u st be accep ted as articles o f faith. The science o f th e r m odynam ics has evolved from th e se so-called laws by careful ded u ctiv e reasoning aid ed by m athem atics.



11.1



Definitions



T h erm odynam ics describes th e w orld th e w ay it a p p ears to an o b serv er in term s o f c e rta in m e a surable p ro p e rtie s o f m a tte r, such as volum e, p re s sure, te m p e ra tu re, and chem ical com position. M a tte r is re g a rd e d as continuous and indivisible. In this reg a rd th erm odynam ics is th e o p p o site of statistical m echanics in w hich m atte r is tre a te d as a collection of p articles in m otion. In o rd e r to e n te r th e w orld o f therm odynam ics w e m u st first becom e fam iliar w ith c e rta in definitions an d c o n ventions th a t m ay differ from com m on usage. The basic en tity for co n sideration in th e rm o dynam ics is th e system , which is th a t p a rt o f th e universe w hose p ro p e rtie s are u n d e r con sid era tion. T he system is se p a ra te d from th e re st o f the universe, know n as the surroundings, by a b o u n d ary w hose p ro p e rtie s can b e defined. A system is said to be open w h en m a tte r can pass across th e b o u n d ary and closed w hen m atte r is p rev e n ted from en terin g o r leaving th e system. T h e b o u n d ary m ay p re v e n t n o t only m atter b u t also h e a t and any o th e r form o f energy fro m passing th ro u g h it. System s th a t have such im pervious bou n d aries are said to b e isolated. T he investiga to r m ust identify the system to be stu d ied and specify th e p ro p e rtie s o f its boundary. T he p ro p e rtie s o f a system a re classified as being e ith e r intensive o r extensive. In ten siv e p ro p erties, such as p ressure, te m p e ra tu re, an d
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density, are in d e p e n d e n t of th e a m o u n t o f m a tte r th a t is p resen t, w h ereas th e ex ten siv e properties, such as volum e and mass, d e p e n d o n th e m ass and a re th e re fo re additive. W h en th e p ro p e rtie s of a system are ch an g ed , it ex p erien ces a change in its state. F or exam ple, w hen a q u a n tity o f gas in a cylinder is co m p ressed by m oving a frictionless pisto n , th e system u n d e rg o e s a change in state. T he chem ical co m p o sitio n o f th erm o d y n am ic system s is ex p ressed in te rm s o f co m ponents and phases. N o rd stro m an d M u n o z (1986, p. 67) d efin ed a ph ase as “ a u n ifo rm , hom ogeneous, physically distinct, an d m ech anically separable p o rtio n of a system .” W h en th e system u n d e r co n sid eratio n is a rock, th e m in erals o f w hich th e rock is com p o sed a re th e phases. P h ases n e ed not be solids, b u t can also b e liquids o r gases. F or exam ple, a system co n tain in g ice, w ater, and w ater v a p o r has th re e p h ases (solid, liquid, an d g as).T he a q u e o u s p h ase in such a system m ay also contain a n u m b e r o f ionic o r m o le c u la r species in solution. T he co m p o n en ts of a system are th e chem ical co n stitu en ts by m ean s o f w hich th e chem ical com po sitio n s of th e ph ases o f a system can be com pletely described. T he choice of com po nents is arbitrary. F o r exam ple, th e ch em ical com posi tio n o f a ro ck sp ecim en can b e ex p ressed in term s o f oxides o r in term s o f chem ical elem ents. Flow ever, th e n u m b e r o f co m p o n en ts req u ired to d escribe th e com p o sitio n s o f all o f th e phases p re se n t in a system a t eq u ilib riu m is c o n strain ed by th e G ibbs p h a se rule. T h e n u m b e r o f v ariab les th a t m u st b e speci fied in o rd e r to d efin e th e sta te o f a system is e q u a l to th e n u m b e r o f c o m p o n e n ts plus the n u m b e r of in tensive p ro p e rtie s, such as p ressu re a n d te m p e ra tu re . T h e sta te o f th e system is com p le te ly d efin ed w h en th e n u m b e r o f variables is e q u a l to th e n u m b e r o f in d e p e n d e n t relatio n s b e tw e e n th em . If th e n u m b e r o f in d e p e n d e n t e q u a tio n s is less th a n th e n u m b e r o f variables, th e system has variance o r degrees o f freed o m . In this case, th e sta te o f th e system ca n n o t b e c o m p le te ly c o n stra in e d . W h en th e n u m b e r o f v ariables exceeds th e n u m b e r o f in d e p e n d e n t e q u a tio n s by o n e, th e system is u n iva ria n t a n d has o n e d egree o f fre e d o m . U n iv a ria n t system s can b e c o n



strain ed by specifying th e v alue o f one o f th e variables. W h en th e n u m b e r o f variab les exceeds the n u m b er of eq u a tio n s by two, th e system is divariant, and so on. W hen a chem ical system is at equilibrium , the n u m ber of phases (p ), th e n u m b e r of c o m p o nents (c), and th e n u m b e r o f d eg rees of freed o m ( /) m ust satisfy th e G ibbs p h ase ru le (N o rd stro m and M unoz, 1986): p + f= c + 2



( 1 1 .1 )



T herefore, system s in w hich th e n u m b er of phases is equal to the n u m b e r of co m ponents have two degrees of freedom . In o th e r w ords, p ressu re and te m p eratu re m u st be specified in this case in o rd er to com pletely define th e sta te of th e system . All systems contain a certain am o u n t of heat, which is defined as th at which flows across the boundary of a closed system during a change in its state by virtue o f a difference in tem p eratu re betw een the system and its surroundings. M ore over, heat always flows from a p o int of higher to a point of lower tem perature. Therm odynam ics defines h eat as though it w ere an invisible fluid w hose direction o f flow is indicated by its algebraic sign. H eat is positive w hen it flows from the sur roundings to the system and negative w hen it flows fro m the system to the surroundings. We can rem em ber this im p o rtan t convention by recogniz ing th a t systems are “selfish.” W hen a system gains heat, the added h e at has a positive sign, and w hen it loses heat the sign is negative. W ork is defined in m echanics as the product of force times distance, w hereas in therm odynam ics w ork is defined as a quantity th at flows across the boundary of a system during a change in its state and is com pletely convertible into the lifting of a weight in the surroundings. W ork, like heat, is an algebraic quantity, but th e sign convention of w ork is opposite to that of heat. W hen w ork flows to the surroundings it has a positive sign, and w hen it flows to the system it has a negative sign. A n o th er way to visualize the sign convention for w ork is to say that when the system does w ork, the w ork is positive, but when the surroundings do it, the w ork is negative. W ith these definitions and conventions we have now set th e stage to in tro d u c e th e first law of



 11.3 therm odynam ics. T he p re se n ta tio n will be selec tive an d based on plausibility ra th e r than m a th e m atical rigor. M o re co m p lete and rigorous p resen tatio n s can be fo u n d in college level te x t b o oks on physical chem istry. T herm odynam ics for use by geologists is p re se n te d in books by K ern and W eisbrod (1967), W ood an d F raser (1976), F raser (1977), N o rd stro m an d M u n o z (1986), and A n d e rso n (1996).



11.2



The First Law



E very system w hose state has b een defined by specifying th e num erical values of its p ro p erties co n tain s a certain am o u n t of energy. This energy arises from the h e a t c o n te n t of th e system as well as fro m o th e r in tern al so urces such as gravitation al, electrical, m agnetic, m olecular, atom ic, and even nuclear p h en o m en a. T he a m o u n t of in ternal energy (E ) of a p articu lar system is difficult to determ in e. H ow ever, its m ag n itu d e depends on th e sta te of th e system . W h en a system undergoes a chan g e in its state in a reversible m anner, its in tern al energy also changes. T h e m agnitude of th e change in th e in tern al energy AE of a system th a t undergoes a reversible change in state from state 1 to state 2 is given by: AE = E 2 — E x



( 11.2 )



w here E 2 and E x are th e in tern al energies of the system in states 2 and 1, respectively. It m akes no difference how th e change in state is carried out, p ro v id ed th a t it is reversible, which req u ires th at th e system is n ev er far from being in equilibrium . If th e system is re tu rn e d to its original state, the n et change in its in tern al energy is zero. We con clude th e re fo re th a t th e change in the internal energy of a system undergoing a change in state along a circular p ath is zero: AE = (E 2 - E x) + ( E x - E z) = 0



(11.3)



The first law o f thermodynamics states that the increase in the internal energy of a system during a reversible change in its state is equal to the heat that flows across its boundary from the surround ings (q) minus the work done by the system (w).



u t int/ aya it/ H i
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. AE = q — w



(11.4)



The first law of therm o d y n am ics im plies th a t w ork and h e a t a re re la te d and th a t som e o f the h e a t th a t flows in to th e system du rin g a change in state is co n v erted into w ork and th e re fo re does n o t au g m en t th e in te rn a l energy. We can im agine th a t a reversib le change in state can be ca rried o u t in small in crem en tal steps such th a t th e in tern al energy changes by sm all am ounts d esigned by dE . N ow w e can re sta te th e first law in d ifferen tial form : d E = dq — d w



(11.5)



w here dq an d d w a re very sm all in crem en ts of h e a t an d w ork, respectively. T he m ost com m on form of w ork a system can d o during a chan g e in its state is to ex p an d against th e co n stan t p ressu re of the surroundings. Thus we can specify that: dw = P dV



(11.6)



w here P is th e e x tern al p ressu re and d V is an in crem ental change in th e volum e o f th e system . A sim ple d e m o n stra tio n in d icates th a t P d V d oes have th e d im ensions o f w o rk (force X distance): PdV =



force X (d istan ce ) 3 (d ista n c e ) 2



= fo rce X distance (11.7)



T herefore, we can express th e first law by th e equation: d E = dq - P d V



11.3



(11.8)



Enthalpy



T he sta te m e n t o f th e first law re p re se n te d by e q u atio n 1 1 . 8 en ab les us to p red ic t the change in the in tern al en erg y of a system during a change in its state. T h e eq u a tio n indicates th a t th e increase in th e in te rn al e n erg y of th e system is eq u al to the h e a t ab so rb ed fro m th e su rro u n d in g s m inus th e w ork d o n e by th e expansion o f th e system against th e pressu re ex e rte d by th e surroundings. W e can
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carry o u t such a ch an g e in sta te by integratin g e q u a tio n 1 1 . 8 fro m sta te 1 to sta te 2 : d E = J dq - p j d V



(11.9)



T h e in te g ra tio n yields: E 2 - E , = (q 2 - q j - P (V 2 - V ,)



(11.10)



W e sim plify this re su lt by rep lacin g q 2 - g, by q P, w hich is an a m o u n t o f h e a t a d d e d at co nstant pressu re. In a d d itio n , w e m u ltiply th e P V term s: E2 - Ej = qp - PV2 + P V 1



(11.11)



B y rearranging th e term s of this eq u atio n we obtain: (E 2 + P V 2) - (E , + E V ,) = q P (11.12) It is ad v a n ta g eo u s a t this p o in t to define a new k in d o f en ergy called th e enthalpy (H ):



their com pounds. T he reference state is defined in term s of certain standard properties th a t define the so-called standard state. The tem p eratu re of the standard state is equal to 25°C (298.15 K ),th e pres sure is 1 atm (recently redefined as 1 bar, which is equal to 106 d y n e /c m 2, o r 0.987 atm , 29.53 in. Hg), and th e activity o f ions and m olecules in aqueous solution is equal to one. In addition, we specify that the enthalpies of th e p u re elem ents in their stable state of aggregation in the standard state are equal to zero. Thus we have th e definition: The enthalpy o f formation of compounds and their ions and molecules in aqueous solution is the heat absorbed or given off by chemical reactions in which the compounds, ions, and molecules form from the elements in the standard state.



We re p re se n t this im p o rta n t therm odynam ic p a ra m e te r by th e sym bol H 'f w here th e su p er H = E + PV (11.13) script ° identifies th e sta n d a rd sta te and th e su b T h e e n th a lp y is a fu n ctio n o f th e sta te o f th e sys s c rip t/s y m b o liz e s “fo rm atio n .” tem , as isth e in tern al energy. T h erefore, th e T he sta n d a rd en thalpies of form ation and en th a lp y o f th e system in state s 1 an d 2 is: o th e r therm o d y n am ic constants of m any com pounds, ions, and m olecules have b ee n m easured tf j = E , + P V X (11-14) experim entally an d are ta b u la te d in th e C R C H a n d b o o k o f Chem istry and Physics (W east et al., H 2 = E2 + PV2 (11.15) 1986), in Technical N o tes of th e N ational B ureau of Standards, and in com pilations by Kelley (1962), S u b stituting e q u a tio n s 11.14 a n d 11.15 into e q u a R o b ie e t al. (1978), B arin e t al. (1989), an d W oods tio n 1 1 . 1 2 yields: and G arrels (1987). H ow ever, it is im p o rtan t to H 2 - H x = q P = AH (11.16) rem em b er th a t stan d ard enthalpies of form ation In o th e r w ords, th e ch an g e in th e e n th alp y of a sys and o th e r therm odynam ic constants are m easure te m (AH ) d u rin g a rev ersib le chan g e in its sta te at m ents and are subject to experim ental errors. c o n sta n t p re ssu re is eq u a l to th e h e a t ab so rb ed by C onsequently, th e values re p o rte d by different th e system d u rin g th a t ch an g e in state. investigators fo r a given com pound com m only dif This is a very im p o rta n t an d co n crete resu lt fer fro m each o th e r by am ounts th a t m ay or may b ecau se qP is a m easurable quantity. F o r exam ple, n o t be w ithin the e rro r of th e m easurem ents. Such w h en a ch em ical re a c tio n is c a rrie d o u t in a welldiscrepancies in therm odynam ic constants affect in su lated vessel called a calo rim eter, th e h e a t the results of calculations in which they are used evolved o r co n su m ed is in d ic ated by th e change an d cause in tern al inconsistencies. Som e of the in te m p e ra tu re inside th e calorim eter. T herefore, stan d a rd enthalpies of fo rm ation listed in e q u a tio n 11.16 en ab les us to m e asu re th e change A p pendix B are average values o f tw o o r m ore in th e e n th a lp y o f a system as a re su lt o f a chem i d eterm in atio n s th a t ap p e a r to be com patible w ith cal reactio n , b u t w e still d o n o t know th e a m o u n t in th e erro rs of m easu rem en t. H ow ever, n o assur o f e n th a lp y th e system contains. ance can be given th a t th ese values are accurate to In o rd er to establish a scale for enthalpy w e now w ithin the stated n u m b er o f significant figures or define a reference state for chem ical elem ents and th a t th e listed values are internally consistent.



 11. 4



11.4



Heats of Reaction



W h en tw o co m pounds o r elem ents, A and B, react to form a p ro d u ct A 2 B 3 by th e reaction: 2 A + 3 B —» A 2 B 3



(11.17)



a certain am o u n t of h e a t is e ith e r used up or given off. We can now calculate th e am o u n t of this h eat (.q P) from the en th alp y change of th e system w hen th e reactio n tak es place in th e stan d ard state. In o th e r w ords, w e tre a t th e reaction as a change in sta te an d calculate the difference in the enthalpy (AH°r ) b etw een the final state (A 2 B 3) and the ini tial state (2 A + 3 B). T h erefore, th e change in en th alp y o f the reaction in th e standard state is: AH°R = H°f (A 2 B 3) - [2H°f ( A ) + 3 /T /B ) ] (11.18) w here AH°R is th e h eat of th e reaction in the stan d ard state and H°f is th e stan d ard enthalpy of fo r m ation of A 2 B 3, A , and B, respectively. N ote th at th e h eat is evolved o r absorbed as a result of, or during, the reaction and n o t w hen the reaction is at equilibrium . A fter a reaction has reached equilibri um , the heat of th e reaction (AH R) is zero because th e rates of th e forw ard and backw ard reactions are exactly equal. Thus, we can state th at at equilibrium AH r = 0. H ow ever, th e reference state is a defined condition in which equilibrium does not occur. T herefore AH°R is never zero. In general, AH°R is calculated by sum m ing the standard enthalpies of th e products and by subtracting the enthalpies of th e reactants: AH°r



=



2



n iH°fi ( p r o d u c t s ) w , / / ) , (reactants) (11.19)



w h ere n is th e m o la r coefficient of each reactan t an d p ro d u c t ta k e n from a b alan ced equation re p resen tin g th e reactio n and i identifies the com po u n d s o r ions th a t p articip ate in the reaction. S tan d ard en th alp ies a re expressed in units of k ilocalorie p e r m ole (k ca l/m o l), w here the n o r m al calorie is d efined as th e am o u n t of h eat re q u ire d to raise th e te m p e ra tu re of 1 g o f w ater from 14.5 to 15.5 °C. T he calorie is equivalent to
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4.1840 jo u les (J) so th a t 1 k c a l/m o l is eq u a l to 4.1840 k J /m o l. A t th e p re se n t tim e b o th u n its are in use. W hen AH°R o f a re a c tio n is positive, th e re a c tion is endotherm ic, w hich m ean s th a t h e a t flows fro m th e su rro u n d in g s to th e system . C onversely, w h en AH°R is negative, th e rea ctio n is exotherm ic a n d h e a t flow s fro m th e system to the su rro u n d ings. E n d o th e rm ic reactio n s consum e h e a t, w h ereas ex o th erm ic reactio n s pro d u ce heat. In o rd e r to illu strate how h e a ts o f rea ctio n are calculated, w e ch oose th e re a c tio n b etw een hyd ro g en and oxygen to fo rm w ater in th e gaseous state, sym bolized by (g): 2 H 2 (g) + 0 2 (g) -» 2 H zO (g)



(11.20)



T he am o u n t of h e a t a b so rb e d o r given o ff w hen this reaction occurs a t 1 atm and 25 °C is given by: AH°r = 2 //} ( H 2 0 ( g ) ) - [2H°/ (H 2 (g)) + H°f ( 0 2(g))} T he sta n d a rd e n th alp ies o f H 2 and 0 2 a re b o th eq u al to zero by d efin itio n , so th a t in this case: AH°r = 2 //} ( H 2 0 ( g ) )



(11.22)



T he standard en th alp y of form atio n of w ater vap o r is —57.80 k c a l/m o l (A p p en d ix B ).T herefore: AH°r = 2 ( -5 7 .8 0 ) = - 1 1 5 .6 kcal



(11.23)



W e conclude th a t this rea ctio n is strongly exother mic. In fact, this reaction is com m only used to d e m o n stra te th e explosive n a tu re of som e chem i cal reactions. N o te th a t th e re ac tio n is endotherm ic w hen e q u atio n 1 1 . 2 0 is reversed. H e a t effects a re also asso ciated w ith th e dis sociation o f salts in to ions, w ith phase tra n sfo rm a tions, and w ith m ixing o r d ilu tio n of solutions. F or exam ple, h e a t is a b so rb ed fro m the surroundings w hen w ater ev ap o rates to fo rm w ater vapor: H 2 0 ( l ) -> H zO (g )



(11.24)



W hen the ev aporation occurs in th e standard state: AH°r = H°/ (H 2 0 ( g ) ) - /T )(H 2 0 ( l) )



(11.25)



F ro m A p p e n d ix B: AH°r = (-5 7 .8 0 ) - ( - 6 8 .3 2 ) = + 10.52 kcal (11.26)
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E vidently, th e ev a p o ra tio n of w ater a t 25 °C and 1 atm pressure is an endotherm ic process that rem oves heat from th e surroundings an d th ereb y causes the te m p e ra tu re to decrease. T he h eat re q u ire d to e v ap o rate o n e m ole o f a liquid is called th e latent heat o f evaporation. W hen th e vapor con denses to fo rm th e liquid, the h e a t given off is called the latent heat o f condensation. In o th er w ords, evap o ratio n is endotherm ic, w hereas con den satio n of w ater vap o r is exotherm ic, and the la te n t h e a t o f e v ap o ratio n is equal in m agnitude to th e h e a t of condensation. Similarly, fusion o r m elt ing of solids is endotherm ic, w hereas crystalliza tio n of liquids is exotherm ic, and th e latent heat o f fu sio n is equal to th e latent heat o f crystallization. N o te th a t we are u n ab le to calculate the la te n t h e a t of fusion o r crystallization of w ater becau se it tak es place a t 0 °C ra th e r th a n at 25 °C. T h erefo re, in o rd e r to calculate th e la te n t h e a t of fusion of w ater, we m u st first e x trap o la te the en th alp ies of fo rm atio n from 25 to 0°C. In g e n er al, chem ical reactio n s o n th e surface of th e E a rth o ccur a t te m p e ra tu re s b etw een 0 an d 100 °C, and th e ir heats o f reactio n th e re fo re com m only differ from those calculated a t 25 °C. T he resp o n se of a reactio n at equilibrium to a change in te m p e ra tu re can be p red icted on the basis o f Le C h ä te lie r’s principle. If th e forw ard reactio n is exotherm ic, an increase in th e te m p e ra tu re favors th e b ack w ard reactio n because it co n sum es h e a t and th e re fo re co u n teracts th e increase in th e te m p e ra tu re. C onsequently, th e equilibrium will shift to th e left m ak in g the equilibrium co n sta n t sm aller. Similarly, a decrease in te m p e ra tu re app lied to a reactio n at equilibrium in which the fo rw ard reactio n is ex o th erm ic causes th e equilib rium to shift to the right an d increases th e value of th e equilibrium co n stan t. Evidently, th e en th alp y chan g e of a chem ical reactio n is re la te d to th e way in w hich th e n u m erical value of th e eq uilibrium c o n sta n t varies w ith tem p eratu re. This re la tio n ship is form ally ex pressed by th e v a n ’t H o ff e q u a tion, w hich will be d eriv ed in Section 11.10. W e m ay also expect th a t exotherm ic reactions tak e place sp o n tan eo u sly because th ey do n o t re q u ire h e a t fro m th e surroundings. H ow ever, this generalizatio n is n o t correct. It tu rn s o u t th a t n o t



all of the heat th a t en ters a system during a reversible change in its state is available to do w ork. Similarly, th e direction in which a reaction proceeds spontaneously is n o t d eterm ined solely by the enthalpy change because system s have an additional p ro perty called entropy. We return to this p h enom enon in Section 11.6.



11.5



Heat Capacity



W hen h eat is ad ded to a solid, a liquid, o r a gas, th e te m p e ra tu re o f th e substance increases. This fam iliar observation can be sta te d as an equation: dq = C d T



(11.27)



w here dq is an in crem en t of h e a t added, C is a constant know n as th e heat capacity, and d T is the corresponding in crem en tal increase in the te m p era tu re expressed in kelvins (K ). In th erm o d y namics, te m p e ra tu res are always expressed on the “ a b so lu te” or K elvin scale, w hich has its zero p o in t at —273.15°C, w hen all m olecular m otion stops and the h e a t c o n te n t of p u re crystalline m aterials becom es eq u al to zero. T he h ea t capacity is a characteristic pro p erty of chem ical elem ents and th e ir com pounds that m ust be m easured experim entally. It turns out th a t h e a t capacities actually vary w ith te m p e ra tu re and th at it m akes a difference w hether the h eat is added at co n stan t p ressu re o r at constant volum e. O n the surface of the E a rth pressure is constant, and we th e re fo re w ork w ith the “heat capacity at constant p re ssu re ” sym bolized by CP. C onsequently, we re sta te e q u a tio n 11.27 as: d q P = CPd T



(11.28)



We now recall th a t th e h e a t ad ded to a closed system during a reversible change in its state at constant pressure is equal to the increase in the en th alp y of the system . This conclusion was expressed by e q u atio n 11.16, w hich we now re sta te in term s of differentials: dqP = dH



(11.29)



S ubstituting eq u atio n 11.29 in to 11.28 yields: d H = CPd T



(11.30)
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+ c X K T öj



dT



(11.31)



B y carrying o u t th e in teg ratio n w e obtain: H t - H r = C P( T - T °)



(11.32)



E q u a tio n 11.32 en ab les us to calculate the en th alp y of fo rm atio n o f a co m p o u n d at te m p e ra tu re T if we know its sta n d a rd enthalpy and its h e a t capacity, p ro v id e d the te m p e ra tu re d e p e n den ce of CP can be neglected. In reality, u se o f e q u a tio n 11.32 to e x tra p o late en th a lp ie s is lim ited b e ca u se th e h e a t c ap a c ity is in fact a fu n c tio n o f th e te m p e ra tu re and th e re fo re c a n n o t b e tre a te d as a c o n sta n t in th e in te g ra tio n . M o reo v e r, th e ra n g e o f te m p e ra tu re s o v er w hich th e in te g ra tio n is c a rrie d o u t m u st n o t in clud e p h ase tra n sfo rm a tio n s, such as b oiling o r freezin g , w hich cau se a d isc o n tin u ity in th e h e a t cap acity a n d involve th e ir ow n en th a lp y changes. T h ese re stric tio n s gen erally a re n o t sev ere p ro v id e d th e e n v iro n m e n ta l c o n d itio n s re m a in b e tw e e n 0 an d 100 °C a t 1 atm p ressu re. T h e re fo re , th e m o st s tra ig h tfo rw a rd p ro c e d u re is to re c a lc u late th e e n th a lp ie s o f fo r m a tio n of re a c ta n ts an d p ro d u c ts to th e d esired te m p e ra tu re (b e tw e e n 0 an d 100 °C) an d th e n to calcu late th e e n th a lp y ch an g e o f th e re a c tio n at th a t te m p e ra tu re . A m o re accurate and eleg an t p ro c e d u re is b ased on equ atio n s th a t express the variation of CP as a function o f te m p e ra tu re in th e form: C P = a + (b X 1 0"3)T + (c X 10“ 6 ) T 2



(11.33)



w here a, b , and c are co nstants derived by fitting an algebraic eq u atio n to experim entally determ ined d ata in coo rd inates of CP and T. S ubstituting e q u a tion (11.33) in to eq u atio n 11.31 yields: d H = a I d T + b X 10 “ T°



JT°



TdT



3



T°



(11.34)



B y in teg ratin g this e q u a tio n w e obtain: Ht -



dH = CP



T dT



H j.



,



, b X 10 3r , , s ,n = a ( T - T °) + --- [ T 2 - (T ° )2]



-



This eq u atio n can be in te g ra te d betw een a p p ro p ria te te m p e ra tu re lim its an d th e refo re enables us to ex tra p o la te enth alp ies o f fo rm atio n o f com p o u n d s from th e sta n d a rd te m p e ra tu re (T ° ) to som e o th e r te m p e ra tu re ( T ) abo v e o r below it:
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v r r [T3 _ ( to)3] + rCX^U_ 1



6



(n35)



E q u a tio n 11.35 can be ap p lied to th e re a c ta n ts and pro d u cts o f a chem ical re a c tio n as specified by eq u atio n 11.19. A s a resu lt, we calculate Aa, Ab, an d Ac fo r th e re a c tio n an d th e n e v a lu a te th e enthalpy change o f the re a c tio n a t te m p e ra tu re T (AH r t ) from th e eq u atio n : AH r t - AH°r = Aa ( T - T °) +



Ab X 10 “



Ac X 10 + ------



(11.36) 3



6



[T 2 - (T °)2] r , /™\n [T - ( T ) ]



T h e re la tio n sh ip b e tw e e n CP and T is so m e tim es ex p ressed in w ays th a t differ fro m e q u a tio n 11.33, b u t th e ap p lic a tio n o f th e se e q u a tio n s is lim ited by th e av ailability o f ex p e rim e n ta l data.



11.6



The Second Law



In th e 19th cen tu ry m uch w ork was do n e by m eans of steam engines in w hich h o t steam expands in a cylinder and pushes a piston. T he steam cools as it expands and is re tu rn e d to th e reservoir at a low er tem p eratu re. A n im p o rta n t scientific p ro b lem of th a t tim e was to u n d e rsta n d th e factors th a t lim it the efficiency o f steam engines. This p ro b le m was solved in 1824 by th e F rench en g in eer Sadi C arn o t (1796-1832). W ithout going into th e details, we can say th a t th e efficiency o f steam engines can never be 1 0 0 % because som e o f th e h e a t ad ded to the system m ust be discharged w hen th e ex panded steam re tu rn s to th e reservoir. T h e w ork o f C a rn o t was a very im p o rta n t co n trib u tio n to therm o d y n am ics an d fro m it arose a new prin ciple kno w n as th e seco n d law o f therm odynam ics. T he essence o f the second law is
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th a t all system s possess a p ro p e rty called entropy, n am e d by th e G erm an physicist R u d o lf Clausius (1822-1888). O n e w ay to exp lain e n tro p y is to say th a t a certain fractio n o f th e en th alp y o f a system is n o t co n v ertib le in to w ork becau se it is con su m ed by an increase in th e entropy. A n o th e r way to explain th e m eaning o f e n tro p y is to co m p are it to th e p ro p e rty of “ra n d o m n e ss” recognized in statistical m echanics. W h en one tries to predict th e b eh av io r of a collection of particles, one com es to th e conclusion th a t they will m ost p ro b ably assum e a co n d itio n o f m axim um ra n d o m ness. This conclusion leads to the g eneralization th a t every system th a t is left to itself will, on the average, chang e to w ard a co n d itio n of m axim um ran d o m n ess. T he im p licatio n of this statem e n t is th a t th e e n tro p y of a system increases sp o n ta n eously an d th a t en erg y m ust be sp e n t to reverse this tendency. W h en e n tro p y is th o u g h t o f as random ness, it can be recognized in m any n atu ral phenom ena. W e have all le arn ed fro m th e com m on ex p eri ences o f life th a t w ork m u st be d o n e to co u n teract th e n a tu ra l ten d en cy to w a rd d isorder. M any p o p u lar science books h av e b een w ritten ab o u t e n tro p y a n d its m an ifestatio n s in everyday life including o n e by R ifk in (1980) w ho claim ed th at “e n tro p y is th e su p re m e law of n a tu re and gov ern s every th in g w e do.” T h e second law in tro d u ces e n tro p y by the statem en t: In any reversible process the change in the entropy of the system (dS) is equal to the heat received by the system (dq) divided by the absolute temperature (T): d S = ^jr



(reversible process)



(11.37)



In any sp o n ta n eo u s irreversible process the change in e n tro p y is g re a te r th a n this am ount: d S > C^ r



(irrev ersib le process)



(11.38)



E n tro p y , like in tern al energ y and enthalpy, is a p ro p e rty w hose m ag n itu d e d ep en d s on th e state



of the system . H ow ever, u n like in tern a l energy and enthalpy, the ab so lu te value of th e e n tro p y of a system can be d e te rm in e d by v irtu e o f th e th ird law of therm odynam ics. M easu rem en ts indicate th a t th e h e a t capaci ties of p u re crystalline m aterials decrease with decreasing te m p e ra tu re and ap p ro a c h z e ro at absolute zero. This evidence has b e e n elev ated into the third law o f therm odynam ics, w hich states: The heat capacities of pure crystalline substances become zero at absolute zero. Since dq = C d T (e q u a tio n 11.28) dS = d q / T (eq u atio n 11.37), it follow s that: dS = c ( y )



and



(11.39)



If the heat capacity is equal to zero at absolute zero, thenafS = 0. Therefore, w hen a system com posed of pure crystalline substances undergoes a reversible change in state at absolute zero, the entropy change A S is equal to zero. The G erm an physicist W alther H erm ann N ernst (1864-1941) expressed these insights by stating th a t at absolute zero th e m olar entropies of pure crystalline solids are equal to zero.Therefore, the third law enables us to calculate entropies by integrating equation 11.39 from absolute zero to som e higher tem p eratu re (7):



1"-/.Mr)



( 1 1 '4 0 )



In order to calculate the entropy of an elem ent or com pound in the standard state from e q u a tion 11.40, the tem p eratu re dependence o f its heat capacity m ust be determ ined experim entally. The standard m olar entropies of m any elem ents and com pounds have b een determ ined and are listed in reference books including th e C R C H a n d b o o k o f Chemistry and Physics (W east e t al., 1986). M olar entropies are expressed in “entropy u n its” o r calo ries per degree (cal/deg). W hen the standard m olar entropies of the reactants and products of a chem i cal reaction are know n, the change in th e entropy (AS°R) o f a chemical reaction or phase transform a tion can be calculated from the statem ent:



 11. 7 ASR = 2



-^ (p ro d u c ts ) — 2



« ,5 °(reactan ts) (11.41)



W h en AS°R is positive, th e en tro p y of th e system increases as a resu lt of th e change in state, w here as w h en AS^ is negative, it decreases. F o r exam ple, w hen liquid w ater ev a p o ra tes in th e stan d ard sta te to form w ater vapor: H 2 0 ( l ) -> H 2 0 ( g )



(11.42)



G IB BS FREE E N ER G Y



16 3



w here H is th e en th alp y an d S is th e entropy. T he change in th e G ibbs fre e energy o f a chem ical reactio n in th e sta n d a rd sta te is: AG°R = AH°r - TAS°R



(11-47)



T he G ibbs free energy is a function o f th e sta te of th e system like the in te rn a l energy and th e enthalpy. I t is th e re fo re subject to th e sam e co n ventions reg ard in g the sta n d a rd sta te as e n th alp y and is m easu red in kilocalories p e r m ole:



th e change in e n tro p y is (K rauskopf, 1979): AS°R = 45.10 - 16.71 = + 2 8 .3 9 c a l/d e g (11.43) T h e increase in th e en tro p y is consistent w ith o u r ex p ectatio n th a t w ater m olecules in the gas phase a re m ore ran d o m ly d istrib u ted th a n m olecules of liquid w ater. Similarly, w hen solid N aC l dissoci ates to form ions: N aC l(s) -> N a + + C l"



(11.44)



th e change in e n tro p y is (K rauskopf, 1979): AS°R = 14.0 + 13.5 - 17.2 = + 1 0 .3 c a l/d e g (11.45) Evidently, th e en tro p y increases w hen N aC l dis solves to form ions in aq u eo u s solution because th e ions occupy fixed lattice positions in th e crys tal w hereas th e ions in th e solution are m obile. H ow ever, for o th e r reactio n s AS°R m ay be n eg a tive, which im plies a reduction in th e en tro p y of th e system .



11.7



Gibbs Free Energy



T he second law of th erm odynam ics im plies th at th e increase in th e enthalpy o f a system during a reversible change in its state at constant te m p e ra tu re is dim inished because a certain am o u n t of the en th alp y is consum ed by an increase in th e entropy o f th e system . This insight was used by J. W illard G ibbs (1839-1903) to define a new form of energy, now know n as th e G ibbs free energy (G): G = H -T S



(11.46)



The standard Gibbs free energy o f formation of a compound (G°f) is the change in the free energy of the reaction by which it forms from the ele ments in the standard state. N um erical values of G°f fo r com pounds an d ions in aq u eo u s solution a re listed in A p p e n d ix B to g e th e r w ith values o f H°f . The valu e of AG°R for a reac tio n is calculated by sum m ing th e values of G°f o f th e p roducts, each m u ltiplied b y its m o lar coefficient, and by su b tractin g from it th e sum of th e G°f values o f the reactants: AG°r = 2 n , G°fi(p ro ducts)



(re a c tan ts) (11.48)



T he algebraic sign a n d m ag n itu d e o f AG°R d e p e n d o n th e sign an d m ag n itu d e o f AH R an d AS°R in e q u a tio n 11.47. If th e fo rw ard re a c tio n is ex o th erm ic (AH°R is neg ativ e) and th e e n tro p y increases (AS°R is p o sitiv e), th e n th e tw o te rm s of e q u a tio n 11.47 com bine to m ak e AG°R n egative. If, how ever, th e e n tro p y decreases (AS°R is n e g a tive), th e n TAS°r in e q u a tio n 11.47 is positive. If AH°r is negative, A G°R will b e less negative th a n AH°r and m ay even becom e positive if T A S > A H . N o te th a t T A S is in fact a form of enthalpy because A S = A H / T at co n stan t p ressu re an d tem p era tu re (eq uations 11.16 a n d 11.37). Therefore, TA S has the dim ensions o f A H and the two term s can be add ed o r su b tracted from each other. W hen AG°r of a rea c tio n is negative, th e fo r w ard reactio n has excess energy w hen it occurs in the sta n d ard state. W hen AG°R is positive, th e re is
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a deficiency o f energy fo r th e forw ard reactio n in th e sta n d a rd sta te and th e reaction will th e refo re ru n in th e b ackw ard direction. In general, AG°R is a m easu re o f th e driving force of a chem ical re a c tio n such as eq u atio n 11.17:



If AG°r of this reaction is negative, th e reaction p ro ceeds as w ritten from left to right in th e standard state. W h en th e reaction ultim ately reaches equilib rium , th e p ro d u ct is m ore ab undant th an the reac tan ts so th a t th e equilibrium constant K is large: [ a 2 b 3]



= K



(11.49)



If, how ever, A G °R fo r reactio n 11.17 in the stan d ard sta te is positive, th e reaction runs th e o th e r way: 2A + 3B



A 2 B3



(11.51)



using th e d a ta in A pp en d ix B: AG°r = [(-1 3 2 .3 ) + (-1 2 6 .1 7 )] - [(-2 6 9 .9 )] = + 11.43 kcal



(11.52)



Since AG°R is positive, th e reaction ru n s from right to left in th e stan d ard state and calcite p recip i tates. T he equilibrium constant for reactio n 11.51 sh o u ld th e re fo re be a sm all num ber, as we know it to be. I t is n o t surprising th at th e reactio n (e q u a tio n 11.51) ru n s to th e left in the stan d a rd state b ecau se th e activities of th e ions in th e stan d a rd sta te a re each equal to one and th e ion activity p ro d u c t is th e re fo re m uch larger th a n th e eq u ilib riu m constant.



(11.53)



AS°R = [(-12.7) + (-13.6)] - [(+22.2)] = —48.5 c a l/d e g



(11.54)



N o te th a t AS°R for th e dissociation of calcite into ions is negative, im plying a decrease in the entropy. N o te also th a t th e en tro p y change is expressed in calories p e r deg ree (c a l/d e g ) ra th e r th an in kilocalories (kcal). W e can now com bine AH°r and AS°R for reactio n 11.51 and calculate AG°r , th ereb y testing th e in te rn a l consistency of th e therm odynam ic data:



(11.50)



T h erefo re, th e equilibrium co n stan t is small b ecau se th e reactan ts are m ore ab u n d a n t th a n the p ro d u ct. Evidently, th e sign and m agnitude of A G ^ o f a reactio n can b e used to predict b o th th e direc tion in w hich a reaction runs in th e stan d ard state an d th e m agnitude of the equilibrium constant. In conclusion, we calculate AG°R for th e fam il ia r reaction: C a C 0 3 -» C a2+ + C O f calcite



AH°r = [(-129.7) + (-161.84)] - [(-288.6)] = -2.94 kcal



2 A + 3 B —> A 2 B 3



[A ] 2 [B]:



We can also calculate AH°R an d AS°R fo r reac tion 11.51 using values o f H°f from A p p en d ix B and of S°f from K rau sk o p f (1979):



AG°r = - 2 .9 4 -



298.15(—48.5) 1000



(11.55)



w here 298.15 is th e te m p e ra tu re of th e sta n d ard state and we divide the T A S te rm by 1000 in o rd e r to convert calories to kilocalories. T he result is: AG°r = + 1 1 .5 kcal



(11.56)



which is in satisfactory a g re em e n t w ith AG°R = + 11.43 kcal calculated from e q u a tio n 11.52. N ote th a t AG°r for th e dissociation o f calcite into ions is positive even though th e reactio n is exotherm ic, th at is, AH°r is negative. This occurs because m ore h eat energy is consum ed to decrease th e en tro p y than is pro d u ced by th e dissociation. T herefo re, in this case AH°R is no t a reliable p re d ic to r o f the direction in which th e reactio n runs in the sta n dard state. The sign of AH°R does, however, enable us to use L e C hatelier’s principle to predict how the equilibrium constant of reaction 11.51 varies with tem perature. Since the reaction is exotherm ic as w ritten, it produces h eat which increases th e te m perature. T herefore, if reaction 11.51 is at equilibri um and the tem p eratu re is decreased, th e reaction moves to the right because th at tends to increase



 11. 8



the tem perature. W hen equilibrium is reestablished at a low er tem perature, th e equilibrium constant is larger than it was before. T herefore, the solubilityprod u ct constant of calcite increases with decreas ing tem perature and calcite becom es more soluble. A s we discussed in Section 10.4, therm odynam ics provides a rational explanation for the tem perature dependence of th e solubility of calcite and allows us to predict th e course of o th e r chem ical reactions provided th e necessary d ata are available.



11.8



Derivation of the Law of Mass Action



B ecau se th e G ib b s free e n erg y is d efined in term s of b o th th e first an d second laws o f th e r m odynam ics, w e can express it in term s o f d ire ct ly m e a su ra b le p ro p erties. W e can replace H in e q u a tio n 11.46 by e q u a tio n 11.13 an d obtain: G = E + P V - TS



(11.57)



For an infinitesim al change in state at constant te m p e ra tu re d T = 0 an d th erefo re: dG = dE + P d V + V dP - TdS



d G = d q - P d V + P d V + V d P - T dS (11.59) Since d S = d q /T , dq = T d S an d eq u atio n 11.59 th e re fo re reduces to: (11.60)



W e can use e q u a tio n 11.60 to calculate th e change in th e G ibbs free energy o f o n e m ole of an ideal gas as a function o f p ressu re a t co n stan t te m p e ra ture. Since th e volum e of gases varies w ith p res sure, w e m ust express th e volum e in eq u ation 11.60 by an e q u a tio n th a t re la te s volum e to p re s sure. A ccording to th e ideal gas law, for one m ole of gas: RT V = — w here R is th e gas constant.



S ubstituting into eq u atio n 11.60 yields: dG = R T ^ p j



(11.61)



(11.62)



In teg ratin g fro m th e standard p ressu re (P °) to som e o th e r p ressu re (P):



J



dG =



y



(11.63)



yields: G P - G ° = R T ( ln P - \n P ° )



(11.64)



Since P° = 1 atm , In P° = 0. T herefore, eq u atio n 11.64 redu ces to: GP - G° = R T \n P



(11.65)



w h ere G P is th e m olar free energy of the id eal gas a t pressu re P , G° is th e m o lar free energy in th e sta n d ard state, and T is the te m p e ra tu re o f th e sta n d ard sta te in kelvins.T he m o lar free en ergy is also called th e chem ical p o te n tial (/x), and e q u a tio n 11.65 can b e w ritten as: ix = fjL° + R T \ n P



(11.58)



Substituting e q u atio n 11.8 fo r d E yields:



dG = VdP



1 65



D ERIV A TI O N O F T H E LA W O F M ASS A C TI O N



(11.66)



The free energy of n m oles o f an ideal gas can be calculated by m ultiplying e q u atio n 11.65 by n: n G P - n G ° = n R T ln P



(11.67)



A ccording to D a lto n ’s law, the to ta l pressu re o f a m ixture of ideal gases is th e sum o f the p a rtia l pressures ex e rte d by each gas in the m ixture. T herefo re, fo r a m ixture of i ideal gases: 2



"A -



' 2 n iG°i = R T ' 2 , n i \ n P i



(11.68)



N ext, we assum e th a t the m ixture o f ideal gases is th e result of a chem ical reaction a n d specify th a t th e m olar coefficients (n) of the products a re p o s itive and those o f the reactants a re negative. T he provision is n o t new or a rb itrary b u t goes back to th e convention regarding the algebraic sign of h eat. If we choose to rep resen t th e chem ical re a c tion by the equation: aA + b B ^ c C + dD



(11.69)
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th e n w e can e v a lu a te w h at eq u a tio n to do. F o r exam ple, 2 n ,G , m eans: 2



«,-G,-(products) -



2



1 1 . 6 8



tells us



« ,G ,(reactan ts) = AG R (11.70)



Similarly, 2 n ,G ° m eans: 2



n ,G °(p ro d u cts) —2



n ,G °(reactan ts) = AG°R (11.71)



an d R T 'Z n i ln P, m eans: R T { c In P c + d In P D — a In P A — b In P B) = R T (ln P c P dD - In P%P'f) = RTIn



\pxpii



(11.72)



= RTlnQ



w h ere Q is th e reaction quotient. T h erefo re, we now re sta te e q u a tio n 1 1 . 6 8 as: AG r - AG°r = R T ln Q



(11.73)



w hich is valid fo r a reactin g m ix tu re o f ideal gases. T h e re a c tio n q u o tie n t ( Q ) v a rie s c o n tin u o usly as th e re a c tio n p ro c e e d s u n til th e re a c tio n re a c h e s a s ta te o f e q u ilib riu m . A fte r e q u ilib ri um h a s b e e n e sta b lish e d , th e p a rtia l p re ssu re s o f th e re a c ta n t a n d p ro d u c t gases b e c o m e c o n s ta n t b e c a u se th e fo rw a rd an d b a c k w a rd re a c tio n s a re o c c u rrin g a t th e sam e ra te . T h e re fo re, a t e q u ilib riu m th e re a c tio n q u o tie n t b ecom es c o n sta n t an d is k n o w n to us as th e equ ilib riu m constant. N ext, we co nsider a very im p o rta n t point: the free energy chan g e o f a chem ical reactio n at eq u i librium is eq u a l to zero. This sta te m e n t becom es obvious if we recall th a t AG R is re g a rd e d as the driving force of a chem ical reactio n . W h en a re a c tio n is in eq u ilib riu m , th e re is n o driving force p ush in g it o n e w ay o r th e o th er. H ow ever, note th a t AG°r is n o t z ero b ecau se it is th e change in th e G ibbs free en erg y w h en th e re actio n takes p lace in th e sta n d a rd state. T h erefo re, AG R is a constant, w h ereas AG R varies as th e re a c tio n p ro ceeds fro m th e sta n d a rd sta te to w ard equilibrium .



W hen the reaction reach es equilibrium , A G Ä—»0, but A G ^ rem ains the sam e. R eturning to eq u atio n 11.73 w e can now state th a t for a m ixture o f ideal gases at equilibrium A G R = 0 and therefore: AG°* = -- R T l n K



(11.74)



w here K is the equilibrium constant at the standard tem perature. This rem arkable equation establishes the functional relationship th at exists betw een AG°R and K, both of which are constants th at apply to chemical reactions in th e stan d ard state and at equilibrium , respectively. In th e process of deriving this relationship we have also proved the validity of the Law of M ass A ction for reactions am ong ideal gases. These two results are am ong the m ost im por tan t contributions therm odynam ics has m ade to science. E quation 11.74 allows us to calculate the num erical values of equilibrium constants at 25 °C for all chemical reactions for which we can calcu late A G°r from existing m easurem ents of th e stan dard free energies of form ation. We reduce e q u a tio n 11.74 to a fo rm u la by converting the eq u a tio n to logarithm s to th e base 10 and by substitu tin g R = 1.987 c a l/d e g ■m ol and T = 298.15 K: 2.3025 X 1.987 X 298.15



AG°r



1000



log K



= -1 .3 6 4 log K



(11.75) (11.76)



The right side of equation 11.75 m ust b e divided by 1000 because R is expressed in calories, w hereas AG°r is in kilocalories. T herefore, th e equilibrium constant K is related to AG°R by the form ula: K =



1 0 -4 G 1 /1 J 6 4



(11.77)



This is a very useful result, b u t it applies only to reactions am ong ideal gases unless w e ta k e steps to m ake it applicable to real gases and to ions and m olecules in aqueous solutions.



11.9



Fugacity and Activity



«



In o rd e r to m ake equ atio n s 11.74 and 11.77 applicable to reactio n s am ong real gases we define the fugacity as th e p a rtia l p ressu re a real



 11. 9 gas w ould have if it w ere ideal. T herefo re, fugacities satisfy eq u atio n 11.74. In o rd e r to apply e q u a tio n 11.74 to real solutions o f any kind w e define th e activity (a) of a solu te as: a = L r



(11.79)



because the fugacity / of a p u re substance is eq u al to f° . B inary m ixtures o f tw o no n electro ly tes A and B obey R a o u lt’s law, w hich states th a t th e fugaci ty o f co m p o n en t A is given by: /



=



a



/ Ä



(11.80)



w here N A is th e m ole fractio n o f A defined as: Wa = " A n ( A ) + « (B )



( 1 1 .8 i ) v '



w here « (A ) and n (B ) are th e n u m b ers of m oles of A and B, respectively. W h en th e solution is dilute, th a t is, « (A ) « « (B ), th e v a p o r obeys H e n ry ’s law: /



=



a



(11.82)



By dividing b o th sides of e q u a tio n 11.82 by f°A, we obtain: ^ I



= ^ N A = aA A



(11.83)



/ A



N ext, we n o te th a t for a dilu te so lu tio n of solute A in solvent B th e n u m b er o f m oles of A is m uch sm aller th an th e n u m b e r o f m oles of B. T herefore, if n (A ) « « (B ), e q u atio n 11.81 can be restated to a very good ap p ro x im atio n as: N



A



= ^ n ( B)



(11.84)
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T he m ole fractio n of A in a d ilu te solution can be tra n sfo rm ed in to th e m olal c o n c en tratio n of A (m A) by co n verting « (B ) to kilogram s o f B: « (A ) X 1000 « (B ) X M W (B )



(11.78)



w h e r e /is th e fugacity o f th e so lu te in th e solution a n d / 0 is its fugacity w h en th e v a p o r is in equilib rium w ith the p u re su b stan ce in th e stan d ard state. Since fugacities a re m easu red in atm o s p h eres o r o th e r units of p ressu re, th e activity as defined by eq u atio n 11.78 is a dim ensionless num ber. It also follow s fro m e q u a tio n 11.78 th a t for a p u re substance: a = 1.0



F U C A C IT Y A N D A C T IV IT Y



(11.85)



w here M W (B) is th e gram -m olecular w eight o f B. Since n (A )/« (B ) = N A in dilute solutions of A in B: mt



( 11 .86 )



M W (B)



and k ' is a co n sta n t eq ual to 1000/M W (B ). W h en w e su b stitu te e q u a tio n 11.86 in to e q u a tio n 11.83, we obtain: k km A a * = — AC = ------f° A



(11.87)



f° A k '



By com bining the th re e constants in equation 11.87 we obtain: 7Am A



( 11 .88)



w here yA is th e activity coefficient. T his re la tio n sh ip applies to all solu tio n s regardless o f th e v ap o r p ressu res o f the solutes o r of th e solvent. If th e so lu tio n is a m ix tu re of volatile n o n electro ly tes such as aceto n e dissolved in w ater, w e have n o difficulty d etectin g th e p re s ence o f ac e to n e v ap o r and th e definition o f the activity o f ace to n e in th e so lu tio n given by e q u a tion 11.78 m akes sense. Ions p ro d u ced by th e dis sociatio n o f salts, acids, an d bases in w a te r also p ro d u c e vapors, b u t th e ir p a rtia l pressu res o r fugacities a re so low th a t th e y m ay b e u n d e tectable. H ow ever, this e x p erim en tal difficulty d o es n o t a lte r th e validity o f relatio n sh ip s d eriv ed by co n sid eratio n o f v ap o rs in eq u ilib riu m w ith solutes and solvents reg ard less o f w h e th er th e y a re electro ly tes o r nonelectrolytes. T h e co n cep t o f activity p re se n te d ab ove is q u ite d ifferen t fro m th a t discussed in Sections 9.2 and 11.3 We can reco n cile th e tw o re p re sen tatio n s by saying th a t activities a re in tro d u c e d in th e rm o dynam ics in o rd e r to ex te n d th e Law of M ass A c tio n from reactin g m ixtures o f ideal gases to chem ical reactio n s am ong m olecules an d ions in n o n id e al aq u eo u s solutions. T his is accom plished
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by m ean s of activity coefficients th a t convert m o lal c o n cen tratio n s o f ions an d m olecules into activities. W h en activity coefficients a re reg ard ed as dim ensionless conversion factors, th e n activi ties h av e th e sam e u n its as concen tratio n s.



11.10



The van't Hoff Equation



T herm odynam ics en ab les us to calculate th e e q u i lib riu m con stan ts o f chem ical reactio n s a t 25 °C. In o rd e r to ex tra p o la te th e eq u ilib riu m co n stant fro m th e sta n d a rd te m p e ra tu re to o th e r te m p e ra tu re s b e tw e e n 0 an d 100 °C, w e re tu rn briefly to e q u a tio n 11.74: AG°fi = - R T ln K B y solving this e q u a tio n fo r ln K we obtain: In * =



AG°„



(11.89)



RT



N ext, w e d iffe re n tiate e q u a tio n 11.89 w ith re sp e c t to T:



< -»



T he result of the integ ratio n is: In K T



In K r = \ -



A /A



j ~ Y ) (11-96) R E q u a tio n 11.96 is th e im p o rta n t v a n ’t H o ff e q u a tion, which w e now re sta te in term s of logarithm s to th e base 1 0 :



log K t = log K To



AH°r



(1



2.30257? \ T



1



298.15) (11.97)



N o te th a t e q u atio n 11.97 can be used to calculate K at any te m p e ra tu re betw een 0 and 100 °C if we know the value of K at th e standard tem p e ra tu re. H ow ever, if th e referen ce te m p e ra tu re differs from 25 °C, th en AH R m u st be ev aluated at th a t te m p e ra tu re by m eans of h e a t capacities, as show n in e q u atio n 11.32 or 11.35. We have now co m pleted this selective p re sen tatio n o f therm odynam ics, which has en ab led us to prove the validity o f th e Law of M ass A ction and to calculate eq uilibrium constants of ch em i cal reactions n o t only at th e stan d ard te m p e ra tu re b u t also at o th e r te m p era tu res betw een 0 and 100 °C.



Since AG°R = AH°R — TSS°R, it follow s that: A G°„ AH°r k no — - r = —= r ~ AS°R



(11.91)



and: ds c y r _



a h °r t T1



dT



-



(11.92)



0



S u bstituting into e q u atio n 11.90 yields: d ln K dT



1



\



R )\



am



AH I



T2



RT2



(11.93)



M ultiplying b y d T gives: ,, „ / A //p \ / d T d ln K = / brl



(11.94)



W e in te g ra te e q u a tio n 11.94 fro m th e sta n d ard te m p e ra tu re ( T °) to som e o th e r te m p e ra tu re (T), w hich m ay b e hig h er o r low er th a n T°:



11.11



Solubility of Amorphous Silica between 0 and 100°C



A t th e end of C h a p te r 9 we calculated th e solu b il ity of am o rp h o u s silica in w ater as a fu n ctio n of p H at 25 °C. We are now in a position to investi gate how the solubility o f am orphous silica varies as a function of te m p e ra tu re at d ifferen t values of the pH . The th erm o d y n am ic constants re q u ire d for this calculation are listed in A p p en d ix B. A m o rp h o u s silica reacts w ith w ater to form silicic acid: S i0 2 (am orph.) + 2 H zO (l) -+ H 4 SiC> 4



(11.98)



T he change in G ibbs free energy of this reactio n in th e stan d ard sta te is: AG°fi = [(-3 1 2 .6 6 )] - [(-2 0 3 .3 3 ) + 2 (-5 6 .6 8 7 )]



R



= + 4.044 kcal



(11.99)



 11.12 and th e equilib riu m co n stan t K r is:



K r = i o - (4044h-364) = IO“296 (11.100) T he change in en th alp y in th e sta n d a rd sta te is: AH°r = -3 4 9 .1 - |



215.94 + 2 ( —68.315)]



= + 3 .47 k c a l /



(11.101)



T he re a c tio n is endotherm ic, suggesting th a t its equilibrium co n stan t increases w ith tem p eratu re. F ro m th e v a n ’t H o ff e q u a tio n (11.97): log K T =



~~2 - 9 6



3.47 X 10 3 (1 1 \ ~~ 2.3025 X 1.987VT ~~ 298.15/



, (1L102)



w here R = 1.987 c a l/d e g - m o l. N o te th a t AH°R m ust be co n verted to calories in o rd e r to be co m p atible w ith R. E q u a tio n 11.102 red u ces to: \ o g K T = - 2 .9 6 - 7 5 8 .4 0 ; - 0.003 35 j (11.103) W hen T > 298.15 K, l / T - 0.003 35 is negative and the algebraic sign of the second term in e q u a tion 11.103 changes to plus. T herefore, at T = 273.15 K (0°C ) eq u atio n 11.103 yields K T = 1(T3-20, w hereas a t 373.15 K (100°C) K T = 10-2'45. Evidently, th e equilibrium constant of reaction 11.98 increases w ith increasing tem p er atu re as predicted. T he first dissociation o f silicic acid form s H 3 S iO / and H +: H 4 S i 0 4 -> H 3 S i 0 4“ + H +



(11.104)



T he sta n d a rd free energy change is A G°R = + 13.24 kcal, and th e sta n d a rd en th alp y change is AH°r = + 7 .0 kcal. N o te th a t th e G°f and H°f of H + are b o th equ al to zero. T he eq uilibrium co n stan t of reactio n 11.104 at 25 °C is K = 10 - 9 7 1 an d varies w ith te m p e ra tu re in accord an ce w ith th e v a n ’t H o ff equ atio n : log K j = -9 .7 1 - 1 5 3 0 .0 3 0 - 0.003 35 j (11.105)
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C o n sequently a t 0°C , K T = IO-1019, w h ereas at 100°C, K r = 10-868. O nce again, th e equilibrium co n stan t increases w ith rising te m p e ra tu re because re ac tio n 11.104 is en d otherm ic. T hese calculations illu strate th e p o in t th at therm odynam ics n o t only confirm s o u r qualitative predictions b ased on L e C h ä te lie r’s principle b u t actually p erm its us to d e te rm in e th e num erical values of th e equilibrium co nstants of all kinds of chem ical reactions betw een te m p e ra tu res o f 0 and 100 °C o r o th e r ap p ro p riate te m p e ra tu re limits. A lth o u g h this is a very im p o rta n t advance in geochem istry, th e calculations can b eco m e q u ite tedious. T herefo re, it is h elp fu l to sum m arize th e results o f th erm o d y n am ic calculations by m eans of suitable diagram s. In th e case at h an d , w e w ant to d ep ict th e c o n c e n tra tio n o f S i 0 2 in sa tu ra te d solutions o f am o rp h o u s silica a t d ifferen t values of th e p H and tem p e ratu re. W e th e re fo re carry o u t th e calculations first m ad e in S ection 9.6 a t a series o f te m p e ra tu re s for selected p H values and p lo t th e results in F igure 11.1 as a set o f curves in co o rd in ates of th e c o n c e n tra tio n o f S i 0 2 an d te m p eratu re. T he d iagram depicts th e in crease in the solubility of am o rp h o u s S i 0 2 w ith increasing te m p e ra tu re a t specified values o f th e p H . Such d ia gram m atic re p re se n ta tio n s o f chem ical reactio n s are widely used in geochem istry an d th e re fo re are the subject of C h a p te r 12.



11.12



Summary



T herm odynam ics is b ased o n th re e statem en ts regarding the relationship betw een h e a t and o th e r form s of energy th a t do n o t req u ire p ro o f because they are self-evident. S tarting from th e se basic prem ises, therm odynam ics has grow n in to a large body o f know ledge by rigorous deductive re a so n ing aided by m athem atics. T he pro d u cts o f this developm ent include th e concepts of e n th alp y and G ibbs free energy an d a p ro o f o f the L aw o f M ass A ctio n fo r reactin g m ixtures of ideal gases. These results o f therm odynam ics have g reat practical value in geochem istry b ecause th ey p e r m it us to calculate th e equilibrium con stan ts of
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chem ical reactio n s at any d esired te m p e ra tu re , lim ited only by th e availability o f th e necessary th erm o d y n am ic p a ra m e te rs and c o n stra in e d by th e stabilities of th e reactan ts an d products. C onsequently, w e can now explore th e b eh a v io r of chem ical reactio n s on th e surface o f th e E a rth an d u se th e results to specify the stability lim its of th e com m on rock-form ing m inerals. M any o f the reactio n s th a t ta k e place in th e n a tu ra l en v iro n m e n t can b e stu d ied in the la b o ra to ry only w ith g re a t difficulty because these reactio n s a re so slow. T herm odynam ics enables us to m ak e p re d ic tions a b o u t th e o u tco m e o f these reactio n s th a t can b e tested by evidence in th e field.



Fi g u r e 11.1 Solubility of amorphous silica as a func tion of temperature at different pH values. The equilib rium constants at 25 °C were calculated from equation 11.77 using the standard free energies of formation from Appendix B. Equilibrium constants at other tem peratures were derived from the van’t Hoff equation (11.97) based on K and kH°R. The activity coefficients of all ions and molecules were assumed to be equal to one. The resulting curves indicate that the concentra tion of S i0 2 in milligrams per liter in saturated solu tions of amorphous silica in water increases both with increasing temperature and pH.



T e m p e ra t u re , ° C



Problems 1. Calculate the enthalpy change when fluorite (CaF2) dissolves in water in the standard state. 2. Based on the result in Problem 1, predict how the solubility of fluorite varies with temperature. 3. Calculate the standard free energy change of the reaction by which fluorite dissociates into ions. 4. Calculate the solubility of fluorite in water at 10, 20, and 30 °C and express each in terms of the concen tration of Ca2+ in m g/L. (Assume y = 1 for all species.)



5. Calculate K r for the reaction between albite (NaAlSijOg), water, and H + to form kaolinite (A l2Si20 5(O H )4) and silicic acid. 6. Apply the Law of Mass Action to the reaction in Problem 5, take logarithms to the base 10, and express the resulting equation in terms of log [Na+]/[H +] and log [H4S i0 4]. 7. The water of the Mississippi River at Baton Rouge, Louisiana, has the following chemical composi tion at pH = 7.2.



 REFERE N CES ppm h c o



3



so f cr n o3 Ca2+



101 41 15 1.9 34



ppm Mg2+ N a+



K+ S i0 2



7.6 11 3.1 5.9
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Mississippi River at Baton Rouge; that is, determine whether albite or kaolinite is produced. 9. Make the necessary calculation (assuming T = 25 °C) to determine whether the Mississippi River at Baton Rouge is saturated or undersaturated with respect to (a) calcite, (b) gypsum, (c) amorphous silica, (d) quartz, and (e) dolomite.



10. Calculate the value of G°f for BaF2 given that the concentration of Baz+ in a saturated solution at 25 °C, having an ionic strength of 0.01, is 1.12 X 10“2 m /L. 8. U se the results of Problems 6 and 7 to determine Assume that Ba2+ and F“ are derived entirely from BaF2 and that hydrolysis is negligible. the direction of the reaction in Problem 5 in the Calculate log [Na+]/[H +] and log [H4S i0 4] for this water using the necessary activity coefficients.
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 12 Mineral Stability Diagrams W hen m inerals p a rtic ip a te in chem ical reactio n s as re a c ta n ts o r products, they are e ith er co n sum ed or p ro d u c e d d ep en d in g o n th e d irection in w hich th e re a c tio n is m oving. W e can th e re fo re say th a t reactant m inerals are unstable, w h ereas p ro d u c t m in erals are stable w hile the re a c tio n is in progress. If th e re a c tio n ultim ately re a c h e s eq u ilib riu m , both re a c ta n t an d p ro d u c t m inerals becom e stable. Thus, w e can investigate th e stability o f m in erals u n d e r tw o kinds o f c o n ditions: 1. We can d e te rm in e th e en v iro n m en tal cond ition s n ecessary for m in erals to co ex ist a t equilibrium . 2. We can d ete rm in e w hich m inerals are sta



ble and w hich a re u n stab le in a p a rtic u lar geochem ical env iro n m en t. T he th eo retical basis fo r th ese kinds of studies is p ro v id ed by th e L aw of M ass A ctio n an d by th e relatio n sh ip b e tw e en th e stan d ard free energy chan g e of a chem ical reactio n an d its eq u ilib rium c o n sta n t at 25 °C. T he activity d iagram s we w a n t to co n stru ct a re based o n th e incongruent so lu tio n o f c e rta in alum inosilicate m in erals in igneous an d highg ra d e m e ta m o rp h ic rocks. T h e re a c tio n s o n w hich th e d iagram s a re based c o n trib u te to chem ical w ea th e rin g an d resu lt in th e fo rm a tio n o f oxides, hydroxides, clay m inerals, o r zeolites, d e p e n d in g on th e geo ch em ical en v iro n m en t. T ransform ation s am o n g m in erals th a t form only a t elev ated te m p e ra tu re an d p re ssu re are in a p p ro p ria te in activity diagram s d raw n at th e te m
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p era tu re and pressu re o f th e E a rth ’s surface. H ow ever, th e stability o f m inerals can also be defined by eq uations arising fro m th eir congru ent solution in dilute aq ueous solutions. B o th k inds o f activity d iag ram s p re s e n t c o m p lex chem ical interactions in a form th a t is especially app ro p riate for geologists accustom ed to using p h ase diagram s in igneous petrology.



12.1



Chemical Weathering of Feldspars



The feldspars in igneous rocks crystallize from silicate m elts at high te m p e ra tu re, b u t can also form on the surface of th e E a rth by reactio n s of aqu eo us solutions w ith o th e r alum inosilicates such as the clay m inerals. In Section 10.6 we dis cussed how to construct the eq uations th a t re p resen t the reactio n s am ong alum inosilicates, b u t we w ere unable to p ro ceed because w e did not know th e equilibrium co nstants of th e reactions we w anted to investigate. N ow we can re sta te th e e q u atio n for th e c o n version of m icrocline to kaolinite: 2 K A lSi 3 0



8



+ 9 H 20 + 2 H + ^



A l 2 Si2 0 5 ( 0 H



) 4



+ 2 K + + 4 H 4 S i0 4



(12.1)



U sing the stan d ard free energies of fo rm atio n from A p p e n d ix B we obtain: A G°r = [-(9 0 6 .8 4 ) + 2 ( —67.70) + 4 (-3 1 2 .6 6 )] - [ 2 ( - 894.9) + 9 (—56.687)] = +7.103 kcal



(12.2)



 1 2.1 T h erefo re, th e equilibrium c o n sta n t of th e reac tio n a t 25 °C is:



R



=



1 0 -(7.103/1.364) =



1 0 -5.21



(123)



A p p ly in g th e Law of M ass A c tio n w hen th e reac tio n is at eq u ilib riu m gives: [H 4 S iQ 4 ]4 [ iO ] 2 [H + ] 2



=



10 -5.21



(12.4)



w here th e sq u are b rack ets signify activities or fugacities o f reactan ts and products. N ext, we ta k e logarithm s of e q u a tio n 12.4: 4 log [H 4S iO j + 2 log [K +] - 2 log [H +] = -5 .2 1



(12.5)



C ollecting term s: 4 log [H 4S iO j + 2(log [K +] - log [H +]) = -5 .2 1 (12.6) from w hich it follow s that:



rK +l



4 log [H 4S iO j + 2 lo g f— pj = -5 .2 1 [H +]



(12.7)



and:



[K l 0 g [H T] =



“



2



l0g



~



2 '6 0



(12'8)



E q u a tio n 12.8 is a straight line, show n in Fig u re 12.1, alo n g w hich log [K +] / [ H +] and log [H 4 S i 0 4] have th e values re q u ire d for equilib rium b etw een m icrocline and kaolinite. If the two p a ra m e te rs have values th a t place th e env iro n m e n t o f f th e line, th e reactio n is n o t at equilibri um . In th a t case, we can d ete rm in e th e direction in w hich th e re a c tio n p ro c e e d s by applying L e C h ä te lie r ’s p rin c ip le to e q u a tio n 12.1. If log [H 4 S i 0 4] o f th e en v iro n m en t is greater than re q u ire d fo r equilibrium a t a p articu lar value of log [K +] / [ H +], reactio n 12.1 m oves to the left, th e re b y c o n v e rtin g k a o lin ite in to m icrocline. T h erefo re, m icrocline is stable u n d e r these condi tions, w h ereas k aolinite is unstable. T he sam e re a soning indicates th a t if log [H 4 S i 0 4] is less than re q u ire d fo r equilibrium , k a o lin ite is stable and m icrocline is un stab le at 25 °C.
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We m ight have chosen to write an eq u atio n for the conversion of m icrocline to gibbsite instead of kaolinite. The resulting line plots to th e left of the m icrocline-kaolinite equilibrium in Figure 12.1. This m eans th a t m icrocline is reacting to form gibbsite u n d er conditions in which kaolinite, n o t m icrocline, is stable. Consequently, th e tran sfo rm a tion of m icrocline to gibbsite is m etastable and m ust be excluded fro m th e diagram . W hen re a c tio n 12.1 occurs in a closed en v i ro n m e n t h a v in g a sm all w a te r /r o c k ra tio , log [H 4 S i0 4] an d log [K +] / [ H +] m ay ch an g e as th e re a c tio n p ro g re sse s u n til e q u ilib riu m is established. In th a t case, k ao lin ite an d m icrocline coexist in e q u ilib riu m w ith th e aq u e o u s so lu tio n , p ro v id ed th e te m p e ra tu re rem ain s c o n sta n t an d th e activities o f th e ions an d m olecules rem ain unchanged. O n th e o th e r h and, if th e en v iro n m e n t is o p e n o r th e w a te r/ro c k ra tio is large, the reactio n m ay n o t achieve equilibrium b ecau se it is un ab le to change th e activity of H 4 S i 0 4 an d th e [K +] /[ H +] ratio o f th e en v iro n m en t e n o u g h to m ak e them com p atib le w ith eq u atio n 12.8. In this case, th e re a c tio n co n tin u es until e ith e r k ao lin ite o r m icrocline is u sed up, dep en d in g on th e d ire c tio n in w hich it is m oving; th a t is, th e reac tio n goes to com pletion. We can investigate th e effect of a te m p e ra tu re change on re actio n 1 2 . 1 by calculating AH°R: AH°r = [(-9 8 3 .5 ) + 2 ( —60.32) + 4 (-3 4 8 .3 )] - [ 2 ( - 948.7) + 9(68.315)] = + 14.895 kcal



(12.9)



We see th a t th e re ac tio n is endotherm ic w hen it occurs in th e sta n d a rd state, which m ean s th a t it co n su m e s h e a t in th e fo rw a rd d ire c tio n . T h erefo re, an increase in te m p e ra tu re fav o rs th e co nversion o f m icrocline to kaolin ite an d causes th e equilibrium c o n sta n t to increase. T he re la tionship b etw een K T° and K T is given b y th e v a n ’t H o ff eq uation: log K t = log K T c -



A H°r X 103/1



2.30257? \ T



0.003 35J



( 12.10)
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log [H 4S i0 4] Fi g u r e 12.1 Stabilities of microcline, muscovite (proxy for illite), kaolinite, gibbsite, and amorphous silica in equilibrium with K +, H +, and H4S i0 4 in aqueous solution at 25 °C and 1 atm pressure. The equations for the stability boundaries are based on the standard free energy values from Appendix B and are listed in Table 12.1. N ote that K-smectite, pyrophyllite, and quartz are omitted from the diagram in order to keep it simple. N ote also that the diagram lies in the upper left quadrant of the coordinate system. The reaction path was adapted from Steinmann et al. (1994).



 12. 1



Since K T. = IO “ 5 21, AH°R = +14.895 kcal, and if T = 308.15 K (35 °C): log K t = - 5 .2 1 K(35 °C) = K T 4



85



14 895



(0.003 24 - 0.003 35) (12.11)



Since 10 - 4 ' 8 5 > 10-521, th e eq uilibrium does shift to th e right in fav o r of k ao lin ite with increasing te m p e ra tu re, as p red icted . W hen re a c tio n 12.1 pro ceed s from left to right as w ritten , it p ro d u ces K + ions and H 4 S i 0 4 m olecules w hile consum ing H + an d H 2 0 . T h e re fore, if th e system is closed, th e chem ical co m po sition of th e w a ter changes in such a w ay th a t log [H 4 S i 0 4] an d log [K +] / [ H +] becom e m ore com patible w ith th e values re q u ire d for eq u ilib ri um. T h erefo re, chem ical w eath erin g alters the chem ical com p o sitio n o f w a ter and hence its quality as a n a tu ra l resource. M oreo v er, reactions such as 1 2 . 1 tak e place n o t only on the surface of the E a rth b u t also below th e surface w h ere g ro u n d w ater is in co n tact w ith m inerals th a t are u n stab le in th e p re se n c e o f w ater. C hem ical “w eath erin g ” is n o t restricted to places th a t are exposed to th e w eath er, b u t occurs at varying d e p th below th e surface d e p en d in g on the loca tion o f th e w ater tab le and th e porosity and p e r m eability of th e rocks. We can now co m p lete th e construction o f th e stability d iagram fo r m icrocline (Figure 12.1) by a dding o th e r cry stallin e o r a m o rp h o u s co m p ounds th a t can o ccur in th e system com posed of Si0 2 - A l 2 0 3 - K 2 0 - H C l- H 2 0 . T h ese include gibbsite, m uscovite (proxy fo r illite), K -sm ectite, pyrophyllite, and am o rp h o u s silica. N o te th at “HC1” serves as a so u rce of h y d ro g en ions and is n o t actually p re se n t in n a tu ra l environm ents. N o te also th at th e stability fields o f K -sm ectite and pyrophyllite are n o t show n in Figure 12.1, b u t they do occur betw een k aolinite an d microcline. T he equations re q u ire d to define th e stability limits of the solid phases in this system a re derivable by the sam e p ro ced u re we d e m o n strated above for re a c tion 12.1 and are th erefo re listed in Table 12.1. The boundaries in Figure 12.1 are the loci of points whose coordinates have th e values required
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for equilibrium betw een the solids in adjoining fields. E ach field is labeled to indicate which solid is stable within its boundaries. T he solids are stable only within their stability fields. W hen th ey are exposed to an en v iro n m en t th a t lies outside their ow n stability field, they a re conv erted into th e solid th a t is stable in th a t environm ent. For exam ple, if a grain o f m icrocline is placed into an environm ent within th e stability field o f kaolinite, reaction 1 2 . 1 will run from left to right and convert the m icro cline into kaolinite, provided enough tim e is avail able to allow th e reactio n to ru n to com pletion. Similarly, if kaolinite is placed into an environm ent within the stability field of microcline, it forms sec ondary K-feldspar know n as adularia (Kastner, 1971; K astner and Siever, 1979; M ensing and Faure, 1983). M ost n a tu ra l w aters p lo t w ithin the stability field of k ao lin ite in F ig u re 12.1, w hereas se a w a te r strad d les th e b o u n d a ry b e tw e e n m uscovite (illite) and m icrocline. T h e re fo re, m icrocline an d o th e r feldspars in igneous an d m e ta m o rp h ic ro ck s on th e co n tin en ts w e a th e r to fo rm clay m inerals (k ao lin ite an d sm ectite). W h en th e se clay m in e r als are d e p o site d in th e oceans, th ey te n d to ta k e up K + and m ay b e c o n v e rte d in to illite (re p re sen te d by m uscovite in F igure 12.1) or low -tem p e ra tu re feldspar, given sufficient time. T he ev o lu tio n o f th e chem ical co m p o sitio n of w a te r as a re su lt o f chem ical w eath erin g o f m in erals such as m icrocline can b e p re d ic te d by n u m erical m o d elin g (H elg eso n e t al., 1969). T he progress of such re a c tio n s p ro d u c e s curved re a c tio n p ath s on activity diagram s. A n exam ple of such a p a th is show n in F igure 12.1 based on m o d eling by S tein m an n e t al. (1994). T heir calcula tio n s w ere b ased o n th e assum ptions that: 1. T he system is clo sed a n d th e w a te r/ro c k ra tio is sm all. 2. T he se c o n d ary m in erals a re in eq u ilib riu m w ith ions in th e so lu tio n even th o u g h the p rim a ry m in erals a re n o t in equilibrium . 3. T em p eratu re and p ressu re rem ain constant. 4. A lu m in u m is con serv ed in th e reactions. 5. T he so lutions re m a in d ilu te such th a t all activity coefficients a re close to unity.
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T a b l e 1 2 .1



Microcline-kaolinite 2 KAlSi3Os + 9 H20 + 2 H + ^ A l2Si2Os(O H )4 + 2 K+ + 4 H4S i0 4 AG°r = +7.103 kcal



K = 10“5-21



log | | i | = ~ 2 log [H4S iO j - 2.60



(1)



Kaolinite-gibbsite A l,Si20 5( 0 H )4 + 5 H20 ^ 2 A l(O H )3 + 2 H4S i0 4 AG°r = +12.755 kcal



K = 10“9-35



log [H4S i0 4] = -4 .6 8



(2)



Microcline-muscovite 3 KAlSi30 8 + 12 H20 + 2 H + ^ KAl3Si3O 10(O H )2 + 2 K + + 6 H4SiQ4 AG°r = +16.184 kcal



K = IO“118“



l o g j | J j = -3 1 o g [H 4S i0 4] - 5 .9 3



(3)



Muscovite-kaolinite 2 KAl3Si30 H1( 0 H )2 + 3 H20 + 2 H + ^ 3 A l2Si20 5( 0 H )4 + 2 K+ A G°r = -11.059 kcal



K = 10+8U



l0gf§ ] =+405



(4)



Muscovite-gibbsite KAl3Si30 ]u( 0 H )2 + 9 H20 + H + ^ 3 A l(O H )3 + K+ + 3 H4S i0 4 AG°r = +13.603 kcal



K = IO”997



log j | ^ j = - 3 log [H4S iO j - 9.97



(5)



Solubility limit of amorphous silica S i0 2(amorph.) + 2 HzO ^ H4S i0 4 AG°r = +3.604 kcal



K = IO' 264



log [H4S iO j = -2 .6 4 aBased on the thermodynamic data in Appendix B.



(6)
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W hen m icrocline is exposed to an environ m ent represented by the coordinates of point A in Figure 12.1 (i.e., log [H 4 S i0 4] = - 6 .0 , log [K +] / [H +] = —2.0, pH = 4), it will react to form gibbsite: K A lS i 3 O s + 7 H 20 + H + -» A l(O H ) 3 + 3 H 4 S i0 4 + K +



( 12.12)



A s a result, the [K +] / [ H +] ra tio and [H 4 S i 0 4] of th e w ater b o th increase becau se th e system is assum ed to be closed an d th e w a te r/ro c k ra tio is small. T herefo re, th e chem ical com position o f the aqueous phase changes along th e reactio n p ath from A to B. W hen the chem ical com position o f th e a q u e ous phase reaches p o in t B, k ao lin ite beco m es the stable phase. T h erefore, th e previously fo rm ed gibbsite reacts w ith silicic acid in th e w ater to form kaolinite:



A l 2 Si2 0 5 (O H ) 4 + 5 H zO This reactio n consum es silicic acid, b u t does not affect th e [K +] / [ H +] ratio o f the w ater. A t the sam e tim e, m icro clin e c o n tin u e s to disso lv e in co n g ru en tly to form k a o lin ite (e q u a tio n 1 , Table 12.1):



A l 2 Si2 0 5 ( 0 H



8 ) 4



+ 9 H 20 + 2 H + -»



( 1 2



1 4



)



+ 2 K + + 4 H 4 S i0 4



This reaction releases silicic acid and also causes th e [K +] / [ H +] ra tio of the w ater to increase. If equilibrium b etw een gibbsite and k ao lin ite is m aintained, th e c o n cen tratio n of silicic acid in th e w ater m ust rem ain co n stan t u n til all of th e p rev i ously form ed gibbsite has b een co n v erted to kaolinite. U n d er these conditions, the reactions at p o in t B in Figure 12.1 can be re p re se n te d by one eq u atio n w ritten in such a w ay th a t Si is con served (S teinm ann e t al., 1994): K A lSi 3 0



8



+ 2 A l(O H ) 3 + H + ->



1.5 A l 2 Si2 0



5



(O H ) 4 + K + + 0.5 H zO



reactions re p re se n te d by e q u atio n 12.15 cause th e [K+] / [ H +] ra tio of th e w ater to rise along the g ib b site -k a o lin ite b o u n d a ry from p o in t B to p o in t C, which is reached w hen all of th e gibbsite has b een converted to kaolinite. S ubsequently, m icrocline re a c ts w ith ions in th e w a te r to fo rm k a o lin ite in ac c o rd a n ce w ith e q u a tio n 12.14. A s a re su lt, th e [K +] / [ H +] ra tio as w ell as [H 4 S i 0 4] b o th in crease alo n g th e re a c tio n p a th b e tw ee n p o in ts C and D , p ro v id e d th a t e n o u g h m icrocline is av ailab le to allow re a c tio n 12.14 to continue. If the chem ical com position o f th e w ater reach es th e stability b o u n d ary b e tw e e n k aolinite and m uscovite (illite), kaolinite becom es unstable and reacts w ith th e ions in th e w ater to form m us covite (e q u a tio n 4, Table 12.1): 3 A l 2 Si2 0 5 ( 0 H



) 4



+ 2 KT



(12.16)



2 K A l 3 Si3 O 1 0 (O H ) 2 + 3 H 2Q + 2 H 4



2 A l(O H ) 3 + 2 H 4 S i 0 4 —>



2 K A lS i 3 0



177



^



This e q u atio n can be co nstru cted by m ultiplying e q u atio n 12.14 by 1 /2 and adding it to 12.13. The



This re a c tio n causes a d e c re a se of th e [K +] / [ H +] ra tio o f th e w a te r w ith o u t affecting th e activity of [H 4 S i 0 4]. H ow ever, if m icrocline is still av ail able, it will now fo rm m uscovite (e q u a tio n 3, T able 12.1): 3 K A lSi 3 O s + 12 H 20 + 2 H + -» K A l 3 Si3 O 1 0 (O H ) 2 + 2 K + +



6



(12.17)



H 4 SiQ 4



This re ac tio n increases b o th th e [K+] / [ H +] ratio and [H 4 S i0 4]. Since th e com position o f th e w ater m ust rem ain on th e stability b o u n d a ry betw een kaolinite and m uscovite until all o f the previous ly form ed kaolinite has been co n v erted to m us covite, th e [K+] /[ H +] ratio of the solution m ust rem ain constant. T herefo re, eq u atio n s 12.16 and 12.17 can be com bined to yield: K A lSi 3 0



8



+ A l 2 Si2 0



5



(O H ) 4 + 3 H zO ->



K A l 3 Si3 O 1 0 (O H ) 2 + 2 H 4 S i0 4



(12.18)



This reactio n increases [H 4 S i0 4] w ith o u t affect ing the [K +] /[ H +] ra tio of th e w ater. T herefore, the chem ical com position of th e w a te r m oves along th e k a o lin ite -m u s c o v ite b o u n d a ry in Figure 12.1 from p o in t D tow ard p o int E.
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If sufficient m icrocline is available to drive reaction 12.18 until th e chem ical com position of th e w ater reaches p o in t E, all th re e m inerals (m icrocline, kaolinite, and m uscovite) coexist in e q u ilib riu m w ith th e io n s in th e so lu tio n . C onsequently, the chem ical w eath erin g reactions stop at p o int E provided th a t th e te m p e ratu re rem ains co n stan t an d th e system rem ains closed. T he re a c tio n p a th show n in Figure 12.1 is o n e o f a n infinite n u m b er of possible p ath s w hose course d ep en d s on th e initial chem ical com position and p H of th e w ater. T he w ork of S tein m an n e t al. (1994) in d icated th a t th e shap e o f re a c tio n p ath s in Figure 12.1 is especially se n sitive to th e initial p H of th e w ater. If p H > 5, the reactio n p ath s p ro ceed from p o in t A to th e gibbsite-m u sco v ite b o u n d ary w ith o u t en te rin g the kao lin ite field. T he p u rp o se of this discourse is to em phasize th a t the reactio n s betw een m icrocline (o r a n o th er m ineral) and acidified w ater n o t only cause tran sfo rm atio n s am ong th e solid phases b u t also affect th e chem ical com position of the w ater. T hese reaction s th erefo re co n trib u te significantly to th e chem ical evolution o f w ater b o th on the surface and below th e surface of the E a rth . T herefore, activity diagram s like Figure 12.1 p ro vide useful inform ation ab o u t several geochem i cal questions: 1. W hat environm ental conditions are required to allow a particular m ineral to form ? 2. W hat m inerals are stable in a given geo chem ical environm ent? 3. W hat ions or m olecules are consum ed or p ro duced w hen an u n stab le m ineral reacts in a given geochem ical en vironm ent? 4. H ow does the w ater evolve chem ically w hen reactions occur in a closed system w ith a sm all w a te r/ro c k ratio? T he answ ers to these kinds of questions pro vide inform ation th a t is useful in hydrogeology, sedi m e n ta ry p etro lo g y , soil science, g eo ch em ical prospecting, econom ic geology, clay m ineralogy, and o th e r im p o rtan t applications of inorganic aqu eo u s geochem istry. A large n u m b er o f activity



diagram s fo r m any d ifferen t system s a t different te m p e ratu res and pressu res was pu b lish ed by B ow ers e t al. (1984). The stability lim its o f albite (N aA lS i 3 0 8) and a n o rth ite (C aA l 2 Si2 0 8) are show n in F igure 12.2, and the relev an t eq u ations are listed in Table 12.2. T hese diagram s can be in terp re ted in th e sam e w ay as th e m icrocline diagram . They are, in fact, co m p lem en tary to Figure 12.1 becau se they not only in tro d u ce N a + an d C a2+, respectively, b u t also involve H + and H 4 S i 0 4. In m ost n a tu ra l envi ro n m en ts all th re e m inerals are likely to b e p r e sent. T h erefore, th e activities of H + an d H 4 S i 0 4 of n a tu ra l solutions reflect th e progress o f all th re e chem ical reactions occurring sim ultaneously. In addition, o th e r reactions m ay be taking place involving o th e r silicate m inerals, as well as car bonates, phosphates, sulfides, or sulfates. A s a result, predictions ab o u t the progress of one p a r ticular reaction occurring in such com plex natural environm ents m ay b e affected by the o th e r reac tions th a t are occurring sim ultaneously. The stability diagram of albite in Figure 12.2A includes the N a-m ica paragonite and th e re fo re is sim ilar to th a t of m icrocline. The solubility lim it of m agadiite (S urdam and E ugster, 1976) is listed in Table 12.2 b u t is n o t show n in F igure 12.2A. The stability of analcim e is discussed in Sec tion 1 2 . 2 with o th e r zeolite m inerals, w hereas reactions am ong the clay m inerals a re discussed in C h ap te r 13. T he stability field o f th e C a-m ica m argarite is no t show n in Figure 12.2B because it is a rare m ineral and its sta n d a rd free energy of fo rm a tion is n o t well know n. In addition, th e activity of C a2+ in a q u eo u s solutions reactin g w ith a n o r th ite is lim ited by th e solubility of calcite, w hich dep en d s on th e fugacity o f C 0 2 o f th e en v iro n m e n t a n d on the H + activity. The e q u a tio n th a t governs th e solubility lim it o f calcite can b e con stru cte d as follows. We know th a t calcite dis solves to fo rm C a2+ and H C O j a t p H values b etw een 6.4 an d 10.3 (S ection 9.5). H o w ev er, th e b ic a rb o n a te ion is also in equ ilib riu m w ith m o le cular H 2 C O j, w hich eq u ilib rates w ith C 0 2 (g) + H 2 0 . T h erefo re, we ex press th e solubility o f cal cite in term s of C a2+ an d C 0 2 (g) b ecau se w e
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log [ C a 2+] / [ H +] 2



log [ N a +] / [ H +]



12.1



lo g [ H 4S i O J



Fi g u re 1 2 .2 Stability of albite ( A ) and anorthite (B) in the presence of acidi fied water at 25 °C and 1 atm pressure based on equations listed in Table 12.2. Ab = albite, K = kaolinite, G = gibbsite, Pa = paragonite, Py = pyrophyllite, Si = amorphous silica, An = anorthite, C = calcite. Na- and Ca-smectite and the solubility limits of quartz and magadiite are not shown, but the magadiite solubility limit is given by equation 9 in Table 12.2A. The solubility limit of calcite (equation 7, Table 12.2B) in B is based on a fugacity of C 0 2 = 3 x 10 4 atm. The solubility limits of amorphous silica and calcite restrict the compositions of natural solutions to the lower left corner of B. Point P in that area represents an environment in which anor thite alters to gibbsite, a reaction that can cause the composition of the water to change. When the reaction path reaches line 5 (Table 12.2B), calcite begins to pre cipitate and the path turns to the right but does not advance beyond the gibbsite-kaolinite border (equation 2, Table 12.2B). Because of the way in which the solubility limit of calcite restricts the [Ca2+]/[H +]2 ratio of water, authigenic anorthite cannot form by reactions of nat ural solutions with gibbsite, kaolinite, or pyrophyllite at 25 °C.
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Stability Relations for A lbite and A northite in Contact with A queous Solutions at 25 °C and 1 atm pressure3



T a b le 1 2 .2



A.



Albite



Albite-kaolinite 2 NaAlSi30 8 + 9 H20 + 2 H +^ A l2Si20 5( 0 H )4 + 2 N a+ + 4 H4S i0 4 [Na+]



lo S Tu+T = “ 2 lQg [H4SiQ4] - 0.19



[H+]



(1)



Kaolinite-gibbsite A l2Si2Os(O H )4 + 5 H20 ^ 2 A l(O H )3 + 2 H4S i0 4 log [H4S i0 4] = -4 .6 8



(2)



Albite-paragonite 3 NaAlSi3Os + 12 H ,0 + 2 H +^ NaAl3Si30 1(1( 0 H )2 + 2 N a + + 6 H 4S i0 4



108 W T = “ 3 log [Ii4Si° 4] “ 4-10



(3)



Paragonite-kaolinite 2 N aAl3Si30 ]()( 0 H )2 + 3 H20 + 2 H +^ 3 A l2Si2Os(O H )4 + 2 N a+



logWT = +7-63



^



Paragonite-gibbsite NaAl3Si3O ul(O H )2 + 9 H20 + H +^ 3 A l(O H )3 + N a+ + 3 H4S i0 4



log W T = “ 3 log [H4Si° 4] “ 640



(5)



Albite-pyrophyllite 2 NaAlSi3Os + 4 H20 + 2 H +^ Al2Si4O 10(O H )2 + 2 N a+ + 2 H4S i0 4 log ^



= - lo g [H4S i0 4] + 2.48



(6)



Pyrophyllite-Kaolinite Al2Si4O 10(O H )2 + 5 H20 ^ Al2Si2Os(O H )4 + 2 H4S i0 4 log [H4S104] = -2 .6 7



(7)
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( c o n tin u e d )



Solubility limit of amorphous silica S i0 2(amorph.) + 2 H 20 ^ H4S i0 4 log [H4S iO j = -2 .6 4



(8)



Solubility limit of magadiite NaSi70 13( 0 H )3 + 12 H20 + H +^ N a + + 7 H4S i0 4 AG°S = +18.88 kcal



K = IO“1184



log W T = “ 7 log [Ii4Si° 4] “ 13,84 B.



(9)



Anorthite



Anorthite-kaolinite CaAl2Si2Og + HzO + 2 H +^ Al2Si2Os(O H )4 + Ca2+



logW F = + 16,17



(1)



Kaolinite-gibbsite A l2Si20 5( 0 H )4 + 5 HzO ^ 2 A l(O H )3 + 2 H4S i0 4 log [H4S iO j = -4 .6 8



(2)



Anorthite-gibbsite CaAl2Si20 8 + 6 H20 + 2 H V 2 A l(O H )3 + Ca2+ + 2 H4S i0 4



log W F = ~2 log [Ii4Si° 4] + 6-82



(3)



Anorthite-pyrophyllite CaAl2Si20 8 + 2 H4S i0 4 + 2 H V A l2Si4O10(O H )2 + Ca2+ + 4 HzO



log W F = 2 log [H4Si° 4] + 2L50



(4)



Solubility limit of calcite CaCO, + 2 H V Ca



+ CO, + H ,0



[ca2+l



lQg VfTTIT = 13-38 if [c ° 2] = 3 x 10-4 atm LH



J



“Based on the thermodynamic data in Appendix B.



(5)
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th ereb y avoid having to in tro d u ce th e b ic arb o n ate ion into th e equations:. C a C 0 3 (s) + 2 H 3



C a2+ + C O ,(g ) + H 2 0 ( l) (12.19)



In the stan d ard state, AG°R = -1 3 .4 4 1 kcal and hence K = 109'85. If [ C 0 2] = 3 X IO " 4 atm: [Ca2+] [H



+ 12



1 0 9



3 X 10"



=



10 13.38



( 12.20)



and log [C a 2 +] /[ H + ] 2 = 13.38. T herefore, calcite p re c ip ita te s w hen log [C a 2 +] / [ H + ] 2 > 13.88. C onsequently, th e decom position of an o rth ite can resu lt in the fo rm ation of gibbsite + calcite, kaolinite + calcite, or kaolinite + calcite + am o r phous silica, depending on the environm ent to which an o rth ite is exposed. F or exam ple, if a n o r th ite is placed into an environm ent rep resen ted by poin t P in the stability field of gibbsite, anorthite is converted to gibbsite in accordance with reac tion 3 in Table 12.2B. If the system is closed and the w a te r/ro c k ratio is small, the com position of the w ater changes because C a2+ and H 4 S i0 4 are released. If the fugacity of C 0 2 is 3 X IO- 4 atm, calcite begins to precipitate when the reaction path reaches the solubility boundary of calcite. As a result, the reaction path m oves along the solu bility boundary of calcite (line 5 in Figure 12.2B) because th e activity of H 4 S i0 4 increases as an o r th ite continues to be converted to gibbsite. W hen the reaction p ath reaches th e stability b o u n d ary betw een gibbsite and kaolinite (line 2 in Figure 12.2B), the rem aining an o rth ite reacts to form kaolinite by reaction 1 in Table 12.2B. This reaction tends to increase the [Ca 2 +] / [ H + ] 2 ratio of the solution and th erefo re causes m ore calcite to precipitate. T he reaction p ath does not advance beyond the g ib b site-k ao lin ite boundary because th e conversion of an o rth ite to kaolinite does n o t increase the activity of H 4 S i0 4 of the solution and because th e [Ca 2 +] /[ H + ] 2 activity ratio cannot exceed the solubility limit of calcite. T herefore, the solubility limits of calcite and am o rp h o u s silica in Figure 12.2B restrict th e com positions of n atu ral w aters to the low er left co r n er o f th e diagram .



A n o th e r consequence of th e calcite solubility lim it is th a t n e ith e r gibbsite n o r kaolinite can be converted into a n o rth ite because log [Ca 2 +] /[ H + ] 2 o f the solution can n o t rise above 13.38. T herefore, th e reactions betw een acidified w ater and a n o r th ite th a t produce eith er kaolinite o r gibbsite are n o t reversible at 25 °C. If th e fugacity of C O z is increased by a factor of 10 to 3 X 10 - 3 atm , log [Ca 2 +] /[ H + ] 2 = 12.38 (equation 12.20), which causes calcite to p recipitate at even low er values of th e [Ca 2 +] / [ H + ] 2 ratio. T herefore, an o rth ite is n o t fo rm ed fro m clay m inerals or alum inum hydroxide at E arth-surface tem peratures, w hereas albite and K -feldspar do form because th eir c a r bonates, oxides, and hydroxides are m uch m ore soluble th an those of Ca o r M g and therefo re do n o t im pose limits on the activities of their ions in aqu eo us solutions.



12.2



Formation of Zeolites



The zeolites are a large and highly diversified group of alum inosilicates th at occur in certain igneous, m etam o rp h ic, and sed im en tary rocks (G o tta rd i and Galli, 1985). They can form by direct precipitation from aqueous solution in vesi cles and fractures of lava flow. H ow ever, zeolites also fo rm in sed im en tary rocks by reactions betw een volcanic glass, feldspars, feldspathoids, and o th e r silicate m inerals w ith saline solutions of high p H (Lisitzina and B utuzova, 1982; Petzing and C hester, 1979). T he zeolites contain w ater of h y d ra tio n , w hich is grad u ally fo rced o u t by increases in pressure and tem p eratu re. H ence, zeolites have been used to determ ine the depth of burial of lava flows and of volcaniclastic sedim en tary rocks (C oom bs et al., 1959; W alker, 1960; S utherland, 1977). T he crystal structures of ze o lites contain channels and cavities th a t m ak e these m inerals useful as m olecular sieves. T herefore, zeolites are used in the purification of w ater and oth e r liquids and gases, for chem ical separations, and for decontam ination o f radioactive w aste (B arrer, 1978). B ecause of th e ir m any industrial uses, zeolites are synthesized for specific applica-



 12.2 tions, b u t natural m aterials reco v ered fro m large sedim entary deposits are also u sed (Hay, 1966). Z eolites are tektosilicates (Section 8.3) com posed of silica tetra h ed ra linked at the corners by sharing oxygen atom s so th at th e ratio of Si to O is 1 :2 . T he replacem ent of som e Si atom s by A l atom s creates a deficiency of positive charge in the lattice because A l is trivalent w hereas Si is tetrav a lent. The resulting excess negative charge is n eu tral ized by incorporation of N a + o r Ca2+ and, m ore rarely, of K +, B a2+, and Sr2+ ions. T he zeolites have a m ore o pen lattice th an o th er tektosilicates, such as th e feldspars and feldspathoids, w hich allows them to contain w ater and m akes th em useful as m olecular sieves. Som e zeolites (chabazite) can be d ehydrated by heating w ithout perm an en tly dam aging the crystal lattice. D eh y d rated chabazite can reabsorb the sam e am ount o f w ater it contained originally. O th er zeolites (phillipsite and gismondine) experience m ajor structural changes during dehydration below 200 °C. T he chem ical com positions o f zeolites ran g e w idely becau se of variations in th e n u m b e r of Si atom s th a t are replaced by A l atom s, b ecause the resu ltin g charge deficiency is n eu tralized by vary ing p ro p o rtio n s of N a +, K +, C a2+, B a 2+, a n d S r2+, and becau se th e am o u n t o f w a te r m ay vary d e p e n d in g o n p re ssu re a n d te m p e ra tu re . N evertheless, the chem ical form ulas of zeolites can be rationalized by norm alizing th e A l to tw o atom s, regardless of the n u m b ers o f S i0 2 “u n its” or w ater m olecules. For exam ple, th e fo rm ula of stilbite (C a A l 2 Si6 0 1 6 • 6 H zO ) can b e u n d e rsto o d in term s o f coupled substitution: 8 ( S i0 2) + 2 A l3+ -» A l 2 Si6 0 2g + 2 Si4+ (12.21) A l 2 Si6 0 2jj + C a2+ +



6



H zO -»



C aA l 2 Si6 0



16



• 6 H zO



(12.22)



T he com position of zeolites in sed im en tary rocks m ay change continuously in resp o n se to changes in the physical an d chem ical state of th e ir environm ent. T he com plexity o f th e chem i cal com positions of zeolites and th eir sensitivity to en v iro n m en tal change m ak e it difficult to d eterm in e th e ir stan d ard free energies of fo rm a tion (Johnson et al., 1982; H em ingw ay and R obie,
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1984). H ence, therm odynam ic constants o f only a few zeolites (analcim e, w airakite, laum ontite, and leo n h ard ite) are listed in A p p en d ix B. W e begin by m odifying th e stability diagram of albite (Figure 12.2A) by including the zeolite analcim e (N aA lSi 2 0 6 ■H 2 0 ) . T he reactio n by w hich albite is transform ed into analcim e is easi ly constructed: N aA lS i 3 O g + 3 H 20 ^ N aA lSi 2 0



6



■H 20 + H 4 S i0 4



A G°r = +5.741 kcal



(12.23)



K = K T 4 '21



log [H 4 S i0 4] = -4 .2 1



(12.24)



W h en eq u a tio n 12.24 is p lo tte d as line 1 in Fig u re 12.3A , it becom es a p p a re n t th a t analcim e m ust also rea ct to form p aragonite. T h erefore, we co n stru ct the e q u a tio n to re p re se n t this reaction: 3 N aA lS i 2 0



6



• H 20 + 3 H zO + 2 H + +



N aA l 3 Si3 O 1 0 (O H ) 2 + 2 N a + + 3 H 4 S i0 4 (12.25) AG°r = -6 .0 4 5 kcal K = 10 + 4 A 3



lo g W T =



_ 1 '5



log [H4Si° 4] +



2 -2 2



(12-26)



The rem ainder of Figure 12.3A is identical to Figure 12.2A. We see th at analcim e is stable in environm ents having high activities of N a + b u t low activities of H +, which is typical of saline brines form ed by evaporative concentration of surface water. Therefore, analcim e com m only occurs in playa-lake deposits and in soils and volcaniclastic sedim ent in arid regions of the world. It occurs in very small crystals ranging from 5 to 100 p,m but can be detected by x-ray diffraction (Hay, 1966). N ext, we consider th e Ca-zeolites: C aA l 2 Si4 0



12



■2 H 20



w airakite C aA l 2 Si4 0



12



• 3.5H 20



leonhardite C aA l 2 Si4 0



12



• 4H 20



lau m o n tite
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log [C a 2+] / [ H +]2
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log [H 4S i 0 4]



Fi g u r e 1 2 .3 Stability of albite ( A ) and anorthite (B) with respect to analcime and laumontite, respectively, in the presence of acidified water at 25 °C at 1 atm pressure. Ab = albite, Ac = analcime, Pa = paragonite, K = kaolinite, G = gibbsite, Si = amor phous silica, An = anorthite, L = laumontite. The equations for the numbered boundaries are given in the text and the others are the same as in Figure 12.2. Analcime can form when any of the solids in Figure 12.3A reacts with Na-rich brines of high pH. However, the brine compositions required to form laumon tite at 25 °C are restricted by the solubility limits of calcite and amorphous silica to the small area in Figure 12.3B labeled L.



 12.2 all of which have identical m olar S i/A l ratios of : 1 b u t differ in the num ber of w ater m olecules they contain. Therefore, we choose laum ontite to rep resen t these m inerals on th e stability diagram in Figure 12.3B because it form s in near-surface envi ronm ents and m ay subsequently convert to leonh a rd ite o r w airakite. L e o n h a rd ite fo rm s by d ehydration of laum ontite upon exposure to the atm osphere, w hereas w airakite becom es stable betw een 150 and 300 °C at 1 atm pressure (Bow ers et al., 1984).T he transform ation of an o rth ite to lau m ontite proceeds as follows (line 1, Figure 12.3B): 2



C aA l 2 Si2 O g + 2 H 4 S i0 4^ C a A l 2 Si4 0



12



■4 H 20 (12.27)



A G°r = -1 1 .3 2 kcal



K = IO8 3 0



log [H 4S iO j = - 4 .1 5



(12.28)



T he decom positio n of lau m o n tite to k ao lin ite is re p re se n te d by th e equation: C aA l 2 Si4 0 ]2' 4 H 20 + H 20 + 2 H +^ A l 2 Si2 0 5 ( 0 H



) 4



+ C a2+ + 2 H 4 S i 0 4 (12.29)



AG°r = -1 0 .7 3 kcal



K = 10 7 ' 8 7



[Ca2+1 l 0 g W F = ~ 2 1 o g [H 4Si°4 ] + 7 . 8 7



(1 2 3 °)



E q u a tio n 12.30 has b een p lo tte d as line 2 in F igure 12.3B. Finally, th e la u m o n tite -p y ro p h y llite equilibrium is re p re se n te d by: C aA l 2 Si4 0



12



25 °C only in th o se e n v iro n m en ts th a t lie w ithin th e sm all trian g u lar field lab eled “L .” In ad d i tio n , th e conversion o f a n o rth ite to la u m o n tite is irrev ersib le b ecause the calcite solubility b o u n d ary a t atm o sp h eric values o f th e fugacity o f C 0 2 p re v e n ts th e [Ca 2 +] /[ H + ] 2 ra tio of n a tu ra l solu tio n s from increasing to values w ithin th e a n o r th ite field. W e can com bine th e stability diagram s of analcim e and laum ontite (Figure 12.3) by specify ing th a t th e solutions are satu rated w ith resp ect to am orphous silica. This p resents no problem for laum ontite, w hich can be in equilibrium w ith such a solution. H ow ever, analcim e, parag o n ite, and gibbsite are n o t stable in contact w ith silica-satu ra te d solutions. T h erefo re, we an ticip ate th at kaolinite is th e stable phase in silica-saturated solutions having low activities of N a + and C a2+ and th a t kaolinite can coexist in equilibrium with albite and laum ontite as th e activities of N a + and C a2+ in th e solution increase. A ctually, pyrophyllite form s from kaolinite ju st below th e silica-satu ra tio n lim it (Figure 12.2). H ow ever, w e p refer k aolinite because it is far m o re a b u n d a n t as a w eath erin g p ro d u ct o f alum inosilicate m inerals th a n pyrophyllite. A ccordingly, we begin th e con stru ctio n of this diagram w ith th e conversion of k ao lin ite to albite in a silica-saturated solution: A l 2 Si2 O s(O H ) 4 + 2 N a + + 4 S i0 2 ( a m o r p h .) ^ 2 N aA lSijO g + H 20 + 2 H + AG°r = +13.899 kcal



• 4 H 20 + 2 H V



A l 2 Si4 O 1 0 (O H ) 2 + C a2+ + 4 H 20 A G°r = -1 8 .0 0 kcal log



[C a2 + 1 [H



+ 12



(12.31)



K = i o + 1 3 -2 0



= + 13.20



(12.32)



E q u a tio n 12.32 form s line 3 in F igure 12.3B. A ll o th e r b o u n d aries are th e sam e as in F igure 12.2B. W e see th a t lau m o n tite h as a larg e stability field in F igure 12.3B, b u t o n ly a v ery sm all p a rt o f it lies w ithin th e co m p o sitio n al ran g e o f n a t u ra l solutions. T h erefo re, a n o rth ite , o r any o th e r A l-b e a rin g co m p o u n d , can a lte r to la u m o n tite at



1 85
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log



[N a+] [h +]



= + 5 .0 9



(12.33)



K = 1(T 1 0 1 9



(line 1, F igure 12.4) (12,34)



T he reaction of kaolinite with C a2+ to form la u m o n tite is rep re se n ted by: A l 2 Si2 0 5 (O H ) 4 + C a2+ + 2 S i0 2 (am orph.) + 3 H 2 0 ^ C aA l 2 Si4 0



12



• 4 H 20 + 2 H + (12.35)



A G°r = +17.941 kcal ICa2+l log r + 1 2 = +13.15 LH J



K = IO - 1



3 15



(line 2, Figure 12.4) (12.36)
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M I N ER A L ST A BILITY D IA G R A M S A pplying th e Law o f M ass A c tio n to e q u a tion 12.37 yields: = IO - 2



(12.38)



'96



We now divide th e [N a + ] 2 and [C a24] in e q u a tion 12.38 by [H 4]2: [N a 4 ]2 / [ H 4



] 2



[C a 2 +] / [ H +



] 2



=



1 0



-2.96



(12.39)



Taking logarithm s of e q u a tio n 12.39 yields the desired equation: 2



log



[N a+] [h 4



log



[Ca24] [H +



= -2 .9 6 (12.40)



] 2



and hence: log [Ca 2 + ]/[H +



, [Na+] = o° ' s5 !lo § tCa2+ log T7JTT [H 4] B [H 4 ] 2



] 2



Fi g u r e 1 2 .4 Stability diagram for albite (Ab), kaolin ite (K), laumontite (L), and calcite (C) in contact with solutions saturated with respect to amorphous S i0 2 (Si) at 25 °C. Analcime, paragonite, anorthite, and gibb site were excluded from this diagram because they are unstable in silica-saturated solutions as shown in Figure 12.3. However, pyrophyllite is probably stable, but was excluded because kaolinite is more abundant as a weathering product of Al-silicates than pyrophyl lite. The calcite-saturation limit is based on [C 0 2] = 3 x IO-4 atm (Table 12.2B, equation 5). The numbered lines (1,2, and 3) were derived from equa tions 12.33,12.35, and 12.37, respectively.



E q u ilib riu m b e tw e e n alb ite and lau m o n tite in sil ic a -sa tu ra ted so lu tio n s is based on: 2 N aA lS i 3 O s + C a2+ + 4 H 2 0 ^ C aA l 2 Si4 0 +



12



2



• 4 H 20 + 2 N a 4 Si 0



2



(12.37)



(am o rp h .)



10-296 AG°r = + 4 .0 4 2 kcal K = 10



W e n o te th a t re a c tio n 12.37 is in d e p e n d e n t of the p H an d th e re fo re m u st b e m od ified b efore it can b e p lo tte d in th e co o rd in ates o f Figure 12.4.



- 1.48



(line 3, F igure 12.4)



(1 2 .4 1 )



T he th ree lines d eriv ed fro m reactio n s 12.33, 12.35, and 12.37 have b e e n p lo tte d in F igure 12.4 to g e th e r w ith th e so lu b ility lim it o f calcite (Table 12.2B, e q u a tio n 5) fo r [ C 0 2] = 3 X 10 “ 4 atm . The re su ltin g diag ram d e lin e a te s th e c o n ditio n s u n d e r w hich a lb ite d ec o m p o se s to k a o li n ite + silica o r la u m o n tite + silica. Its v irtu e lies in the fact th a t th e e n v iro n m e n ta l c o n d i tio n s are d escrib ed in te rm s o f b o th N a 4 an d C a 24, b u t it is lim ite d by th e in sta b ility of c e r ta in solids in th e p re se n c e o f silica-sa tu rated solutions.



12.3



Magnesium Silicates



M agnesium form s a variety of silicate minerals, som e of which include A l (phlogopite, cordierite, vermiculite, chlorite, and M g-sm ectite), w hereas others lack A l (forsterite, enstatite, serpentine, talc, and sepiolite). Som e M g silicates contain o ther cations, such as K 4 (phlogopite), Fe24, Ca24, and K 4 (verm iculite), and Fe 2 4 (M g-m ontm orillonite). T herefore, these m inerals can be show n only on diagram s that assum e a specified activity of silicic



 12.3 acid or require o th e r assum ptions. For this reason, Figure 12.5A includes the stability fields only of ch lo rite (C t) to g e th e r w ith pyrophyllite (Py), kaolinite (K ), gibbsite (G ), am orphous silica (Si), and m agnesite (M s). B rucite an d periclase have solubility limits of log [Mg 2 +] /[ H + ] 2 = 16.71 and log [Mg 2 +] /[ H + ] 2 = 21.59, respectively, and are unstable in Figure 12.5A. T herefore, m agnesite effectively limits the [Mg 2 +] /[ H + ] 2 ratio of natural solutions to values less th an 1 0 1 3 52, assuming th at [ C 0 2] = 3 X 10 4 atm . The eq uations for these reactions are listed in Table 12.3A. The A l-bearing silicates of M g dissolve incongruently because gibbsite, kaolinite, and pyrophyl lite are highly insoluble. This situation does not occur w hen the M g silicates th a t lack Al dissolve in acidified water. T hese m inerals therefore dissolve congruently and fo rm M g2+ an d H 4 S i 0 4. Consequently, th e stabilities of th e Mg-silicates are lim ited by the activities of M g2+, H +, and H 4 S i0 4 of the solution with w hich they com e in contact. The equations defining th e solubilities of the Mg silicates in coordinates of log [Mg 2 +] /[ H + ] 2 and log [FI4 S i0 4] are listed in Table 12.3B and have been p lotted as dashed lines in Figure 12.5B. T he solubilities o f m ag n esite, se rp en tin e, sepiolite, and am o rp h o u s silica o u tlin e a region in F igure 12.5B in w hich all o f th e m inerals are soluble an d are th e re fo re unstable. W hen the activity ra tio [Mg 2 +] / [ H + ] 2 a n d /o r [H 4 S i0 4] of solutions in th a t region increase, eith er m ag n e site, serp en tin e, sepiolite, or am o rp h o u s silica precipitates, d ep en d in g on w hich solubility line is contacted. T he com position o f a solution m ay change e ith e r becau se a soluble M g silicate such as fo rsterite, talc, en statite, o r an th o p h y llite is dissolving in the w ater in a closed system w ith a small w a te r/ro c k ratio, or b ecau se of ev ap o rative c o n cen tratio n of surface w ater, o r both. F or exam ple, if e n sta tite dissolves in acidified w ate r re p re se n te d by the p o in t P in F ig u re 12.5B, the reaction p ath in tersects th e serp en tin e solubility line. T herefo re, serp e n tin e p rec ip ita tes from the solution as e n statite dissolves. In effect, se rp e n tine replaces e n statite by th e reactions:
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M g S i0 3 + H zO + 2 H +^ M g 2 + H 4 S i 0 4 (12.42) 3 M g2+ + 2 H 4 S i 0 4 + H 2 0 ^ M g 3 Si 2 O s(O H ) 4 +



(12.43) 6



H+



If M g2+ is c o n se rv e d by m ultip ly in g e q u a tion 12.42 by 3 b e fo re adding it to e q u a tio n 12.43, the n et resu lt is: 3 M gSiO , + 4 H 2 0 ^ M g 3 Si 2 0 5 ( 0 H



(12.44) ) 4



+ H 4 S i0 4



T h erefore, th e co nversion o f e n sta tite to s e rp e n tin e increases th e activity o f silicic acid. If e n s ta tite co n tin u es to dissolve, th e activity o f silicic acid m ay in crease until th e solubility lim it of sepiolite is reach ed . C o n tin u e d solution o f e n s ta tite causes sep io lite to p recip itate, a n d so on, until th e so lu tio n b eco m es sa tu ra te d w ith a m o r ph o u s silica. H o w ev er, th e suggested se q u en c e o f events d e p e n d s o n assu m p tio n s a b o u t th e reactio n s (i.e., M g is con serv ed , e n sta tite c o n tin ues to dissolve, n o o th e r reactio n s a re ta k in g p lace) an d a b o u t th e e n v iro n m e n t (closed, w ith sm all w a te r/ro c k ratio , stab le w ith re s p e c t to erosion, c o n sta n t te m p e ra tu re ) th a t a re ra re ly satisfied in n atu re. The re p la c e m en t o f en statite by se rp e n tin e in reaction 12.44 can, in principle, achieve eq u ilib ri um at a specific value o f log [H 4 S i0 4]. Since AG°r = —2.63 kcal and K = IO1,93, equilibrium b e tw e e n e n s ta tite a n d se rp e n tin e o c c u rs a t log [H 4 S i0 4] = 1.93. This value exceeds th e solu bility lim it o f am o rp h o u s silica, which m ean s th a t en statite an d se rp e n tin e can n o t coexist in e q u i librium in co n tact w ith n a tu ra l solutions at 25 °C. This is tru e also o f e n sta tite -ta lc , se rp e n tin e -ta lc, fo rste rite -ta lc , se rp e n tin e -a n th o p h y llite , and anthophyllite-talc because, in each case, the activity of H 4 S i0 4 re q u ire d fo r equilibrium is greater th an th at of a s a tu ra te d solution of am orphous silica. Similarly, fo rsterite can n o t coexist in eq uilibrium with enstatite, sepiolite, or anthophyllite because the [Mg2 +] /[ H + ] 2 ratios required for equilibrium in each case exceed th e solubility limit of m agnesite.
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Fi g u r e 1 2 .5 A: Stability diagram of Mg chlorite (Ct) (aluminosilicate) with respect to gibbsite (G), kaolinite (K), pyrophyllite (Py), amor phous silica (Si), and magnesite (Ms) at [COz] = 3 x IO-4 atm in the pres ence of acidified water at 25 °C. B : Solubility limits of pure Mg-silicates in acidified water at 25 °C, based on equations in Table 12.3. Each of the minerals shown here dissolves in solutions whose [Mg2+]/[H +]z ratios and H4S i0 4 activities are less than those of their respective solubility lines. Conversely, when these parame ters increase in a solution in the lower left corner of the diagram, magnesite, serpentine, sepiolite, or amorphous sil ica precipitates, depending on which solubility line is reached by the solu tion. Consequently, these are the only stable minerals in contact with natural solutions on the surface of the Earth. The combination of solution and reprecipitation causes the replace ment of forsterite, enstatite, talc, and anthophyllite by magnesite, serpen tine, sepiolite, or amorphous silica. If amorphous silica precipitates first, and if one of the more soluble Mg silicates continues to dissolve, the [Mg2+]/[H +]2 of the solution rises until sepiolite coprecipitates with silica. Similarly, the initial precipitation of magnesite may eventually result in the formation of serpentine, provided the activity of H4S i0 4 increases sufficiently.
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Table 12.3 Stability Relations among Mg Silicates in the Presence of Acidified W ater at 25 °C and 1 atm pressure3 A. Mg-Al Silicates Kaolinite-chlorite A l2Si20 5( 0 H )4 + 5 Mg2+ + H4S i0 4 + 5 H20 ^ Mg5A l2Si3O10(O H )8 + 10 H + AG0« = +85.235 kcal



K = IO"6249



fMe2+l log



= _ 0 '2 l0g [H4Si° J + 12-50



(!)



Gibbsite-chlorite 2 A l(O H )3 + 5 Mg2+ + 3 H 4S i0 4^ Mg5A l2Si3O I0(O H )8 + 10 H + AG0« = +72.48 kcal



K = 10~5314



rMe2+l log I t r F = ~0'6 log [H4Si° 4] + 10-62



(2)



Pyrophyllite-chlorite Al2Si4O 10(O H )2 + 5 Mg2+ + 10 H20 ^ Mg5A l2Si3O 10(O H )8 + H4S i0 4 + 10 H + AG0« = +92.51 kcal [Me2+1



K = IO"67-82



log T S r F = + 02 log fH4Si° 4^+ 1356



(3)



Solubility limit of brucite Mg(OH)2 ^ M g 2+ + 2 O H ' AG« = +15.40 kcal



logW Y =



K = IO“1129



+16J1



(4)



Solubility limit of periclase MgO + 2 H +^ Mg24 + H20 AG« = -29.4 5 kcal l o g M



W e co n clu d e th a t th e M g-silicates w hose solu tib ilities a re show n as d a sh ed lines in Fig u re 12.5B a re unstable in th e p re se n c e o f acid i fied w a te r an d th e re fo re dissolve in it. A s a resu lt, th e [M g 2 +] / [ H + ] 2 and [H 4 S i 0 4] valu es of



K = 102L59



. +21.59



(5)



th e so lu tio n s m ay rise u n til th e y re a c h th e so lu bility lim its o f m ag n esite, s e rp e n tin e , sep io lite, o r a m o rp h o u s silica, w hich a re th e o n ly sta b le p h a ses th a t can co ex ist w ith n a tu ra l so lu tio n s at 25 °C.
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( c o n tin u e d )



B. Solubility o f Mg Silicates Forsterite Mg2S i0 4 + 4 H V 2 M g 2+ + H4S i0 4



AG°r = -38.76 kcal



K = 10 + 2 8 -4 2



fMe2+l



log



= ~0'5 log [H4Si° 4] + 142



(1)



Enstatite MgSiO- + H ,0 + 2 H V Mg2+ + H4S i0 4 A G°r = -15.31 kcal



K = 10n 23



lM e2+l



log W Y



= _log [H4Si° J +



1 L 2 3






Serpentine Mg3Si20 5( 0 H )4 + 6 H +^ 3 Mg2+ 4- 2 H4S i0 4 + H20 A G°r = -43.31 kcal



K = 103L75



,W U !°g



=



“



° - 6 7



log [H 4Si°4-I +



1 0 -5 8



(3)



Anthophyllite Mg7Sis0 22( 0 H )2 + 8 H20 + 1 4 H f ^ 7 M g 2+ 4- 8 H4S i0 4 A G°r



=



-93.95 kcal



K



=



I O 6888



r\/[p^ + 1



logT i F F = _1-14 log [H4Si° 4] + 9-84



(4)



Talc Mg3Si4O u)(O H )2 4- 4 H ,0 + 6 H +^ 3 Mg2+ + 4 H4S i0 4 A G°r = -29.91 kcal log



12.4



fMe2+l



K = 102IM



= - 2 lo§ [H4SiQ4] + 10.96



Solubility Diagrams



A ll m inerals dissolve congruently w hen placed in p u re w ater. For exam ple, m icrocline dissolves co n g ru en tly in p u re w a te r u n til th e activities of



(5)



A l3+ ions in th e solution increase sufficiently to stabilize gibbsite. Subsequently, m icrocline dis solves incongruently to form gibbsite plus K + and H 4 S i 0 4. W e th e re fo re n eed to know how gibbsite dissolves and u n d e r w hat conditions it is stable



 1 2.4



Table
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1 2 .3 (c o n t in u e d )



Sepiolite (see Appendix B) (a)



Mg4Si60 l5(0 H )2 -6H20 + H 20 + 8 H +^ 4 M g 2+ + 6 H4S i0 4 A G°r = -4 3 .2 8 kcal



K = IO3173



logW F = ” L5 log [Kßi° 4] + 7-93 (b)



(6)



Mg2Si30 6( 0 H )4 + 2 H20 + 4 H V 2 Mg2+ + 3 H4S i0 4 AG°r = -2 1 .2 6 kcal



K = IO15'58



logl ^ F = _1'5 Iog [H4Si° 4] + 7-79



(7)



“Based on the thermodynamic data in Appendix B.



w ith respect to th e d ifferen t A l ions th a t can form in an aqueous solution.



a. Gib bsit e Since gibbsite is th e insoluble hyd ro x id e o f A l, we recall th e discussion of the dissociation of bases and th e ir am p h o teric c h aracter fro m S ection 9.4. A t th a t stage in o u r discussion we w ere restricted to know n dissociation constants, w hereas w e can now calculate them from values of A G ^ fo r any reactio n we wish to study. T he A p p en d ix B con tains G°f values for A l3+, A l(O H )2+, A l(O H )+ , A l(O H )3, A l( O H ) 4, an d A l ( O H ) f , all o f which can form w hen an A l-b earin g m in eral dissolves congruently at different p H values. T he reactions by which these ions form from gibbsite and their equi librium constants at 25 °C are listed in Table 12.4. The eq u ations derived in this w ay outlin e the stability field of gibbsite in Figure 12.6. O utside this area, gibbsite dissolves congruently to form ions w hose relative ab u n d an ces b ecom e eq u al at certain p H values co rresp o n d in g to the p o in ts of in tersection o f th e solubility lines. F or exam ple, A l3+ is th e d o m in a n t ion at p H < 4.65, and A l( O H + ) 2 d o m in a te s a t p H v alu es fro m 4.65 to 5.7, as show n in F igure 12.6. T h e so lu b ility of g ib b site at a specified p H is th e sum o f th e co n c e n tra tio n s o f all A l-b ea rin g species th a t exist in a s a tu ra te d so lu tio n in e q u ilib riu m w ith g ib b



site. T he so lu b ility o f th is m in e ra l has a m in i m u m a t p H fro m 6 to 8 an d rise s a t p H > 8 a n d < 6 in a c c o rd a n c e w ith th e a m p h o te ric c h a ra c te r o f A l. W hen m icrocline dissolves co n g ru en tly in very dilute solutions having a p H < 4.65, it re le a s es K +, A l3+, and H 4 S i0 4 according to th e reaction: K A lS i 3 0



8



+ 4 H 20 + 4 H V K + + A l3+ + 3 H 4 S i 0 4



(12.45)



W hen m icrocline dissolves congruently in w ater of com p o sitio n P in F igure 12.6, b o th th e activity o f A l3+ an d th e p H rise along th e re a c tio n p ath . If th e system is closed and its w a te r/ro c k ra tio is sm all, the solution m ay becom e sa tu ra te d w ith re sp e c t to gibbsite, w hich th e n precipitates: A l3+ + 3 H zO ^ A l( O H ) 3 + 3 H +



(12.46)



T he net result, ob tain ed by adding equ atio n s 12.45 and 12.46, is th a t m icrocline th en dissolves incongruently to form gibbsite plus K + a n d H 4 S i0 4: K A lSi 3 O s + 7 H 20 + H +^ A l(O H ) 3 + K + + 3 H 4 S i 0 4



(12.47)



If m icrocline co ntinues to dissolve, th e co m posi tio n of th e solution m oves across th e gibbsite sta bility field in Figure 12.1 until it re ach es th e g ib b s ite -k a o lin ite b o u n d a ry (line 2). A t th a t
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T a b l e 1 2 . 4 C o n g r u e n t S o lu tio n o f G ib b s ite



to F o r m D if f e r e n t I o n ic a n d M o le c u la r S p e c ie s a t 25 ° C a A l(O H )3(s) + 3 H +^ A 1 3+ + 3 H 20 AG°r = -1 1 .2 9 kcal



K = IO8,28



log [Al3+] = —3pH + 8.28



(1)



A1(OH)3(s) + 2 H +^ A l(O H )2+ + 2 H 20 AG°« = -4 .4 4 kcal



K = IO3 26



log [Al(O H )2+] = -2 p H + 3.26



(2)



A1(OH)3(s) + H +^ A l(O H ) 2 + H20 A G°« = + 1.39 kcal



K = IO' 1"2



log [A l(O H )2] = - p H - 1.02



(3)



A l(O H )3( s ) ^ A l(O H )” AG0« = +9.16 kcal



pH



K = 10' 6 72



log [Al(OH)j] = -6 .7 2



(4)



A1(OH)3(s) + H , 0 ^ A l(O H ) 4 + H + AG°« = + 2 0 .5 kcal



K = IO' 15,1



log [A l(O H )4] = pH - 15.1



(5)



A1(OH)3(s) + 2 H20 ^ A l(O H )2G + 2 H + AG« = +35.41 kcal



K = 1 0 '2fio



log [A l(O H )T ] = 2pH - 26.0



(6)



“Based on the thermodynamic data in Appendix B.



p oint, m icrocline form s k ao lin ite and th e p rev i ously fo rm ed gibbsite is co n v erted to kaolinite:



Fi g u re 1 2 .6 Congruent solubility of gibbsite as a function of the environmental pH at 25 °C, based on the equations in Table 12.4. The lines define the stabil ity field of gibbsite where it precipitates from saturat ed solutions. The environments in which gibbsite is soluble have been subdivided by identifying the domi nant A l species depending on the pH. Note that A l(O H )2+ is not dominant at any pH according to the standard free energy values used to construct this dia gram. The amphoteric character of Al causes the solu bility of a gibbsite to increase with both decreasing and increasing pH. Its solubility is at a minimum at pH values between 6 and 8, which justifies the assumption that Al is conserved during the incongru ent solution of aluminosilicates.



2 K A lS i 3 O s + 9 H 20 + 2 H + + A l 2 Si2 0 5 ( 0 H



) 4



+ 2 K + + 4 H 4 S i0 4



(12.48)



4 A l(O H ) 3 + 4 H 4 S i 0 4^ 2 A l 2 Si2 0 5 ( 0 H



) 4



+ 10 H 20



(12.49)



If th e conversion o f g ibbsite to k ao lin ite keeps p ace w ith the in c o n g ru e n t so lu tio n o f m icrocline to k ao lin ite, th en [H 4 S i 0 4] rem ain s co n stan t and only [K +] / [ H +] increases. C onsequently, th e re a c tio n p a th m oves “u p ” alo n g th e gibbsite-kaolinite b o u n d a ry u n til all o f th e gibbsite is c o n v erte d to k aolinite. If m o re m icrocline dissolves, th e p a th



th e n traverses the kaolinite field as discussed before. T herefo re the solubility diagram o f gibb site in Figure 12.6 com plem ents th e stability dia gram of m icrocline in Figure 12.1. The p H d ep en d en ce o f th e solubility o f gibb site and of o th er A l-b earin g m inerals causes the abu n d an ce of A l species in aq ueous solution to rise at b o th high and low e n v iro n m en tal p H val ues. H igh con cen tratio n s o f dissolved A l in soil te n d to inhibit the grow th o f ro o te d p lants for reaso n s th a t are n o t yet fully u n d e rsto o d . T he A l toxicity associated w ith strongly acidic o r basic



 1 2.4 e n v iro n m en ts co n trib u tes to th e “in fertility ” of such environm ents. In ad d itio n , w e n o te th a t A l is m obile in strongly acidic an d basic en vironm ents b ecau se it can be tra n sp o rte d by th e m o v em en t o f w ater. M oreover, gibbsite can p recip itate w hen strongly acidic o r basic solutions are neutralized. W h en o th e r A l-b ea rin g m inerals such as k aolinite, pyrophyllite, feldspars, feldspathoids, zeolites, or clay m inerals dissolve congru en tly in aq u e o u s solutions, the ab u n d an ces of the a q u e ous A l species d ep en d on the environm ental p H as show n in Figure 12.6. H ow ever, these m inerals also p ro d u ce H 4 S i0 4 an d th e eq u ilibria th erefo re involve th re e variables: th e A l species, pH , and H 4 S i 0 4. T he stabilities of th ese m inerals in eq u i librium w ith th eir ions can b e re p re se n te d eith er in th ree-d im en sio n al diagram s o r in coordinates o f log [Al species] an d log [H 4 S i0 4] at a series of p H values.



b. H e matite Iro n , like A l, is am p h o teric and form s hydroxyl com plexes w hose sta n d a rd free energies are list ed in A pp en d ix B. E q u atio n s fo r the co n g ru en t solution of h em atite as a function of p H are easi ly d erived and have b e e n p lo tte d in Figure 12.7. T he results define th e stability field of h em atite w here it p recip itates from aq u eo u s solutions. The en v iro n m en ts in which h em atite dissolves have b een subdivided according to th e d o m in an t Fe species in solution at d ifferen t p H ranges. T he sol ubility of h em atite has a m inim um b etw een p H values of a b o u t 4.3-8.7 w hen F e (O H ) 3 is the d o m in an t ion. T he Fe3+ ion is d o m in an t only at p H 
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pH Fi g u r e 1 2 .7 Congruent solubility of hematite as a function of pH based on equations like those for gibb site in Table 12.4. The solubility of hematite, or other compounds of Fe, has a minimum at pH values from 4.3 to 8.7 and increases both in more acid and in more basic solutions because Fe, like Al, is amphoteric. A s a result, Fe is mobile in acidic and basic environments and precipitates as amorphous ferric hydroxide when Fe-bearing solutions are neutralized. Ferric hydroxide recrystallizes through lepidocrocite and goethite to hematite.



th ite, or h em atite, w hich is th e m o st stab le form of Fe oxide on th e surface of the E a rth . T he geochem istry o f Fe differs from th a t o f Si an d A l b ecau se it has tw o o x id atio n sta te s (+ 2 a n d + 3 ) b o th of w hich occur a t E a rth -su rfa ce conditions. T h e tra n sfo rm a tio n from F e 2+ to F e 3+ occurs by th e loss o f an electro n from Fe2+ in the p resen ce of an e lectro n acceptor. Loss o f elec tro n s is know n to us as “o x idation,” w hereas a gain of electro n s is “re d u c tio n .” O x id a tio n and reduction m ust always occur to g eth er by a transfer o f electro n s from an e le c tro n d o n o r to an elec tro n a c ce p to r. O x id a tio n -re d u c tio n re a c tio n s m u st be b a lan ced first in term s of th e electro n s th a t are tran sferre d b efo re a m ass b alan ce is ach ie v e d . T h e se m a tte rs a re th e s u b je c t o f
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C h a p te r 14, w h ere we review so m e basic princi ples o f electro ch em istry and apply th em to the c o n stru ctio n o f th e so-called E h - p H diagram s. In Section 14.5 we ta k e u p th e co n stru ction o f fugacity diagram s b ased on eq u ilib ria b etw een solid com p o u n d s an d certain gases, including 0 2, C 0 2, and S2. T he so lid -g as eq u ilib ria o f b o th Fe a n d C u include p ossible changes in th e ir oxida tion states, b u t th e reactio n s a re q u ite u n co m pli cated . T hus we can p re se n t fugacity diagram s h e re ra th e r th a n in C h a p te r 14.



12.5



Fugacity Diagrams



an d the gases escape. T h erefore, th e fugacities o f 0 2 and H 2 m ust each rem ain < 1 .0 atm if liquid w ater is to be stable at sea level on th e surface o f the E arth . If th e fugacity o f H 2 alone is 1.0 atm , th en the fugacity o f 0 2 m ust be as low as it can g e t in th e p re se n c e o f liq u id w ater. S e ttin g [H 2] = 1.0 in eq u a tio n 12.51 yields: [ 0 2] = K T 8 3 ' 1 atm



(12.52)



T h erefore, th e fugacity of 0 2 in th e p resen ce of liquid w ater m ay vary from 1 . 0 to IO“ 8 3 1 atm . Similarly, th e fugacity of H 2 can vary fro m 1.0 to IO “ 41,6 atm , based on e q u atio n 12.51.



b. O xi d es and Car b o na t es of Iron



T h e oxides, carb o n ates, an d sulfides o f m etals can be co n sid ered to be in eq u ilib riu m w ith gaseous 0 2, C 0 2, an d S2, respectively. F or exam ple, the fugacity of 0 2 ranges fro m a b o u t 2 X IO- ’ atm in air at th e surface o f th e E a rth to m uch low er val ues in certain anoxic en v iro n m en ts such as p e a t bogs, sta g n a n t basins, an d d e e p -se a trenches. T h erefo re, th e first q u estio n w e n ee d to consider is th e range of fugacities o f 0 2 th a t can occur on th e surface of the E arth .



M etallic Fe exposed to the air is know n to form the oxides w iistite (F eO ), m agnetite (F e 3 0 4), and hem atite (Fe 2 0 3). T h erefore, we can re p re se n t the oxidation of m etallic Fe by a series o f e q u a tions starting w ith th e fo rm atio n o f w iistite: Fe (m etallic) +



5



0 2^ F e O



(12.53)



For this reaction, A G ^ = —58.7 kcal and K = 1 0 + 4 3 ° T he reforei a t equilibrium :



a. Sta bilit y Li mits of W a t er W e know th a t liquid w ater dissociates in to H + an d O H " ions and th at the ion activity p ro d u c t of w a te r a t 25 °C is ab o u t 1 X IO "14. H ow ever, w ater m u st also m ain tain an eq u ilib riu m w ith th e gases 0 2 an d H 2: 2 H 2 0 ( 1 ) - 0 2 (g) + 2 H 2 (g)



(12.50)



T he sta n d a rd fre e en erg y c h an g e o f this re ac tio n is AG°r = + 113.374 kcal an d its eq u ilib riu m co n s ta n t a t 2 5 °C is K = IO "831. T h e re fo re, a t e q u i librium : [ 0 2 ][H 2 ] 2 = IO "



831



(12.51)



T h e to ta l p ressu re o f all gases o ccurring n atu rally on th e surface o f th e E a rth m u st b e 1 a tm o r less. I f th e p ressu re o f gases rises to h ig h er values, th ey e x p a n d against th e atm o sp h ere, w hich m ean s th a t b u b b le s fo rm in w a te r ex p o sed to the atm o sp h e re



and [Oz] = IO“861. Evidently, w iistite can coexist in equilibrium w ith m etallic Fe only w hen the fugacity of O z is less th an is p erm itted in norm al te rre stria l environm ents. We can continue e ith e r by considering the tran sform ation of w iistite to m agnetite, which is a m ixed oxide (FeO ■Fe 2 0 3), or by relatin g m ag n etite directly to m etallic Fe. T he la tte r is p re fe r able because w iistite does n o t occur in terrestrial rocks. T herefore, we consider the reaction: 3 F e (m etallic) + 2 O , ^ F eO ■F e 2 0 2



2



3 3



AG°r = -2 4 2 .6 kcal K = IO 1 7 7 8 6



(12.55)



It follows th a t at equilibrium the fugacity of 0 2 m ust be i o - 8 8 -9 2 atm , w hich is also less th an the low est fugacity o f 0 2 in equilib riu m w ith liquid



 12.5 w ater. T herefo re, m etallic Fe c a n n o t be stable on th e surface of th e E a rth , w here th e fugacity of 0 2 m ust be > 10 “ 8 3 1 atm . H ow ever, m agnetite does occu r in surface en v iro n m en ts and, th erefo re, is stab le at 0 2 fugacities th a t are com patible with liquid w ater. W e consider next th e reactio n betw een m ag n e tite and hem atite in th e h o p e th a t this eq uilibri u m will provide a stability lim it fo r m ag n etite that is w ithin the range of perm issible 0 2 fugacities: 2 F eO ■F e 2 0



3



+



2



0 2 = 3 F e2 0



A G 0» = - 4 7 .6 kcal



3



(12.56)



,34.89



K = 10;



3



+ 3 C 02 =



FeC 03 +



5



0



2



(12.57)



N ote th a t this is an o x id atio n -red u ctio n reaction and th a t th e equations cannot be balanced in term s of mass only, as we ju st did. In this case, two of th e three divalent Fe ions in siderite give up one electron each for a to tal of two. These elec trons are accepted by o ne atom of 0 2 gas, which becom es one of th e O 2“ ions in th e m agnetite. E q u atio n 12.57 is reversed because we have tre a t ed m ag n etite as th e reactan t ra th e r than as the product. T he stan d ard free energy change of reac tion 12.57 is AG°r = + 44.48 kcal an d k = 1CT3 2 61. T herefore, at equilibrium :



[o2]1/2=



[co2]3



1 0



-32.61



19 5



T aking lo g arith m s to th e b ase 10: 5



log [ 0 2] - 3 log [ C 0 2] = -3 2 .6 1 log [ 0 2] =



(12.59)



log [ C 0 2] - 65.22



6



(12.60)



Sim ilarly, h e m a tite re a c ts w ith C 0 2 to fo rm sid erite according to: Fe2 0



3



+ 2 C 0 2^ 2 F e C 0 3 + j 0



AG°r = + 4 5 .5 2 kcal



K = IO '



2



(12.61)



33 37



and: log [ O j = 4 log [ C O J - 66.74



Thus, m agnetite and h e m a tite a re in equilibrium at [ 0 2] = IO - 6 9 8 atm , w hich is w ithin th e p erm is sible ran g e of 0 2 fugacities. H e m a tite is th e m ost O -rich oxide of Fe and can coexist w ith w a te r a t 0 2 fugacities from IO - 6 9 8 to 1 . 0 atm . N ext, we add siderite ( F e C 0 3) to the system by reactin g m ag n etite and h e m a tite w ith C O z gas. Since Fe in siderite is divalent, w e start w ith m ag n e tite because it also contains divalent Fe. We co n stru ct th e desired eq u a tio n w ith m agnetite as th e re a c ta n t and siderite as th e p ro d u ct. T hen we add C 0 2 to th e re a c ta n t side to balance the C in siderite. Finally, we com plete th e eq u atio n by adding 0 2 as n e e d e d fo r balance: F eO • F e 2 0
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(12.62)



T he e q u a tio n s re p re s e n tin g so lid -g a s e q u ilib ria d eriv ed ab o v e h av e b e e n p lo tte d in F ig u re 12.8 in c o o rd in a te s o f log [ 0 2] an d log [ C 0 2], T he resu lt is a fu g a city diagram fo r th e oxides an d c a rb o n a te s o f Fe th a t in d icates th e fu g acities of th e tw o gases th a t a re re q u ire d to stab ilize each of th e m in erals w e have c o n sid ered . T h e d ia gram also p re d ic ts th e d ire c tio n o f so lid -g a s re a c tio n s th a t o ccu r w hen a p a rtic u la r m in eral is p laced in a n e n v iro n m e n t in w hich a n o th e r m in eral is stable. For exam ple, so-called ironstone concretions com posed of sid erite m ay be exposed to the atm o sp h e re as a re su lt o f ero sio n o f th e enclosing s e d im e n ta ry rocks. F igure 12.8 in d ic a te s th a t h e m atite is stable in co n ta ct w ith th e atm o sp h ere. T herefo re, sid erite is tra n sfo rm e d in to h e m a tite in accordance w ith eq u a tio n 12.61. A t eq u ilib ri um b e tw ee n sid e rite and hem atite:



[o2]



1 /2



[co2]:



=



10 -33.37



(12.63)



H ow ever, in th e a tm o sp h e re [ 0 2] = 2 X 10“ 1 atm and [ C 0 2] = 3 X 10 ' 4 atm . T h erefore, siderite can coexist in eq u ilib riu m w ith h e m a tite in c o n tact w ith th e a tm o sp h e re only when:



1/2 r(o2)i/2i L10-3337 J



[co2]= [[02]1/21 K



(12.58) =



10 16.51 atm



1 /2



(12.64)
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lo g [ C 0 2] Fi g u r e 1 2 .8 Fugacity diagram for the oxides and car bonate of Fe in terms of the fugacities of 0 2 and COz, where Mt = magnetite, H = hematite, and S = siderite. N ote that siderite and magnetite are not stable in con tact with the atmosphere, where [ 0 2] = 2 x 1CT1 atm and [C 0 2] = 3 X IO-4 atm. Therefore, when siderite or magnetite is exposed to the atmosphere, it converts to hematite. The diagram is based on equations 12.52 (stability limit of water) and 12.56,12.58, and 12.61. Point P represents conditions when siderite is stable in contact with 0 2 of the atmosphere.



log [S2] Fig u re 1 2 .9 Fugacity diagram for the oxides and sul fides of Cu. Cu = metallic Cu, Cup = cuprite (Cu20 ) , Ten = tenorite (CuO), Chal = chalcocite (Cu2S), and Cov = covellite (CuS), based on equations in Table 12.5. Metallic Cu is stable in the presence of water, but when it is exposed to the atmosphere, it reacts to form tenorite. Note that G°{ of S2(g) is not zero because the stable form of S in the standard state is the rhombic solid.



c. O xi d es and Sulfides of C o p p er w hich is id entified by p o in t P in th e diagram . Since th e fugacity o f C O z in th e a tm o sp h ere is only 3 X IO - 4 atm , re a c tio n 12.62 is n o t in equilib riu m in contact w ith th e atm o sp h e re b u t runs to th e left, th e re b y conv ertin g siderite to hem atite. T h erefo re, iro n sto n e co n cretio n s should w eath er to h em atite u p o n ex posure to th e air. This p redic tio n is confirm ed by th e p resen ce of a h em atite rin d a ro u n d iro n sto n e co n c re tio n s w h ere the th ickness of th e rin d d e p en d s o n the ra te o f the re a c tio n and th e d u ra tio n o f th e exposure.



C o p p er form s th e oxides cuprite (C u 2 0 ) and te n o rite (C uO ) and the sulfides chalcocite (C u 2 S) and covellite (C uS). N o te th at Cu is univalent in cu prite and chalcocite and divalent in te n o rite and covellite. T herefore, w hen m etallic Cu form s C u + an d w hen C u + form s C u2+, electrons are tran sferred e ith er to 0 2 o r to S2, d ep en d in g on the com pound th at is produced. The eq uations re q u ire d to construct th e fugacity d iagram fo r Cu in Figure 12.9 are listed in Table 12.5. W e see th a t n ativ e C u is stab le in th e p re s ence o f w ater, w h ereas nativ e Fe is n ot. H ow ever,



 12.5
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Fugacity D iagram of C opper Oxides and Sulfides at 25 °Ca



T a b le 1 2 .5



2 Cu (metal) + ) 0 2^ C u 20 AG° = -3 5 .1 kcal



K = 1025 73



log [Oz] = -51 .5



(1)



Cu20 + ) () . . ‘2 CuO AG° = -2 6 .3 kcal



K = IO1928



log [ 0 2] = -3 8 .6



(2)



2 Cu (metal) + \ S2^ C u 2S AG° = -30.08 kcal



K = IO2205



log [S2] = -44 .1 Cu20 + ) S2 Cu2S + : 0 2 A G°r = + 5.02 kcal



K = IO“360



log [ 0 2] = log [S2] - 7.4 2 CuO + \ S ,. Cu2S + 0 2 A G°r = +31.32 kcal



(5) log [C 0 2]



K = IO1061



log [S2] = - 21.2 CuO + ) S2^ C u S + | 0 2 AG° = +8.42 kcal



(4)



K = H F2296



log [ 0 2] = 0.5 log [S2] - 23.0 Cu2S + \ S2; ‘2 CuS AG° = -1 4 .4 8 kcal



(3)



(6)



K = 10~617



log [ 0 2] = log [S2] - 12.34



(7)



“Based on the thermodynamic data in Appendix B.



w hen m etallic C u is ex p o sed to 0 2 a t fugacities > 1 (T 5 ’ -5 atm , it form s th e oxide cu p rite (C u 2 0 ) or te n o rite (C u O ), d ep en d in g o n th e 0 2 fugacity. Similarly, C u reacts w ith S2 to form the sulfides chalcocite (C u 2 S) and covellite (CuS). C o p p e r also form s m ixed sulfides w ith F e includ ing chalco p y rite (C uF eS 2), cu b an ite (C uF e 2 S3), a n d b o rn ite (C u 5 F eS4). Fugacity diagram s of d ifferen t m etals can be su perim posed on each o th e r to form com posite diagram s th a t indicate th e stability lim its o f the com pounds of b o th m etals. Such a diag ram has b e e n co n structed in Figure 12.10 fo r th e oxides an d c a rb o n a te s o f Fe an d C u. T he d iagram defines th e fugacities o f 0 2 and C 0 2 th a t p erm it c ertain assem blages of these m inerals to coexist in equilibrium in th e presen ce o f w ater.



Fi g u r e 1 2 .1 0 Combined fugacity diagram for Fe and Cu and their oxides and carbonates. H = hematite (Fe20 3); Mt = magnetite (Fe30 4); S = siderite (F eC 0 3); Cu = native Cu; Cup = cuprite (Cu20);T en = tenorite (CuO); Mai = malachite [CuC 03 • Cu(OH),]; A = azurite [2CuC03- Cu(OH)2]. The boundaries between tenorite and malachite and between malachite and azurite were drawn after Garrels and Christ (1965). This diagram indicates the environmental conditions under which certain assem blages of Fe and Cu minerals can occur together.



F or exam ple, th e d iagram indicates th a t the carb o n ates o f C u (m alachite and azurite) form at low er fugacities o f C 0 2 th a n siderite an d th e r e fo re can coexist in equ ilib riu m w ith h e m a tite and tenorite. C onsequently, m alachite, azurite, tenorite, and h em atite a re com m on w eathering p ro d u c ts of F e -C u sulfide m inerals an d occur in th e oxi dized p a rt of sulfide ore b o d ies (gossans), w h e re as sid erite is u n sta b le at th e surface of th e E a rth (see also Section 21.2). F ig u re 12.10 also p o in ts o u t th a t n ativ e C u h as a large stability field in th e absence o f S a n d can coexist w ith m agnetite,
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h em atite, and siderite, p ro v id ed th e fugacity of O z is low enough. W h en n ativ e C u is exposed to the atm o sp h ere, it tarnishes by fo rm in g a layer o f te n o rite o r m alachite o r b o th , d e p e n d in g on th e fugacity o f C 0 2.



12.6



Summary



W h en th e silicate m in erals o f igneous and m etam o rp h ic rocks are ex p o sed to acidified w ater, th ey m ay dissolve incongruently to p ro d u ce clay m inerals and zeolites as w ell as insoluble oxides an d hydroxides, d e p e n d in g on th e en v iro n m ental conditions. T he chem ical reactio n s th a t tak e place d u rin g th e se tra n sfo rm a tio n s can b e used to d efin e th e conditions re q u ire d fo r equilibrium w hen b o th re a c ta n ts an d p ro d u c ts are stable. T h erefo re, eq u atio n s can b e d eriv ed from the L aw o f M ass A ction, w hich specify th e conditions re q u ire d fo r equilibrium b e tw e e n th e solids. T h e re su ltin g m in e ra l sta b ility d iag ram s d e fin e th e e n v iro n m e n ta l co n d itio n s in w hich each o f th e solids in a given co m p o sitio n al sys tem is stable. In ad d itio n , th e d iag ram s pred ict w h a t h a p p en s to a m in era l w h en it is exp o sed to c o n d itio n s ou tsid e o f its ow n stab ility field. T he re a c tio n s th a t occur in such cases n o t only cause tra n sfo rm a tio n s a m o n g th e solids b u t also affect th e chem ical c o m p o sitio n , o r quality, of w ater b o th ab o v e and b e lo w th e su rfa ce o f th e E a rth . W h en th e reactio n s occu r in closed system s w ith sm all w a te r/ro c k ratio s, th e chem ical co m p o si tio n o f th e w ater m ay evolve alo n g curved re a c tio n paths. Such co n d itio n s ex ist in the p o re sp aces o r fra c tu re s o f ro cks in su b su rface w h ere re a c tio n s b e tw e e n m in e ra ls a n d w a te r n o t only c o n trib u te to th e ch em ical e v o lu tio n of th e w a te r b u t also cau se th e d e p o sitio n o f m ineral cem ents. T he solubility lim its o f c e rta in com pounds, in clu d in g calcite, m a g n esite , a m o rp h o u s silica, a n d o th ers, w hich c a n p re c ip ita te fro m n a tu ra l so lu tio n s, significantly re s tric t th e chem ical co m p o s itio n s o f a q u e o u s s o lu tio n s in n a tu re .



T h e re fo re , c e rta in m in erals c a n n o t be in e q u ilib riu m in th e p re se n c e o f w a te r and also ca n n o t fo rm by tran sfo rm atio n fro m o th e r m inerals. T his p h e n o m e n o n is exem plified by a n o rth ite, w hich does n o t form as an a u th ig en ic m in eral a t E a rth -su rfa c e te m p e ra tu re s , w h ereas albite and K -fe ld sp a r do o ccur in places w h ere alkali-rich b rin e s can re a c t w ith volcanic glass, clay m in e r als, o r o th e r kinds o f solids. T h e conditions re q u ire d fo r stability of m in erals can also be expressed by th eir congruent solution or by th e ir in teractio n w ith gases such as 0 2, C 0 2, and S2. For exam ple, th e non-alum inous M g silicates dissolve congruently to form M g2+ an d H 4 S i 0 4, w hich may precip itate as a different M g silicate w hose solubility is exceeded. The co m b in atio n of con g ru en t solution of a “prim ary ” M g silicate and the precipitation of a “secondary” m ineral results in the rep lacem en t of one m in er al by another. The a p p a re n t conversion of enstatite to serp en tin e is an exam ple o f such p aired reactions. T h e eq u ilib riu m b etw een w a te r an d its co n s titu e n t gases, 0 2 an d H 2, d efin es th e stability ra n g e o f w ater w ithin w hich all reactio n s on the surface o f the E a rth tak e place. Solid oxides, c a r b o n ates, and sulfides m u st sim ilarly rem ain in eq u ilib riu m w ith th e ir c o n stitu e n t gases 0 2, C 0 2, and S2, respectively. T hese solid -g as re a c tio n s can be used to co n stru ct fugacity diagram s th a t co n tain th e stability fields of the solids a p p ro p ria te to a p a rtic u la r system . T he fugacity d iag ram s of d iffe re n t m etals can b e su p erim p o se d o n each o th e r to fo rm co m b in atio n d ia gram s. T hese diagram s effectively subdivide the stab ility field of w a te r in to en v iro n m en ts in w hich suites o f m in erals of d iffe re n t elem ents can coexist in equilibrium . T he virtue of activity and fugacity diagram s is th a t they depict the relationships betw een m iner als and aqueous solutions o r gases in a readily u sab le form . A s a result, idle speculation is rep lac ed by understanding and progress is m ade in un d erstan d in g th e chem ical reactio n s that con trib u te to geological processes.
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Problems 1. Construct the equations necessary to introduce pyrophyllite into the activity diagram for microcline in Figure 12.1.



2 . Construct the equations necessary to intro duce Na-smectite (Na0.33Al2.33S>3.670lo(OEI)2’ GJ —1277.76 k ca l/mol) into the activity diagram for albite in Figure 12.2. 3. Construct a solubility diagram for goethite (FeOOH) as a function of pH.



4 . What are the environmental conditions in terms



of [Mg2+] /[ H +]2 and [H4S i0 4] at which enstatite and forsterite coexist in equilibrium? 5. Is equilibrium possible between enstatite and forsterite in the presence of aqueous solutions in nature?



6. What mineral precipitates first when forsterite dissolves congruently in water having the composition of point P in Figure 12.5? 7. Construct a fugacity diagram for the sulfides and carbonates of Pb. 8. Construct a fugacity diagram for the sulfides and carbonates of Zn. 9. Combine the two diagrams for Zn and Pb.



10. What are the fugacities of 0 2 and COz at which native Cu, cuprite, and azurite coexist in equilibrium? 11. Can hematite and siderite both join that assem blage in equilibrium with each other?
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 13 Clay Minerals Clay m inerals form o n e o f th e larg est and m ost highly diversified g ro u p s o f m in erals know n. T he m ajority o f clay m in erals a re alum inosilicates an d th e y crystallize as phyllosilicates. H ow ever, som e clay m in erals a re M g-silicates o r Fe-silicates, o th ers a re n o t crystalline, o r th ey a re n o t phyllosilicates. T h e p ro p e rty co m m o n to all clay m inerals is th e sm all size o f th e ir crystals or grains w ith d ia m eters less th a n 2 m icro m eters (iom). A s a resu lt, sed im en t in th a t size ran g e is som etim es re fe rre d to as th e clay-size fraction or e v en as clay. This usage is in c o rrec t in g eo chem istry becau se clay m in erals are defined on the basis o f th e ir crystal stru c tu re an d chem ical com p o sitio n an d n o t by th e size o f th eir crystals or grains. M o reov er, th e clay-size fractio n o f sedi m e n t freq u en tly includes sm all grains of o th er m in erals (q u artz, feld sp ar, calcite, etc.), as w ell as grains o f insoluble oxides o r h ydroxides o f Fe, A l, M n, and so on, w hich m ay b e p a rtly or c o m p lete ly am orphous. N everth eless, clay m inerals are typically fine grain ed an d th e re fo re can n o t be id en tified solely by th e ir physical o r optical p ro p erties. In stead , th e classification o f clay m inerals relies heavily on th e ir crystallo g rap h ic an d c e r ta in physical p ro p e rtie s th a t a re rev ealed by x-ray diffraction. C lay m in eralo g y h a s ev o lv ed in to an im p o r ta n t field w ith a p p lic a tio n s in geology, a g ro n o my, ceram ic en g in eerin g , soil m echanics, and geochem istry. W e will b e c o n c e rn e d p rim arily w ith th e classificatio n o f clay m inerals, w ith th e ir stab ility in d iffe re n t g eo ch em ical e n v iro n m en ts, w ith io n e x ch an g e p h e n o m e n a , an d w ith th e u se o f clay m in e ra ls fo r d a tin g se d im e n ta ry rocks. T h e p re s e n c e o f clay m in erals in n a tu ra l en v iro n m e n ts fre q u e n tly m ak es a significant
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difference to th e geochem ical processes th a t m ay be o ccurring. Since w e e n c o u n te re d th e clay m in erals k ao lin ite, p y ro phyllite, and sm ec tite in C h a p te r 12, it is now necessary for us to exam in e th e se m in erals in m o re d etail.



13.1



Crystal Structure



Clay m inerals are divided into th re e groups based on th e ir crystallographic properties: ( l) platy clay m inerals (phyllosilicates), ( 2 ) fibrous clay m inerals, and (3) am orphous clay. T he platy clay m inerals are m uch m ore ab u n d a n t th a n the o th er two groups an d include m ost o f th e m inerals th at traditionally m ake up th e clay m inerals. The fibrous clays sepiolite and palygorskite (also know n as attap u lg ite), though n o t as com m on as the platy clays, do occur in m any different kinds o f d ep o sitio n al environm ents, including m arine and lacustrine sedim ent, h y d rotherm al deposits, and soils of arid regions (Singer and G alan, 1984). So-called am o rp h o u s clay, re fe rred to as allophane, is an alum inosilicate of variable chem ical com position th at is am o rp h o u s to x-rays in m ost cases b u t does diffract electrons. It m ay be an in te rm e d ia te p ro d u ct in th e fo rm atio n of phyllosilicate clays from various kinds of m a te ri als, b u t its ab undance is n o t well docum ented because it is n o t directly detectab le by x-ray dif fraction (C arroll, 1970). Clay m inerals are described in m any text books on m ineralogy and in num erous specialized books, including those by G rim (1968), M illot (1970), W eaver and Pollard (1973), V elde (1977), Sudo and Shim oda (1978), Sudo et al. (1981), and C aim s-Sm ith and H artm an (1987). In addition, several scientific journals are devoted to clay m in



 13.1 eralogy, including Clays and Clay Minerals, Clay M inerals Bulletin, Clay Science, and Clays and Clay Technology. A rticles on clay m ineralogy are also published in the A m erican Mineralogist, th e Journal o f the Soil Science Society o f Am erica, and th e Journal o f Sedim entary Petrology. The phyllosilicate clay m inerals consist of tw o kinds of layers of different chem ical com position an d coordination. O ne of these is the tetrahedral layer (T), which is com posed of silica tetrah edra. T h e second layer consists of A l hydroxide with A l3+ ions located in th e centers of o ctahedra and is th ere fore know n as the octahedral layer (O ). In som e clay m inerals, such as serpentine and talc, the octahedral layer is com posed of M g hydroxide, which form s the m ineral brucite. T herefore, the octahedral layer is also referred to as the brucite layer or th e gibbsite layer, depending on its com position. W hen A l3+ occurs in th e o ctah ed ral layer, only tw o of every th re e available sites are filled. T h erefo re, such clays are said to be d io ctah edral. W h en A l3+ is replaced by F e3+ o r by o th e r triv a le n t ions, th e m inerals re m a in d io ctah edral. H ow ever, w hen th e tw o A l3+ ions are rep la c ed by th re e divalent ions of Fe2+, M g2+, Z n 2+, etc., th e n all positions in th e o c tah ed ral layer are filled and th e clay is trio ctah ed ral. B ased o n these distinc tions we conclude th a t k ao lin ite is d io ctah ed ral, w hereas serp en tin e is trio ctah ed ral. T he tetrah ed ral layer consists o f silica te tra h e d ra th a t are linked to g eth e r by sharing O atom s a t th re e of the four corners. T he linkages occur only at th e bases of th e te tra h e d ra, thus form ing a sh eet w ith the unsh ared O atom s all pointing in th e sam e direction. If all fo u r O atom s of silica te tra h e d ra are shared (as in feldspar), th e n each Si ato m co n trols only one half of its O atoms. T herefore, the S i/O ratio in feldspar and o th e r tektosilicates is 1 : 2 (Section 8.3). Since in phyllosilicates only th e th re e basal O atom s are shared, th e S i/O ra tio is 1 :1 .5 . W hen the unshared O ato m is cou n ted w ith th e basal ones, the S i/O ratio beco m es 1 : 2.5. T he o ctah ed ral layer has six-hydroxyl ions located at the co rn ers o f an o ctah ed ron. T herefo re, th e ra tio o f A l to hydroxyl ions is basi cally 1 : 6 . H ow ever, th e o c ta h e d ra th a t m ake up th e gibbsite sh e e t are linked a t th e corn ers by
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sharing hydroxyl ions an d have an A l/O H ra tio o f 1 : 3 in stead o f 1 : 6 . T he te tra h e d ra l an d o c ta h e d ra l layers are jo ined to form tw o-layer clays (T -O ), th ree -lay er clays (T - O -T ) , o r m ixed -lay er clays th a t a re m ix tu res of d iffe re n t tw o-layer an d th ree-lay er clays. T he linking o f th e o c ta h e d ra l an d te tra h e d ra l sheets in T - O clay m in erals ta k es place by sharing of O atom s and hydroxyl radicals, w hich reduces th e n u m b er of hydroxyls by one each tim e such a link is established. T h e re fo re, tw o-layer clays, such as kaolinite, a re co m p o sed of Si, A l, O, an d O H in th e p ro p o rtio n s S i 0 2 5 A l( 0 H ) 2. W e m ultiply th e form u la by tw o in o rd e r to cle a r th e decim al frac tio n and o b tain th e fo rm u la o f kaolinite an d its polym orphs: A l 2 Si2 0 5 ( 0 H



) 4



(13.1)



Similarly, th e fo rm u la of th ree-lay er clays (T -O -T ), such as pyrophyllite, is 2 ( S i0 2 s)A l(O H ) o r Si2 0 5 A l( 0 H ) . A gain, we m ultiply by tw o and obtain: A l 2 Si4 O 1 0 (O H ) 2



(13.2)



T he stru ctu res of tw o- a n d th re e -la y er clays are illustrated in F igure 13.1. The phyllosilicate clay m in erals have w idely varying chem ical com po sitio n s becau se th e A l3+ ion in th e o c ta h e d ra l layers can be wholly o r p a rt ly replaced by F e 3+, C r3+, F e2+, M g2+, Z n 2+, L i+, and m any o th e r ions. In ad d itio n , som e of th e Si4+ ions in th e te tra h e d ra l layer are rep laced by A l3+. This results in an excess o f n eg ativ e charge, w hich is n eu tralized by th e a d so rp tio n o f cations to th e o u te r surfaces o f th e te tra h e d ra l layers o f a d jo in ing clay units. T he su b stitu tio n s w ithin th e layers are co n strain ed by th e re q u ire m e n t for electrical neutrality, w hich is m e t w hen th e cations in th e octahedral layer have a co m bined charge o f + 6 an d th e tetrahedral layers co n tain fo u r m o les of Si + A l p e r fo rm u la w eight. T h e tw o-layer clays p erm it very little su b stitu tio n o f eith er A l o r Si, w hereas th e th re e -la y e r clays, w ith the ex cep tio n of pyrophyllite, a re ch a ra c teriz e d by extensive substitutions in e ith e r th e o c ta h e d ra l lay er o r th e te tra h e d ra l layer, o r in bo th .
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(a) T w o - l a y e r c l a y : A l S i 0 2.5( 0 H ) 2
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(b) T h r e e - l a y e r c l a y : A lS i 2O s( O H ) Tetrahedral



Classification and Chemical Composition



T he classification o f clay m in e ra ls is b a se d on th e ir crystal s tru c tu re and chem ical c o m p o si tion. In practice, clay m in erals a re id e n tifie d by x-ray diffractio n c o m b in e d w ith tre a tm e n t p r o ce d u re s th a t to g e th e r serv e to id en tify c e rta in m in eral species. In o th e r w ords, som e clay m in erals a re d e fin e d b y th e p ro c e d u re th a t is u sed to id en tify them .



a. T w o-Layer Cla ys O ctah edral Tetrahedral
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(f) C h l o r i t e



Figure 13.1 Schematic diagrams of the structures of two-layer and three-layer clay minerals.



The phyllosilicate clays a re subdivided into the tw o-layer, three-layer, and m ixed-layer clays. The tw o-layer clays consist of tw o subgroups, each o f which contains a n u m b e r of m ineral species, as listed in Table 13.1. 1. KAOLINITE T he m inerals in the kaolinite subgroup all have the fam iliar form ula A l 2 Si 2 0 5 ( 0 H ) 4 and include kaolinite, dickite, nacrite, and halloysite. T hese m inerals differ from kaolinite only by having d ifferen t crystal structures. F or exam ple, halloysite form s tu b u la r crystals, w hereas k ao linite crystals are platy, but all m em bers of the kaolinite subgroup have identical chem ical com positions. T herefore, halloysite and th e o th e r m ineral species in the kaolinite subgroup are p o ly m o rp h s o f kaolinite b u t occur in certain geochem ical environm ents in p referen ce to kaolinite. 2. SERPENTINE AND GREENALITE Serpentine is a tw o-layer phyllosilicate like k a o lin ite in w hich th e g ibbsite lay er is rep lac ed by brucite. C onsequently, th e fo rm u la o f se rp e n tin e [M g 3 Si2 0 5 ( 0 H ) 4] co n tain s Si an d O in th e c h aracteristic p ro p o rtio n of th e te tra h e d ra l layer, and th e o c ta h e d ra l lay er co n tain s a positive charge o f + 6 as a re su lt o f th e re p la c e m e n t o f tw o A l3+ by th re e M g2+. The m in eral species in th a t g ro u p a re chrysotile, lizardite, an d antigorite, all o f w hich are p o ly m o rp h s o f se rp en tin e. G reenalite [Fe2+ Si2 0 5 ( 0 FI)4 ] is a tw o-layer clay in w hich th re e F e 2+ ions ta k e th e p lace o f tw o A l3+ ions.



 13.2 T a b l e 1 3 .1 Group A.



CLASSIFIC A TIO N A N D C H E M IC A L C O M P O SITI O N



Classification of Clay M inerals Subgroup



Species



Two-Layer Clays



Kaolinite



Kaolinite



kaolinite



(dioctahedral)



dickite



(trioctahedral)



Subgroup



Species



nacrite



Complex interstratified two-layer and three-layer clay minerals following either a regular or a random pattern.



halloysite



D. Fibrous Clay Minerals



chrysotile lizardite



palygorskite



antigorite



sepiolite



greenalite B.



Group



(continued)



C. Mixed-Layer Clays



kaolinite



serpentine



T a b l e 1 3 .1
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(attapulgite)



Adapted from Grim (1968) and Carroll (1970).



Three-Layer Clays



Pyrophyllite



Smectite



dioctahedral trioctahedral



pyrophyllite talc



dioctahedral



minnesotaite



dioctahedral



montmorillonite beidellite nontronite



Smectite



trioctahedral



saponite hectorite sauconite



Vermiculite



dioctahedral trioctahedral



Mica



dioctahedral



vermiculite illite



trioctahedral



paragonite glauconite biotite



vermiculite



muscovite



Mica



phlogopite Brittle mica



dioctahedral trioctahedral



lepidomelane margarite seybertite xanthophyllite



Chlorite



dioctahedral trioctahedral



brandisite cookeite (?) Fe-rich varieties thuringite chamosite Mg-rich varieties clinochlore penninite



b. Three -La yer Cla ys T h e th re e -la y er clays can b e divided in to th e pyrophyllite, smectite, verm iculite, mica, brittle mica, and chlorite groups. A ll o f the m inerals included h ere have th e basic th re e-la y er stru c tu re of p yrophyllite b u t d iffer from it in chem ical co m position and physical properties. 1. PYROPHYLLITE A N D TALC P yrophyllite itself (A l 2 Si4 O 1 0 (O H )2) is th e p ro to ty p e o f all th ree -la y er clays an d p erm its no su b stitu tio n s in th e o c ta h e d ra l o r te tra h e d ra l layers. Talc is re la te d to p y ro p h y llite in th e sam e way th a t se rp e n tin e is re la te d to k a o lin ite b ecau se in talc th e o c ta h e d ra l layer is co m p o sed o f b ru c ite in ste a d o f g ibbsite. C o n seq u en tly , talc h as the fo rm u la M g 3 Si4 O l0 (O H )2, w h ere th re e M g2+ ions re p la c e tw o A l3+ a n d th e S i/O ra tio is deriv ed fro m th e p re se n c e o f tw o te tra h e d ra l layers. M inneso ta ite is th e Fe m e m b e r in this g ro u p in w hich th e o c ta h e d ra l layer c o n ta in s F e2+ in stea d o f A l3+. C o n seq u en tly , its fo rm u la is F e 2 +Si4 O 1 0 (O H )2. 2. SMECTITES T he sm ectite group co n tain s a large n u m b e r o f m in e ra l species th a t differ in chem ical co m p o sitio n b ecau se of th e co m p lete o r p artia l re p la c e m e n t o f A l34' in the o c ta h e d ra l layer and th e p a rtia l re p la c e m e n t of Si4+ in th e te tra h e d ra l layer. The smectite group is divided into dioctahedral and trioctahedral subgroups each of which contains
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m ineral species th a t differ from each o th e r in chem ical com position. F or exam ple, m ontm orillonite is a p ro m in en t m em b er of th e dioctahedral subgroup of sm ectites in w hich Mg2+ occurs in the octahedral layer, but th e rep lacem en t o f Si4+ by A l 3 4 in the te tra h e d ral layer is q uite lim ited. For exam ple, a sam ple of m ontm orillonite from G erm any has the form ula (C arroll, 1970,Table 6 ): [(Al[. 7 7 FeQ0 3 M go 2 o)(S i 3 (o c ta h e d ral)



74



AlQ 2 6 ) O lo(O H )2]



(te tra h e d ra l)



C a 0 .i6 ' N ao.o7 ’ Mgo.o4



(13.3)



(ex ch an g eab le) This form u la can be readily in te rp re te d in term s o f th e th re e -la y er m o d el if w e d e te rm in e the elec trical charges in each o f th e layers. T he octahedral lay er contains 1.77 A l3+ + 0.03 F e 3+ + 0.20 M g2+, w hich adds up to + 5 .8 e le c tro n ic charges. Since th e o c ta h e d ra l lay er is su p p o se d to co n tain six p o sitiv e charges, th e re is a d eficiency o f 0 . 2 p o si tive charge, w hich is e q u iv a le n t to an excess of 0.2 n eg ativ e charge. In th e te tra h e d ra l lay er re p la c e m e n t o f so m e Si4+ by A l3+ causes a d efi ciency of p o sitiv e ch arg e e q u iv a le n t to a charge o f - 0 .2 6 . E vidently, th e su b stitu tio n s in th e tw o k in d s of layers h av e c au sed a to ta l ch arge of —0.2 + ( - 0 .2 6 ) = —0.46. In th e exam ple b efore us, th e n eg ative charges are neutralized by a d so rp tio n of 0.16 C a2+ + 0.07 N a + + 0.04 M g2+, w hich to g ether provide 0.47 positive charge. The ag reem en t b etw een th e n egative charges in the layers ( —0.46) and th e positive charges of th e ad d i tio n al ions (+ 0 .4 7 ) is well w ithin th e uncertainty of th e chem ical analysis o f this m ineral. The overall charge distribution for this m ontm orillonite is given by adding up th e ionic charges of all ele m en ts th at m ak e up this m ineral: 1.77(A13+) + 0.03(F e3+) + 0.20(M g2+) + 3.74(Si4+) + 0.26(A13+) + 0.16(C a2+) + 0 .0 7 (N a+) + 0.04(M g2+) - 10(O 2~) - 2 (O H ) = + 0 .0 1



(13.4)



T h e a d d itio n a l cations, w hich n e u tra liz e th e n e g a tiv e ch a rg e s c a u se d by im p e rfe c t s u b s titu tions w ithin th e layers, a re a d so rb ed o n th e s u r faces o f th e m in e ra l grains a n d on th e te tra h e d ra l lay ers o f th e clay units. T h e re fo re , th ey a re p a rtly o r c o m p le te ly exchangeable an d can be re p la c e d by o th e r c a tio n s o r by th e p o la r m o lecules o f w a te r in th e e n v iro n m e n t. T he a d so rb e d ions lo c a te d on th e o u te r su rfaces of th e te tra h e d ra l layers b o n d th e stru c tu ra l u n its to g e th e r. W h en th e b o n d in g involves th e catio n s o f m etals, th e in te rla y e r d istan ces b e tw e e n a d ja c en t s tru c tu ra l u n its a re sh o rt. H o w ev er, w hen c e rta in clay m in e ra ls a re im m e rse d in w a te r, th e in te rla y e r catio n s a re re p la c e d by m o lecu les of w ate r, w hich h av e m uch sm aller n e t po sitiv e c h arges th a n m e ta l ions. C o n seq u en tly , a la rg e r n u m b e r of w a te r m o lecu les is re q u ire d to n e u tralize excess n e g a tiv e ch arg es g e n e ra te d w ithin th e layers. A s a re su lt, th e in te rla y e r d istan ces increase as w a te r m o lecules crow d in an d th e clay expands. T he swelling o f clay m inerals in th e sm ectite group is a characteristic p ro p e rty th a t is used to identify them . F o r exam ple, w hen n a tu ra l m o n t m orillonite is h e a te d a t 300 °C for an h o u r or m ore, the in terlay er d istance decreases from a b o u t 15 angstrom s (A ) to a b o u t 9 A because ad so rb ed w ater m olecules are expelled. W hen the clay is subsequently exposed to the vap o r o f e th ylene glycol (H O C H 2 C H 2 O H ) fo r several hours, the in terlayer distance expands to 17 o r 18 Ä. M o ntm orillonite com m only form s by a lte r ation of volcanic ash and th e re fo re is th e principal m ineral of bentonite beds, w hich form by a lte r ation o f volcanic ash deposits. T he w ell-know n swelling of ben to n ite, w hen it is placed in w ater, is actually caused by th e expansion of th e in terlayer distances o f m ontm orillonite. T he m ineral also occurs in soils o f arid regions w here leaching is lim ited by lack o f w ater and the p H is above 7. Beidellite is a d io ctah ed ral sm ectite co n tain ing little if any F e2+ o r M g2+ and in which n eg a tive charges o rig in ate p rim arily by rep lacem en t o f Si4+ by A l3+ in th e te tra h e d ra l layer. A ccording to G rim (1968), its fo rm ula can be w ritten as:



 13.2 [(A l 2 , 7 )(Si 3 .1 7 A l 0 .8 3 )O 1 0 (O H )2] ■N a 0 3 3



C L A SSIFIC A TI O N A N D C H E M IC A L C O M P O SITI O N (13.5)



N o te th a t th e rep lacem en t of Si4+ by A l3+ in the te tra h e d ral layer has caused a n et charge of -0 .8 3 , which is partly com pensated by th e positive charge (+ 0.51) g enerated by an excess of 0.17 A l3+ in the o ctahedral layer. T he rem aining excess negative charge ( —0.83 + 0.51 = —0.32) is n eutralized by adsorption of 0.33 m oles of N a + per form ula w eight of beidellite. N ontronite, th e th ird d io ctah ed ral sm ectite in T able 13.1, contains F e 3+ in th e o c tah ed ral layer in place of A l3+ w ith m in o r am o u n t of Fe2+ and M g2+. T he n e t charge im balance arises from sub stitu tio n s o f Si4 4 by A l3+ in th e te tra h e d ra l layer. T h erefo re, the form ula of n o n tro n ite is: [(Fe 2 +)(Si 3
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A lo 3 3 ) 0



10



(O H ) 2 ] ■N a 0 3 3



(13.6)



A s in beidellite, th e negativ e charge g en erated in th e te tra h e d ra l layer m ay b e p artly com pensated by th e p resen ce o f ad d itio n al Fe34, F e24, o r M g 2 4 in th e octah ed ral layer. W h en A l3+ in th e o c ta h e d ral layer is rep laced by C r34, th e resulting dioc ta h e d ra l sm ectite is know n as volkhonskoite. The trioctahedral sm ectites include the m in e r al species saponite, hectorite, and sauconite. In saponite, the o ctah ed ral layer is com posed p ri m arily of Mg2+ in place of A l3+ w ith m inor am o u n ts of Fe3+ and Fe2+. N egative charges arise in th e te tra h e d ra l layer by rep lacem en t o f Si4 4 by A l3+ and m ay be p artly com p en sated by ad d itio n al cations in th e octah ed ral layer. T he fo rm u la of sap o n ite according to G rim (1968) is: [ ( M g ^ S i^ A lg j^ O n /O H ^ ] ■N a 0 3 3



(13-7)



Hectorite is a L i-bearing sm ectite in w hich M g 2 4 and L i+ occur to g eth e r in th e o ctah ed ral layer, bu t no substitutions occur in the te tra h e d ral layer. Thus the form ula fo r h ecto rite is: [(M g 2 .6 7 Li 0 .3 3 )(Si 4 )O 1 0 (O H )2]



(13.8)



T he sm ectite m ineral stevensite is sim ilar to hec to rite because it is M g-rich and lacks A l in the te tra h e d ra l layer. H ow ever, stevensite also lacks Li in th e octahedral layer.
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T he sm ectite m in eral sauconite is c h a ra c te r ized by th e p re se n c e o f Z n 2+ in th e o c ta h e d ra l layer and by lim ited rep lac em en t o f Si4+ by A l 3 4 in th e te tra h e d ra l layer. C arro ll (1970) re c a lc u la t ed a chem ical analysis o f sauconite to o b ta in th e follow ing form ula: [(Z n 2
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M g 0 1 8 A10
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F'eQ.n)



(Si 3 .4 7 A l 0 ,5 3 ) O 1 0 (O H ) 2 ] _ 0 -2 0



(13.9)



T h e charge im b alan ce in th e o ctah ed ral lay er of this clay m in eral is + 0.33, th a t o f th e te tra h e d ra l layer is - 0 .5 3 fo r a n e t charge o f -0 .2 0 , w hich is n e u tra liz e d by th e a d so rp tio n o f exch an g eab le cations in in te rla y e r sites. T h e w o rd verm iculite is d eriv ed fro m th e L a tin v e rb verm iculari, w hich m ean s to breed w orm s. T h e clay m in e ra l v erm icu lite occu rs b o th in d io c ta h e d ra l an d trio c ta h e d ra l v a rie tie s w ith o th e r clay m in e ra ls a n d as an a lte ra tio n p ro d u c t o f m icas. A c c o rd in g to G ru n e r (1934), v erm icu lite fro m B a re H ills, M ary lan d , h as th e fo rm u la: [(Feo.24 ^



6 2 .7 0



Fegg 4 N i001)



(Si2.73Al1 .26 ) 0 1 o(O H ) 2 ]M g 0 .5 5 C a 0 .0 1



(13.10)



Evidently, M g 2 4 d o m in ates in th e o ctah ed ral layer, and the Si4 4 in th e te tra h e d ra l layer is extensively replaced by A l34. T he octah ed ral layer has an excess positive charge of + 0 .2 2 , which partly com pensates for the strong negative charge of - 1 .3 0 in th e te tra h e d ral layer. T he rem aining negative charge o f -1 .0 8 is neu tralized by adsorbed M g 2 4 an d C a 2 4 in th e in terlay er position. V erm iculite characteristically contains b o th M g 2 4 and w ater m olecules in th e interlay er sites. T he w ater can be expelled by h eating a t 500°C, which causes the interlayer distance to decrease from ab o u t 14 A to a b o u t 9 Ä . A fte r h eating a t 500 °C o r less, verm i culite reh ydrates spontaneously; how ever, h eating at 7 0 0 °C causes irreversible d ehydration. In a d d i tion, w hen verm iculite is tre a te d with a solution of KC1, the interlay er M g 2 4 ions a re replaced by K 4, and it becom es nonexpandable. V erm iculite dif fers from sm ectites by having a higher charge in the te tra h e d ral layer, by com m only containing
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M g2+ in th e ex changeable in terlay er sites, and by being less expandable. 3 . 1LUTE T h e p o w e r o f K + ions to stab ilize clay m in e ra ls is w ell illu stra te d by illite, w hich is listed in T able 13.1 w ith th e m ica m inerals. A ctually, illite co u ld also b e re g a rd e d as a special m e m b e r o f th e sm e ctite gro u p . H o w ev er, it d iffers fro m ty p ical sm ectites by h aving a n o n exp a n d a b le lattice b e c a u se o f th e p re se n ce of K + io n s in in te rla y e r sites. Illite was n a m e d by G rim e t al. (1937) a fte r th e sta te o f Illinois in th e U n ite d S tates. T h ey in te n d e d it to re p re s e n t m ica-like clay m in e ra ls as a group, r a th e r th an a specific clay m in e ra l, a n d ex p ressed th e fo rm u la o f illite as: [(A l2, F e 2, M g 2, M g 3 )(S i 4 _I A l ,) O 1 0 (O H )2] • K , (13.11) T he fo rm u la in d icates th a t th e o c ta h e d ra l layer m ay co ntain A l, Fe, o r M g an d th a t illites m ay be d io ctah ed ral (2 A l3+ o r 2 F e3+) o r trio ctah ed ral (3 M g2+). T he value o f x is less th a n o n e a n d usu ally varies b etw een 0.5 an d 0.75. T he negative ch arg e g e n e ra ted in th e te tra h e d ra l layer is com p e n sa te d by K + ions, w hich fit in to hexagonal h oles fo rm ed by th e silica te tra h e d ra o f th e te tra h e d ra l layers. A s a resu lt, th e K + ions are not exchangeable, th e spacing of th e in terlayers is fixed, and th e m in eral is n o t expandable. H o w ev er, illites m ay b e in terlay ered w ith m ontm o rillo n ite o r o th e r clay m in erals th a t are ex p andable. Illite is a com m on w eath erin g p ro d u c t of m uscovite a n d differs fro m it p rim arily by the e x te n t of su b stitu tio n o f Si4+ by A l3+ in th e te tra h e d ra l layer. M uscovite an d its N a-an alo g paragonite a re d io c ta h e d ra l an d have th e form ula: [(A l 2 )(S i 3 A l)O 1 0 (O H ) 2 ]K , N a



(13.12)



T h e charge deficiency in the te tra h e d ra l layer of —1 is n eu tra liz e d by K + in m uscovite and by N a ' in p arag o n ite. T h e stacking o f ad jacen t m ica units in m uscovite can occur in d ifferen t ways, giving rise to p o ly m o rp h s d esig n ated as 1M, lM d ,2 M ,, 2M 2, and 3 T (Sm ith an d Y oder, 1956). Illite in th e sm allest grain-size fractio n ( < 0 . 2 p m ) o f sed im en t o r soil is o f th e lM d o r 1M type. L a rg e r grains consist of the



2M polym orphs and are derived by m echanical w eathering of igneous and m etam o rp h ic rocks. Therefore, the 2M illite in sedim entary rocks is detrital in origin, w hereas th e lM d o r 1M poly m orphs may consist of authigenic illite. T he x-ray diffraction spectra o f the different m uscovite poly m orphs in th e clay fraction of sedim entary m a te ri als w ere w orked o u t by Y oder and E u g ster (1955). 4. GLAUCONITE OR GLAUCONY G lauconite is a dioctahedral clay m ineral in which F e3+, Fe2+, and Mg2+ replace A l3+ in the octahedral layer. Negative charges in th e octah ed ral and tetrah ed ral layers are neutralized by interlayer K +, C a2+, and N a +. The concentration of K + in glauconite is variable and increases w ith tim e depending on th e availability of K + in the environm ent. Johnston and Cardile (1987) rep o rted that glauconite from Point Jackson, Francosia, Wisconsin, has the formula: [(F e 2
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(Si3.61lAIo.38g)010(O H )2]K 0 7 2 5 C a (, n%



(13.13)



In this sam ple of glauconite, Fe2+ d om inates in the octah ed ral layer, and the deficiency of posi tive charges in b o th the o c tah ed ral and te tra h e dral layers is largely co m p ensated by in terlayer K + and C a2+ ions. G lauconite is an authigenic clay m in eral th at form s in th e m a rin e e n v iro n m e n t by tra n sfo rm a tion from o th e r kinds o f m a te ria l (M cR ae, 1972). It com m only occurs as greenish pellets about 1 - 2 m m in d ia m e te r com prised o f aggregates of platy glauconite crystallites a b o u t 1 0 p m in d iam eter. G lau co n ite has b een used for dating u n m e tam o rp h o se d sed im en tary rocks by the K -A r and R b -S r m e th o d s (C h a p te r 16) because it contains both K and R b and b ecause it is a u th i genic in origin. The status of glauconite as a discrete m ineral species has becom e controversial, partly because of its im portance for dating sedim entary rocks and the hoped-for refinem ent of the geological tim e scale. B urst (1958) and H ow er (1961) regarded glauconite as an Fe-rich illite with variable K content that occurs in pure form as the lM d o r 1M polym orph. H ow ever, this definition included poorly crystal lized m aterials w ith low K concentrations th at are
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unsuitable for dating by isotopic m ethods. T herefore, O din and M atter (1981) proposed the w ord “glaucony” for a spectrum of Fe-rich clay m in erals with varying K concentrations th at form the characteristic green pellets in sedim entary rocks of m arine origin. G laucony th erefo re represents clay m inerals th at are in term ediate betw een Fe-rich and K -poor sm ectite and Fe-rich K-mica. A s th e K con centration of glaucony increases, the m aterial becom es less expandable and m o re retentive with respect to the radiogenic daughters o f K and Rb. 5. MICAS T he trio c ta h e d ral m icas in igneous an d m etam o rp h ic rocks include biotite and phlogopite. T hese differ from m uscovite by the chem ical com position of th e o c tah ed ral layer, but b o th replace one Si4+ by o n e A I3+ in the te tra h e d ra l layer. A ctually, b io tite is in term ed iate b etw een phlogopite: [(M g 3 )(Si 3 A l)O 1 0 (O H )2] • K an d an n ite o r lepidom elane: [(F e |+)(Si 3 A l)O 1 0 (O H )2] • K T h erefo re, th e gen eral fo rm u la for b io tite can be w ritten as:
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and B ailey (1962) and by E ggleston and B ailey (1967). D io c tah ed ra l ch lo rite has been identified in soil sam ples w ith p H < 5 .5 and m ay also crys tallize m etastab ly in se d im en tary environm ents as an authigenic m in eral (C arroll, 1970). T he trio ctah ed ral chlorites have been classi fied on the basis o f th e ir chem ical com positions by H ey (1954) and by F o ster (1962). The la tter speci fied com positional lim its fo r eight varieties of chlorite including th e Fe-rich species thuringite and cham osite an d th e M g-rich species clinochlore and penninite. T he stru ctu ral fo rm u la o f trio ctah ed ral chlo rites includes th e m ica u n it (Mg, Fe 2 +) 3 (Si, A l) 4 O 1 0 (O H )2, which carries a negative charge because o f th e rep la ce m en t of u p to 1.6 Si4+ by A l3+ in the te tra h e d ral layer. The negative charge is neutralized by a b ru cite sh e e t th a t carries a p o s itive charge caused by re p la c e m en t of M g2+ by A l3+: (M g, A l) 3 (O H )6. T he brucite layer occupies an in terlay er p o sitio n an d bonds tw o mica units to g eth er as K + ions do in illite (Figure 13.1). T he com plete stru ctu ral form ula of chlorite is ob tain ed by com bining th e c o m p o n en ts o f the m ica and brucite units:



(13.14)



[(M g, F e 2 +) 3 (Si, A l) 4 O 1 0 (O H ) 2 ](M g, A l) 3 (O H ) 6 (13.15)



B iotite is considerably m o re susceptible to chem ical w eathering th an m uscovite because th e F e2+ can oxidize to F e3+ in th e presen ce o f an electron acceptor. A s a result, the charge balance of the lattice is distu rbed an d the m ineral alters to o th e r alum inosilicates and ferric oxide, d epending on e n v iro n m en tal conditions. T he so-called brittle micas in Table 13.1 include the dioctahedral species margarite and oth er rare trioctahedral phyllosilicates listed by G rim (1968).



In additio n , ch lo rites m ay co n tain F e3+ ions, which rep lace A l3+ in th e b ru cite layer. Chamosite, one of th e Fe-rich chlorites, is an im p o rta n t c o n stitu en t of Fe-rich sedim entary rocks of m arine origin describ ed by Jam es (1966). A n o th e r Fe-rich phyllosilicate called berthierine has a 1 : 1 kaolinite-type lattice, b u t has also been called “ch am o site” (B rindley, 1961, B rindley e t al., 1968). This m in eral has th e form ula:



[(M g, F e 2 +) 3 (Si3 A l)O , 0 (O H )2] • K



. CHLORITE T h e chlorite g ro u p contains p ri m arily trio ctah ed ral species com posed of threelayer clay units b o n d ed to b ru cite sheets. The chem ical com positions o f chlo rite range from M g-rich to Fe-rich varieties, b u t all contain varying am ounts o f Al, w hich replaces Si in the te tra h e d ra l layers. T h e only d io ctah ed ral ch lo rite is an A l-rich v ariety know n as cookeite describ ed by B row n 6



(F e2+, M g ) 2 2 (F e 3+, A l) 0 .7 S i 1 .4 A l 0 .6 O 5 (O H ) 4 (13.16) and is structurally re la te d to kao lin ite b u t com positionally sim ilar to se rp en tin e. H ow ever, it differs from se rp e n tin e by co n tain in g Fe in th e o c ta h e dral layer and by lim ited substitu tio n o f Si4+ by A l3+ in th e te tra h e d ra l layer. B o th ch am o site an d b e rth ie rin e are au th i genic m inerals th a t fo rm in th e ocean an d m ay
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recrystallize du rin g low -grade reg io n al m e ta m o r p hism to th e F e-ch lo rite thuringite.



c. M ix e d-Lay er Cla ys T he clay m inerals w e have describ ed occur as in terstratified layers in th e so-called m ixed-layer clays, which are very com m on in soils and in a b o u t 70% of clay-rich sed im en tary rocks (W eaver, 1956). To som e e x ten t th e principal types of m ixed-layer clays d ep en d o n clim atic factors th at affect the en v iro n m en t w ithin w hich chem ical w eath erin g occurs. U n d e r m oist and tropical co n ditions the stratification in m ixed-layer clays is m o n tm o rillo n ite -h a llo y site -k a o lin ite, w hereas in h um id te m p e ra tu re regions th e m ixed-layer clays consist o f m o n tm o rillo n ite -c h lo rite -m ica or m ic a -in te rm e d iate p ro d u c ts-illite (C arroll, 1970). T h e crystallographic p ro p e rtie s o f m ixed-layers clays have b e en discussed by Z en (1967), R eynolds (1967, 1980), an d C o rb atö and T etten h o rst (1987).



d. Fibrous Cla y M in erals T he fibrous clay m in erals paly g o rsk ite and sepiolite a re com p o sed o f d o u b le chains of silica te tra h e d ra w ith an S i/O ra tio of 4 : 11. T he channel b etw een th e d o u b le chains is occupied by w ater m olecules th a t are lost stepw ise durin g h eating up to 8 5 0 °C, at w hich te m p e ra tu re th e stru c tu re is d estroyed. N e ith e r p aly g o rsk ite n o r sepiolite ex p an d w hen tre a te d w ith organic liquids. P alygorskite is a M g-silicate w ith som e re p la c e m en t o f M g2+ an d Si4+ by A l3+. Its stru c tu re was w ork ed o u t by B rad ley (1940), w ho re p o rte d th e form ula: M g 5 Si 8 O 2 0 (O H ) 2 (O H 2 ) 4 ■4 H zO



(13.17)



w h ere O H 2 is b o u n d w a te r an d H 20 is w ater in channels like th a t o f zeolites. T h e stru c tu re p re se n te d ab o v e is electrically n e u tra l b u t m ay con ta in exchangeab le C a 2+ to co m p en sate charge im b alan ces cau sed by lim ited su b stitutions in this stru ctu re. P aly g o rsk ite is called attapulgite in the U n ite d S tates a fte r an o ccu rren ce of this clay in A ttap u lg u s, G eorgia. Palygorskite is an authigenic m ineral th at occurs in alkaline, unleached soils and as a product



of hydrotherm al alteration of pyroxene and am phibole. O ne o f th e largest accum ulations is in th e H aw thorn F orm ation of M iocene age in G eorgia and Florida, w hich was deposited in fresh to brack ish w ater lagoons. Sepiolite is also com posed o f chains o f silica te tra h e d ra b u t it differs from palygorskite in s p e cific details. G rim (1968) re p o rte d two d ifferen t structural fo rm u las for this m ineral based on a review of th e lite ra tu re available at th e tim e. T he form ulas cu rren tly in use (see A p p e n d ix B ) are M g 2 Si3 0 6 ( 0 H ) 4 an d M g 4 Si 6 O t5 (O H ) 2 • 6H 2 0 . C arroll (1970) re p o rte d th a t a chem ical analysis of sepiolite fro m L ittle C otto n w o o d , U tah , yields the form ula: [(M g 7 4 2 MnQ5 3 F eon2) (Si| 1 6 7 A l024Feo J 9 ) 0 3 2 ]C u () 4 5 (13.18) Evidently, M g2+ is partly replaced by M n 2+ and Fe3+, w hereas Si4+ is replaced by A l3+ and F e3+. The stru ctu re has a n e t charge o f -0 .3 7 , which is largely n eu tra liz ed by exchangeable Cu2+.



13.3



Gibbs Free Energies of Formation



The th erm o d y n am ic p ro p e rtie s of th e th ree-lay er and m ixed-layer clay m inerals are difficult to establish because of th e ir highly variable chem i cal com positions. A s a result, sta n d a rd free e n e r gies or en th alp ies of fo rm ation a re available only in certain specific cases or apply only to idealized com positions th a t do n o t reflect the tru e chem ical diversity of re a l clay m inerals. In order to overcom e this problem , Tardy and G arrels (1974), C hen (1975), and N riagu (1975) pro posed em pirical m ethods for estim ating standard free energies o f fo rm ation of clay minerals. Tardy and G arrels (1976,1977),Tardy and G artn er (1977), Tardy and V ieillard (1977), and Tardy (1979) subse quently generalized this approach to estim ate the standard free energies of form ation of o th er kinds of com pounds and their ions in aqueous solution. T he m e th o d o f T ardy and G arrels (1974) is based on th e prem ise th a t th e stan d ard free en er gy o f a phyllosilicate can be tre a te d as th e sum of



 13.3 th e free energies of its oxide an d hyd ro xid e com p o n en ts. T he num erical values of th e free energies o f th e co m p o n en ts m ust reflect th e fact th a t they ex ist in a silicate lattice an d n o t in free form . T h e re fo re, they m ust first b e d e te rm in ed from phyllosilicate m inerals w hose sta n d ard free e n e r gies of fo rm atio n are know n from experim ental d eterm in atio n s. T he first step to w ard th a t end is to re sta te th e stru ctu ral form ulas of phyllosilicates in term s of oxide com ponents, except th a t M g is co n v erted to th e h ydroxide u n til all of the hydroxyl ion in th e fo rm u la has b e e n assigned to M g (O H )2. F or exam ple, serp en tin e is rew ritten: M g 3 Si2 O s( O H ) 4 = 2 M g (O H ) 2 • M gO • 2 S i0 2 (13.19) Sim ilarly, talc becom es: M g 3 Si 4 O 1 0 (O H ) 2 = M g (O H ) 2 • 2M gO • 4 S i0 2 (13.20) a n d sepiolite, w hich is n o t a phyllosilicate, n ev e r theless is recast into the form: M g 2 Si 3 0 6 ( 0 H



) 4



= 2 M g (O H ) 2 • 3 S i0 2



(13.21)



T he th re e M g-silicates are com posed of M g (O H )2, MgO, and SiO z, w hose stan d ard free energies in th e silicate lattice a re to b e determ ined. This is d one by assum ing th at th e know n stan d ard free energies of the th re e m inerals can be expressed as th e sum s of th e unknow n stan d ard free energies of the com ponents in the silicate lattice. T herefore, we can w rite ap p ro p riate eq uations fo r each o f the th ree m inerals. F or serpentine: 2 G °(M g (O H )') + G )(M g O s) + 2G°f {SiO s2) = -9 6 5 .1 k c a l/m o l



(13.22)



G IB BS FREE E N ER G IES O F F O R M A TI O N



E q u a tio n s 13.22-13.24 can be solved by su b s titu tio n an d yield th e sta n d a rd free en e rg ies o f fo rm a tio n in th e silicate la ttic e of th e th re e c o m p o n e n ts listed in T able 13.2. O th e r c o m p o n e n ts can b e a d d e d by c o n sid erin g th e A l sili c a te s k a o lin ite , p y ro p h y llite , an d m u sco v ite, w hich yield v a lu e s fo r G^(A1 2 0 3), G ^ (H 2 O s), a n d G ^(K 2 O s).T ardy a n d G a rre ls (1974) also d e te rm in e d th e s ta n d a rd fre e en erg ies o f fo rm a tio n in th e silicate lattic e o f e x ch a n g eab le c a tio n s an d w a te r. T h e se v alu es a re liste d in T ab le 13.2. In o rd e r to illu stra te th e ir m eth o d o f e stim a t ing sta n d ard free energ ies o f fo rm ation o f a real



T a b l e 1 3 . 2 Standard Free Energies of Form ation of Oxide and Hydroxide Com ponents in the Lattice of Phyllosilicate M inerals at 25 °C Component



G°f (silicated), kcal/m ol



k 2o



-188.0



NazO



-1 6 2 .8



MgO



-149.2 -6 4 .1



FeO Fe20 3 A i2o 3



-1 7 7 .7



S i0 2 h 2o



-2 0 4 .6



M g(OH)2 A l(O H )3 FeOOH



-203.3 -2 8 0 .0



KOH '



-123.6



NaOH



- 111.0



-3 8 2 .4 -5 9 .2



-1 1 7 .0



Exchangeable Ions Expressed as Oxides



For talc: G y(M g(O H )2) + 2G ?(M gO s) + 4 G ?(S iO |) = -1 3 2 0 .3 8 k c al/m o l



(13.23)



A nd for sepiolite: 2G ?(M g(O H )s) + 3G ?(S iO |) = -1 0 2 0 .9 5 k cal/m ol



(13.24)



209



k 2o



-1 8 8 .0



CaO NazO



-182.8 -1 7 5 .4



MgO



-159.5



h 2o



-5 8 .6



Li2



-190.6



so u rc e :



Tardy and Garrels (1974).
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clay m ineral, T ardy an d G a rre ls (1974) chose a typical m o n tm orillonite: [(A lis F e Q ^ M g g jX S ijjA lt^ O u /O H ^ ] ■M g04



(13.25) T h e fo rm u la is electrically n e u tra l, which is im p o rta n t b ecau se th e ex ch an g eab le cations do c o n trib u te to th e fre e en erg y o f th e m in eral and th e re fo re c a n n o t be o m itted . In Table 13.3 th e fo r m u la fo r this m o n tm o rillo n ite has b e e n recast in te rm s o f m o lar am o u n ts o f th e oxide com ponents. T hese are th e n m u ltip lied by th e ir respective G^ (silicated) values fro m Table 13.2 an d th e p roducts are sum m ed. T he resu lt is —1282.5 k cal/m o l, which is a re aso n ab le valu e fo r the stan d ard free energy of fo rm atio n of m o ntm orillonite. For exam ple, A p p en d ix B contains a value of —1258.84 k c a l/m o l listed by L indsay (1979) fo r a M g-m ontm orillonite. M ore specific co m p ariso n s b etw een free en erg ies o f fo rm atio n , estim ated by th e m eth o d of T ardy and G a rre ls (1974), an d experim entally d e te rm in e d values a re p re se n te d in Table 13.4. T h e e x p erim en tal d e te rm in a tio n s w ere m ade by



T a b l e 1 3 . 4 Standard Free Energies of Form ation of Clay M inerals Based on Experim ental D eterm inations and Estim ates by the M ethod of Tardy and G arrels (1974) Mineral or locality



G} (measured), kcal/m ol



Dlite Fithian



-1 2 7 7 .2 3



Beavers Bend



—1274.7a



-1276.2



Goose Lake



-1 2 7 2 .1 s



-1273.4



Estim ate of the Standard Free Energy of Form ation of a Typical M ontm orillonite with the Formula Stated in E quation 13.25 1 Component, moles



2 G° (silicated), kcal/m ol



3 1 X2, kcal -3 8 2 .4



1.0 a i 2o 3



-3 8 2 .4



0.1 Fe20 3 0.3 M g(OH)2



-1 7 7 .7 -203.3



-17.77 -60.99



3.5 S i0 2



-2 0 4 .6



-716.1 -4 1 .4 4



0.7 H2Oa 0.4 MgO(exch.)



- 5 9 .2 -1 5 9 .5



-6 3 .8 Sum



-1282.5 kcal



a0.3 M g(O H )2 uses up 0.6 hydrogen atom, leaving 1.4 hydro gen atoms to make 0.7 m ole of H20 . s o u r c e : Tardy and Garrels (1974).



-1278.8



Montmorillonite Aberdeen



-1230.6C



-1228.3



Belle Fourche



—1240.6b



-1236.4



Colony, Wyoming



—1241.5d



-1240.6



Annite (1)



-1149.3



-1150.2



Annite (2)



-1151.7



-1149.1



Clinochlore



-1961.8



-1958.7



Phlogopite



-1410.9 —



-1400.7 -7 2 0 .0



Other Phyllosilicates



Greenalite Minnesotaite



T a b le 1 3 .3



G° (estimated), kcal/m ol



—



-1055.0



Dlite formulas Fithian, [(A l1, 4Fea29Mg0.l9)(Si3, 1A l[..49)O 10(O H )2]Ka64 Beavers Bend, [(AI] 6ftFeQ2()Mgo i3)(Si3 ^2A1q 3g)OjQ(OH)2]K(j 53 Goose Lake, [(AIj 5^FeQ24Mgo i5)(Si3 AIq 3 5 ) 0 ]q(0 H) 2 ]Kq j y Montmorillonite formulas



Aberdeen, [(Ali.29Feo335Mg0 445)(Si382A10 i9)O 10(O H )2]Ka415 Belle Fourche, [( Al i .5 lsFejj 225Mg029) (Si3935A l0 065) O Colony,



[(A li, 2 Fe 3 l 2 Mgo.2 9 )(Si3 .8 1 Alo.i9 )Oio(OH)2 ]K0.4() "Routson and Kittrick (1971). bKittrick (1971a). ‘Kittrick (1971b). dWeaver et al. (1971).



 13.4 dissolving th e m inerals and by analyzing th e resulting sa tu rate d solutions. F or exam ple, W eaver e t al. (1971) dissolved a sam ple o f m o n tm orillonite from Colony, W yoming: [ ( A l i .5 2 F e 0 .2 2 ^ § 0 .2 9 )(^ * 3 .8 lA lo .i9 )0 10( O H ) 2] M g 0 2o



+ 6.10 H + + 3.57 H 2 0 ^ 1.71 A l3+ + 3.81 H 4 S i0 4



(13'26)



+ 0.11 F e 2 0 3 (s) + 0.49 M g2+ A t eq uilibrium in a sa tu ra te d solution th e L aw of M ass A ctio n applies: [Mg 2 +]0 4 9 [H 4 SiO 4 ] 3 8 1 [A l 3 + ] 1 -7 1 [H +



] 610



(13.27) w here F e 2 0 3 (s) an d H 2 0(1 ) w ere given activities of one. T he value of th e eq uilibrium co n stan t, cal culated from eq u atio n 13.27 using th e m easu red activities o f th e ions an d m olecules, was fo u n d to be K = IO0" 1. Since log K = -A G °*/1.364, it fol lows th a t AG°r = —1.352 kcal. T he stan d ard free energy change th a t tak es place during th e disso ciation o f th e m o n tm o rillo n ite from Colony, W yoming, in accordance w ith eq u atio n 13.26 can be expressed as: A G°r = 1.71 G°(A13+) + 3.81 G °(H 4 S i0 4)
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o th e r direct com parisons in Table 13.4 a re also im pressive.



13.4



Stability Diagrams



T he th re e -la y er clays a re m o re sensitive to th e geochem ical e n v iro n m e n t in w hich th e y exist th a n m ost o th e r m in erals becau se o f th e p re s en ce o f ex ch an g eab le io n s an d m olecules. T h eir a p p ro a c h to eq u ilib riu m ta k e s place by exchange o f th e ad so rb ed ions w ith ions or m olecules from th e en v iro n m e n t, b y tra n sfo rm a tio n s involving th e chem ical co m p o sitio n o f the layers an d th e ir stacking, an d p e rh a p s e v en by th e fo rm a tio n of m ixed-layer clays. A lth o u g h io n exch an g e is ra p id , reactio n s th a t re q u ire ad ju stm en ts in th e chem ical co m p ositions o f th e o c ta h e d ra l an d te tra h e d ra l layers, an d in th e b o n d in g b e tw e e n in dividual clay units, a re slow. C onsequently, n a t u ra l m aterials com m only co n tain m ix tu res of sev eral clay m in e ra ls th a t ca n n o t b e in e q u ilib ri u m w ith each o th e r u n d e r o n e set o f e n v iro n m e n ta l conditions. F o r th is re a so n , w e n ow tu rn to th e co n stru ctio n an d use o f activity diagram s fo r clay m in erals in o rd e r to identify th e stab le ph a se s and to in d ic a te th e d ire c tio n o f re a c tio n s am o n g th e clay m in erals in a given g eo ch em ical en v iro n m en t.



a. A lu m in osilica t e C la y M in erals



+ 0.11 G °(F e 2 0 3) + 0.49G °(M g2+) - 3.57 G ?(H 2 0 ) - 6 .1 0 G j( H +) - G °(m o n t.) (13.28) Since AG°R for this reactio n is know n fro m the m easured eq u ilib riu m co n stan t, G / of th e m o n t m orillonite can be calculated from th e G°f values o f th e o th e r co nstituents. Tardy and G arre ls (1974) o b tain ed a value o f G°f = —1241.5 kcal p er m ole fo r th e C olony m o n tm o rillo n ite fro m th e solubility data, w hereas their own m eth o d yields G°f = - 1240.6 kcal p e r mole. T he a g ree m ent is excellent. H ow ever, W eaver et al. (1971) obtained G ^(m o n t.) = -1 2 5 5 .8 ± 0.6 k c a l/m o l for the M g-substituted m ontm orillonite. T he



In o rd e r to sim plify the construction o f stability diagram s, we re stric t ourselves to a suite of m ontm orillonites in w hich negative charges in the te tra h e d ra l layers a re co m p ensated by d ifferen t ad so rb ed cations, w h ereas th e o c tah ed ral layers consist of u n a lte re d gibbsite sheets. T hese id eal ized m o n tm o rillo n ites an d th eir sta n d a rd free energies of fo rm atio n w ere pro p o sed by H elg eso n (1969) and H elgeson e t al. (1978), and are listed in T able 13.5 to g e th e r w ith a standardized illite. T hese d ata p e rm it us to explore the stabilities of m ontm orillonites in th e sam e co o rdinates w e u sed in C h a p te r 12 to d ep ict th e stability fields o f o th e r alum inosilicate m inerals. R e a l m o n tm o rillo n ites a n d o th e r sm ectites should react sim ilarly a fte r
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C L A Y M I N ER A LS T a b l e 1 3 . 5 Form ulas and. Standard Free Energies of F orm ation of Standardized M ontm orillonites and Illite G°-, kcal/m ol



Formula Montmorillonite [ ( A W ( S i3.6 7 A W O I0(O H)JCaai67 [(Al2.00)(Si3.67A la33)O 1()(OH)2]Nan.33



-1279.24



[(Al2.0o)(Si3.67AIo.33)Oio(OH)2]Koj3 [(AIzqo) ( ^ 3.67^^0.33) ^ 10( ^ 11)2] 167



-1279.60 -1275.34



Illite [(All.8oMgo.25)(Sb.50JMo.5o)Olo(OIi)2]lC().33



-1300.98



-1277.76



(—1307.485)“ “Estimated by the method ofTardy and Garrels (1974). s o u r c e : H elgeson (1969).



allow ance is m ad e for th e ir m o re com plex chem i cal com positions. B ased o n th e stability d iagram s we derived in C h a p te r 12, we can say th a t k ao lin ite is th e stable alum inosilicate clay m in eral in environm ents w h ere p ro d u c t ions are rem o v ed by leaching. If th e activity of H 4 S i0 4 is less th a n IO- 4 , 7 m o l/L , even k aolinite b reak s dow n to form gibbsite. T h erefo re, we can rev erse th e decom position of alum inosilicate m inerals an d inq u ire how m ontm orillonite and illite m ight fo rm from kaolinite w hen th e activities o f th e ir ions increase in solu tions th a t are sa tu ra te d w ith respect to am o r p h o u s silica. Figure 13.2 is an exam ple of such a stability diagram in co o rd in ates of log [K +] / [ H +] an d log [N a+] / [ H +], assum ing satu ratio n with resp ect to am o rp h o u s silica. T h e equatio n s for the b o u n d aries are based on th e th erm o d y n am ic d ata in Table 13.5 and in A p p e n d ix B. T he reaction to fo rm K -m o n tm o rillo n ite fro m k aolinite is easily co n stru cted based on th e conservation of Al: 7 A l 2 Si2 0 5 ( 0 H 6[(A1 2



00



) 4



)(S i 3



+ 67



8



S i 0 2 + 2 K +^



A10



+ 7 H zO + 2 H +



lo g [ N a +] / [ H +] Fig u re 1 3 .2 Stability of kaolinite, K-montmorillonite, and Na-montmorillonite in the presence of amorphous silica based on data in Table 13.5 and Appendix B.



33



(13.29)



If we multiply kaolinite by 7 an d K -m ontm orillonite by 6, w e can balance AI to a good approxim ation. A s a result, we m ust add 8 m oles o f S i0 2 (am orphous)



to the left side of the equation to balance Si and 2 moles of K + to balance K. Finally, we need 7 moles of H 20 on the right side to balance O and 2 m oles of H + to balance H . E quation 13.29 yields



 1 3.4
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AG°r = +35.511 kcal an d K = l ( r 2 6 0 3 . From the Law of M ass Action: [ » I 2 =



[K +



| Q —26.03



(13.30)



] 2



an d th e re fo re (line 1, F igure 13.2): rK +l log FTTZi- = 13.02



(13.31)



[H-



E q u a t io n



13.29



in d ic a te s th a t K - m o n tm o r illo n ite



is f a v o r e d o v e r k a o l i n i t e in e n v i r o n m e n t s w h e r e [ H +] is l o w a n d [ K + ] is h ig h . S u c h c o n d i t i o n s o c c u r in p o o r ly d r a in e d s o ils u n d e r a r id c lim a t ic c o n d i tio n s o r in t h e o c e a n s w h e r e s e a w a t e r p r o v id e s a



8.2. T h e



sou rce o f K + at a p H o f ab ou t



fo r m a t io n



o f N a -m o n tm o r illo n ite fr o m k a o lin it e ta k e s p la c e



13.29



b y a r e a c t i o n t h a t is a n a l o g o u s t o e q u a t i o n (lin e



2, F i g u r e 13.2, l o g



[N a +] / [ H +]



= 13.32).



T h e d ir e c t c o n v e r s io n o f K - m o n tm o r illo n ite to N a -m o n tm o r illo n ite in v o lv e s o n ly a n e x c h a n g e o f th e tw o e le m e n ts : 3 [ ( A l 2 . 00) ( S i 3 . 67A l 0 . 3 3 ) O 10( O H ) 2] K 0.33 +



N a+^



3 [ ( A 1 2.oo) ( S i 3 .67A l 0 33) O 10(O H ) 2] N a 0 33 +



K +



(13.32) AG°Ä = + 0.413



K = IO “



kcal



0 -3 0 2



log [M g 2+] / [ H +]2



Fi g u r e 1 3 .3 Stability of selected minerals in the sys tem K20 - M g 0 - A l20 3- S i 0 2-H 20 -H C l at 25 °C at 1 atm pressure in the presence of amorphous silica. The positions of the lines were adjusted as indicated in the footnotes to Table 13.6 to overcome internal inconsis tencies in the thermodynamic data. Nevertheless, the diagram shows that the clay minerals kaolinite (K), illite (I), montmorillonite (Mg-mont.), and chlorite (Ct) can form as weathering products of microcline (Mi), muscovite (Mu), and phlogopite (Ph), which crystallize from cooling magma or grow by metamorphic recrys tallization of clay minerals at elevated temperatures and pressures.



T h e r e fo r e , a t e q u ilib r iu m :



[K + [N a l



-0.302



(13.33)



1 0



an d hence (line 3, F igure 13.2): l°g THTT = log 7 T T T “ °-30 [H i



[H i



(13.34)



We can also construct a stability diagram in coordinates of log [K +] /[ H +] and log [Mg2 +]/[H +]2, which includes kaolinite, illite, m uscovite, m icro cline, phlogopite, and chlorite in contact with am orphous silica. T he equatio n s fo r such a d ia gram are listed in Table 13.6 and h av e been p lotted in Figure 13.3. D u rin g th e construction of Figure 13.3 w e en co u n tered difficulties caused by th e lack of intern al consistency of som e of th e th erm o d ynam ic data. A difference of 1.364 kcal in th e calculated



value of AG°r o f a reactio n changes its eq u ilib riu m constant by a fa c to r of 1 0 an d displaces th e c o rre sponding stability b o u n d ary in the activity d ia gram . In o rd e r to avoid som e of th e resulting inconsistencies, th e stan d a rd free energy of fo rm a tion o f illite o f H elg eso n (1969) in Table 13.5 was recalculated by th e m e th o d of Tardy and G a rre ls (1974), which in creased it fro m -1 3 0 0 .9 8 to -1 3 0 7 .4 9 k c a l/m o l. In addition, the value o f G°f of M g-m ontm orillonite was changed from —1275.34 to -1279.61 k c a l/m o l. T hese and o th e r a d ju st m ents are listed a t th e b o tto m o f Table 13.6. T he resu ltin g stability d iag ram in F ig u re 13.3 indicates th a t in acidic low -K en v iro n m e n ts p h lo gopite (o r b io tite ) a lters to chlorite, M g -m o n tm o rillonite, o r k ao lin ite, d e p en d in g on th e activity o f M g2+. A lth o u g h p h lo g o p ite m ay be tra n sfo rm e d directly into each o f th e a lte ra tio n p ro ducts, sys-
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Table 13.6 E quations for M ineral Stability D iagram (Figure 13.3) in the System K20 - M g 0 - A l20 3- S i 0 2-H C l-H 20 at 25 °C, 1 atm Pressure, and in Equilibrium with A m orphous Silica K a o lin ite -m u s c o v ite



3 A l2Si20 5( 0 H )4 + 2 K+^ 2 KAl2Si3A lO 10(O H )2 + 3 H20 + 2 H + AG°fi = +10.959 kcal



K = IO“803



log f| i] = 4.02



(1)



I llite -m u s c o v it e



1.3



[(Alj 80Mg025)(Si35QAl050)O 10(O H )2]KU6Q+ 0.22 K+ + 0.43 H ^ KAl2Si3A lO 10(O H )2 + 1.55 S i0 2(amorph.) + 0.325 Mg2+ + 0.5 H20 A G°r = —1.6583 kcal



K = 10L21S



l o g ^ | = 1 .4 8 1 o g ^ ? - 5 .5 2



(2)



Kaolinite-Mg-montmorillonite 7 A l2Si20 5( 0 H )4 + 8 S i0 2 (amorph.) + Mg2+^ 6 [(A l20n)(Si367Al0 33)O ||)(O H )2]Mg(l 167 + 7 HzO + 2 H AG°r = + 8.75b kcal



K = IO“8'42



l0g^ F =6-42



(3)



Illite-Mg-montmorillonite 1.013[(A1, 8nMg025)(Si350A l05u)O ,0(O H )2K060 + 0.1245 S i0 2(amorph.) + 0.781 H +[(A l2oo)(Si3.f,7Al„ 33)O |o(OH)2]Mgu 167 + 0.608 K* + 0.086 Mg2+ + 0.405 H20 AG°r = -3 .2 8 ab kcal



K = IO241



l08f i F j = - ° - 141og^



r



+ 3-96C



W



Mg-montmorillonite-chlorite



[(Al2()D)(Si36 7Alo3 3 )0 1 o(OH)2 ]Mg( ) 1 6 7 + 5.658 Mg2+ + 9.32 1.165 Mg5A l2Si3O l0(O H )8 + 0.175 S i0 2(amorph.) + 11.316 H + AG°r = + 87.67“ kcal



Inn tMgZ+] S [H ]2'



K = IO“64'27 11



Ifi



151



^



 13.4



Table 1 3 .6
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ST A BILITY D IA G R A M S



(c o n t in u e d )



Chlorite-phlogopite Mg5A l2Si3O 10(O H )8 + Mg2+ + 3 S i0 2(amorph.) + 2 K+^ 2 KMg3Si3A lO 10(O H )2 + 4 H AG°r = + 26.60e kcal



K = 1(T19-50



[K+] n ^ 1wo gt Mg2+ [H+] lc,g, f[H m +T]-= - °0-.5 5 1 ° g T 4 Ä ir + 9-75f



(6)



Phlogopite-illite 2.30 KMg3Si3A lO 10(O H )2 + 15.0 H ^ ^ [(A li a0Mg025)(Si3.50A la50)O 10(O H )2]Ka60 + 1.70 K+ + 6.65 Mg2+ + 3.40 S i0 2(amorph.) + 8.8 H20 A G°r = -113.98 kcal



K = 10+83-57



log W \ = ~3-91 log



+ 49-15



(7)



Microline-illite 2.3



KAlSi3Os + 0.25 Mg2+ + 0.4 H20 + 1.2 H +— [(A l1.80Mg0.25)(Si3.50A l0.50)O 10(OH)2]K0.60 + 1.7 K+ + 3.4 S i0 2(amorph.) AG°r = -14.67 kcal K = 10+10-76 [K+l



TMe2+l



log W \ = °-147 log



+ 633



(8)



Muscovite-microcline KAl2Si3A lO 10(O H )2 + 6 S i0 2(amorph.) + 2 K +^ 3 KAlSi3Oa + 2 H + AG°r = +14.43 kcal



K = l( T la58



1o8 | | t | = 5-29



(9)



Microcline-phlogopite KAlSi30 8 + 3 Mg2+ + 4 H2O ^ K M g 3Si3A lO 10(O H )2 + 6 H + AG°r = +44.948 kcal



lo g ^



T



=



K = IO“32-95 1 0 -9 8



“Based on G°f (illite) = —1307.485 kcal/mol, according to Tardy and Garrels (1974). bG°j- (Mg-montmorillonite) = -1279.61 kcal/m ol adjusted so that the kaolinite-M g-montmorillonite line goes through log [K+]/[H +] = 4.02 and log [Mg2+]/[H +]2 = 6.42. “Increased intercept to 4.86 to force line through log [K+]/[H +] = 4.02 and log [Mg2+]/[ H +]2 = 6.42. dG^(chlorite) = -1974.0 kcal/m ol (Zen, 1972). “G^(phlogopite) = -1400.7 kcal/m ol (Tardy and Garrels, 1974). 'Reduced to 9.0 to improve the fit.
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te m a tic v ariatio n s in th e chem ical com p o sition of th e fluid in th e im m e d ia te vicinity o f a m ineral g rain m ay cause a seq u en ce o f re a c tio n s to occur such th a t p h lo g o p ite first a lters to chlo rite, which ch an g es to M g -m o n tm o rillo n ite, w hich ultim ately d eco m p o ses to k a o lin ite o r ev en gibbsite. Sim ilarly, illite m ay fo rm e ith e r m icrocline or m uscovite by a re d u c tio n o f [K +] o r d ecrease in p H . D e p e n d in g o n th e existen ce o f th e a p p ro p ri a te chem ical g radients, m uscovite flakes m ay alter to k ao lin ite o r illite, w hich m ay tra n sfo rm into illite -m o n tm o rillo n ite or illite -k a o lin ite m ixedlay er clays. H o w ev er, p re d ic tio n s of reaction p ro d u c ts b ased o n th erm o d y n a m ics alo n e are n o t alw ays reliab le b e ca u se u n fa v o ra b le kinetics may p re v e n t th e re a c tio n s fro m re a c h in g equilibrium o r fro m going to co m p letio n .



b. Solu b ilit y o f Ferro us Silica t es T h e ferro u s silicates inclu d e fay alite (F e 2 S i0 4), fe rro silite (F e S i0 3), and th e tw o -lay er phyllosili c a te greenalite. In a d d itio n , th e c a rb o n a te m ineral sid e rite ( F e C 0 3) an d th e h y d roxid e [Fe(O H )2] m ay form . W e assu m e th a t Fe is p re d o m in a n tly in th e d iv alen t sta te a n d th a t m in erals containing F e 3+ d o n o t occur in th e system . T he ferrous silicates dissolve congruently much like th e M g-silicates we discussed in C hap ter 12 (Figure 12.5). T he solution o f th e ferrous silicates is expressed by the eq u atio n in Table 13.7, which have b een plo tted in Figure 13.4 in coordinates of log [Fe 2 +] /[ H + ] 2 and log [H 4 S i0 4]. T he lines are the b oun d aries b etw een solutions th a t are u n d ersatu ra te d o r su p ersatu rated w ith respect to each m iner al. F o r exam ple, fayalite dissolves in solutions rep resen ted by points lying to th e left of th e equilib rium line (eq u atio n 1, Table 13.7). Evidently, g reen alite (eq u atio n 3, Table 13.7) is less soluble, an d th erefo re m ore stable, th a n eith er fayalite or ferrosilite in contact w ith w ater a t 25 °C. H ow ever, th e com position o f n a tu ra l solutions in contact with th e atm o sp h ere is restricted by the solubility ,b o u n d a rie s o f siderite (eq u atio n 4, Table 13.7) and am o rp h o u s silica (eq u atio n 6 , Table 13.7). T herefore, ev en greenalite dissolves in n atu ral solu tions an d precipitates only from solutions th at have low bicarb o n ate ion activities.



T a b l e 1 3 . 7 Solubility Equations of Pure FeSilicate M inerals in Pure W ater at 25 °Ca F a y a lite



Fe2S i0 4 + 4 H +^ 2 F e 2+ + H4S i0 4 AG°r = -2 0 .7 6 kcal



K = 101522



log I f f = ~0'5 108 [l*«SiC)J + 7-61



(1)



Ferrosilite FeSiOj + HzO + 2 H +^ F e 2+ + H4S i0 4 AG°r = -7 .6 6 3 kcal



K = IO5 62



log I f f = ” los [Ii4Si° 4] + 5-62



(2)



Greenalite Fe3Si20 5( 0 H )4 + 6 H +^ 3 Fe2+ + 2 H 4S i0 4 + H20 AG°fi = -1 8 .5 7 7 kcal



logI



f f



K = 1013 M



= ~0-67108[H4Si° 4] +0,53



(3)



Siderite F eC 0 3 + 2 H +^ F e 2+ + C 0 2 + H20 AG°r = +0.509 kcal



loS t S J = [H J



3 1 5



K = IO“037



at [C° J =



3



x



1 C r 4



atm



(4)



Ferrous hydroxide Fe(OH)2(s) + 2 H +^=Fe2+ + 2 HzO AG°r = -1 5 .9 2 4 kcal



iogW = 1L67



K = IO1167



lFe2+l



Amorphous silica S i0 2(amorph.) + 2 H20 ^ H 4S i0 4 A g °r = +4.044 kcal K = 10~2% log [H4S i0 4] = -2 .9 6



(5) (6)



“Based on thermodynamic constants in Appendix B.



T he solubility d a ta in F igure 13.4 indicate th a t g reen alite could p re c ip ita te in p lace o f sid erite if log [Fe 2 +] /[ H + ] 2 is g re a te r th a n a b o u t 7. T he fugacity of C O z th a t w ould p e rm it this can b e cal cu lated from th e solubility e q u a tio n fo r sid erite in T able 13.7:
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log [H4S i 0 4] F i g u r e 1 3 .4 Solubility of ferrous silicates in pure water at 25 °C. Greenalite, which is a two-layer clay analogous to kaolinite and serpentine, is soluble in natural solutions open to the atmosphere. It can pre cipitate at 25 °C, only when [C 0 2] = IO“74 atm or less, from solutions that are nearly saturated with respect to amorphous silica. Greenalite is the most abundant primary Fe-silicate in the Gunflint Iron Formation of Proterozoic age in western Ontario, Canada, and its absence from the siderite facies implies that the siderite facies was deposited where the fugacity of C 0 2 was greater than I O “ 7'4 atm.



[Fe .2+1 [H + ] 2



1 0



-0.373



[C O J



=



10,7.0



(13.35)



w hich yields [C O z] = 10 “ 7 -4 atm . In o th e r w ords, g reen alite can p rec ip itate only from solutions th a t have very low c a rb o n a te ion co n cen tratio n s and are close to being s a tu ra te d w ith re sp ec t to am o rp h o u s silica. Such solutions m ay be dis charg ed by volcanic h o tsp rin g s in shallow m arin e basins w here c h erty iro n fo rm atio ns w ere d ep o sited in P recam b rian time. F or exam ple, G oo d w in (1956) re p o rte d th a t green alite is th e
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m ost com m on iro n silicate m in era l in u n a lte re d parts o f th e G u n flin t F o rm a tio n in w estern O ntario, C an ad a. I t occu rs as light, green to olive green granules u p to 3 m m in d iam eter, ex cep t in the banded c h e rt-s id e rite a n d tu ffaceous shale facies. T he ab sen ce o f g re e n a lite fro m sid erite bearing rocks is e x p la in e d by th e d ifference in th eir solubilities w h e n th e solu tio n s are in c o n ta c t w ith C 0 2 of th e a tm o sp h e re. H y d ro th e rm a l so lu tions discharged in to th e G u nflint basin could precipitate g re e n a lite a n d am o rp h o u s silica if they had sufficiently low c a rb o n a te ion co n c e n trations to p re v e n t sid e rite fro m form ing. M innesotaite is co m m o n in th e Fe-silicate facies of the B iw abik Iro n F o rm atio n of n o rth e rn M innesota, b u t is ab se n t from the G u n flin t Form ation. Jam es (1966) p o in te d o u t th a t this dif ference betw een th e tw o iro n form ations m ay be related to th e fact th a t th e B iw abik F o rm atio n was intruded by th e E m b a rra s G ra n ite over m uch o f its length, w hereas th e G u n flin t F o rm ation w as n o t intruded by granite. C onsequently, h e ag reed w ith Tyler (1949) th a t m in n e so taite is a p ro d u ct of m e ta m orphism , w hich m ad e th e B iw abik F o rm atio n m ore susceptible to chem ical w eathering th a n the Gunflint F o rm atio n an d re su lte d in the fo rm atio n of hem atite o re b o d ies in M innesota.



13.5



Colloidal Suspensions and Ion Exchange



W hen clay m in erals a n d o th e r sm all particles w ith diam eters o f < 1 g m a re d isp erse d in p u re w ater, they form a colloidal susp en sio n called a sol. Suspensions o f sm all d ro p le ts o f a liquid th a t is im miscible in a n o th e r liquid a re know n as e m u l sions, an d solid p a rtic le s o r liq u id d ro p le ts d is persed in a gaseo u s m e d iu m fo rm aerosols. Such colloidal suspensions m ay a p p e a r to be h o m o g e neous, and th e p a rtic le s d o n o t settle o u t u n d e r the influence o f gravity. S om e kin d s of p article s in sols attract w a te r m o lecu les to them selves a n d are therefore said to b e hydrophilic, w h ereas o th e rs lack this ten d en cy a n d a re classified as h y d r o p h o bic. A sol c o m p o sed o f h y d ro p h ilic particles m ay set to form a tra n slu c e n t o r tra n s p a re n t gel. S om e
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gels can be d isp ersed again into a sol, w hereas in o th e rs th e p rocess o f gel fo rm a tio n is irreversible. F o r exam ple, c o n c e n tra ted so lu tio n s of silic acid can polym erize to fo rm a m o rp h o u s silica p a rti cles, an d th e resu ltin g colloidal susp en sio n can set to form a gel. H ow ever, th e silica gel d oes n o t re d isp erse spontaneously, b u t slow ly loses w ater as it crystallizes to fo rm q u a rtz (variety ch al cedony) w ith op al as an in te rm e d ia te p ro d u c t (see S ection 9.6). T he p ro p e rtie s of co lloidal suspensions arise fro m electrical charg es o n th e surface o f th e p a r ticles. T he p re se n c e of electrical charges o n col loidal particles is re la te d to th e ir sm all size and re su lta n t larg e su rface area. T h e ato m s on th e su r faces o f solid p articles o f all k inds o f m aterials are inco m p letely b o n d e d b ecause th ey are n o t su r ro u n d e d by ions of th e o p p o site charge. T h erefo re, such p articles a ttra c t ions fro m th e solution in w hich they a re su sp en d ed an d th ereb y acq u ire a ch aracteristic charge. W hen clay m iner als a re su sp en d ed in w ater, som e o f th e ad so rb ed in terlay er ions m ay b e lost, leaving th e individual p articles w ith a negativ ely ch arg ed surface. In a d d itio n , clay p articles also h av e surface ions with u nsatisfied charges and hence b ecom e charged n o t only because o f in tern al crystallographic re a sons b u t also becau se o f th e surface effects th a t o ccur in all sm all particles. T he surfaces of silicate, oxide, or h ydroxide p articles expose ato m s o f Si, A l, Fe, M n, etc., w hich a re b o n d ed to O 2 o r O H ' radicals w ithin th e solid. H ow ever, O H radicals o n th e surface e x e rt an attractiv e force on positively charged ions in th e solution, including H +. T h erefore, such p articles acqu ire a p o sitive charge in strongly acidic solutions by v irtu e o f th e reaction: A l— O H (_) + H + -> A l— O H (2+)



(13.36)



w h e re th e p a re n th e se s ind icate “n e t” p ositive or n eg ativ e charges th a t a re n o t necessarily eq u al to o n e electro n ic un it. In strongly basic solu tio n s the O H - radicals m ay re le a se H +, th e re b y causing a n e t negative ch arg e a t th e surface: A l— O H (" } -» A l— 0 (_) + H +



(13.37)



Sim ilar reactio n s m ay take place w ith atom s of Si, Fe, M n, etc., o n th e surface o f colloidal particles th a t c o n trib u te to th e ir to ta l electrical charges. T he p re se n c e o f electrical charges on th e su r face o f colloidal particles overcom es th e ir te n dency to se ttle o u t an d keeps th em in suspension indefinitely unless th e charges a re n eu tralized by th e ad dition o f an electrolyte o r th e passage o f an electrical cu rren t. In general, colloidal su spen sions are stabilized in dilute electrolyte solutions because ions fro m th e solution are n e e d e d to build up th e surface charge. H ow ever, a t high electrolyte con cen tratio n s th e surface charges of th e particles a re n eu tra liz e d and th e suspension coagulates, th a t is, th e p articles settle out. T he p o larity of th e surface charge o f colloidal particles d e p e n d s on the activity of H + in the w ater. C onsequently, w e define th e isoelectric p o in t as th e p H of th e aq u eo u s m ed iu m a t which th e surface charge o f particles of a specific m a ter ial is equal to zero. If th e p H is less th an the iso electric p o in t, th e charge is po sitive by virtue of eq u atio n 13.36; w hereas if th e p H is g re ater than the isoelectric points th e charge is negative according to eq u a tio n 13.37. T he isoelectric points of d ifferen t kinds o f m aterials in Table 13.8 range from p H = 1.0 (am o rp h o u s silica) to p H = 9.1 (A12 0 3, co ru n d u m ). The isoelectric p o in ts can be used to d ed u ce th e p o larity of the surface charge o f colloidal particles o f each m aterial in acid and basic m edia. T he d a ta in Table 13.8 indicate that colloidal particles com posed of am o rp h o u s silica, quartz, M n-dioxide, m ontm orillonite, an d kaolin ite have a negative surface charge, except in high ly acidic en v ironm ents caused, fo r exam ple, by local discharge o f acid m ine w aters. T he oxides of Fe fo rm particles w hose surface charges may change from positive to negative betw een p H val ues 5 and 7. H ow ever, Fe-oxide o r hydroxide and TiO z particles in th e oceans (p H = 8.2) have neg ative charges. T h e oxides an d h ydroxides of Al stand o u t fro m th e o th e rs in Table 13.8 because they form positively charged particles in all but highly basic environm ents. It tu rn s o u t th a t th e p resen ce of electrolytes in a colloidal suspension affects th e developm ent
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Isoelectric Points of Various N atural M aterials W hen Suspended in W ater of Varying Acidity but Lacking Dissolved Electrolytes T a b le 1 3 .8



Material S i0 2(amorph.) Quartz M n 0 2 (different forms)



Polarity in acid medium



pH



Polarity in basic medium



_ a



-



2.0



-



-



1.0-2.5 2.0-4.5



-



-



Albite



2.0



-



-



Montmorillonite



2.5



-



-



Kaolinite



4.6



-



Hematite



5-9



+ +



-



-t-



commonly 6-7 Magnetite



6.5



Goethite



6-7



Limonite (Fe20 3 «H 20 )



6-9



+



+



Anatase (T i0 2)



7.2



+ +



+



Gibbsite



~9



Corundum



9.1



+



+



Periclase (MgO)



12.4



+



+



“The polarity changes from negative to positive at pH values less than the isoelectric point. Thus, the charge is negative if the pH is greater than the isoelectric point. A cid and basic are defined relative to pH = 7.0 at 25 °C. After Drever (1982),Table 4.2;Stumm and Morgan (1970).



of surface charges of th e particles. T herefore, the p H at w hich surface charges of colloidal particles becom e eq u al to zero in th e p resen ce of elec tro ly tes differs from th e isoelectic p o in t in ways th a t d e p e n d on th e com position o f th e particles an d th e charges of the ions of the electrolyte. T he p H at w hich th e surface charge o f colloidal p a rti cles in th e p resence of electrolytes is eq u al to zero is k n o w n as th e zero p o in t o f charge (Z P C ). The n um erical values o f th e Z P C d ep en d n o t only on th e com position o f th e colloidal p articles b u t also o n th e com position o f th e electrolytes in th e sus pension. T he charges o f colloidal p articles o f different co m positions affect geochem ical processes in the oceans, in soils, and in th e dep o sitio n o f sedim ent because negatively charged particles, o f colloidal



size o r larger, ad so rb catio n s (m etals), w hereas positively ch arged particles a d so rb anions (nonm etals). Particles of all k inds th a t sink in th e oceans scavenge m e ta l ions from se aw a te r and tran sfer th em to the sed im en t accum ulating at the b o tto m o f th e oceans. C onsequently, d eep-sea sed im en t is en rich ed in m any m etals c o m p ared to n o rm al m arin e sed im en t, w hich is d o m in a te d by d e trita l sed im en t d eriv ed fro m n e a rb y co n tin e n tal areas (S ection 4.5). Colloidal particles in soils act as tem p o rary repositories of ions released by chem ical w e a th e r ing or by the addition o f fertilizers. T he resulting capacity of soils to store p la n t n u trien ts enhances th e ir fertility. In addition, th e fixation o f ions in soils and sedim ent enhances th e solubility o f m inerals an d results in th e purification o f groundw ater.
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W hen clay m in erals o r o th e r p articles of col loidal o r larg er size a re d isp ersed in w ater, th e ir surfaces becom e ch arg ed and a ttra c t ions o f th e o p p o site charge, w hich are ad so rb ed by m eans of electro static bonds. W ith a few exceptions, m in e r al surfaces are n o t particu larly selective an d a ttra c t ions o f d ifferen t e lem en ts w ith o u t m uch discrim ination. This m ean s th a t th e ad so rb ed ions a re exchangeable fo r o th ers in th e solu tio n d ep en d in g p rim arily o n th e ir activity. T he re su lt ing p h en o m e n o n o f ion exchange can be re p re se n te d by a sim ple exchange reaction: A X + B +^ B X + A +



(13.38)



which indicated th a t ion A + on th e adsorber is exchanged for ion B + in th e solution. Such exchange reactions reach equilibrium very rapidly and are th en subject to th e Law of M ass A ction; th at is: 1BX 1[A 0 = K [A X ][B + ]



"



(13 39 )



1



w here K cx is the exchange constant. If th e exchang er accepts A + and B + w ith equal ease, th en K ex = 1.0. H ow ever, in general this is n o t the case because A + and B + do not have the sam e ch a rg e /rad iu s ratio and th eir hydrated ions have different radii. M oreover, divalent or trivalent ions form stronger electrostatic bonds th an univalent ions and m ay th erefo re be adsorb ed preferentially. E q u a tio n 13.39 can be re sta te d in th e form :



lA ll = ur f ( A X A n [B +]



ex\( B X ) /



(13.40)



w h ere (A X ) an d (B X ) a re th e m o lar c o n ce n tra tions o f A an d B on th e exchanger and n is an ex p o n e n t w ith values betw een 0 . 8 and 2 . 0 (B ern er, 1971; G a rrels an d C hrist, 1965) . T hese e q u a tio n s explain why th e activities of ions in th e a q u eo u s p h ase of colloidal suspension are co n tro lled by ion exchange. F o r exam ple, if A + is ad d ed to a colloidal solution containing A + an d B + in ion exchange eq u ilib riu m w ith clay m in e r als in suspension, A + will displace B + from exchange sites an d th e re b y reestablish eq u ilib ri um in acco rd an ce w ith L e C h ä te lie r’s principle.



The capacity of clay m inerals to act as ion exchangers varies widely, depending at least in p a rt on the charge im balances th a t originate w ithin the crystal lattice. F o r exam ple, kaolinite com m only has a low cation exchange capacity (C E C ), w hereas m o n tm o rillo n ite and verm iculite have large CECs. T he C E C o f a sam ple o f clay is d e term in ed by m eans o f a sta n d ard procedure: 1 0 0 g o f dry clay is re p eated ly placed into N aC l solutions a t p H = 7.0 until all exchangeable cations are replaced by N a +. T he N a -sa tu ra te d clay is th e n a d d ed to co n cen tra te d KC1 solu tio n s an d th e am o u n t of N a + released by th e clay at p H = 7.0 is d e te rm in e d by analysis an d is exp ressed in units o f m illiequivalents p e r 100 g o f dry clay. T he C E C values o f clay m inerals are re la te d to th eir chem ical com p o si tions and th e re fo re vary widely. H ow ever, th e val ues in Table 13.9 are fairly typical of th e respective clay m inerals. T he C E C o f a clay m in eral can be estim ated from th e n e t n egative charge o f its stru c tu ra l fo r m ula. F or exam ple, th e m o n tm o rillo n ite re p re sen te d by form ula 13.3 has a charge o f -0 .4 6 electronic units p e r fo rm ula w eight w hich is n e u tralized by exchangeable C a2+, M g2+, an d N a +. T h e C E C o f this m in eral caused only by th e charge in th e layers is:



Cation Exchange Capacity (CEC) of Various Clay M inerals



T a b le 1 3 .9



Mineral



CEC, m eq/100 g at p H = 7.0



Kaolinite



3-15



Chlorite



10-40?



Illite



10-40



Glauconite



11- 20+



Palygorskite Allophane Smectite (montmorillonite) Vermiculite s o u r c e



:



Garrels and Christ (1965).



20-30 -70 70-100 100-150



 1 3.6



CEC =



0.46 X 100 X 1000 36025---------- =



m e q /1 0 0 g (13.41)



This value is probably an u nderestim ate because it does n o t include charges caused by b ro k en bonds. N evertheless, the result indicates th at 100 g of this clay can ad so rb 64.6 m m ol of C a2+, which am ounts to 40.08 X 64.6/1000 = 2.59 g o f Ca or 2.97 g of Na. T hese am o u n ts are n o t only substantial, but the presence of N a +, C a2+, or o th e r cations has a signifig ant effect on the m echanical properties of the clay. T he presence of N a + in exchangeable positions increases th e plasticity of clay and can m ak e soil containing such clay unsuitable for agriculture. T he best soils con tain clay m inerals having a m ixture of C a2+, H +, M g2+, and K + as exchangeable cations. H ow ever, in the ceram ic industry, w here plasticity is a desirable property, clay m ay be converted to the N a-form by suitable tre a tm e n t p rio r to its use. Sm ectite clays expand w hen w ater m olecules rep lace exchang eab le ions, an d slurries o f sm ec tite m ay set to form a solid th a t can rev ert to a liq uid w hen it is disturbed. This property, called thixotropy, ch aracterizes b en to n ite, w hich is com posed largely o f sm ectite clay m inerals, an d m akes it useful as a sealan t o f building foundations and as a drilling m ud in the p e tro leu m industry.



13.6



Dating of Clay Minerals



O n e o f th e p rim ary tasks in th e E a rth Sciences is to estab lish an accurate chronology of the history o f th e E a rth , which is reco rd ed in the se d im e n ta ry rocks th a t have survived to th e P resen t. This has tu rn e d o u t to be a v ery difficult task because sed im en tary rocks are generally n o t d atab le by m eth o d s b ased on radioactivity. O ne o f several reaso n s fo r this difficulty is th a t sed im en tary rocks a re com posed prim arily of d etrital particles of m inerals th a t crystallized to form igneous or m etam o rp h ic rocks long b efo re they w ere incor p o ra te d into clastic sed im en tary rocks, such as san d sto n es o r shales. O n e can m ak e a v irtu e of
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this circum stance by d ating d e trita l m inerals such as m uscovite, feldspar, o r zircon to d e te rm in e th eir provenance by identifying th e ir source by its age (F aure and Taylor, 1981). H ow ever, th e age of sedim entary rocks can b e d e te rm in e d only by d a t ing m inerals th a t form ed a t th e tim e of d ep o sitio n (C lau er and C h audhuri, 1995). U n fo rtu n ately , m ost o f th e authigenic m in e r als in sedim entary rocks a re n o t suitable fo r d a t ing by isotopic m eth o d s b ecau se they d o n o t co n tain radioactive p a re n t elem en ts in sufficient concen tratio n o r because th ey do not re ta in th e radiogenic d a u g h te r isotope quantitatively. T hese shortcom ings effectively elim in ate several authingenic m inerals th a t com m only occur in sed im en tary rocks, including calcite, dolom ite, qu artz, gypsum , anhydrite, h em atite, m agnetite, pyrite, pyrolusite, halite, sylvite, an d o th e r ev ap o rite m in erals. H ow ever, c ertain clay m inerals a re a u th i genic an d do con tain K an d R b, w hich m a k e th em potentially d atab le by th e K - A r and R b -S r m e th ods described in C h a p te r 16. G lau co n ite and illite are b e st suited fo r d a t ing o f se d im en tary rocks, b u t only u n d e r n a rro w ly defined circum stances. F o r exam ple, glaucony in th e form o f green ish p ellets an d en cru statio n s in m a rin e se d im en tary rock s co n tain s varying am o u n ts o f K, w hich stabilizes th e la ttic e by stren g th en in g th e bo n d s b etw een clay units. A s a result, th e re te n tiv ity o f glaucony w ith re sp e c t to radiogenic 40A r im proves w ith increasing K c o n te n t a n d th e m in eral beco m es closed to 40A r w hen K zO > 6.0% (O d in an d M atter, 1981). T h erefo re, only g lauconitic m icas w ith th e re q u ire d K c o n c e n tra tio n can yield reliab le d a te s by th e K -A r m eth o d . T h e selection c rite ria for datin g glaucony by th e R b -S r m e th o d are n o t as w ell defined, p a rtly because rad io g en ic 87Sr is less m obile th a n 4 0 A r. H ow ever, b o th m e th o d s are also sensitive to gain o r loss o f th e rad io activ e p a re n t ele m en t so th a t w ell-crystallized glau conitic m ica is also p re fe ra b le fo r d ating by th e R b -S r m ethod. H ow ever, e v en w ell-crystallized glauconies m ay be app reciab ly a lte re d by th e r m al m etam o rp h ism , te c to n ic d efo rm a tio n , and
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io n exchange w ith b rin e s in th e subsurface. T h erefo re, g lauconies th a t re m e m b e r th e ir age a re v aluable ex cep tio n s r a th e r th a n th e rule (O d in , 1982). T h e ap p lica tio n o f th e R b -S r m e th o d to d a tin g clay-rich sed im e n ta ry rocks has b e e n su m m arized by C la u e r (1982). T he w h o le-ro ck iso c h ro n m e th o d s o m e tim es yields u seful resu lts (C o rd a n i e t al., 1985), especially in u n fo ssilifero us shales o f P re c a m b ria n age co n tain in g larg e a m o u n ts o f a c cu m u la ted rad io g en ic 8 7 Sr. In g e n e ral, how ev er, it is b e tte r to use m e th o d s th a t rely on th e p ro p e rtie s o f a specific au th ig en ic m in e ra l, such as illite. M o rto n (1985) d e m o n s tra te d th a t c o a rse -g rain e d illite ( 1 - 2 //.m) in U p p e r D e v o n ia n b lack sh ales of Texas is co m p o se d of th e 2M p o ly m o rp h of d e trita l origin an d y ield ed a “p ro v e n a n c e d a te ” by th e R b -S r m e th o d th a t p re d a te s th e tim e o f d ep o sitio n . H o w ev er, lM d illite in th e 


13.7



Summary



C lay m inerals are classified according to th e ir crystal stru c tu re in to p laty clays, fibrous clays, and x-ray am o rp h o u s clays. T he platy clays are com p o sed of sh eets of silica te tra h e d ra jo in e d at th eir b ases (te tra h e d ra l layer, T ) and A l h ydroxide o c ta h e d ra jo in e d by sharing hydroxyl ions a t the c o rn ers (o c ta h e d ral layer, O ). T he phyllosilicate clays a re m ad e up o f tw o-layer (T -O ) an d th reelay er ( T - O - T ) packages. T he chem ical diversity o f clay m inerals resu lts from co m p lete o r p artial re p la c e m e n t o f A l3+ in th e o c ta h e d ra l lay er and o f Si4+ in th e te tra h e d ra l layer. In th e o c ta h e d ral layer, A l3+ can b e rep laced by F e 3+, F e2+, M g2+, Z n 2+, L i+, and C r3+, w hereas



in th e te tra h e d ral layer Si4+ is p artially rep lac ed by A l3+. T h e charge im balance th a t results fro m this su b stitu tio n in th e te tra h e d ra l lay er m ay be p a rtly co m p en sated by ad d itio n al cations in th e o c ta h e d ra l layer. H ow ever, th e n e t neg ativ e charge arising from e ith e r the te tra h e d ra l o r th e o ctah e d ral layer, o r b o th layers, is neu tralized by cations th a t are ad so rb ed to th e o u te r surfaces o f th e te ra h e d ra l layer and th ere b y b o n d individual clay units to each other. P otassium ions are e sp e cially effective in this regard because they fit in to th e hexagonal rings o f silica te tra h e d ra th a t m ak e up th e tetrahedral layer. Consequently, K -bearing clays like illite have short interlayer spacings and do no t expand in water. Clays th at have adsorbed N a+, Ca2+, or M g2+ ions have w ider interlayer spacings than K-clays and expand in w ater because the in te r layer cations are displaced by w ater molecules. T he chem ical diversity of clay m inerals m akes it difficult to ascertain th eir therm odynam ic p ro p erties. Several em pirical schem es have b een p ro posed to overcom e this difficulty, including one by Tardy and G arrels (1974). T heir m ethod for esti m ating stan d ard free energies is based on the oxides and hydroxides th a t m ak e up the layers of tw o- o r three-layer clays and on the adsorbed ions, including H +. H ow ever, in o rd e r to construct m in eral stability diagram s of general validity, sta n dardized sm ectite-type clay m inerals are used. The results indicate th at prim ary m ica m inerals (m us covite, biotite, and phlogopite) alter to a variety of clay m inerals depending on environm ental condi tions. M ineral stability diagram s can be used to u n d erstan d n atu ral geochem ical processes such as th e form ation o f greenalite in cherty iron fo rm a tions and the incom patibility of greenalite and siderite. Clay m inerals and o th e r sm all particles can fo rm colloidal suspensions in dilute electrolyte solutions because of electrical charges on th e ir surfaces. Such suspensions m ay be stable fo r long p erio d s o f tim e b u t are co ag u lated by an increase in the c o n cen tratio n of electrolytes. T he polarity of th e electrical charges of colloidal particles of d ifferen t com positions dep en d s on th e p H of th e



 PR O BLE M S solution. Clay m inerals, q u artz, feldspar, an d M n oxides are negatively ch arg ed excep t in strongly acidic environm en ts w ith p H < 2.0. T h e various oxides an d hydroxides o f Fe can have p ositive or negativ e surface charges in th e p H ra n g e fro m 5 to 9, w hereas A l oxides an d h y d ro x id e particles h av e positive charges ex cept a t p H > 9. C atio n s th a t are a d so rb e d o n th e ch arg ed surfaces of sm all p articles in c o n ta c t w ith d ilu te e le c tro ly te so lu tio n s a re ex c h an g eab le fo r ions in th e solution. T h ese ca tio n ex ch an g e rea ctio n s can achieve a sta te of e q u ilib riu m th a t causes w a te r-p a rtic le m ix tu res to re sp o n d to ch an g es in w a te r com po sitio n s in ac c o rd a n ce w ith Le C h ä te lie r’s principle. T he ability o f sm all p a rti cles o f d iffe re n t m in erals to ad so rb ex c h a n g e ab le ions is ex p ressed by its c a tio n e x ch an g e
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cap acity (C E C ), w hich can b e m e a su re d by m ea n s of a sta n d a rd iz e d p ro c e d u re . T h e physical p ro p e rtie s o f clays a re stro n g ly a ffe c ted by the k in d s o f a d so rb e d cations. C ertain authigenic K -bearing clay m inerals are dateab le by th e K - A r and R b -S r m eth o d s and th erefo re provide ra re o p p o rtu n ities to d eterm in e the ages of sedim entary rocks. H ow ever, only clay sam ples w hose chem ical com position, crystallinity, o r grain size has b een evalu ated should b e used, and th e resulting d ates m ay b e affected by therm al m etam o rp h ism , stru c tu ra l d efo rm atio n , o r ion exchange w ith circulating brines. D atin g o f sedi m en tary rocks by m eans of clay m inerals req u ires a th o ro u g h u n d erstan d in g o f clay m ineralogy as well as of geochem istry.



Problems 1. Determine the electrical charges of the octahedral and tetrahedral layers and check whether the exchange able ions balance the charge in the following clay mineral.



[ (F e j 3 4 5 M g 0 595M n 0.004)



Component



%



S i0 2



45.20



k 2o



0.49



a i 2o 3



37.02



NazO



Fe20 3



0.27



0.36 1.26



(Si3.g36^0.112^e0.05l)®lo(®H)2]K o-779Ca 0.076



FeO



0.06



T i0 2 h 2o -



2. A glauconite from Point Jackson, Francosia, Wisconsin, has the following chemical composition (Johnston and Cardile, 1987).



MgO CaO



0.47



h 2o +



0.52



Sum



Element



Moles



Element



Moles



Si Al



3.611



Mn



0.001



1.238 1.097



Ca K



0.096



Fe2+ Mg



0.442



H



2.000



Ti



0.003



O



12.000



0.725



Rewrite this analysis in the form of a structural formula for a three-layer clay and test it for electrical neutrality. 3. Recalculate the chemical analysis of an impure clay mineral from Macon, Georgia, into a structural formula for a two-layer clay (Grim, 1968).



%



Component



1.55® 13.27 100.47



aH20 — is water removed at 105 °C, whereas HzO + is lost only at high temperature.



4. Recalculate the chemical analysis of a clay miner al from Montmorillon, France, into a structural formu la for a three-layer clay (Grim, 1968). Component



%



Component



% 0.11 0.04



S i0 2



51.14



a i 2o 3



19.76



k 2o Na20



Fe20 3



0.83



T i0 2



FeO



—



h 2o -



14.81



MgO



3.22



h 2o +



7.99



CaO



1.62



Sum



99.52
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5. Recalculate the chemical analysis of a chlorite 7. Estimate the standard free energy of formation of mineral from Schmiedefeld,Thuringia, into a structural “pure” illite by the method of Tardy and Garrels (1974) formula (Grim, 1968). based on the formula Component



%



SiOz



20.82



MgO



a i 2o 3



17.64



H 20+



10.30



Fe20 3



8.70



Sum



99.57



FeO



Component



%



[(Ali.5oMg0 .34Fe3 ; 7 Fe2 j4) (Si343A l()57) 0 i0(O H )2]K0 80



4.15



37.96



8 . Calculate the solubility product constant for hectorite at 25 °C, assuming congruent solution based on the formula [(Mg2.6?Li 0.33) (Si 4) 0 10(O H )2]N a033



6. Estimate the standard free energy of formation of “average” montmorillonite by the method of Tardy and Garrels (1974) based on the formula



[(^1.50^go.34Fe0.17pe0.04) (S*3.83AIo.i7)Oio (O H )2]K(M0
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 14 Oxidation-Reduction Reactions We now retu rn to a subject w e first considered in C h ap ter 7 and m en tio n ed again in connection with fugacity diagram s in Section 12.5. In C hap ter 7 we divided the elem ents of th e periodic table into the electron donors (m etals) and electron acceptors (nonm etals) based on th eir electron configura tions. M etals are electron don o rs because their available orbitals are largely em pty, w hereas those of nonm etals are alm ost filled to capacity. A s a result, th e atom s of m etals give up electrons from partially filled orbitals to form cations, w hereas atom s of nonm etals form anions by attracting elec trons to them selves until th eir available orbitals are filled. T hese tendencies of th e elem ents are expressed num erically by m eans of the electroneg ativity, which is defined as the ability of an atom in a m olecule to attract electrons to itself. Som e elem en ts alw ays give u p or accept the sam e n u m b e r of electro n s a n d th e re fo re have fixed valences. F o r exam ple, th e alkali m etals and alk alin e e a rth s give up o n e o r tw o electrons, respectively, w h ereas th e halogens accept one e le c tro n u n d e r n a tu ra l conditions. O th e r ele m ents, such as Fe, Cu, an d U can lose varying n u m b e rs o f electro n s d e p e n d in g o n th e strength o f th e electro n accep to r th ey are interactin g w ith. Similarly, n o n m e ta ls such as S, N, an d C can ta k e up varying n u m b e rs of electro n s dep en d in g o n th e ir availability in th e en v iro n m en t. T hese concepts com e in to play in chem ical reactions in which the valences of som e of th e p a r ticipating elem ents change. T he loss of electrons by th e electron d on o r is called oxidation and th e gain o f electrons by th e electron acceptor is called reduction. O xidation m ust b e accom panied by
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reduction because th e n u m b er of electrons released by the donor m ust equal th e n u m b er of electrons gained by the acceptor. A s a result o f the transfer o f electrons in an oxidation-reduction reaction the electron donor is oxidized and the electron acceptor is reduced. Evidently, th e elec tron d o n o r is th e reducing agent and the electron acceptor is the oxidizing agent. Since the atom s of m etals are electron donors, we can say th at m etals are reducing agents and th at nonm etals are oxidiz ing agents.



14.1



Balancing Equations of Oxidation-Reduction Reactions



In o rd e r to balance o x id a tio n -re d u c tio n re a c tions correctly, it is helpful to m ake use o f the valence n u m b er (also know n as the oxidation n u m b e r), w hich is defined as th e electrical charge an a to m w ould acquire if it fo rm ed ions in a q u e ous solution (H ogness and Johnson, 1954, p. 90). This definition p resen ts no difficulty in assigning valence nu m b ers to atom s in ionically bonded com pounds. H ow ever, m olecules w ith p re d o m i n an tly cov alen t bonds do n o t dissociate in w ater an d th e valence num bers assigned to elem ents in covalently b o n d e d com pounds are th erefo re so m ew h at fictitious. W e avoid th ese difficulties by ad o p tin g ad d itio n al conventions regarding th e assignm ent o f valence num bers. 1. T he valence n u m b e r o f all elem ents in p u re form is eq u al to zero.
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2. T he valence n u m b e r o f H is + 1 , ex cept in



m etal hydrides (e.g .,L iH ) in w hich it is —1.



T a b l e 1 4 ,1 A ssignm ent of Valence N um bers of Atoms in Chemical Compounds



3. T he valence n u m b e r o f O is - 2 , e x cep t in peroxides (e.g., H 2 0 2) in w hich it is —1.



Formula



4. V alence n u m b ers a re assigned to elem en ts



h 2s o



in m olecules o r com plex ions in such a w ay th a t th e alg eb raic sum o f th e valence n u m b ers o f th e ato m s of a n e u tra l m o le cule is zero, o r eq u als th e charge o f th e com plex ions. T h e application o f th ese rules is illu stra te d in Table 14.1. T he exam ples listed th e re show th a t S can h av e valence n u m b ers of + 6 , + 4 , 0, an d - 2 . T h e valence n u m b ers o f C can be + 4 ,0 , —2, and —4, th o se o f M n can be + 7 , + 4, + 3 and + 2 , an d N can have valence n u m b ers o f + 5 o r - 3 . T h ese val ues a re d erived from th e chosen com p o u n d s or ions by th e rules listed above, b u t do n o t n e c e s sarily re p re se n t all of th e valence n u m b ers these elem en ts can assum e. T he first step in balancing an e q u a tio n r e p r e senting an o x id a tio n -re d u c tio n reactio n is to assign valence n u m b ers to all of th e elem en ts th a t a re involved. F or exam ple, C l 2 gas re ac ts w ith m etallic Fe in the p re se n ce of w ater to fo rm CU an d Fe3+ ions: Fe + C l 2 -> F e 3+ + CU



(14.1)



T he valence nu m b ers of m etallic Fe an d Cl 2 are zero in accordance w ith the convention, w hereas th o se of th e ions are equal to th eir charges. E vidently, Fe gives up th re e electrons p e r a to m to form Fe31, w hereas Cl2 accepts tw o electro n s p er m olecule to form 2 C P .T h e loss an d gain o f elec tro n s is conveniently in d icated by arrow s: F e + Cl 2



i



F e 3+ + 2CU



227



4



Com pound



H= 0= S= 0= S= H= S= S= 0 =



sulfuric acid



so2



sulfur dioxide



H2S



hydrogen sulfide



S2



sulfur gas calcium carbonate



C aC 03



Valence numbers



+1 -2 +6 -2 +4 +1 -2 0 -2



Ca = + 2



co2



carbon dioxide



CO



carbon monoxide



ch 4



methane



c *



graphite chromite



FeCr20 4



C = +4 0 = -2 C = +4 0 = -2 C = +2 H = +1 C = -4 C= 0



0 = -2 Fe = + 2 Cr = +3



M nO;



0 = -2



permanganate ion



Mn = + 7 M n02



0 = -2



pyrolusite



Mn = + 4 Mn30 4



0 = -2



hausmannite



Mn = +3 Mn = + 2 nitric acid



0 = -2 H = +1



nh3



ammonia



H = +1



nh4



ammonium



H = +1



h no



3



N = +5 N = -3 N = -3



(14.2)



T



3 e_ 2 e “ w h ere an arrow p o in tin g dow n m eans loss and an arrow pointing up m eans gain. In o rd e r to balance th e loss and gain o f electrons, we cross m ultiply: 2 F e + 3 Cl2 -> F e 3+ + CU



(14.3)



T he Fe now gives u p 2 X 3 = 6 electro n s a n d th e Cl2 gains 3 x 2 = 6 electrons. T herefore, th e elec-



trons a re in balance, a n d w e can p ro ce ed w ith the m ass b alance o f this eq uation: 2 F e + 3 Cl 2 -> 2 F e 3+ +



6



CU



(14.4)



N ote th a t th e e q u a tio n is electrically b a lan ced as it m ust be. E q u a tio n 14.4 re p re se n ts a n o x id a tio n -re d u c tio n re a c tio n b ecau se b o th o x id atio n and re d u ctio n ta k e place. T he m etallic Fe loses
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th re e electrons an d is th e re b y oxidized, w hereas th e Cl 2 (g) gains tw o e lectro n s an d is reduced. T he electro n s p ick ed up by C l 2 o rig in ate from the Fe, w hich acts as th e reducing agent. T h e Cl2(gi picks u p th e electro n s given up by Fe an d thereby acts as th e o xid izin g agent. In general, m etals a re red u c in g agents (elec tro n d o n o rs) an d n o n m e ta ls a re oxidizing agents (e le c tro n accep to rs). H o w ev er, th e anions of nonm etals can also act as e le c tro n d o n o rs (reducing ag en ts) b ecau se th e y m ay give up th e electrons th ey acq u ired during th e ir fo rm atio n . Similarly, th e cations o f m etals can be electro n acceptors (oxidizing agents) to m ak e u p fo r th e loss of elec tro n s th a t o ccu rred d u rin g th e ir fo rm atio n T hese relatio n sh ip s a re su m m arized in T able 14.2 T h e o x id a tio n -re d u c tio n reactio n rep resen t ed by e q u a tio n 14.4 can b e divided into twa com p le m e n ta ry half-reactions: 2 F e —> 2 F e 3+ +



e"



(14.5)



C l”



(14.6)



6



an d 3 Cl 2 +



6



e “ -»



6



E q u a tio n 14.5 is th e e le c tro n -d o n o r (oxidation) h a lf-re a ctio n and e q u a tio n 14.6 is th e electrona c c e p to r (re d u ctio n ) h alf-reactio n . W hen the two h alf-reactio n s a re ad d e d , th e electro n s cancel an d w e o b ta in e q u a tio n 14.4 fo r the com plete o x id a tio n -re d u c tio n reactio n . T a b l e 1 4 . 2 S c h e m a tic R e p r e s e n ta t i o n o f th e P r o p e r ti e s o f E le m e n ts in O x i d a t i o n R e d u c tio n R e a c tio n s



Elements M e ta ls



Electron donors, reducing agents



Electron acceptors, oxidizing agents



F e S 2 -» F e (O H ) 3 + S O 3“



C a tio n s o f m e ta ls



X X X



(14.7)



E q u a tio n 14.7 indicates th a t Fe e x p e rie n c es a change in its valen ce n u m b e r from + 2 in p y rite to + 3 in ferric hydroxide. T h erefo re, th e re a c tio n lib erates e lectro n s th a t m u st b e ta k e n u p by an electron a c c e p to r (oxidizing ag en t). N a tu ra l en v iro n m en ts m ay co n tain several d iffe re n t e le c tro n acceptors, w hich m ay be n o n m e ta ls like 0 2 (g) of th e atm o sp h ere, o r cations such as F e 3+, or com plex ions containing oxidized form s o f n o n m etals like N 0 3, S O 3“ , o r PO4“. S om e o f th ese p o te n tia l electro n accep to rs m ay n o t be “stro n g ” en o u g h to tak e an ele c tro n aw ay from Fe2+, b u t we leave th a t qu estio n fo r la te r c o n sid eratio n. D iatom ic 0 2 m olecules are th e m o st com m on oxidizing ag en ts in all n a tu ra l e n v iro n m en ts in contact w ith the atm osphere. T h erefore, we add 0 2 as a re a c ta n t to e q u atio n 14.7: F eS 2 + 0



F e (O H ) 3 + SO^“



2



(14.8)



N ext, we assign valence n u m b ers an d d eterm in e the n u m b e r of electrons released and tak en up in the reaction. Element



Valence number



F eS2



Fe



+2



o



O



Com pound



S 2



F e (O H ) 3



X



N o n m e ta ls A n io n s o f n o n m e ta ls



A n im p o rta n t o x id a tio n -re d u c tio n re a c tio n in n atu re is th e conversion o f p y rite (FeS2) in to a p recip itate o f F e (O H ) 3 an d S O 4 “ ions in solution. In o rd e r to co n stru ct th e e q u a tio n fo r this r e a c tion w e tre a t F eS 2 as a re a c ta n t an d F e (O H ) 3 an d SO 4 “ as products:



sof



Fe



- 1 0



+3



O



- 2



H



+ 1



S



+ 6



O



- 2



N o n m e t a ls in c o m p le x a n io n s



X



( N O 7 , S O 3“ , P O 3 “ ) N o n m e t a ls in c o m p le x c a tio n s ( N H 4 )



X



N o te th a t th e valence n u m b e r o f S in pyrite is —1, w hereas in th e SO 4 “ ion it is + 6 . T h erefore, th e S in th e p y rite is an electro n d o n o r an d provides



 14.2 seven electrons p er atom . T h e tra n s fo rm a tio n of F e2+ to F e3+ provides an a d d itio n a l electro n p e r ato m o f Fe. T herefore, th e c o n v ersio n o f o n e m ole o f pyrite into F e (O H ) 3 an d S 0 4" io n s releases (7 X 2) + 1 = 15 m oles of electrons. T h e 0 2 m o l ecules accept fo u r electro n s p e r m o le c u le b ecause t each O a to m can ta k e tw o e lectro n s, w hich fill vacancies in its 2p orbital. T he re su ltin g electro n ic configuration o f O 2” is l s 22 s 22 p 6. w hich is id e n ti cal to th a t o f N e (C h a p te r 5). T h e e le c tro n s given off an d accepted are in d icated by m e a n s of arrow s: F eS 2 + 0 1 15 e ”



2



—> F e (O H ) 3 + S O 2”



T 4 e”



(14.9)



In o rd e r to b alan ce th e tra n sfe r o f e lectro n s, we cross multiply. 4 FeS 2 + 15 0



2



-> F e (O H ) 3 + S O ^“



(14.10)



N ext, we b alan ce F e an d S: 4 FeS 2 + 15 0



2



-» 4 F e (O H ) 3 +



8



SO ^



(14.11)



In o rd e r to balance O, we add 14 H zO to th e left side: 4 F eS 2 + 15 0



2



+ 14 H 20 4 F e (O H ) 3 +



8



S O 2"



(14.12)



In o rd e r to balance H , we add 16 H + to th e right side: 4 FeS 2 + 15 0



2



+ 14 H 20 -»



4 F e (O H ) 3 +



8



SO ^" + 16 H +



(14.13)



E q u a tio n 14.13 indicates th a t th e co nversion of one m ole of p y rite in to solid ferric hyd roxide and sulfate ion releases fo u r m oles of H + in to the environm ent. T he reactio n occurs n a tu ra lly w hen pyrite w eathers by exp o su re to o x y g en ated w ater at or n e a r th e surface of th e E a rth . T his p ro cess is greatly accelerated w hen p y rite -b e a rin g ro ck s are exposed to w eath erin g as a re su lt o f m in in g or quarrying. P yrite occurs n o t only in sulfide ores associated w ith igneous an d m e tam o rp h ic rocks but also in shales th a t m ay b e in te rb e d d e d w ith coal seams, especially th o se th a t fo rm e d in m arin e coastal swamps. Stripm ining o f such coal seam s
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com m only causes acidification o f local surface and g ro u n d w ater b ecau se o f the oxidation of pyrite (o r its polym orph m arcasite) by exposure to oxygenated w ater. T he un co n tro lled discharge of acid m ine w aters into stream s o r lakes is h a rm ful to p lan t and anim al life an d m ay be acco m p a n ied b y d eposition o f ferric hyd ro x id e an d even gypsum (C a S 0 4 • 2 H 2 0 ) w h e re sufficient C a2+ is present. E v en a com plicated o x id a tio n -re d u c tio n re a c tio n like 14.13 can b e divided into tw o com p lem en tary h alf-reactio n s rep re se n tin g o x id atio n an d reduction, respectively: 4 FeS 2 + 44 H 20 -» 4 F e ( O H ) 3 +



8



S O 2"



+ 76 H + + 60 e " 15 0



2



+ 60 H + + 60 e " -» 30 H zO



(14.14) (14.15)



T he Fe2+ and S1" o f py rite are th e electron d o n o rs (reducing agents) a n d a re them selves oxidized to F e 3+ and S6+.T he 0 2 is th e e lectro n accep to r (oxi dizing agen t) an d is re d u c e d to O 2“ . A n o x id a tio n -re d u c tio n reactio n can, of course, achieve a sta te o f chem ical equilibrium , in w hich case it obeys th e L aw o f M ass A ction. The value o f the equilibrium c o n stan t can be calcu lat ed from the sta n d a rd fre e energy change o f th e re ac tio n using d a ta fro m A p p en d ix B. H ow ever, in reality th e o x id atio n o f p y rite com m only does n o t reac h equilibrium at o r n e a r th e surface o f the E a rth because S 0 4” and H + are lost from th e sys tem by the m o v em en t o f w ater. M oreover, the am o u n t of 0 2 available to th e reactio n is com m only unlim ited, allow ing th e reactio n to c o n tin ue until all of th e available p y rite is consum ed.



14.2



The Electromotive Series



In th e preced in g section w e allu d ed to th e fact th a t an oxidizing ag en t (e le c tro n accep to r) m ay n o t be strong en o u g h to rem o v e electro n s fro m a p a rticu la r reducing ag ent (ele ctro n do n o r). T he ability o f elem ents to act as electro n d o n o rs or electro n acceptors arises basically from th e ex te n t to w hich th eir orbitals a re filled with electrons.



 230



O X ID A T I O N - R E D U C T I O N RE A C TI O N S



M o re specifically, this p ro p e rty d ep ends o n th e d ecrease in th e en erg y o f th e atom s th at resu lts from having only co m p letely filled orbitals. M etallic elem en ts em p ty p artially filled orbitals, w hereas n o n m etals add electrons to orbitals th a t are n early filled. F o r exam ple, N a + and F~ b o th have th e sam e electro n ic stru c tu re as Ne, b u t N a achieves this co n d itio n by losing an electro n , w hereas F m ust gain an electron. T herm ody n am ics en ab les us to ra n k th e e le m en ts in term s o f th e ir stren g th s as reducing agents o r oxidizing agents. In o rd e r to m ain tain a co n sisten t p o in t of view in this p re sen ta tio n , we consid er all elem en ts to be reducing agents of varying strengths. Since m etals have a n a tu ra l te n dency to be red ucin g agents, we consider how m etals in teract w ith each o th er. For exam ple, su p p ose w e place m etallic Z n into a solution c o n ta in ing F e2+: Z n + F e 2+ -> Z n 2+ + Fe



(14.16)



If th e reactio n p ro ceed s as w ritten, Z n ato m s are able to force F e2+ to accept tw o electrons. C o n seq u en tly Z n atom s dissolve as Z n 2+ an d the Fe2+ ions p recip itate as m etallic Fe. H ow ever, the reactio n could also ru n in th e oppo site direction, in w hich case m etallic Fe could displace Z n 2+ fro m th e solution. W e resolve the questio n by cal culating AG°r = -1 6 .2 9 kcal fo r reactio n 14.16 as w ritten. Since free energ y is released by this re a c tion, w e conclude th at in the sta n d ard sta te Z n is a stronger reducing agent than Fe because it is able to force F ez+ to accept its tw o electrons. N ext, we co n sid er th e reaction: F e + C u2+ -» F e2+ + C u



(14.17)



an d find th a t A G ^ = -3 4 .5 1 kcal. E vidently, Fe d isplaces C u2+ ions fro m solution in th e sta n d a rd state. T h e re fo re Fe is a stro n g e r reducing ag ent th a n Cu. Finally, we add m etallic C u to a solution co n tain in g A g +: C u + 2 A g + -> C u2+ + 2 A g



(14.18)



In this case, tw o A g + ions are n e ed e d to ta k e the tw o electro n s th a t C u atom s can give up. F o r this reactio n , A G °R = —21.21 kcal, w hich m ean s th a t C u is a stro n g e r red u cin g ag e n t th a n Ag.



T h e d isp lacem en t reactio n s w e h av e c o n sid e red (14.16-14.18) p e rm it us to ra n k th e m etals in o rd e r o f decreasin g stren g th as red u cin g ag e n ts in th e so-called electrom otive series: Z n —» Z n 2+ +



2 e ~ (stro n g est red u cin g a g en t)



F e —> F e 2+



+



2e~



C u2+ +



2 e“



Cu



- 4



A g —> A g +



+ e”



(w eak est red u cin g a g en t)



Z inc is th e stro n g est reducing ag en t in this gro u p of m etals an d displaces th e ions o f all m etals lo cated below it in th e electrom otive series. Silver is th e w eak est reducing ag en t in this g ro u p of e le m ents, b u t it does displace ions o f elem en ts below it in th e electro m o tiv e series. C onversely, becau se A g atom s a re th e w eak est red u cin g ag en t in th e series of m etals listed, A g + is the stro n g est oxidiz ing ag en t am o n g the ions w e are considering. T he disp lacem en t reactio n s 14.16-14.18 are o x id a tio n -re d u c tio n reactio n s involving the tran sfer o f electrons from an electro n d o n o r to an electro n accep to r and can be expressed as two co m p lem en tary half-reactions. F or exam ple, w hen m etallic Z n displaces C u2+ from solution: Z n + C u2+ -» Z n 2+ + C u



(14.19)



the reactio n can be divided into reactions:



tw o h alf



Z n —> Z n 2+ + 2 e _



(14.20)



C u2+ + 2 e" -> Cu



(14.21)



These half-reactions can be sep arated from each o th er in an experim ental setup called an electro chemical cell, which, in this case, consists of a Z n electrode and a Cu electrode dipping into an elec trolyte solution containing Cu2+ ions. Figure 14.1 shows th at the two electrodes are connected by a conducting w ire through a voltm eter, which m ea sures th e electrical potential or voltage difference betw een the two electrodes. The voltage arises because electrons are produced a t the Z n electrode according to equation 14.20, w hereas electrons are consum ed at the Cu electrode as show n by equa tion 14.21. The electrical potential generated by the half-reactions is called the electromotive force



 14.2



change of th e reactio n . In this case, AG°R = —50.8 kcal an d K = IO37,24. E vidently, w hen m ost of th e Cu2+ ions have b ee n driv en o u t o f th e solu tio n such th a t [Z n 2 +]/[C u 2+] = IO3 7 24, th e em f of th e Z n -C u cell becom es eq u al to zero. N o te th a t a t equilibrium th e free en erg y change o f th e re a c tio n is also eq u al to z ero and th a t b o th AG R and th e em f change from fixed values in th e sta n d a rd state to zero a t equilibrium . The relationship betw een A G R of an oxidationred u ctio n reactio n in any sta te and th e c o rre sponding em f (E ) is given by:



V olt m eter



AG r = n ® E



Fi g u re 14.1 Schematic diagram of a Zn-Cu electro chemical cell. The two metal electrodes dip into solu tions of Z n S 0 4 and C u S 04, which are prevented from mixing by a porous partition. Metallic Zn gives up two electrons per atom and dissolves as Zn2+.The elec trons flow to the Cu electrode where Cu2+ ions pick up two electrons each and plate out as metallic Cu. Sulfate ions migrate through the porous partition to maintain the electrical neutrality of the solutions. As electrons flow from the Zn electrode to the Cu elec trode, the activity of Zn2+ increases, whereas that of Cu2+ decreases until equilibrium is achieved at which time the flow of electrons stops.



(emf). T he m agnitude of the em f varies with time as the oxidation-reduction reaction com posed of the two com plem entary electrode half-reactions approaches equilibrium . W hen th e reaction is in the standard state ([Z n 2+] = [Cu2+] = 1.0, T = 25 °C P = 1 atm ) the value of th e em f is fixed by th e def inition of the standard state. W hen the reaction p ro ceeds from the standard state tow ard equilibrium , the em f decreases and becom es equal to zero when equilibrium is achieved. A t equilibrium th e Z n -C u electrochem ical cell obeys the Law o f M ass A ctio n and: —— = - K ^ [Cu2+]
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(14.22)



The m agnitude o f th e equilibrium co n stan t (K ) can be calculated from th e stan d ard free energy



(14.23)



w here 2? is the F araday c o n stan t and n is th e n u m b e r of electro n s tra n sfe rre d in th e reactio n . T he value o f S' is 96,489 ± 20 coulom bs p e r m ole or 23.06 kcal p e r volt p e r gram equivalent. Since we can calculate th e free energy change o f an oxida tio n -re d u c tio n reactio n in th e stan d a rd state, we can use e q u a tio n 14.23 to d e te rm in e th e c o rre sp onding standard e m f (E °). F or th e Z n - C u cell, A G ^ = —50.8 kcal and th erefo re: E° =



AG°n



-5 0 .8



n&



2 X 23.06



= —1.10 volts (V ) (14.24)



T he m inus sign o riginates from th e sign o f AG°R an d contains in fo rm atio n a b o u t th e electrical polarity of th e electrodes. T he relatio n sh ip b etw een AG°R an d E ° can be used to ran k th e elem en ts and th e ir ions in term s of th e ir stren g th s as reducing agents. In o rd e r to establish such a ranking, th e em f g e n e rate d by the dissociation o f H 2 gas in to H + in th e sta n d a rd state is arb itrarily set eq u al to zero: H j(g ) -> 2 H + + 2 e "



E ° = 0.00 V



(14.25)



If E ° = 0.00 V, th e n AG°R fo r this h alf-reactio n m ust also be zero, w hich req u ires th a t w e a d o p t th e convention th a t th e standard free en erg ies of fo rm atio n H + an d e _ a re eq u al to zero: G ° ( H +) = G ° (e " ) = 0.00



(14.26)



T he sta n d a rd h y d ro g en e le c tro d e can b e c o n n e c t ed to any m etal ele c tro d e in th e sta n d a rd sta te to
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fo rm an electrochem ical cell re p re se n te d by an o x id a tio n -re d u c tio n re ac tio n th a t is o b tain e d by adding the half-reactions. F o r exam ple, if Z n is th e m etal electrode: Z n -» Z n 2+ + 2 e “ 2 H + + 2 e “ -» H 2 Zn



+ 2 H + -> Z n 2+



W hen th e C u ele ctro d e is co n n ec ted to th e H 2 electro d e in th e sta n d a rd state: C u -> C u2+ + 2 e 2 H + + 2 e " -> H ,



(14.27)



C u + 2 H + —> C u2+ + H 2



(14.28)



AG°r = G }( Z n 2+) + G }(H 2) - G ^(Z n ) - 2G°f (H +)



(14.30)



H ow ever, G ?(H 2) and G ° (H +) are b o th eq u al to zero by co nvention, so th a t AG°R of reactio n 14.29 arises entirely fro m the sta n d a rd free energy change o f th e Z n electrode:



C u2+ + H , -> C u + 2 H +



H ence, th e em f g e n e ra te d by th e Z n - H 2 cell in th e sta n d a rd sta te is b ased o nly o n th e m agnitude of th e sta n d a rd free energ y chan g e of th e Z n elec trode: E o _ AG°. n&



35.14 2 x 23.06



= - 0 .7 6 V



(14.32)



T he em f g en e ra te d by an e lectro d e in th e standard sta te relative to th e H 2 electro d e in the stan d ard sta te is called th e standard electrode potential. The sta n d a rd e lectro d e p o te n tia l o f th e Z n electrode is —0.76 V, w h ere th e m inus sign originates from the sign o f AG°S o f th e half-reaction. It indicates th at w hen th e Z n electro d e is co n n ected to th e H 2 elec tro d e in th e sta n d a rd state, th e reactio n proceeds in th e d irectio n in d icated by th e arrow in eq u a tio n 14.29. In o th er words, Z n atom s force H + to accept its electrons; thus Z n is th e stronger reducing agent an d lies above H 2 in the electrom otive series.



(14.37)



This m eans th a t H 2 is a stro n g er reducing ag en t th a n C u because it forces C u2+ from solution in th e stan d ard state. T herefore, th e Cu electro d e lies below th e h y d ro g en electro d e in th e electro m o tiv e series. T he sta n d a rd electro d e p o ten tial of th e C u electrode is calculated from the value of A G°R o f eq u atio n 14.35 by m eans o f eq u atio n 14.23: + 15.66 = + 0.34 V 2 X 23.06



E° (14.31)



(14.35)



T he positive sign indicates th a t re a c tio n 14.35 actually pro ce ed s in the o p p o site direction, th a t is, from rig h t to left. T h erefo re, eq u a tio n 14.35 should b e reversed:



AG°r = G °(Z n 2+) - G ^(Z n ) = -3 5 .1 4 - 0 = - 3 5 .1 4 kcal



(14.34)



AG°r = G }(C u2+) = + 1 5 .6 6 kcal (14.36)



+ H 2 (14.29)



E q u a tio n 14.29 rep re se n ts a disp lacem en t re a c tio n and im plies th a t Z n atom s can displace H + from solution an d force it to fo rm bubbles o f H 2 gas. The value of AG°R o f e q u a tio n 14.29 is calcu lated in th e co n v en tio n al m anner:



(14.33)



(14.38)



N o te again th a t th e H ? electro d e is “in e rt” and does n o t e n te r into the calculation. W e can now recom bine th e Z n and C u electrodes know ing th a t Z n is a stro n g er reducing agent th an Cu: Zn



Z n 2+ + 2 e "



C u2+ + 2 e" -> Cu



£°Zn = -0 .7 6 V (14.39) E°Cu = -0 .3 4 V



Z n + C u2+ -> Z n 2+ + Cu £ ° z n + Cu



=



£°zn



+



^Cu



= - 1 .1 0 V



(14.40) (14.41)



= “ 0.76 + (- 0 .3 4 ) (14.42)



N o te th a t we change th e sign of E°Cu w hen we in v erted the Cu electro d e half-reaction because it acts as the electro n acceptor in this case. T he m anipulation of electro d e half-reactions, illu strated above, indicates th a t the electrom otive series can be derived fro m stan d ard free energy changes o f th e half-reactions, provided th e se are w ritten w ith the electrons o n the right side. W hen this convention is obeyed, th e algebraic sign of



 14.2 AG g in d icates th e p o sitio n o f th e ele ctro d e above o r below th e H 2 electro d e in th e electro m o tiv e series. A m inu s sign m eans th a t th e e le c tro d e is a stronger reducin g ag en t th a n H 2, w h ereas a p o si tive sign in d icates th a t it is w eaker th a n th e h y d ro gen e le c tro d e as a red u cin g agent. T h e n u m erical values o f E ° o f th e electro d e h alf-reactio n s th e n p e rm it us to ra n k elem en ts such th a t th e stro n g est redu cin g a g e n t is a t th e to p an d th e w eak est reducing ag ent is at th e b o tto m o f th e e le c tro m o tive series. T h e electro m o tiv e series in Table 14.3 is a list ing o f e le c tro d e half-reactions in o rd e r o f d e creas ing stre n g th o f th e red u cin g agents in th e sta n d a rd state. A ll o f th e red u cin g agents above th e H 2 elec tro d e a re stronger th a n H 2, an d th e ir h alf-reactions h av e n eg ative stan d ard e lectro d e potentials. T hose below, th e H 2 e lectro d e are w eaker re d u c ing ag en ts th a n H 2. T he algebraic sign a n d m ag n i tu d e o f th e sta n d a rd electro d e p o te n tia ls o f th e electro d es a re deriv ed fro m th e sign a n d m agni tu d e of AG°r . N o te th a t th e alkali m etals a n d alk a line e a rth s a re all strong reducing agents becau se th ese m etals a re good electro n donors. Som e m em b ers o f th e tra n sitio n groups are m o d e ra te to w eak red u cin g agents co m p ared to H 2 (Z n , C r,F e, N i, and P b ), w h ereas o th ers a re actually w e a k e r th a n H 2 (Bi, C u, H g, A g, an d P t). T h e e le c tro d e s w ith p o sitiv e s ta n d a rd e lec tro d e p o te n tia ls ac t as electron acceptors in th e sta n d a rd sta te a n d th e re fo re a re o x id izin g agents. F o r exam ple, th e sta n d a rd e le c tro d e p o te n tia l o f th e flu o rin e e le c tro d e in T ab le 14.3 is + 2 .8 8 V. T h e p o sitiv e sign a n d larg e v a lu e in d i ca te th a t F “ h a s only a w eak te n d en c y to give u p e le c tro n s to fo rm F 2 gas, w h e rea s F 2 h a s a stro n g te n d e n c y to act as an e le c tro n a c c e p to r o r o x i dizing agent: F 2 + 2 e “ -> 2 F "



(14.43)



E vidently, th e standard electrode p o ten tia ls re fle c t th e sam e p ro p e rty o f th e e le m e n ts as elec tronegativities (S ectio n 7.2), an d b o th a rise fro m th e te n d e n c ie s o f ato m s to h av e co m p letely filled o rb ita ls b y e ith e r giving u p o r accep tin g electrons.



T H E ELE C TR O M O TIV E SERIES



233



T a b l e 1 4 . 3 Electrom otive Series Presented as E lectrode H alf-reactions in O rder of Decreasing Strengths as Reducing A gents3



Reducing agent



Oxidizing agent



Cs Li K Ba Sr Ca Na Rb Y Mg La Ce Sc Be Th Al U Mn Nb V Zn Cr



-> Cs+ -> Li+ -> K+ -> Ba2+ -» Sr2+ -» Ca2+ -» N a+ -> R b + -A Y 3 + -> Mg2+ -> La3+ Ce3+ -> Sc3+ —» Be2+ Th4+ -A Al 3 +



h



2



Bi Cu Cu 2 r Se2_ Ag Hg Pd 2 Br” Pt 2 c r Au Pt 2F“



-> Pb2+



+ e~ + e_ + e_ +2 e +2 e +2 e + e~ + e~ +3e + 2 e + 3 e~ + 3e“ + 3 e“ +2 e + 4 e_ + 3 e^ + 4 e~ +2 e + 3 e” + 3e“ +2 e + 3 e~ + 2 e +2 e +2 e + 2 e +2 e + 3 e+2 e +2 e



->



+2 e



-> U 4+ -» -> -» -> -a



s 2- . Fe Cd Co Ni Mo Sn Pb



'



Standard electrode potential, V



Mn2+ Nb3+ V3+ Z n2+ Cr3+ S -a Fe2+ -> Cd2+ -» Co2+ —» Ni2+ M o 3+



Sn2+



2



H+



-> Bi3+ -> Cu2+ —> Cu+ -> I 2 -» Se -> Ag+ —> Hg2+ -> Pd2+ —> Br 2 -> Pt2+ -> Cl2 -> A u+ -> Pt+



+3e” +2 e + e+2 e +2 e + e_ + e~ + 2 e“ +2 e +2 e +2 e + e_ + e_ +2 e



“Based on G°f values in Appendix B.



-3.03 -3.04 -2.94 -2.91 -2.90 -2.87 -2.71 -2.60 -2.40 -2.36 -2.36 -2.32 -2.03 -1.97 -1.83 -1.70 -1.38 -1.18 - 1 .1 0 -0.87 -0.76 -0.74 -0.44 -0.41 -0.40 -0.28 -0.24 - 0 .2 0 -0.14 -0.13 0 .0 0



+ 0.29 + 0.34 + 0.52 + 0.53 + 0.67 + 0.80 + 0.85 + 0.92 + 1.08 + 1.19 + 1.36 + 1.69 + 2.64 + 2 .8 8
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The Emf of Electrochemical Cells



T he relatio n sh ip b e tw e e n th e fre e en erg y change o f a chem ical re actio n an d th e activities o f th e re a c ta n ts and p ro d u cts is given b y a n eq u atio n derived in S ection 11.8 (e q u a tio n 11.73): AG r - AG°r = R T ln Q



(14.44)



w h e re AG R is th e fre e e n e rg y c h a n g e o f th e re a c tio n in an y state , AG°R is th e fre e e n e rg y ch an g e in th e s ta n d a rd sta te , R is th e gas c o n sta n t, T is th e s ta n d a rd te m p e ra tu re in kelvins, an d Q is th e re a c tio n q u o tie n t. W e n o w c o n v e rt AG v alu es to e m f by su b stitu tin g e q u a tio n 14.23 in to e q u a tio n 14.44. A fte r re a rra n g in g te rm s a n d c o n v e rtin g to lo g a rith m s to th e b a se 1 0 , w e have: £ = £° + ^ | ^ l o g ß



(14.45)



Since R = 1.987X10-3 k cal/deg-m ol, T = 298.15 K, 2F = 23.06 k c a l/V • n u m b er o f electrons trans ferred: „ 2.303 X (1.987 X 1(T3) X 298.15 , ^ E = E ° + -----------------------------n X 23.06 (14.46) „ 0.05916, ^ E = E° + log Q



(14.47)



E q u a tio n 14.47 p rovides a relatio n sh ip b etw e e n th e activities o f th e reactan ts an d p ro d u cts o f an o x id atio n -red u ctio n reactio n , ex pressed by Q, and th e em f th a t w ould b e g e n e ra te d b y th e re a c tio n if it w ere split in to tw o half-reactions in an e le ctro chem ical cell. W h en th e reactio n achieves equilib rium , AG r = 0, E = 0, an d Q = K w h ere K is the equilibrium constant. T herefore, a t equilibrium : E°



0.05916



log K



(14.48)



E q u a tio n 14.48 relates th e em f o f an o x id a tio n -re d u c tio n re a c tio n in th e sta n d a rd sta te to th e eq u ilib riu m c o n sta n t o f th a t reaction.



W e can apply th e se relatio n sh ip s to th e Z n -C u electrochem ical cell re p re se n te d by e q u a tio n 14.41. W hen this re a c tio n is n e ith e r in th e sta n d a rd state n o r a t equilibrium , th e em f it g en e ra te s is given by: ^ _ E = E



0.05916, [Z n2+] --------— log [Cu2+]



(14.49)



-1



w h ere E ° is th e em f g e n e ra te d by th e Z n -C u cell in th e sta n d ard state, w hich has a value o f - 1 .1 0 V as calculated in e q u a tio n 14.24. T h erefore, w hen th e rea ctio n is p ro ceed in g to w ard equilibrium , th e em f is: r z n 2+i E = - 1 .1 0 + 0.02958 log j — (14.50) L '-u



j



In th e sta n d a rd state, [Z n2+] = [Cu2~] = 1.0 and th e re fo re log [Z n 2 +]/[C u 2+] = 0. C onsequently, in th e sta n d a rd state th e em f is: (14.51)



E = E ° = - 1 .1 0 V A t equilibrium , [Z n 2 +]/[C u 2+] = IO3 7 tion 14.22). Therefore, at equilibrium:



24



(equa



E = - 1 .1 0 + 0.02958 X 37.24 = 0.00 V (14.52) log TQ he p rogress o f th e re a c tio n in th e Z n -C u cell is illu strated by p lo ttin g e q u a tio n 14.50 in F igure 14.2 in c o o rd in ates o f E and log [Z n 2 +]/[C u 2+]. T he straig h t line indicates how E changes fro m - 1 .1 0 V in th e sta n d a rd state (log [Z n 2 +]/[C u 2+] = 0) to 0.00 V a t equilibrium (log [Z n 2 +] /[C u 2+] = 37.24). W hen an ex tern al voltage is ap p lied to th e Z n -C u cell, th e [Z n 2 +]/[C u 2+] ra tio changes u n til it is com patible w ith th e a p p lied voltage. T h ese concepts seem fairly rem oved from o x id a tio n -re d u c tio n reactio n s in n a tu ra l e n v iro n m ents. H ow ever, th ey e n ab le us to define a sp e cial k in d o f em f k n o w n as th e E h . T h e E h is th e em f g e n e ra te d b e tw e e n an e lectro d e in any sta te an d th e H 2 e le c tro d e in th e sta n d a rd state. Since th e H 2 elec tro d e is in th e sta n d a rd state, it does n o t affect th e m ag n itu d e o f th e E h and acts only as a reference. W e illu strate th e usefulness o f this co n cep t b y considering an e le c tro d e a t w hich F e2+ is oxidized to F e3+:
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log [Zn+2]/[Cu+2] 0
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35



Since G )(H 2) and G ? (H +) a re b o th eq ual to zero, AG°r o f e q u a tio n 14.55 d ep en d s en tirely on th e F e2+ electrode. T h erefo re, w e can calculate it directly fro m th e e le c tro d e half-reactio n . In this case, AG°r = + 17.75 kcal an d th e sta n d a rd elec tro d e p o te n tia l E ° = + 0.769 V. T he E h g e n e rated by th e Fe2+ electro d e is re la te d to th e ra tio o f th e activities o f F e3+ a n d F e 2+ by th e equation: E h = 0.769 +



Fi g u r e 1 4 .2 Variation of the emf of a Zn-Cu electro chemical cell as the oxidation-reduction reaction on which it is based progresses from the standard state when [Zn2+] = [Cu2+] = 1.0 mol/L, and E° = —1.10 V toward equilibrium when [Zn 2 +]/[C u2+] = IO3 7 , 5 and E = 0.00 V.



F e 2+ -» F e 3+ + e "



(14.53)



T he com plete o x id a tio n -red u ctio n reactio n , w hen this electro d e is com bined w ith th e H 2 electro d e in th e stan d ard state, is o b tain ed by adding th e H 2 half-reaction: H + + e “ -» \ H 2



[Fe3+] [Fe2+]



(14.55)



W e show ed in Section 12.5 th a t liquid w a te r m ust m ain ta in an equilibrium w ith 0 2 an d H 2 gas:



(14.56)



T he E h g e n e ra te d by th e Fe2+ ele c tro d e is given by eq u a tio n 14.47. W hen b o th electro d es a re in th e sta n d a rd state, th e chan g e in fre e en erg y of e q u a tio n 14.55 is A G°r = [G }( F e 3+) + \G % H 2)] - [G ^(H +) + G ^(F e2+)]



T he e q u atio n establishes th e relatio n sh ip b etw een th e em f g en erated by th e F e 2 4 electro d e connect ed to th e H 2 electro d e in th e sta n d ard state for dif fe re n t values of th e [Fe 3 4 ]/[ F e 24] activity ratio. In n a tu ra l system s th e E h , like p H , is an envi ronm ental param eter w hose value reflects the ability o f th e n a tu ra l system to b e an electro n d o n o r o r accep to r relativ e to th e stan d ard H 2 electrode. T h erefore, e q u a tio n 14.58 leads to the im p o rta n t conclusion th a t th e [Fe 3 4 ] /[ F e 2+] ra tio o f a n a tu ra l geochem ical system d ep en d s o n th e E h o f th e env iro n m en t. This exam ple suggests th a t th e concepts o f electro ch em istry p re se n te d in Section 14.2 a re in d e e d applicable to n a tu ra l systems.



14.4



Since th e H 2 ele ctro d e is in th e sta n d a rd state, [H +] = [H 2] = 1.0. T h erefo re, th e re a c tio n q u o tie n t o f re a c tio n 14.55 is: Q =



0.05916. [Fe34] ■log (14.58) 1 [Fe24]



(14.54)



to e q u a tio n 14.53, w hich yields: F e 2+ + H + -> F e 3+ + \ H 2
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(14.57)



Stability Limits of Water in Terms of Eh and pH



H20 ( l ) - | 0



2



(g) + H 2 (g)



(14.59)



W e u sed this e q u a tio n to set lim its on th e fugacity o f 0 2 re q u ire d fo r stability o f liquid w ater o n th e surface o f th e E a rth . N o w w e w an t to d eterm in e th e stability lim its o f w a te r in te rm s of E h an d pH . A t first glance, this m ay a p p e a r to b e a p re tty hopeless p ro p o sitio n u n til w e recall th a t w e are dealing h e re w ith ele ctro d e half-reactions. T h erefore, w e in v en t th e water electrode: H 2 0(1) -» 2 H + + \ 0



2



+ 2 e-



(14.60)



In this e le c tro d e th e O in th e w a te r m olecule gives u p tw o electro n s and th e re b y changes its
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valence n u m b e r fro m —2 to 0. E q u a tio n 14.60 th erefo re is an electro n -d o n o r half-reaction th at can g en erate an E h w hen it is con n ected to the hydrogen referen ce electrode, w hich is m ain tained in th e stan d ard state. It does n o t m a tte r w h eth er an H 2 0 - H 2 electrochem ical cell can actually b e con structed. M oreover, w e do n o t n e ed to com plete th e o x id atio n -red u ctio n reactio n by adding the stan d ard H 2 electrode reactio n to e q u atio n 14.60 because th e E h is g en erated entirely by th e w ater electrode. T herefore, w e can express th e E h of th e w ater electrode by th e equation:



W e can also use e q u a tio n 14.67 to sta te th e stab ility lim its o f liquid w ater o n th e surface of th e E a rth . A cco rd in g to th e discussion in Section 12.5, th e fugacity o f 0 2 in equilibrium w ith liquid w a ter can vary b etw e e n 1.0 and IO - 8 3 -1 atm . W h en w e apply th ese lim its to e q u a tio n 14.67, w e o b ta in fo r 0 2 = 1.0 atm: E h = 1.23 - 0.05916 p H a n d fo r



0



2



=



1 0 - 8 3 1



(14.68)



atm :



E h = 1.23 + 0 .0 1 4 7 9 (-8 3 .1 ) - 0.05916 p H (14.69)



Eh = E° +



lo g ( [ 0 2 ! 1 / 2 [H +]2)



(14.61)



W e d e te rm in e E ° by calculating AG°R for th e w ater e le c tro d e as w ritten in eq u a tio n 14.60: A G°r = [2G }(U +) +



0 2) + 2 G°f (e~)\



- [G y(H 2 0 ( l) ) ] (14.62)



E h = -0 .0 5 9 1 6 p H



(14.70)



E q u a tio n s 14.68 an d 14.70 are straight lines in co ordinates o f E h an d p H , w hich define th e stabil ity field o f liquid w ater in F igure 14.3. A ll n a tu ra l chem ical reactions th a t ta k e place in th e presence of w a te r a t 25 °C an d 1 atm pressu re are restricted to th a t region o f th e diagram .



Since G }( H +) = G% 0 2) = G°f (e~) = 0, AG°r = - G ^ ( H 2 0 (1 )) = + 56.687 kcal (14.63) an d hence: E ° = + 2+ 5X~o fL = + 23.06



! - 2 3



v



v(14-64)'



T herefore, th e E h g e n e ra te d b y th e w a te r elec tro d e is: E h = 1.23 + 5 ^ 1 o g ( [ O j'« [H * F )



+ ™



M



lo g [ir ]



(14.65)



(14.66)



E h = 1.23 + 0.01479 lo g [ 0 2] - 0.05916 p H (14.67) E q u a tio n 14.67 is very im p o rta n t becau se it e sta b lishes th e relatio n sh ip b e tw e e n th e E h a n d p H of a geochem ical e n v iro n m en t a n d th e co rresp o n d ing fugacity of 0 2.



pH F i g u r e 1 4 .3 Stability field of liquid water at the sur face of the Earth at 25 °C and 1 atm pressure in coor dinates of Eh and pH. The contours of 0 2 fugacity are based on equation 14.67 and arise from the dissocia tion of liquid water into Oz, H +, and electrons.
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T he stability field o f liquid w ater in Figure 14.3 contains environm ents having positive as w ell as negative E h values. A positive E h im plies th a t th e enviro n m en t is a w eaker reducing agent th an the stan d ard H 2 electrode. T herefore, such enviro n m ents actually function as electron acceptors (oxi dizing agents) relative to th e stan d a rd H 2 electrode. Flence, such environm ents are said to be oxidizing environments, m eaning th a t they have th e ability to accept electrons from electron donors. E n v iro n m en ts having n eg ativ e E h v alues are stronger reducin g agents th a n th e sta n d a rd H 2 electrode. T h erefo re, such en v iro n m en ts fu nction as electron d o nors (red u cin g ag en ts) an d are said to b e reducing environm ents. A n oxidizing en v iro n m en t co n tain s elem en ts o r com pounds th a t a re c ap ab le o f accepting elec tro n s in case an e le ctro n d o n o r beco m es exposed to it. T he m ost co m m o n oxidizing ag en t a t o r n e a r th e surface o f th e E a rth is a tm o sp h eric m o lecu lar oxygen, w hich dissolves in w a te r an d m ay be tra n sp o rte d by th e m o v em en t o f w a te r to envi ro n m e n ts th a t a re n o t directly ex p o se d to th e atm o sp h ere. In ad d itio n , th e eq u ilib riu m o f w ate r with 0 2 an d H 2 req u ires th e p re se n ce o f b o th gases w h erev er w a te r is p re se n t o n th e E a rth . C onsequently, som e 0 2 is p re se n t ev en in en v i ro n m en ts d escrib ed as anoxic. H ow ev er, th e fugacity of 0 2 in anoxic en v iro n m en ts m ay be m uch less th a n is re q u ire d to sustain life, although certain kinds o f b a cteria thrive in such en v iro n m ents. / T he relatio n sh ip o f E h , p H , an d 0 2, exp ressed by eq u atio n 14.67; en ab les us to calculate th e fugacity o f 0 2 from th e E h an d p H o f an e n v iro n m ent. E q u a tio n 14.67 can also b e u sed to derive a series o f c o n to u rs fo r selected v alues o f th e 0 2 fugacity, as show n in F igure 14.3. T hese co n to u rs reflect th e fact th a t th e 0 2 fugacity o f n a tu ra l en v iro n m en ts can vary over an ex trem ely w ide ran g e fro m 1 to IO - 8 3 “1 atm . E v e n en v iro n m en ts classified as o xid izin g in F igure 14.3 m ay contain only very sm all am o u n ts of 0 2. C o n sid e r a n e n v iro n m e n t w ith p H = 7.0 an d E h = + 0 .6 V. E q u a tio n 14.67 in d ic a te s th a t in th is e n v iro n m e n t [ 0 2] = 10 ~ 1 4 6 atm . T h e gaseous



0 2 is in e q u ilib riu m w ith in w ater:



0



2
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m o lecu les dissolved



0 2 ( g ) ^ 0 2 (aq )



(14.71)



A t eq u ilib riu m 25 °C (Stum m an d M o rg an , 1996, p. 215): [0 2 (aq)] [ o 2 (g)]



IQ - 2 9



nr£. (14-72)



T h erefore, [ 0 2 (aq)] = 10 1 7 5 m o l/L , w hich is eq u iv alen t to a b o u t 1 X 10_ 1 3 /rg /m L o f dissolved 0 2. M ost fish re q u ire m o re th a n one m illion tim es m o re 0 2. N evertheless, th e en v iro n m en t is classi fied as being oxidizing. T he E h o f an e n v iro n m e n t can b e m e a su re d directly as th e v o ltage b e tw e e n a shiny P t elec tro d e in serte d in to th e so lu tio n to b e te ste d an d a re fe re n c e electrode. T he re fe re n c e e le c tro d e used m o st fre q u e n tly is th e calom el electrode in w hich H g re a c ts w ith C l- to fo rm H g 2 Cl 2 plus electrons: 2 H g + 2 C l- —» H g 2 Cl 2 + 2 e "



(14.73)



T h e em f o f this e lectro d e is stabilized by m a in tain in g th e activity o f C l- at a c o n stan t value by im m ersing it in a sa tu ra te d solution o f KC1. H ow ever, in practice, E h m e asu rem en ts a re diffi cult to m ak e b ecause th e in se rtio n o f th e elec tro d e m ay distu rb th e env iro n m en t, o r because th e eviro n m e n t is inaccessible, an d fo r o th e r re a sons discussed by G arrels and C hrist (1965) and b y S tum m an d M org an (1996). N evertheless, Suf ficient E h m e a su re m e n ts exist to characterize com m on geological en v ironm ents in term s of th e ra n g e o f E h and p H values (B aas-B ecking e t al., 1960). A schem atic re p re se n ta tio n o f th ese d a ta in F igure 14.4 indicates th a t en v ironm ents in contact w ith th e atm o sp h e re (rain w ater, stream s, oceans, an d m ine w aters) have positive E h values, w h e re as env iro n m en ts th a t a re isolated fro m th e a tm o s p h e re (w aterlogged soils, euxenic m arin e basins, and organic-rich brin es) have n eg ative E h values. H ow ever, m any env iro n m en ts a re tran sitio n al b etw e en th e se extrem es a n d have in te rm e d ia te E h values.
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Fi g u r e 1 4 .4 Range of Eh and pH conditions in natur al environments based on data by Baas-Becking et al. (1960) and modified after Garrels and Christ (1965).



droxides g o e th ite (a -F e O O H ) a n d lepidocrocite (y -F e O O H ) occur m etastably and, in tim e, recrystallize to h em atite. N evertheless, th e ir stability in co o rd in ates of E h an d p H can b e d elin e a te d by th e sam e m eth o d s th a t apply to h em atite and m agnetite. W e begin th e p re se n ta tio n w ith th e o xidation o f m etallic F e to m ag n etite, w hich w e express as a n ele c tro d e half-reaction: 3 F e -» F e 3 0



Stability of Iron Compounds



T he stability o f solid com pounds of elem ents hav ing different oxidation states can b e rep resen ted in te rms of E h an d p H w h en they p articip ate in elec tro d e half-reactions. W e th erefo re dem onstrate the construction o f such E h - p H stability diagrams by using th e n atu rally occurring com pounds o f F e as an exam ple. Such diagram s w ere originally ad ap ted by G arrels (1960) from electrochem ical theory used in th e study o f th e corrosion of m etals (Pourbaix, 1949). E h - p H diagram s are w idely used in geochem istry to study th e form atio n and w e ath ering o f ore deposits (G arrels and Christ, 1965), environm ental geochem istry, an d nuclear w aste dis posal (B rookins, 1978). A b o o k d ev o ted exclusively to this subject was published by B rookins (1988).



a. O x i d es o f Iron T h e n a tu ra lly o ccurring oxides o f Fe include m ag n e tite (F e 3 0 4) an d h e m a tite (a -F e 2 0 3). O th e r oxides such as m ag h em ite (y-F e 2 0 3) an d oxyhy-



(14.74)



N o te th a t m a g n e tite is a m ix ed o x id e c o m p o sed o f F e O an d F e 2 0 3. T h e re fo re, o n e o f th e m e ta l lic F e ato m s loses tw o e le c tro n s to fo rm F e O w hile th e o th e r tw o ato m s lo se th re e e lectro n s ea c h to fo rm F e 2 0 3. T h e re fo re, th e th re e m oles o f F e re q u ire d to m a k e o n e m o le o f m a g n etite give u p a to ta l o f e ig h t m o les o f electrons. In o rd e r to a c co u n t fo r th e O o f m a g n e tite w e add fo u r m o les o f H zO to th e le ft side o f th e e q u a tio n , w hich re q u ire s th e a p p e a ra n c e o f eig h t m oles o f H + on th e rig h t side: 3 F e + 4 H 20 -» F e 3 Q 4 +



14.5



+



4



8



H+ +



8



e"



(14.75)



This e le c tro d e g en erates an em f w hen it is co n n e c te d to th e stan d a rd H 2 electrode: 0.05916 r j.,» E h = E ° + — - — lo g [H ]



8



(14.76)



Since AG°R fo r this e lectro d e is -1 5 .8 5 kcal, E ° = —0.086 V. B y substituting this value in to eq u a tio n 14.76 an d a fte r converting to p H , we obtain: E h = -0 .0 8 6 - 0.0592 p H



(14.77)



T h e s tra ig h t lin e r e p r e s e n te d b y th is e q u a tio n re la te s th e E h o f th e F e - F e 3 0 4 e le c tro d e to th e ac tiv ity o f H +. If th e E h is fix e d b y th e e n v i ro n m e n t, [H +] is u n iq u e ly d e te rm in e d b y e q u a tio n (14.77) in te rm s o f th e c o rre sp o n d in g p H value. If th e [H +] o f th e e n v iro n m e n t is g re a te r th a n re q u ire d b y e q u a tio n 14.77, th e e le c tro d e h a lf-re a c tio n re d u c e s m a g n e tite to m e ta llic F e in a c c o rd a n ce w ith e q u a tio n 14.75. [Therefore, m e ta llic F e is th e sta b le p h a se u n d e r c o n d itio n s re p re s e n te d by all p o in ts lo c a te d le ft o f th e
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E h - p H lin e fo r th e F e - F e 3 0 4 e le c tro d e . I f [H +] o f th e e n v iro n m e n t h av in g a fix ed E h v alu e is less th a n th a t r e q u ire d b y th e e le c tro d e (e q u a tio n 14.75), m e ta llic F e is c o n v e rte d to F e 3 0 4. T h e re fo re , m a g n e tite is th e s ta b le p h a se in e n v i ro n m e n ts r e p re s e n te d b y p o in ts lo c a te d to th e rig h t o f th e E h - p H lin e fo r th e F e - F e 3 0 4 e le c tro d e . H o w e v e r, m e ta llic F e is n o t sta b le o n th e su rfa c e o f th e e a rth b e c a u se its sta b ility field lies o u tsid e th e stab ility lim its o f w ater. W e re a c h e d th e sam e co n c lu sio n d u rin g th e c o n stru c tio n o f th e fu g acity d ia g ra m fo r F e oxides in S ectio n 12.5b. T he con v ersio n o f m a g n e tite to h e m a tite can be expressed as an e le c tro d e half-reaction: 2 Fe3 0



4



-> 3 F e O a + 2 e” 2



(14.78)



W e re q u ire o ne m o le o f H 20 o n th e left side to balan ce O an d th e n o b ta in 2 H + o n th e right: 2 Fe3 0



4



+ H 20 —> 3 F e 2 0



AG°Ä = + 9.087 kcal



3



+ 2 H+ + 2 e



E ° = + 0.20 V



(14.79)



pH Fi g u r e 1 4 .5 Stability limits of metallic Fe, magnetite, and hematite in the presence of water at 25 °C in coor dinates of Eh and pH. Note that the pH scale starts at 2 rather than 0 .



T herefore, th e E h g e n e ra te d by this ele c tro d e as a fu n ctio n o f p H is: E h = 0.20 + ° - ° ? 16- lo g [H + ] 2



(14.80)



w hich reduces to: E h = 0.20



0.0592 p H



(14.81)



E q u a tio n s 14.77 a n d 14.81 defin e th e stab ility lim its o f m etallic Fe, m ag n etite, an d h e m a tite in F igu re 14.5. M ag n etite is stab le an d can p re cip i ta te fro m aq u eo u s so lu tio n p rim arily in red ucing en v iro n m en ts having E h < 0.0 V. H e m a tite is sta b le u n d e r oxidizing conditions, b u t its stability field does ex te n d in to red u cin g en v iro n m en ts having p H > 4.6.



b. Solu bilit y o f Iro n O x i d es B o th m a g n e tite an d h e m a tite a re slightly soluble in w ater d e p en d in g o n th e p H (S ectio n 12.5b, Figure 12.7). S everal d iffe re n t ionic an d m olecu lar species can fo rm , b u t F e2+ an d F e3+ d o m in ate at low p H . T h e solubility o f Fe-oxides lim its th e ir



stability in n a tu ra l env iro n m en ts b ecause they m ay b e re m o v e d by th e m o v e m e n t o f acidic solu tio n s in th e course o f geologic tim e. W e con sid er first th e solubility o f m ag n etite a n d h em atite w ith resp ect to F e2+.T h e so lu tio n of m agnetite to fo rm F e2+ involves a change in th e valence n u m b er of th e triv ale n t F e an d th e re fo re can b e expressed as an e lectro d e half-reaction: Fe3 0



4



3 F e,2 +



+ 2e



W e m u st rev erse this e q u a tio n in o rd e r to k eep th e electrons o n th e right side and, by adding H 20 and H + as req u ired , we obtain: 3 F e,2 + + 4 H 20



F e3 0



A G°s = + 40.698 kcal



4



+



8



H + + 2 e_



E ° = + 0 .8 8 V



T herefo re, E h = 0.8



0.05916, ( [H + ] 8 + — — log [Fe2+p



(14.83)
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w hich red u ces to: E h = 0.88 +



0.05916 X



0.05916 X 3



8



log [H +]



lo g [F e 2+]



(14.85)



E h = 0.88 - 0.237 p H - 0.089 log [Fe2+] (14.86) E q u a tio n 14.86 re p re sen ts a fam ily o f p arallel lines in c o o rd in ates of E h an d p H correspond in g to selected values of [Fe2+]. T hese lines express th e solubility o f m agnetite in th e E h - p H p lan e an d th e re fo re are valid only w ithin th e stability field o f m agnetite. T h e solubility of hem atite w ith re sp e c t to F e2+ involves a change in th e valen ce n u m b er o f Fe fro m + 3 to + 2 an d th e re fo re can b e w ritten as an electro d e h alf-reactio n w ith th e electrons o n the rig h t side: 2 F e 2+ + 3 H 20 -> F e 2 0 A G°r = + 30.161 kcal „ _ 0.05916, E h = 0.65 -I — log



3



+



6



H + + 2 e~ (14.87)



E ° = + 0 .6 5 V [H + ] 6 [Fe 2 + ] 2



(14.88)



E h = 0.65 - 0.177 p H - 0.0592 log [Fe2+] (14.89) E q u a tio n s 14.86 an d 14.89 have b e e n u se d to d raw c o n to u rs across th e stability fields o f m a g n e tite a n d h e m a tite in F ig u re 14.6 a t activities of F e2+ — 10“ 4 ,1 0 “ 6, and 10 “ 8 m o l/L . E vidently, th e solubility o f b o th oxides in creases w ith d e creas ing e n v iro n m e n tal p H a n d E h . T h erefo re, w hen h e m a tite an d m ag n etite a re expo sed to acidic en v iro n m en ts w ith low E h values, e q u iv alen t to low O z fugacities, th ey b eco m e unstable an d go in to solution. Conversely, w h en a so lu tio n co ntaining F e2+ is n e u tra liz e d (p H in creases), o r a e ra te d (E h increases), o r b o th , h e m a tite o r m ag n etite m ay precip itate. F o r exam ple, a so lu tio n co n taining [Fe2+] = IO “ 4 m o l/L (5.6 p g /m L ), w hose E h an d p H a re th e c o o rd in ates o f p o in t P in F ig u re 14.6, is u n d e rsa tu ra te d w ith re sp e c t to h em atite. If the en v iro n m en tal E h a n d p H change along th e



pH Fi g u r e 1 4 .6 Solubility of hematite and magnetite with respect to Fe2+ represented by equations 14.89 and 14.86, respectively. An activity of lO “ 6 m ol/L of ions is regarded as an effective limit on the stability of a solid phase because when [Fe2+] > IO“ 6 m ol/L, the minerals can be removed from rocks by the movement of groundwater in the course of geologic time.



arro w in F ig u re 14.6, th e so lu tio n b ecom es sa tu ra te d w ith re sp e c t to h e m a tite w h en th e p a th re ach es th e 10 “ 4 contour. If E h a n d p H continue to change in th e direction o f th e arrow , h em atite p re c ip ita te s co ntinuously as th e activity o f F e2+ decreases to IO “ 6 m o l/L (0.056 g g /m L ) and 10 “ 8 m o l/L (0.00056 /xg/m L ). T he a m o u n t of h em atite th a t p recip itates during this process is 0.44 g /L as [Fe2+] in th e so lu tio n decreases from 10 “ 4 to 10 “ 6 m o l/L . If th e en v iro n m en tal condi tions co n tin u e to change in th e d irectio n o f th e arrow , th e activity o f Fe2+ in th e solution d ecreas es fro m 10 “ 6 to 10 - 8 m o l/L , b u t th e a m o u n t of h em atite th a t p recip itates is only 0.0044 g /L . T hese figures justify th e co n v en tio n th a t an activ ity o f IO ” 6 m o l/L o f ionic species is an effective lim it o n th e stability o f solids. T h e solubility o f h e m a tite w ith re sp e c t to F e3+ d o es n o t re q u ire a change in th e valence



 14.5



ST A BILITY O F IR O N C O M P O U N D S



241



n u m b e r o f Fe. T h erefo re, w e can co n stru ct th e desired e q u a tio n p u rely o n th e basis o f m ass b a l ance: Fe2 0



+



3



6



H + -> 2 F e 3+ + 3 H 20 (14.90)



A G°r = + 5 .3 3 9 kcal



K = IO “



391



3+ J2



[Fe-



1 0



-3.91



[H +}6 2 log [Fe3+] -



log [H +] = - 3 .9 1



6



log [Fe3+] + 3 p H = - 1 .9 6



(14.91) (14.92) (14.93)



If [Fe3+] = 1(T 6 m o l/L , (14.94)



p H = 1.35



E vidently, th e solubility o f h e m a tite w ith re sp e c t to Fe3+ is in d e p e n d e n t o f E h b ecau se it does n o t re q u ire an ox id atio n o r red u ctio n . T h e so lu tio n o f m ag n etite to fo rm F e3+ does re q u ire th e oxid atio n o f o n e d iv alen t F e2+ to th e triv a le n t sta te and th e re fo re m u st be expressed as an electro d e h alf-reaction: Fe3 0



4



+



8



H + -» 3 F e 3+ + 4 H 20 + e -



E ° = + 0.54 V



A G°r = + 12.552 kcal



, _ 0.05916, /[F e 3 + 1 3 E h = 0.54 -I ; log 1 V [H +] 0.05916 X 3



E h = 0.54 +



(14.95)



(14.96)



log [Fe3+]



1



0.05916



PH X



8



log [H +]



(14.97)



1



E h = 0.54 + 0.177 log [Fe3+] + 0.473 p H (14.98) If [Fe3+] = 10



6



m o l/L ,



E h = - 0 .5 2 + 0.473 p H



(14.99)



E q u a tio n s 14.94 a n d 14.99 h a v e b e e n p lo tte d in F ig u re 1 4 .7 A b y s u p e rim p o s in g th e m on F ig u re 14.6. T h e re s u lts r e v e a l a d iscrep a n c y . E q u a tio n 14.94 (log [Fe3" ] = 10 - 6 m o l/L ) cuts o ff a c o m e r o f th e h e m a tite field in th e u p p er left co rn er of th e diagram an d intersects the



Fi g u r e 1 4 .7 A: Solubility of hematite and magnetite at 25 °C with respect to Fe3+ based on equations 14.94 and 14.98 drawn at [Fe3+] = IO-6 m ol/L. The results indicate that [Fe2+] » [Fe3+], except under acidic and strongly oxidizing conditions in the stability field of hematite. B : Completed E h-pH diagram for the oxides of Fe and their dominant ions at an activity of 1(T6 m ol/L and 25 °C. Equation 14.102 fixes the boundary where [Fe3+] = [Fe2+] in equilibrium with hematite. N ote that the pH scale has been shifted compared to Figure 14.6.
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[Fe2+] = IO - 6 m o l/L solubility c o n to u r at a p o in t w hose co o rd in ates a re p H = 1.35, E h = +0.77 V. A t th e p o in t of intersection, th e activities of F e3+ an d Fe2+ a re b o th equ al to 10 - 6 m o l/L . H ow ever, a t low er E h values th e line (e q u a tio n 14.94) en ters th e region o f th e diagram w h ere [F e2+] » 1 0 ~ 6 m o l/L , w hereas [Fe3+] rem ains at 1.0~ 6 m o l/L . T herefore, th e solubility of h em atite with respect to Fe2+ is m uch greater th an its solubility to form Fe3+ in all environm ents w here E h < +0.77 V. T h e solubility o f m ag n etite in its ow n stability field also favors Fe2+ over F e3+. E q u a tio n 14.99 (for log [Fe3+] = 10 - 6 m o l/L ) plots far to th e left o f th e Fe2+ solubility b o u n d ary a t 10 - 6 m o l/L . T h erefore, F e3+ is m u ch less a b u n d a n t th a n F e 2+ in equilibrium w ith hematite, except if p H < 1.35 and E h > 0.77 V, an d it does n o t b eco m e d o m in an t o ver Fe2- in equilib riu m w ith m agnetite u n d e r any E h - p H conditions. T he b o u n d ary along w hich [Fe3+] is eq u al to [Fe2+] in eq u ilib riu m w ith h e m a tite can b e draw n g raphically by p lo ttin g c o n to u rs a t d ifferen t activ ities an d by co n n ectin g th e p o in ts o f in tersection. A m o re eleg an t m e th o d is to w rite th e electro d e h alf-reactio n (14.53):



in th e fact th a t siderite ( F e C 0 3) ra th e r th an F e 2 ( C 0 3 ) 3 is th e com m on c a rb o n a te o f Fe. S iderite m ay p rec ip itate fro m sa tu ra te d solutions w hich a re in eq u ilib riu m w ith C O z gas o r co n tain a fixed am o u n t o f c a rb o n a te ions as a re su lt of p rio r interactio n s w ith rocks o r m inerals. W h en a so lu tio n is in e q u ilib riu m w ith C O z gas in th e stab ility fie ld o f m ag n etite, sid e rite m ay fo rm fro m m a g n e tite b y an e le c tro d e h a lf reactio n :



(14.100)



(14.105)



F e2+ —» F e 3+ + e



Since AG°R = + 17.75 kcal an d E ° = 0.77 V, E h - 0 .7



7



+ “ ^ 1



1o E f g | l [Fe2+]



4



+ 2 e " -> 3 F e C 0 3



(14.102)



W e see in Figure 14.7B th a t F e3+ is th e d o m in an t ion u n d e r n arrow ly d efined conditions (p H < 1.35 an d E h > 0.77 V ) en co u n tered only in som e acid m ine-w aters.



c. St ability o f Ferro us Carb o n a t e T he d o m inance o f F e2+ o v er F e3+ in m o st envi ro n m e n ts on th e su rface o f th e E a rth is reflected



(14.103)



T h e tw o F e 3+ ions in m a g n e tite m u st each accep t on e e le c tro n to co n v ert th e m to th e d iv alen t state. T his p u ts th e e lectro n s in eq u a tio n 14.104 o n th e w rong side. T h erefo re, w e re v e rse th e e q u a tio n an d ad d C 0 2, H zO, and H + as re q u ire d fo r balance: 3 F e C 0 3 + H 20 —> F e 3 0



4



+ 3 C 02



+ 2 H + + 2 e“ A G ° = + 12.225 kcal



E° =



E h = 0.265 + ° ' 0 ^ 9



1 6



(14.104)



+ 0.265 V



lo g ([H +] 2 [C Q 2]3)



E h = 0.265 - 0.05916 p H + 0.0887 log [ C O j (14.106)



(1 4 ,0 1 )



W e a re in terested in en vironm ents w here [Fe3+] = [Fe2+], an d log([Fe 3 +]/[F e 2+] = 0. T herefore, the b ou n d ary along w hich this condition occurs is given by: E h = 0.77 V



Fe3 0



If [ C 0 2] = 3 X 10 - 4 atm o sp h ere):



a tm (com position o f th e



E h = -0 .0 4 8 - 0.0592 p H



(14.107)



Evidently, th e sid e rite -m a g n e tite b o u n d ary plots slightly below th e stability lim it of w a te r w hen th e solution is in co n tact w ith th e atm osphere. T herefore, siderite is n o t expected to p re c ip ita te unless the fugacity of C 0 2 is g re ater th a n 3 X 10 “ 4 atm . If [ C 0 2] = 10 - 2 atm , eq u atio n 14.106 yields: E h = + 0.0876 - 0.0592 p H



(14.108)



U n d e r th e se conditions, sid erite does have a sm all stability field an d m ay p re c ip ita te u n d e r strongly red u cin g conditions fro m basic solu tio n s as in d i cated in F igure 14.8



 14.5



pH Fi g u r e 1 4 .8 Stability of siderite, magnetite, and hematite in contact with water at 25 °C in coordinates of Eh and pH assuming a fugacity of C 0 2 = IO- 2 atm and activities of IO- 6 m ol/L for Fe2+ and Fe3+.
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E q u a tio n 14.113 lim its th e stability field of siderite in F igure 14.8, w hich also depicts th e stability lim its o f h em atite and m ag n etite in coo rd in ates o f E h an d p H a t 25 °C a n d a fugacity o f C 0 2 = 10 - 2 atm . If a solution contains c arb o n ate ions, b u t is n o t actually in contact w ith C 0 2 gas, w e m ust tak e into consideration th e w ay in w hich th e a b u n dances of th e carb o n a te species vary w ith th e p H of th e solution. M olecular carbonic acid dom i n a te s a t p H < 6.35, b icarb o n ate d o m in ates at p H = 6.35-10.3, and th e ca rb o n a te ion dom in ates at p H > 10.3 (Section 9.5, Table 9.3). T h erefo re, if th e to ta l carb o n ate co n te n t of a so lu tio n is 10 ~ 2 m o l/L , [H 2 C 0 3] = IO" 2 m o l/L a t p H < 6.35, [H C O 7 ] = IO “ 2 a t p H 6.35-10,3, a n d [C O |-] = 10 “ 2 m o l/L a t p H > 10.3. T h e fo rm atio n of siderite from m ag n etite in th e d ifferen t p H in te r vals can be ex pressed b y electro d e half-reactions m o d eled after eq u atio n 14.104. A t p H < 6.35: 3 F e C 0 3 + 4 H 20 —>F e 3 0



4



+ 3 H2C 03



+ 2 H + + 2 e"



(14.114)



A t p H 6.35-10.3: H o w ev er, th e stab ility o f sid e rite is r e s tric t ed b y its so lu b ility in w a te r u n d e r re d u cin g c o n ditions: F e C 0 3 + 2 H + ^ F e 2+ + 0 O 2 + H zO (14.109) Since n o o x id atio n o r re d u c tio n ta k e s place, e q u a tio n 14.109 is based only on m ass-balance consid erations. A t equilibrium : [ C 0 2 ][F e2+] [H + ] 2 = K



. ^ N (14-110)



Since AG°R = -9 .4 9 1 kcal an d K = IO 6 958, log [ C O j + log [Fe2+] - 2 log [H +] = 6.958 (14.111) and 2 p H = 6.958 - log [ C 0 2] - logpFe2+] (14.112) I f [ C 0 2] = 10 “ 2 m o l/L an d [F e2+] = 10 “ 6 m o l/L , p H = 7.48



(14.113)



3 F e C O , + 4 H 20 -» F e 3 0



4



+ 3HC O ,



+ 5 H + + 2 e“



(14.115)



A t p H > 10.3: 3 F e C 0 3 + 4 H 20 —> F e 3 0 +



8



4



+ 3 CO2



H + + 2 e“



(14.116)



Similarly, th e e lectro d e h alf-reactions involving th e conversion o f sid erite to h e m a tite in th e sp ec ified p H in terv als are: (p H < 6.35):



2 F e C 0 3 + 3 H 2Q -> F e 2 Q 3 + 2 H 2 C O s + 2 H + + 2 e~ (14.117)



(p H 6.35-10.3):



2 F e C 0 3 + 3 H 20 -> F e 2 0



3



+ 2 H C O 3 + 4 H + + 2 e“ (14.118) (p H > 10.3):



2 F e C O s + 3 H 2Q -» F e 2 0 +



2



C O |“ +



6



3



H + + 2 e“ (14.119)
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E h -p H Equations for the Conversion of Siderite to M agnetite and H em atite at Specified p H Intervals in Solutions H aving a Total C arbonate C ontent of 1CT2 m o l/L W ithout Being in Contact with C 0 2 Gas T a b le 1 4 .4



A. Siderite to Magnetite pH < 6.35 (equation 14.114) Eh = 0.217 - 0.0592 pH. (metastable) (1) pH 6.35-10.3 (equation 14.115) Eh = 0.782 - 0.148 pH



(2)



pH > 10.3 (equation 14.116) Eh = 1.70 — 0.236 pH (metastable)



(3)



B. Siderite to Hematite p H < 6.35 (equation 14.117) Eh = 0.211 - 0.0592 pH



(4)



pH 6.35-10.3 (equation 14.118) Eh = 0.587 - 0.118 pH



(5)



pH > 10.3 (equation 14.119) Eh = 1.20 — 0.177 pH (metastable)



(6)



T he corresp o n d in g E h - p H eq u atio n s are listed in T able 14.4. A co m p ariso n o f e q u a tio n s 1 a n d 4 in T able 14.4 indicates th a t they have identical slopes but different intercepts, namely, 0.217 (siderite —> m agnetite) and 0 . 2 1 1 (siderite —» hem atite). This m eans th at th e conversion of siderite to m agnetite (eq u atio n 1 ) is m etastable because it occurs w ithin th e stability field of h em atite w here m agnetite is n o t stable. F or this rea son, equation 4 in Table 14.4 form s th e boundary betw een siderite and h em atite a t p H < 6.35 in Figure 14.9. A b o v e p H = 6.35, th e tra n sfo rm atio n of sid erite to h e m atite is re p re se n te d by eq u atio n 5 in Table 14.4 u n til th e b o u n d ary e n te rs th e m ag n e tite field w here eq u atio n 2 is valid. T h e sid erite field d e lin e a te d in this w ay actually pinch es o u t at p H < 10.3 w h en eq u a tio n 2 in tersects th e low er stability lim it o f w ater. T h erefo re, th e reactio n s re p re se n te d by eq u atio n s 3 an d 6 (valid a t p H > 10.3) are also • m e tastab le an d a re n o t show n in F ig u re 14.9.



pH F i g u r e 1 4 .9 Stability of siderite in a solution con taining 10'"2 m o l/L of dissolved carbonate ion at 25 °C without being in contact with C 0 2 gas, The dashed lines are extensions of equations 2 ,4 and 5 in Table 14.4, which represent m etastable transfor mations because at pH < 7.48 the solubility of siderite is greater than 10 6 m ol/L .



T he stability field o f sid erite d elin e a te d by th e se eq u atio n s is re stric te d by th e solubility of sid erite w ith resp ec t to Fe2+ ex p ressed by e q u a tio n 14.109. W h en th e lim it is tak en to be [Fe2+] = K T 6 m o l/L , th e b o u n d a ry betw een sid erite and F e2+ lies at p H = 7.48 (eq u atio n 14.113). The stability field o f siderite expands as th e to ta l c a rb o n a te co n te n t o f th e system increas es, b u t it decreases w ith increasing p H b ecause the activity o f C O 2- rises u p to a p H v alue o f ab o u t 10.5 an d rem ain s c o n sta n t at h ig h er p H values. W h en th e system is in co n tact w ith C 0 2, th e sta bility field o f sid erite increases w ith increasing fugacity o f C 0 2 and does n o t sh rink as th e p H rises (Figure 14.8) because, in this case, th e activi ty o f C O f- increases w ith increasing pH . (See P ro b le m 3 a t th e end o f this chapter.) H ow ever, reg ardless o f w hich case w e co n sider (fixed c a r b o n a te c o n te n t o r C O z gas), sid erite p recip itates only w h en th e c a rb o n a te c o n te n t o r th e fugacity
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o f C 0 2 a re g re a te r th a n is co n sisten t w ith th e p r e sen t atm o sp h e re o f th e E a rth .



d. St ability o f Sulf ur Sp ecies T he d o m in a n t S -bearing ions an d m olecules in n a tu ra l so lutions a re SO4- , H S O 4 , S2 -, H S -, and H 2S°. T he ab u n d an ces o f th e se ions in so lutions co n tain in g a fix ed a m o u n t o f dissolved S d e p en d b o th on p H an d E h b ecau se th e tra n sfo rm a tio n of sulfide to sulfate species req u ire s a change in valence n u m b e r fro m —2 to + 6 . In addition, nativ e S (valence n u m b e r = 0) m ay p re c ip ita te w hen th e a m o u n t o f S in th e system exceeds its solubility. T he b o u n d a ry b etw een SO 4 - an d H S O 4 can b e calculated fro m th e equilibrium : SO^- + H +^ H S O 4 A G ° = - 2 .9 4 kcal



(14.120)



K = 102 1 5 5



T h erefo re, w h en [H S O /] = [SO 2 -], [H +] = 10“215S m o l/L an d p H = 2.16. T h e b o u n d aries b e tw e e n H 2 S°, H S - , an d S2- a re also in d e p e n d e n t o f E h an d o ccu r a t p H = 7.0 ([H 2 S] = [H S - ]) an d p H = 12.9 ([H S - ] = [S2-]) as show n in F ig ure 9.3 (S ection 9.5). T h erefo re, H 2S can b e oxidized to H S O 4 a t p H < 2.16 an d to S O 4 - a t p H > 2.16 b u t < 7.0. In basic env iro n m en ts (p H > 7 .0 b u t < 12.9) H S - is oxidized to S O 2 -, b u t S2- becom es d o m in an t only in extrem ely basic environm ents, w hich a re ra re in n a tu re . T he ele c tro d e h alf-reactio n s th a t establish th e b o u n d aries b etw een H 2 S - H S O /, H 2 S - S 0 2 - , a n d H S - - S 0 2- a re listed in T able 14.5A a n d have b e e n p lo tte d in F igure 14.10. T he b o u n d arie s are d raw n w h ere th e activities o f re a c tin g S species a re eq u al to each o th e r an d a re th e re fo re in d e p e n d e n t o f th e to ta l S c o n te n t o f th e system . N ative S can p recip itate fro m aqu eo u s solu tio n w hen th e to ta l S c o n ten t o f th e system exceeds its solubility. This process is E h -d e p e n d e n t because th e valence n u m b ers o f S change fro m - 2 to 0 and from + 6 to 0 during th e tran sfo rm atio n o f sulfide an d sulfate to n ative S, respectively. Therefore, w e establish th e stability field o f native S by a series of ele c tro d e h alf-reactions w ritte n fo r th e E h - p H conditions in w hich H 2 S°, H S - , H S Ö 4 , and S O 2-



pH Fi g u r e 1 4 .1 0 Abundance of aqueous S-species and stability field of native S (rhombic) in a system con taining 10- 1 m ol/L of total S. The stability field of native S is based on the assumption that the aqueous species have activities of 10- 1 m ol/L in the E h-pH fields in which they are the dominant ion or molecule.



dom inate. M o reo v er, w e specify th a t th e to ta l S co n te n t o f th e system is 10 “ 1 m o l/L in o rd e r to assure th a t th e stability field o f native S occupies a significant a re a in the diagram . T he relev an t equ atio n s a re listed in Table 14.5B an d have b e e n u sed to draw th e stability field o f nativ e S in F igure 14.10. T he d iag ram in d icates th a t S O 4 - an d H S O 4 are th e d o m in an t stable S species in w ell-oxy g e n a te d surface w ater, w h ereas H 2 S° a n d H S p re d o m in a te u n d e r redu cin g conditions c o rre sp onding to low 0 2 fugacities. N ative S has a w ed ge-shaped stability field th a t expan d s w ith th e increasing to tal-S c o n te n t o f th e system b u t d isap p ears w h en S S < 10 - 4 8 m o l/L .



e. St ability o f Ferrous Sulfides A c o m p a riso n o f F ig u res 14.7B a n d 14.10 in d i cates th a t th e E h - p H a re a in w hich F e2+ is th e d o m in a n t F e io n in eq u ilib riu m w ith h e m a tite a n d m a g n e tite o v erlap s th e fields o f H 2 S°,
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a n d Io n ic S S p e c ie s in A q u e o u s S o lu tio n a t 25 °C A. Ionic and Molecular Species in Solution H 2S° + 4 H20 H S 0 4 + 9 H + + 8 e" AG°r = +52.718 kcal E ° = +0.285 V Eh = 0.285 - 0.0665 pH



when [H2S°] = [H S 0 4]



(1)



H 2S° + 4 H20 -> SO2' + 10 H + + 8 e ' AG°r = +55.658 kcal E ° = +0.302 V Eh = 0.302 - 0.0739 pH



when [H2S°] = [SOj- ]



(2)



H S ' + 4 H 20 -> SO?' + 9 H + + 8 e~ AG°r = +46.068 kcal E° = +0.249 V Eh = 0.249 - 0.0665 pH when [H S'] = [SO];']



(3)



B. Solubility of Native Sulfur (2S = 1 0 '1 mol/L) H 2S° -> S (rhombic) + 2 H + + 2 e ' A G | + 6.66 kcal E ° = +0.144 V Eh = 0.174 - 0.0592 pH



when [H2S°] = 10' 1 m o l/L



(4)



H S ' —» S (rhombic) + H + + 2 e ' AG° = -2 .9 3 kcal E ° = -0.0635 V Eh = 0.034 - 0.0296 pH



when [HS- ] = 10' 1 m ol/L



(5)



S (rhombic) + 4 H20 -> H S 0 4 + 7 H + + 6 e ' AG°r = + 46.058 kcal E° = +0.333 V Eh = 0.323 - 0.0690 pH S (rhombic) + 4 H20 AG°r = + 48.998 kcal



when [H S 0 4] = 10' 1 m ol/L



(6)



SO2- + 8 H + + 6 e ' E° = +0.0354 V



Eh = 0.344 - 0.0789 pH



when [SO |- ] = 10' 1 m ol/L



H S 0 4, a n d SO 2' . T h e re fo re, fe rro u s sulfides m ay b e sta b le u n d e r a w ide ra n g e o f E h an d p H cond itio n s, w h e re a s fe rric sulfides c a n n o t form b e c a u se F e 3+ is d o m in a n t o n ly u n d e r highly oxi dizing an d acidic c o n d itio n s in th e a re a o f H S 0 4 d o m in ance. T he ferro u s sulfides th a t m ay fo rm include FeS (am orphous), p y rrhotite, m ackinaw ite, troilite, pyrite, and m arcasite. H ow ever, only p y rrhotite (F e 0 9 5 S) an d p yrite (FeS2) a re stable an d n e ed to b e considered here. The o th ers m ay form as in te r m ediate m etastab le p ro d u cts th a t recrystallize to form eith er p y rrh o tite o r pyrite in th e course of geologic time.



(7)



In o rd e r to in tro d u c e ferro u s sulfides into the E h - p H d iag ram fo r th e oxides o f Fe, w e guess th a t p y rite can occur w ith h e m a tite in th e S 0 4field. T he tra n sfo rm a tio n o f py rite in to h em atite plus SO;[ req u ires changes in th e v alence n u m b ers of b o th F e an d S an d th e re fo re can be ex p ressed as an e le c tro d e half-reaction: 2 F eS 2 + 19 H 20 -» F e 2 0



3



+ 4 S O 2-



+ 38 H / + 30 e -



(14.121)



In this e lectro d e, th e valence n u m b e rs o f S change fro m — 1 in p y rite to + 6 in sulfate, w hich causes th e re lease o f 28 electrons. In a d d itio n ,



 14.5 each o f th e F e 2+ ions in py rite gives u p o n e elec tro n fo r a to ta l o f 30 electrons. F o r this re a c tio n A G ° = +266.453 kcal and E ° = + 0.385 V. If w e se t [SO 2 -] = 10 - 1 m o l/L , th e E h - p H b o u n d a ry eq u a tio n is: E h = + 0 .3 7 7 - 0.0749 p H



(14.122)



This line establishes th e b o u n d a ry b e tw e e n pyrite an d h e m a tite in th a t p a rt o f th e stability field of h e m a tite w here S 0 4- is dom inant. T he fu rth e r d ev elo p m en t o f this E h - p H d ia gram is b est d o n e by p lo ttin g each new line o n F igure 14.11, w hich alread y co n tain s th e stability fields o f th e Fe-oxides as w ell as th e d istrib u tio n of S species. T h e p y rite -h e m a tite b o u n d a ry in te r sects th e m a g n e tite -h e m a tite boundary, w hich im plies th a t p y rite an d m a g n e tite can also coexist. T herefore, w e c o n stru ct a p y rite -m a g n e tite elec tro d e reactio n in w hich th e S ap p e a rs as S O 2 - : 3 F eS 2 + 28 H 20 -» F e 3 0



+



4



6



A G ° = + 395.136 kcal



(14.123)



E ° = + 0.389 V



1 0



H zO -» F e 2+ + 2 SOj“



AG°r = + 118.146 kcal



+ 4 H S04



+ 34 H + + 30 e~ (14.125) E ° = + 0 .3 6 8 V



E h = + 0.360 - 0.0670 p H ( [ H S 0 4] = 10 " 1 m o l/L ) (14.126) E q u a tio n 14.126 e x te n d s th e p y rite - h e m a tite b o u n d a ry fro m S 0 4- -d o m in a te d e n v iro n m e n ts in to H S 0 4-d o m in a te d e n v iro n m e n ts w ith only a slight c h a n g e in slope. H o w ev er, w e d o n o t



(14.127)



E ° = + 0 .3 6 6 V



x log ([H +] 1 6 [ S 0 2 - ] 2 [Fe2+])



(14.128)



By co nverting [H +] to pH , setting [ S 0 4~] = 10 - 1 m o l/L a n d [F e2+] = 10 - 6 m o l/L , e q u a tio n 14.128 red uces to: (14.129)



In th e H S 0 4-do m in ated field th e ele c tro d e h alf re actio n is: 8



H 20 -» F e 2+ + 2 H S Ö ; + 14 H + + 14 e -



m o l/L ) (14.124)



B y p lo ttin g e q u a tio n 14.124 in F ig u re 14.11 we find th a t m ag netite re tain s a sm all stability field in strongly reducing (E h < - 0 .3 0 V ) an d basic (PH > 11.5) en v ironm ents w here it can p recip i ta te from sulfate-d o m in ated solutions. T he p y rite -h e m a tite b o u n d a ry co n tin u es into th e H S 0 4 field by virtu e o f th e e lec tro d e half reactio n and th e co rresp o n d in g E h - p H equation: 3



8



+ 16 H + + 14 e -



FeS 2 +



([S O M = 10 _



AG°R+ 254.693 kcal



F eS 2 +



E h = 0.322 - 0.067 p H



E h = 0.381 - 0.0753 p H



2 F eS 2 + 19 H zO - » F e 2 0



p lo t e q u a tio n 14.126 b ec au se w e h av e e n te re d th e field w h e re h e m a tite is so lu b le w ith re s p e c t to F e 2+. T h erefore, w e m u st now consider th e solubil ity o f py rite w ith resp e c t to F e 2+ and th e various S species. In th e S 0 4“ -d o m in ated E h - p H region, th e elec tro d e -h alf re a c tio n is:



S 0 4-



+ 56 H + + 44 e "
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A G°r = 112.266 kcal



(14.130)



E ° = + 0.348 V



E h = 0.316 - 0.0592 p H



(14.131)



w h ere [ H S 0 4] = 10 - 1 m o l/L an d [F e2+] = 10 " 6 m o l/L . B ecause this line (e q u atio n 14.131) e n te rs th e stability field o f nativ e S at a v ery low angle w e m u st co n sid er th e solubility of p y rite w ith resp ect to Fe2+ and nativ e S. F eS 2 -» F e 2+ + 2 S + 2 e " A G ° = + 20.15 k cal E h = + 0 .4 3 7 +



(14.132)



E ° = + 0 .4 3 7 V log [Fe2+]



(14.133)



If [F e2+] = 10-s m o l/L , E h = 0.259 V. T h e co n stru ctio n o f Figure 14.11 indicates th a t p y rite is stab le in th e E h - p H reg io n lying below th e b o u n d a rie s b ased on eq u atio n s 14.122, 14.124, 14.129, 14.131, an d 14.133. T herefo re,



 PH Fi g u r e 1 4.11 Composite E h-pH diagram for Fe oxides and sulfides in the presence of water at 25 °C containing ES = 10-1 m ol/L . In addition, the dashed lines indicate the conditions under which the different S species become dominant. The numbers adjacent to some of the boundaries identify equations in the text. A n even more comprehensive diagram including oxides, sulfides, and the car bonate of Fe was published by Garrels and Christ (1965).



 14.5 p y rite occurs in th e a re a w h ere H 2 S° is d o m in an t an d could b e soluble w ith re sp e c t to F e 2+ and H 2 S°. T h e re le v a n t e le c tro d e h alf-reactio n is: 2 H 2 S° + F e 2+ -> FeS 2 + 4 H + + 2 e (14.134) AG°r = -6 .8 3 kcal



E ° = -0 .1 4 8 V



E h = + 0.088 - 0.118 p H



(14.135)



w here [H 2 S°] = 10 _ 1 m o l/L an d [Fe2+] = 10 " 6 m o l/L . Since pyrite also occurs w h ere H S - is th e do m in an t S species, w e w rite th e e lectro d e h a lf reaction: 2 H S - + F e 2+ -> F eS 2 + 2 H + + 2 e " (14.136) AG £ = 26.01 kcal



E ° = -0 .5 6 4 V



E h = -0 .3 2 7 - 0.0591 p H



(14.137)



w here [H S - ] = 10 - 1 m o l/L a n d [F e2+] = 10 - 6 m o l/L . E v id en tly this line lies o u tsid e th e stability field o f w ater, w hich im plies th a t p y rite is n o t appreciably soluble w ith resp ect to F e 2+ u n d e r conditions w here H S " is th e d o m in an t S species. Finally, w e co n sid er th e re la tio n sh ip b e tw ee n p y rite a n d py rrh o tite, w hich d o es re q u ire a ch an g e in th e valen ce n u m b e r o f S fro m - 1 in p y rite to - 2 in p y rrh o tite. T h e re le v a n t e le ctro d e re a c tio n in th e H S '-d o m in a te d E h - p H re g io n is: FeS + H S " -»■ FeS 2 + H + + 2 e " AG°r = -1 7 .9 3 kcal



(14.138)



E ° = -0 .3 8 9 V



E h = - 0 .3 5 9 - 0.0296 p H ([H S - ] = 10 - 1 m o l/L )



(14.139)



N o te th a t th e fo rm u la fo r p y rrh o tite in e q u a tio n 14.138 is g iv en as FeS fo r th e sa k e o f sim p licity e v e n th o u g h its s ta n d a rd fre e e n erg y v a lu e in A p p e n d ix B is fo r F e 0 9 5 S. E q u a tio n 14.139 d e lin e a te s a sm all stab ility fie ld fo r p y rrh o tite u n d e r e x tre m e ly b asic (p H > 12) an d re d u c in g (E h < —0.52 V ) co n d itio n s, w hich ex p lain s w hy th is m in e ra l is rarely , if ev er, fo u n d as an a u th ig e n ic m in e ra l in s e d im e n ta ry rocks.
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F ig u re 14.11 co n tain s a g re a t d e a l o f in fo r m a tio n a b o u t th e g eo ch em istry o f F e o n th e s u r face o f th e E a rth . I t id en tifies th e e n v iro n m e n ts in w hich h e m a tite , m ag n etite, p y rite , p y rrh o tite , a n d nativ e S a re sta b le in th e p re se n c e o f w a te r co n tain in g 10 - 1 m o l/L o f S species. In ad d itio n , th e d ia g ra m d elin e a te s e n v iro n m e n ta l co n d i tio n s th a t cause th e F e-m in erals to dissolve sig n ifican tly to fo rm F e 2+ o r F e 3+ an d w hich th e re fo re fa v o r th e tra n s p o rt o f F e in aq u e o u s so lu tio n s a t 25 ° G In gen eral, w e see th a t F e is m o b ile p rim a rily u n d e r acidic a n d oxidizing c o n d itio n s a n d th a t it b eco m es im m o b ile w h en Feb e a rin g so lu tio n s are n e u tra liz e d o r e n te r red u c in g e n v iro n m e n ts co n tain in g d issolved S. T h e m in e ra ls th a t fo rm b y p re c ip ita tio n fro m a q u e o u s so lu tio n s d e p e n d o n th e E h an d p H c o n d itio n s as show n in F ig u re 14.11. H o w ev er, in te rm e d ia te co m p o u n d s m ay fo rm initially, w hich m ay su b se q u e n tly recry stallize to fo rm th e sta b le p h a se s h av in g th e low est s ta n d a rd free e n e rg ie s o f fo rm a tio n . A ll n a tu ra l so lu tio n s c o n ta in n o t o n ly F e an d S b u t also c a rb o n a te ions. T h ere fo re, n a tu ra l sys tem s m ay p re c ip ita te sid erite, w hich is n o t show n in F ig u re 14.11 in o rd e r to avoid overcrow ding. A n E h - p H d iag ram including th e oxides, sul fides, a n d th e c a rb o n a te o f F e w as w o rk e d o u t by G a rre ls a n d C h rist (1965, Fig. 7.21) fo r a sys te m a t 25 °C co n tain in g 2 S = 10 " 6 m o l/L an d 2 ca rb o n a te s = 1 m o l/L . T h e m e th o d s illu strated h e re can b e u se d to develop E h - p H diagram s fo r all elem ents in the p e rio d ic ta b le w ith th e ex cep tio n o f th e n o b le gases, w hich do n o t change th e ir o x id atio n state. Such diagram s a re useful in th e study o f m etallic m ineral deposits, in geochem ical prospecting, and in en v iro n m en tal geochem istry. T he m o st com p reh en siv e tre a tm e n t o f this subject is by B ro o k in s (1988).



14.6 Summary T he elem en ts an d th e ir ions can b e ra n k e d by th e ir ten d en cy to give u p electro n s as ex pressed in disp lacem en t reactio n s th a t involve th e tra n s fer of electrons fro m th e e le ctro n d o n o r (reducing
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agent) to th e e lec tro n accep to r (oxidizing agent). T he resulting o x id a tio n -re d u c tio n reactio n s m ust b e b alan ced by u se o f valence n u m b ers to assure th a t th e n u m b e r o f electro n s given u p by th e red u cin g ag en t is eq u a l to th e n u m b e r o f elec tro n s g ained by th e oxidizing agent. O x id a tio n -re d u c tio n reactio n s can b e divid ed in to tw o co m p lem en tary half-reactions th a t m ay b e se p a ra te d physically to fo rm a n e le c tro chem ical cell. T h e electro m o tiv e force (em f) ex e rte d by such a cell is m easu rab le as a voltage b e tw e e n the electro d es dipping in to an elec tro ly te solution. T he em f o f an electro ch em ical cell in th e sta n d a rd sta te is rela te d to th e sta n d a rd free energy change o f th e re a c tio n by F a ra d a y ’s co n stan t. W h en th e cell is n o t in th e sta n d a rd state, th e em f is re la te d to th e rea ctio n q u o tie n t an d d ecreases to zero as th e o x id atio n -red u ctio n reactio n ap p ro ach es equilibrium . A system atic scale o f em f values is c reated by arb itrarily assigning a valu e o f zero to th e em f of th e H 2 electro d e in th e sta n d a rd state. This is accom plished by setting th e sta n d a rd fre e e n e r gies o f fo rm a tio n o f H + an d e - eq u a l to zero. T he sta n d a rd e le c tro d e p o ten tials o f all o th e r elec tro d e s c a n b e calcu lated fro m th e ir stan d a rd free energy change alo n e w h en th e y are co n n ected to th e sta n d a rd H 2 electrode. W h en th e electro d e half-reactions a re w ritten w ith th e electrons on th e rig h t side o f th e eq u a tio n , th e algebraic sign and m ag n itu d e o f th e ir sta n d a rd ele c tro d e p o te n tials b ecom e th e basis fo r ran k in g th e m relativ e to th e sta n d a rd H 2 electro d e. Such a ra n k e d list of electro d e half-reactions is called th e ele ctro m o tive series. A n egativ e sign o f th e sta n d a rd elec tro d e p o te n tia l indicates th a t th e h a lf-reactio n is a stro n g e r ele c tro n d o n o r (reducing ag en t) th a n th e stan d a rd H 2 electro d e, w h ereas a positive sign indicates th a t th e e le c tro d e is a w eak er reducing ag en t a n d is th e re fo re a stro n g e r oxidizing ag ent th a n th e sta n d ard H 2 electrode. A s ex p ected fro m th e ir electro n ic co n figura tions, th e alkali m etals an d alkalin e e a rth s a re stro n g red u cin g agents, w h ereas th e h alo g en s a n d o th e r n o nm etallic elem en ts a re stro n g oxidizing agents. H ow ever, th e cations o f a m etal can act as



e le c tro n acceptors (oxidizing agents) an d th e anions o f a n o n m e ta l can fu n ctio n as electro n d o n o rs (reducing agents). In o rd e r to facilitate th e applicatio n o f elec tro ch em istry to n a tu ra l en v ironm ents a special em f is defin ed as th e voltage g en e ra te d by any ele c tro d e in any sta te relativ e to th e H 2 e lectro d e in th e sta n d a rd state (E h ). N a tu ra l environm ents o n th e surface o f th e E a rth a re re stric te d to a ran g e o f E h and p H conditions d ete rm in e d by th e dissociation o f liquid w ate r in to H + a n d 0 2, w hich releases electrons and th e re fo re co nstitutes an e le c tro d e h alf-reaction. T he lim its on th e stability o f w a te r re su lt fro m th e re q u ire m e n t th a t th e fugacity o f 0 2 in an en v iro n m en t o p e n to th e atm o sp h e re m u st b e less th a n 1 . 0 b u t g re a te r th a n IO - 8 3 1 atm . T he E h an d p H values o f n a tu ra l en v i ro n m en ts d ep en d on th e ir chem ical com positions an d on th e reactio n s th a t a re taking place w ithin them . T h erefore, th e E h and th e p H are b o th envi ronm ental param eters th a t a re im p o sed o n any specific reactio n occurring in th e environm ent. The algebraic sign of m easured environm ental E h values gives m eaning to the widely used concept o f oxidizing and reducing conditions. Oxidizing environm ents have positive E h values, so they are w eak er reducing agents th an th e standard H 2 elec trode. R educing environm ents have negative E h values and a re th erefo re stronger reducing agents th an th e standard H 2 electrode. The capacity of an environm ent to be a reducing agent results from th e presence o f p o tential electron donors th at can force th e standard H 2 electrode to accept electrons. O rganic com pounds of biological origin containing red uced form s o f C, such as C H 4, w here the C has a valence n u m b er o f —4, are a com m on source of electrons in natu ral environ m ents. Similarly, the oxidizing character of an environm ent results from th e presence o f potential electron acceptors o r oxi dizing agents. A com m on oxidizing agent in natural environm ents is m olecular 0 2, which can accept fo u r electrons p e r m olecule. H ow ever, m any oth er com pounds and ions have an effect on the E h o f a particular environm ent. T he E h an d p H o f n a tu ra l environm ents can b e used to define relationships betw een solids,



 PR O BLE M S b etw een solids and ions, and am ong ions in aq u e ous solution of elem ents th a t can have different valence num bers. T he E h - p H stability diagram s of Fe com pounds, including oxides, carbonates, and sulfides, a re constructed from ap p ro p riate elec tro d e half-reactions th a t define com patible rela tionships b etw een E h and p H for these electrodes. The resulting diagram s can be used to und erstan d th e geochem istry of Fe and S an d to p red ict th e
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effect of environ m ental changes o n th e com pounds and ions of these elem ents. Such diagram s have b een co nstructed for m ost of th e elem ents. T he E h - p H diagram s a re useful in studying th e origin o f m etallic m ineral deposits and the subse q u en t dispersal of m etals during chem ical w eath er ing. F or this reason they a re relevant also in hydrogeology, environm ental geochem istry, an d soil chemistry.



Problems 1. Write electronic formulas for S2_,Ti4+, P3_, Zr4+, and Cl7+. N ote the tendency of these elements to achieve the electronic configuration of noble gases. 2. Balance the following oxidation-reduction reac tions. (a) MnO 4 + C P -> Mn2+ + Cl2



(b) A s2S3 + N O ; H A s 0 3 + S + NO (c) Cr20 2- + I“ Cr3+ + I2 (d) CrO; + CIO" CrO2- + CL (e) CHÜ + SO;;- -> H C O ; + H S“



7. Manganese forms the following oxide minerals: manganite (MnOOH), manganosite (MnO), pyrolusite (M n 0 2), and hausmannite (Mn30 4). Determine the valence numbers of Mn in each compound and order them in terms of increasing valence number of Mn.



8. (a) Derive Eh-pH equations based on the pro gressive oxidation of Mn to form oxides starting with metallic Mn. (b) Plot these equations in coordinates of Eh and pH using a full sheet of graph paper, add the stabili ty limits of water, and label all fields.



3. Calculate the abundance of CO2- in moles per liter at pH = 9,10,11 in two different systems.



(c) Is metallic Mn stable at the surface of the Earth?



(a) Having a fixed total carbonate content of IO“2 m ol/L.



9. (a) Derive equations in terms of Eh and pH for the solution of the oxide minerals of Mn to form Mn2+.



(b) In equilibrium with C 0 2 gas at a fugacity of IO“ 2 atm. 4. Complete the following electrode half-reactions in the conventional form and calculate their standard electrode potentials. (a) PbO (red)—>Pb02 (b) (c) (d) (e)



Cu20 —»Cu UO^+ -> U 4+ Cr3+ -> Cr20 2



S i —>SiF2“



5. Combine the Ag and Cu electrode half-reactions and calculate the emf when [Cu2 +]/[A g + ] 2 = IO-4. 6. Combine the A l and Ni electrodes and calculate the em f when [Ni2+]3/[A l3+]2 = IO-2.



(b) Plot the equations for [Mn2+] = 10 6 m ol/L on the diagram constructed in Problem 8b. 10. What is the fugacity of 0 2 of an environment having pH = 7.0 and Eh = + 0.2 V? 11. A solution containing IO-6 m ol/L of Fez+ and Mn2+ at Eh = +0.2 V is neutralized such that its pH changes from 4 to 6. What effect will this have on the concentrations of Fe2+ and Mn2+ in the solution? Refer to the appropriate E h-pH diagrams. 12. Based on the insight gained above, explain why Fe-oxide deposits in near shore marine environments have low Mn concentrations and speculate about the fate of Mn in the oceans.
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 15 Rates of Geochemical Processes T he p ro g ress of chem ical re a ctio n s d ep en d s on th e ir rates, w hich are c o n tro lled b y a variety of factors, including th e te m p e ra tu re , the co n cen tratio n s o f re a cta n ts and products, and th e ra te of m ass tra n sfe r in to an d o u t o f a fixed reactio n site. In som e cases, th e tra n sfo rm a tio n th a t we ob serve is th e en d p ro d u c t of sev eral in te rm e d i ate reactio n s each of which p ro ceed s at its ow n rate. A s a result, th e ra te o f th e co m p lete re a c tion m ay b e co n tro lled by th e slow est of the in te rm e d ia te reactions, w hich beco m es th e rated eterm ining step. T h erefore, th e study of the kinetics of chem ical reactions leads to insights a b o u t w h at really h ap pens during such fam iliar processes as the fo rm ation of a crystalline p re cipitate in aqueo u s solution, th e in co n g ruen t so lu tio n o f m inerals, o r th e fo rm a tio n o f c o n c re tio n s d u rin g d iag en esis o f se d im e n t. T he e x p la n a tio n s o f reaction m ech a n ism s a n d the m a th e m a tic a l d esc rip tio n s o f th e ra te s o f ch em ical tra n sfo rm a tio n s a re o fte n co m p lex a n d are, in m any cases, n o t as w ell u n d e rs to o d as th e th e rm o d y n a m ic tre a tm e n t o f ch em ical re a c tions. In g en e ra l, th e rm o d y n a m ic s allow s us to p re d ic t w h a t sh o u ld h a p p e n , w h e re a s k in etics d e te rm in e s w h e th e r it actu ally d o e s o c c u r in a re a so n a b le in te rv a l o f tim e.



15.1



Rates of Chemical Reactions



T he first q u an titativ e study o f chem ical kinetics was u n d e rta k e n by L. W ilhelm y in 1850'. It was follow ed in 1863 by th e im p o rta n t w o rk of



G u ld b erg and W aage, w ho deriv ed th e L aw of M ass A ctio n fro m th e c o n cep t th a t a t eq u ilib ri u m th e ra te o f th e fo rw ard re a c tio n is eq u al to th e ra te of th e backw ard reactio n . T he principles of chem ical kinetics and o th e r ra te -d e p en d e n t processes such as diffusion and adv ectio n have b e e n com bined with therm o d y n am ics only recen tly in co m prehensive m ath em atical d escrip tions of th e rates o f geochem ical processes (B erner, 1971, 1980; H o fm an n e t al., 1974; L erm an , 1979; L asaga and K irkpatrick, 1981). T he ra te of a chem ical re a c tio n can be exp ressed in term s of the co n su m p tion of o n e of th e re a c ta n ts o r in term s of the fo rm a tio n of one o f the products. W h atev er m eth o d is used, the ra te s o f chem ical reactio ns decline w ith tim e fro m som e initial value until th ey becom e v irtu ally equal to zero as th e reactio n is e ith e r re a c h ing equilibrium o r is going to com pletion. W e first e n c o u n te re d this idea in Section 9.1, w h ere we described the dissolution o f N aC l(s) in w a te r as a fu n ctio n of tim e (Figure 9.1).



a. O r d e r of t he Reactio n T he ra te of change o f th e co n c e n tra tio n o f a re a c ta n t o r p ro d u ct o f a chem ical reactio n generally varies as som e po w er o f its co n cen tratio n . F or exam ple, in th e reaction: X



Y + Z



(15.1)



th e ra te of consum ption of re a c ta n t X is given by an e q u atio n of th e form : = k(xy



(15.2)
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w h e re (X ) is th e c o n c e n tra tio n o f re a c ta n t X at any tim e t, n is a n u m b e r w hose valu e indicates th e order of th e re a c tio n , k is th e specific ra te c o n stan t, an d th e m inus sign is n e e d e d to indicate th a t th e ra te decreases w ith tim e. T he n u m erical v alu es o f n and k fo r a specific re a c tio n m u st be d e te rm in e d experim entally. If n = 1.0, th e re a c tio n is said to be a first-order reactio n , an d so on. T h e v alue o f n m ay also be a fractio n like { in w hich case th e o rd e r is o ne h a lf T h e o rder o f th e re a c tio n re p re s e n te d by e q u a tio n 15.1 can b e d e te rm in e d by m easu rin g h ow th e initial ra te o f th e re a c tio n (i?*) varies w ith th e initial c o n c e n tra tio n o f re a c ta n t X r e p re s e n te d by (X )0. F o r this p u rp o se we re w rite e q u a tio n 15.2 as: = c o n sta n t x ((X )0)"



m ay be ex p ressed as:



- ®



= *(X)"'(Y)"‘



(15.10)



and th e o rd e r o f such a reactio n is n x + n2. N o te th a t th e ex p o n en ts of th e ra te e q u a tio n do not necessarily ag ree w ith th e m o lar coefficients of the b a lan ced e q u a tio n o f the reaction.



b. Rate Co nst a n t T he value o f th e specific rate co n stan t (k ) m ust also be d e te rm in e d experim entally by m easuring the c o n c en tratio n of re a c ta n t X at know n in te r vals o f tim e as the reactio n ru n s its course. For this p u rp o se we re a rra n g e e q u a tio n 15.2 fo r a firsto rd e r reaction:



(15.3)



= kdt



(15.11)



w hich w e linearize in the form : logi?o = log c o n stan t + n lo g (X ) 0 (15.4) T h erefo re, a p lo t o f log R * versus log (X ) 0 yields a straig h t line w hose slope is eq u al to n. T h e ra te e q u atio n of reactio n s such as: 2X-> Y + Z



(15.5)



m ay ta k e th e form : (15.6)



w hich m akes it a se c o n d -o rd e r reactio n . If the re a c tio n is: X + Y ^Z



(15.7)



th e ra te e q u a tio n m ay ta k e th e form : ^



(15.12) ln (X ) = —k t + co n stan t of in te g ra tio n



= k ( X ) '( Y ) ‘



(15.8)



This is also a se c o n d -o rd e r reactio n , b u t it is said to b e first o rd e r w ith re sp e c t to X , first o rd e r w ith re sp e c t to Y, a n d second o rd e r overall. In g eneral, th e ra te eq u a tio n o f a chem ical reaction: aX + b Y ^ c Z



(15.9)



(15.13)



If t = 0, th e in teg ratio n co n stan t is In (X ) 0 w here (X ) 0 is the initial co n cen tratio n o f X. T herefore, ln (X ) = In (X)„ - k t



- d^ - = k { X f



-



w hich w e can integrate:



ln ^ -= - k t (X ) = (X )0e~kI



(15.14) (15.15) (15.16)



E q u a tio n 15.14 is a stra ig h t line in c o o rd in a te s of ln (X ) an d t w hose slope is n eg ativ e b ecau se th e c o n c e n tra tio n o f re a c ta n t X decreases w ith tim e. T he a b so lu te v alue of th e slope is th e sp e cific ra te c o n s ta n t (k ) of th e re a c tio n . E q u a tio n 15.16 has th e sam e fo rm as e q u a tio n 16.9 in C h a p te r 16, w h ich ex p resses th e law o f radioac tive decay. T h e ra te o f decay of a radioactive nuclide can be sta ted in term s o f th e half-life, w hich is the tim e re q u ire d for o n e h alf of an initial n u m b e r of rad io activ e atom s to decay. W e th e re fo re define th e reaction half-life (t1/2) in a sim ilar m an n er and
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can show (see C h a p te r 16) th a t for a first-o rd e r reaction: In



2



(15.17)



tl' 2 = X



d ( X ) /d t



m o l/L



(X )



m o l/L X se c



= sec



(15.18)



1



For seco n d -o rd er reactio n s th e units of k are: _ d (X )d t _ W



( L



m o l x sec



m o l/L m o l/L ) 2 X se c = L m ol



1



sec



1



(15.19)



T h e ra te o f a first-o rd e r re a c tio n m ay also be ex p ressed in term s of th e increase o f th e c o n c e n tra tio n of o n e of th e p roducts. F o r ex am p le, fo r th e re a c tio n re p re s e n te d by e q u a tio n 15.1 th e ra te o f fo rm a tio n o f p ro d u c t Y can be e x p re sse d as follow s. If x m oles o f re a c ta n t X h av e re a c te d at tim e t, th e c o n c e n tra tio n o f p ro d u c ts Y an d Z is e q u a l to x and th e c o n c e n tra tio n o f r e a c ta n t X is (X )Q - x. T h ere fo re, th e ra te o f fo rm a tio n of Y is: ^



= *[(X ) 0 - x]



(15.20)



By rearran g in g this eq u atio n and by in teg ratio n w e obtain: - I n [(X ) 0 — x] = k t + c o n stan t (15.21) If t = 0, th e n x = 0, an d th e co n stan t o f in te g ra tion is —In (X )0. T herefore: In



(X ) q (X )o -



(X ) 0



= e~kt



= kt



(X) 0 _ = g*f (X ) 0 - x



(15.22)



(15.23)



(15.24)



an d thus x = (X )0( l - e~kl)



W hen tim e is m e a su re d in seco n d s a n d c o n c e n tra tio n s a re ex p ressed in m o le s /lite r, th e u n its o f th e ra te c o n sta n t (&) o f a first-o rd e r re a c tio n are: k =



(X)q - x
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(15.25)



E q u a tio n 15.22 is a straig h t line in co o rd in a te s of In (X ) 0 /[ ( X ) 0 — x] an d t w hose slope is eq u al to k. E q u a tio n 15.25 has th e sam e form as e q u a tio n 16.19 fo r th e grow th o f a stable radiogenic dau g h ter. T herefo re, th e consum ption o f a re a c ta n t and th e fo rm a tio n o f a p ro d u c t in a firstorder chem ical reactio n are governed by th e sam e eq u atio n s as th e decay o f a rad ioactiv e p a re n t nuclide and th e resulting grow th of a rad io g en ic dau g h ter. B o th a re illu strate d in Figure 15.1 fo r a h y p o th etical re a c tio n w hose ra te c o n sta n t k = 0.0693 sec“ 1, w hich c o rresp o n d s to a reactio n half-life of 1 0 sec.



c. Te m p era t ure D e p e n d e nce of Rate Co nst an ts B efo re a re a c tio n o f th e form : X + Y —»Z



(15.26)



c an ta k e place, th e a to m s o r m o lecules o f th e re a c ta n ts X an d Y m u st collide w ith su ffic ie n t en erg y to allow th em to fo rm a b o n d . T h e m in i m u m en erg y re q u ire d fo r tw o ato m s o r m o le cules to re a c t is called th e activation energy. W h en X an d Y a re m olecules, th e chem ical b o n d s th e y c o n ta in m ay h av e to b re a k b e fo re th e ato m s can re c o m b in e to fo rm an in te rm e d i a te activated com p lex, w hich su b se q u e n tly deco m p o ses to fro m th e p ro d u c t. T he ac tiv a tio n en erg y (E f) acts as a b a rrie r, illu stra te d in F ig u re 15.2, b e tw e e n th e re a c ta n ts an d p ro d u c ts th a t m u st be o v erco m e b e fo re th e re a c ta n ts can fo rm th e d e sire d p ro d u c t. T he ra te s o f chem ical re a c tio n u ltim a te ly d e p e n d on th e fre q u en c y w ith w hich a to m s o r m olecules o f th e re a c ta n ts a c q u ire th e n ecessary activ atio n e n erg y th a t e n a b le s th e m to fo rm bonds. T h e re fo re, th e ra te s o f chem ical re a c tio n s increase w ith in creasin g te m p e ra tu re b ec au se th e fra c tio n of a to m ic o r
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m o le c u la r collisions th a t are sufficiently e n e r getic to p ro v id e th e a ctiv a tio n en erg y increases w ith te m p e ra tu re . T h e relatio n sh ip b etw een th e specific rate c o n sta n t (k ) o f a chem ical reactio n , the te m p e ra tu re ( T ) in kelvins, and th e activation energy ( E s) in kilocalories is given by an e q u atio n d eriv ed by Svante A rrh e n iu s in 1889 (M oore, 1955): k = A e ~ E‘/RT



(15.27)



w h e re A is a c o n sta n t th a t has a ch aracteristic v alu e fo r each reactio n , and R is th e gas co n stant. T he c o n sta n t A is called th e freq u en cy fa cto r an d e - E j R T j s k n o w n a s (-fog B o ltzm a n n factor, w hich is th e fractio n o f ato m s o r m o lecules th at m a n ages to acq u ire th e n ecessary activ atio n energy fro m th e e n erg y lib e ra te d by collisions. By tak in g b ase 10 lo garith m s of e q u a tio n 15.27 w e can tra n sfo rm it in to a straig h t line in co o rd in ate s of log k an d 1 fT :



=



( 1 5 '2 8 )



A p lo t of ex p erim en tally d e te rm in e d values of th e ra te c o n sta n t of a chem ical reactio n at differ



60



Fi g u re 15.1 Kinetics of a hypothetical first-order chemical reaction represented by X —>Y + Z.The consumption of reactant X follows equation 15.16 where the specific rate constant k = 0.0693 sec-1, corresponding to a reaction half-life of 10 sec. The formation of products Y and Z is given by equa tion 15.25. The graph shows that the rate of con sumption of reactant X and the rate of formation of product Y both decrease with time from their initial values at t = 0. In this example the concen tration of reactant X apporaches zero, indicating that the reaction is going to completion. If a finite amount of X remains when the reaction rates approach zero, then the reaction is in equilibrium. Note that both curves represent the forward reac tion. The consumption of a reactant and the for mation of a product in a first-order chemical reaction are governed by the same equations as the decay of a radioactive parent nuclide to a sta ble radiogenic daughter discussed in Chapter 16.



e n t te m p e ra tu res should th erefo re yield a straight line w hose slope is eq ual to:



from which th e activation energy of the reaction can be calculated. The in tercep t on the log k axis is equ al to th e logarithm of the frequency factor A. T he activation energy is itself slightly d ep en d en t on tem p eratu re, b u t the slope of eq u atio n 15.28 is n o t perceptibly changed by this effect. T he fo rm atio n o f th e activ ated com plex and its deactivation to fo rm the p ro d u c t of a chem ical reactio n each have th e ir ow n ra te constants. A s a result, even a straig h tfo rw ard first-o rd er reactio n involves in tern al m echanism s th a t a re difficult to express m athem atically. T he p ro b lem can be solved only for th e co n d itio n of steady state w hen th e ra te o f fo rm atio n o f th e activated com plex is eq u al to th e ra te o f its d eactiv atio n an d th e n u m b e r o f activated com plexes rem ains constant. A lth o u g h th e concept o f th e activated com plex w as initially developed fo r reactions in th e gas phase, it also applies to reactions am ong ions in aq u eo u s solution.
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W hen th e density is exp ressed in gram s p e r cubic ce n tim e te r an d th e velocity in ce n tim e te rs p e r second, th e units o f th e flux are: / \ g x cm units of flux (F) = — =--------cm x sec = g e m - 2 sec- 1



(15.31)



W hen th e m a te ria l in m o tio n contains a n o th e r su b stan ce X in so lu tio n a t a co n c e n tra tio n (X ) expressed in gram s p e r cubic cen tim eter, th e n th e flux of X is: Fx = (X )t;



g cm - 2 sec - 1



(15.32)



In general, typical velocities of advective tra n s p o rt p rocesses are (L erm an , 1979): Figure 1 5 .2 Schematic representation of the activa tion energy (Ef) that must be acquired by the reactants of a chemical reaction to form the activated complex, which subsequently decomposes to form the products.



15.2



Transport of Matter: Advection



T h e eq u atio n s describing th e ra te s of chem ical reactio n s discussed above apply to statio n ary sys tem s such as a cylinder o f gas o r an aq u eous elec tro ly te so lu tio n in a beak er. H o w ev er, chem ical reactio n s in n a tu re com m only req u ire th e m ove m e n t o f re a cta n ts or p ro d u cts and th ere fo re d e p e n d o n th e applicable tra n sp o rt m echanism . T ran sp o rt o f a solute in a so lu tio n can occur p rim arily by advection or by diffusion. A d vectio n involves th e displacem ent o f m a tte r in resp o n se to th e actio n of a force. E x am p les of advection include th e flow of w ater in th e channel o f a stre a m o r in subsurface in re sp o n se to a hydraulic g radient. In addition, rain falling from a cloud, se d im e n t settling o u t of w ater, an d th e m o v em ent o f lith o sp h eric p lates on th e su rface o f th e E a rth are all exam ples of advection. T h e d isplacem ent of m a tte r p ro d u ces a flu x (F ), w hich is th e p ro d u c t o f th e density o f the m a te ria l (d) an d its velocity (v):



Meters per year Particles settling in water



3 X 102 to 3 x 104



Groundwater flow Upwelling in the oceans



1-100 1-2



Sedimentation in oceans



3 x 10“6 to 1 X 10-6



and lakes



T he flow o f w a te r th ro u g h th e p o re spaces o f sed im en t o r rock s in th e su b surface (i.e., an aquifer) is an im p o rta n t advective tra n sp o rt m echanism th a t affects chem ical reactio n s o ccu r ring w ithin th e aq u ifer because th e w a te r m ay supply som e of th e reactan ts o r rem o v e som e of th e products. T he m o v em en t of w ater, o r o f an o th e r liquid such as p etro leu m , th ro u g h a po rous m edium is governed by a law th a t was stated by H en ry D arcy in 1856. D a rc y ’s law expresses the flux of w ater (F) flow ing th ro u g h Unit area (a) o f an aq u ifer in u n it tim e as a func tio n of the hyd ro static p re ssu re difference, w hich is equivalent to th e hydraulic grad ien t (S ): F = KS



(15.33)



w h ere K is the coefficient o f hydraulic co nductivi ty w hose dim ensions a re cen tim eters p e r second. T he flux F has th e d im ensions of v o lu m e /u n it a re a /u n it tim e (cm 3 cm - 2 sec-1), w hich re d u ce s to
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ce n tim e te r p e r second a n d is th e re fo re eq uiv alen t to th e velocity o f th e w ater. T h e h y d rau lic g radi e n t S is given by:



w h e re Ah is th e d ifferen ce in ele v a tio n b etw een tw o p o in ts w ithin th e a q u ife r an d L is th e dis ta n c e b e tw e e n th e se p o in ts m e a su red alo ng the flow p ath . E q u a tio n 15.33 can b e m o dified to yield th e discharge (D ) in u n its o f cubic c e n tim e te rs p e r second: D = K S a = Fa



(15.35)



w h e re a is th e c ro ss-se c tio n a l a re a o f th e a q u ife r sh o w n sch em atically in F ig u re 15.3. W h en th e dip o f th e a q u ife r is z e ro (A h = 0), flow occurs o n ly w h en a p re ssu re d iffe re n c e is im p o sed on th e aq u ifer. T he hydraulic conductivity (K ) is related to th e coefficient o f hydraulic p erm eability (k) by the eq uation: K = ^



porosity o f th e aquifer and to the radius o f the particles o f which it is com posed (L erm an, 1979). V alues o f k range over 12 o rd ers o f m agnitude from 1 0 “ 3 cm 2 for clean gravel to 1 0 “ 1 5 cm 2 for granite an d u n w eath ered clay. T he hydraulic co n ductivity (K ) varies similarly. G o o d aquifers co m posed o f clean sand o r sand-gravel m ixtures characteristically have K ~ 10 “ 1 c m /se c an d k = 10 “ 6 cm 2 (L erm an, 1979). We can now consider an a q u ifer w ithin which a chem ical reactio n is occurring (M oore, 1955, p. 544). A solution containing re a c ta n t X at co n c en tratio n (X ) m o l/L flows th ro u g h a volum e elem en t d V (the reacto r) of th e aq u ifer w ith a dis charge ra te D (L /se c ) and leaves th e re a c to r w ith a co n cen tratio n (X) - d (X ). If no m ixing occurs, th e n the n e t change in th e n u m b e r of m oles o f X w ith tim e in the re ac to r is th e sum of tw o term s. O n e of th ese is the effect o f the chem ical reaction in the reacto r, and the o th e r is the difference in the concen tratio n of X b etw een the inflow and outflow. H ence: ^



(15.36) V



w h ere g is th e a cceleratio n d u e to gravity an d 1 7 is th e viscosity o f th e fluid. For w a te r at 2 0 °C, 1 7 = 0.01 g cm ” 1 se c “ 1, d = 1.0 g /c m 3, and since g = 980 c m /se c 2: K » 105k



(15.37)



G ra d ie n ts



=KXS



= Ah/ L



(15.38)



w h ere R is the reaction ra te p er u n it volum e. For a first-o rd er reaction with respect to re a c ta n t X: - R = k (X )



(15.39)



A fte r th e system has o p e ra te d fo r som e tim e, it achieves a steady state such that:



T he coefficient o f h y d rau lic p erm eab ility has the dim en sio n o f length sq u ared an d is re la te d to the



Flux F



= R d V - D d (X )



Area A



D isch arg e D = F x a



dnv



- 0



(15-40)



Fi g u re 1 5 .3 Schematic representation of a volume increment of a porous bed (aquifer) in subsurface. The movement of water through the aquifer is governed by Darcy’s law expressed by equation 15.33 in terms of the flux F and the gradient S. The flux has units of mass (or volume) per unit area per unit time, which reduce to cm /sec. The flux F times the area a yields the discharge D , which is the volume of water leaving the system in unit time.



 15.3 U n d e r conditions o f steady sta te an d after substi tu tin g th e ra te e q u a tio n for R, e q u atio n 15.38 becom es: —k ( X ) d V = D d (X )



(15.41)



w hich can b e in teg rated b etw een the inlet and o u tle t of th e re a c to r (dV )\



u)'d(x) (x), (X)



(15.42)



w h e re (X ), and (X ) 2 are th e m o lar co ncentrations o f X a t th e en tran c e and exit of volum e dV, respectively. T he resu lt is: kV _



(X ),



(15.43)



N o te th a t V /D has th e dim ensions of tim e called th e contact time: V D



volum e X tim e volum e



= tim e



(15.44)



an d th e re fo re re p resen ts th e average tim e m ole cule o f X spends in th e reacto r. If w e let V /D = t, eq u a tio n 15.43 becom es: In



(15.45)



(X ), (X ) 2 = ( X ) , ^



(15.46)



Thus, e q u atio n 15.43 red uces to a first-o rd er ra te e q u atio n w hen it is applied to a static system .



15.3



Transport of Matter: Diffusion



( I



(15.47)
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w h ere D h e re re p re se n ts th e d iffusion coefficient and th e m inus sign indicates th a t th e c o n c e n tra tion g ra d ien t has a n eg ative slope; th a t is, th e ions and m olecules m ove fro m p o in ts o f high c o n cen tra tio n tow ard po in ts o f low c o n cen tratio n w ithin th e m edium . E q u a tio n 15.47 was fo rm u la te d by the G erm an chem ist A d o lf Fick in th e 1850s and is know n as F ic k ’s first law. T he diffusion coeffi cient for ions an d m olecules in w ater are of th e o rd e r of 1 0 ~ 5 cm 2 /se c , w hereas fo r diffusion of ions in solids a t te m p e ra tu re s aro u n d 1000 °C, D has values aro u n d IO - 1 0 cm 2 /sec. D iffusion coeffi cients for selected ions in d ilute aqueous solutions are listed in T able 15.1. In case a so lute is tra n sp o rte d b o th by advection and by diffusion, th e to ta l flux (F) o f an ion o r m olecule X is th e sum o f th e advective flux (F a) and th e diffusive flux (F d) (L erm an, 1979, p. 58): F = Fa + F d



(15.48)



If th e solvent m oves w ith velocity v an d th e co n cen tratio n o f c o m p o n e n t X is (X ), th e advective flux according to eq u a tio n 15.32 is: F a = (X )«



(15.49)



T a b l e 1 5 . 1 D iff u s io n C o e ffic ie n ts f o r Io n s in D ilu te A q u e o u s S o lu tio n s a t 25 °C Cation



D, cm‘’/sec



Li+ N a+ K+ R b-1 Mg2+



M olecules o r ions o f a solu te in a solution ten d to disperse th ro u g h o u t a statio n ary solvent by a process know n as diffusion. If th e m ed iu m is itself in tu rb u le n t m otion, th e n the dispersion o f th e so lu te is called turbulent o r eddy diffusion. The flux (F) o f ions o r m olecules diffusing th ro u g h a statio n ary m ed iu m is p ro p o rtio n a l to th e concen tra tio n grad ien t (d c/d x):



—
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Ca2+



Anion



10.3 X IO“6 13.3 X IO“6 19.6 X 10-6 20.6 X IO“6 7.05 X 10-6 7.93 X 10-6



D, cm21sec



Br~



14.6 X 10~6 20.3 X IO“6 20.1 X 10"6



I" HS"



20.0 X IO“6 17.3 X 10“6



F“ Cl



h so4



13.3 X 10-6



Sr2+ Ba2+



7.94 X 10“6



so T



10.7 X 10^6



8.48 X IO“6



n o



3-



19.0 X 10“6



Mn2+



6.88



HC03-



11.8



Fe2+



7.19 X IO“6 6.99 X 10-6



CO2-



Co2+ Ni2+



6.79 X IO-6



HPO2-



Cu2+



7.33 X 10“6



por



9.55 X 10“6 8.46 X IO"6 7.34 X IO-6 6.12 X 10”6



Zn2+



7.15 X 10"6



MoO2^



9.91 X 1 0 '6



s o u r c e



: Lerman



X 10“6



(1979),Table 3.1.



h 2p o 4



X 10“s
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T h e diffusive flux is given by e q u a tio n 15.47. T h erefo re, th e to ta l flux o f co m p o n en t X is: d (X ) Fx = (X )v - D ■ dx W e m ay w an t to co m p are th e fluxes caused b y ad v ectio n an d by diffusion. F o r th a t p u rp o se w e d efine th e advective tra n s p o rt distan ce (L a) by th e eq u atio n : L a = vt



(15.50)



Since th e diffusion coefficient (D ) has th e d im en sions o f sq u are cen tim eters p e r second, D t has the dim ensions of sq uare ce n tim eters and ( D t f 12 has d im ensions o f len g th only. T h erefo re, th e diffusional tra n s p o rt d istan ce (L d) is: L d = (D t y '2



(15.51)



an d th e ra tio o f tra n sp o rt distances is: t \ 1 /2



vt cD t)l>2



V\D



(15.52)



E v id en tly , fo r fix ed v alu es o f v an d D th e ra tio L j L d in c re a se s w ith th e s q u a re ro o t o f tim e. T h e tim e re q u ire d to m a k e th e re sp e c tiv e tra n s p o rt d ista n c e s e q u a l to ea c h o th e r is o b ta in e d by solving e q u a tio n 15.52 fo r t in th e case th a t L j L d = 1.00: t \ 1 /2 v



{d )



= im t ~



D V



(15.53) (15.54)



2



F or exam ple, let D = l x IO - 3 cm 2/s e c and v = 1 . 0 m /y r, w hich is fairly typical for th e m ove m e n t o f g ro u n d w ater th ro u g h an aquifer. C o n vertin g th e velocity to cen tim eters p e r second: v =



1( 100)____ 1(365.25)(24)(60)(60)



3.2 X 10



c m /s e c



(15.55) an d fro m e q u a tio n 15.54 fo r th e case th a t L a = L d t =



1 X KT5 (3.2 X IO’ 6) 2



= 11.3 days



9.8 X 10 5 sec (15.56)



E vidently, a fte r 11.3 days a d v e c tio n (b a se d on a velocity o f 1 . 0 m /y r) can tra n s p o rt th e s o lu te as far as d iffu sio n c o u ld alo n e. T h e re fo re , tr a n s p o rt o f so lu te in th is case is p rim a rily by a d v e c tio n ra th e r th a n by diffu sio n . H o w e v e r, in a case w h ere th e v elo city o f th e w a te r is only v = 1 cm / 1 0 0 0 yr, w hich is rep resen tativ e o f the ra te of sedim ent deposition in the oceans, th en v = 1 / 1 0 0 0 ( 3 6 5 .2 5 ) ( 2 4 ) ( 6 0 ) ( 6 0 ) = 3 .1 6 X 1 0 ' 11 cm /se c and: t =



1 X 1(T 5 (3.16 X IO' 11) 2 = 1'00 X 1 0 'fi



sec



= 320 x 106yr



(15.57)



In this case, it tak es a long tim e befo re tra n sp o rt by advection b ecom es eq u iv alen t to diffusion. This m eans th a t diffusion is the d o m in an t tra n s p o rt m echanism in d eep -sea sedim ent. Fick’s first law relates the flux of com p o n en t X to th e co n cen tratio n grad ien t of X b u t does n o t indicate how th e c o n cen tratio n of X varies w ith time. We th e re fo re consider a volum e in crem en t having a unit cross section and a length dx extending from x to x + dx. T he change in the co n centration of X with tim e in this volum e in cre m ent is the difference betw een th e flux en terin g at x and leaving at x + dx, divided by dx. This is dim ensionally correct because: flux



_



length



g (cm 2 )(cm )(sec)



(cm 3 )(sec)



_ co n cen tratio n



(15.58)



tim e T h erefore, based tion 15.47): dc dt



dx



-D



on



Fick’s first law



(e q u a



+ D



(15.59)



dX) x



w h ere th e e q u a tio n is w ritte n in te rm s o f p a rtia l d eriv ativ es b ecau se we a re d iffe re n tia tin g only w ith re sp e c t to th e x -d ire c tio n w hile h o ld in g the o th e r tw o d irectio n s, y a n d z, co n sta n t. T h e o u t going flux a t x + d x has a po sitiv e sign b ecau se it is being su b tra c te d fro m th e flux e n te rin g a tx . Since:
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we su b stitu te in to e q u a tio n 15.59 (M oore, 1955, p. 448) and obtain: dc _



D /d c \



D



dt



dx \d x jx



dx



E q u a tio n 15.62 is F ic k ’s seco n d law, which states th a t th e ra te of change of th e co n cen tratio n o f a co m p o n en t X is equ al to th e second derivative of th e lin ear co n cen tratio n g rad ien t m ultiplied by th e diffusion coefficient. E q u a tio n 15.62 has the sam e form as th e e q u atio n th a t governs h e a t con d uction and has b een solved fo r m any different b ou n d ary conditions (C ran k , 1975). T he application o f F ick’s second law is illus tra te d by th e case w h ere a th in layer of th e diffus ing substance is placed b etw een tw o layers o f a statio n ary m edium . A cco rd in g to C ran k (1975), th e solution of e q u atio n 15.62 is: — = ( 7 r£>r)“ 1 /2 e “jJ/4D' co



(15.63)



W hen th e co n cen tratio n c is p lo tte d as a function of distance x fo r different values o f t using an a p p ro p ria te v alue of th e diffusion coefficient (D ), a series o f G aussian e rro r curves is o b tain ed th a t show how th e diffusing substance sp reads o u t as tim e increases (M oore, 1955, p. 449). T h ree such curves are show n in Figure 15.4, w here th e diffu sion takes place b o th in th e + x and in the —x d irectio n a n d th e c o n cen tratio n m ust th erefo re be divided by 2 because diffusion occurs in two directions. E q u a tio n 15.63 can be used to ev alu ate diffu sion data. If we tak e n atu ral logarithm s of e q u a tio n 15.63, we obtain:



ln©



"



|l n ( ’ ß ') “ Ä



(15'64)



D is ta n c e F i g u r e 1 5 .4 Schematic representation of the distrib ution of a diffusing substance that starts as a thin film in a stationary medium. The distribution of the diffus ing substance at different times (f) is governed by Fick’s second law expressed by equation 15.63.



w hich is a straight line in c o o rd in ates of In (c /c 0) and x 2. T h erefo re, m easu rem en ts o f th e c o n cen tratio n of an ion in a body o f w ater th ro u g h w hich the ion is diffusing define a straight line in this co o rd in ate system . The slope of this line is:



and its in te rc ep t on the y-axis is: b =



ln ( 7 rDt)



(15.66)



A n exam ple of diffusion of ions occurs in L ake V anda in W right Valley, so u th e rn V ictoria L and, A n tarctica. This lak e contains a lay er o f dense brine from which ions have diffused into an overlying layer o f less saline w ater. G re e n an d C anfield (1984) explained th e v ariatio n in the chem ical com position o f w ater ta k e n at d ifferen t d ep th s in L ake V anda in term s of diffusion of ions. T h e v ariatio n o f th e co n c e n tra tio n o f C a2+ ions w ith d ep th is illu strated in Figure 15.5, w hich also contains a p lo t of In C a 2 +/ C a l + versus x 2,
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200



400



600



tu re of 18 °C (Li and G regory, 1974). We can now solve e q u atio n 15.65 for tim e in years. Since: - 7TT = -0 .0 9 0 9 6 X 10 “ 4D t



5



= 10.99 X 10 5 1 ~ 4(6.73 X 10“ 6)(3.155 X 107) “



(15.67) '



yr



(15.68)



D ist a n c e a b o v e t h e B o t t o m S q u a r e d , c m 2 Fi g u re 1 5 .5 A: Variation of the concentration of Ca2+ as a function of depth in Lake Vanda, Wright Valley, southern Victoria Land, Antarctica. The increase of Ca2+ and other ions is caused by the pres ence of a layer of dense brine whose temperature is about 25 °C, although Lake Vanda has a permanent ice cover that is 4 m thick (Green and Canfield, 1984). B: Plot of Ca2+ concentrations in Lake Vanda in accordance with equation 15.64, which is based on Fick’s second law of diffusion. The data points define a straight line whose slope was used in equation 15.68 to calculate an age of 1290 years for the dilute layer above the brine.



w h ere x is th e d istan ce in cen tim eters from the b o tto m o f th e lak e to each analyzed sam ple. The d a ta p o in ts below a d e p th o f 45 m in th e lak e fit a straig h t line w hose slope is m = —0.090 96 X 10-5. Since th e w ater te m p e ra tu re increases with d e p th fro m —10 °C a t 45 m to —25 °C a t th e bottom , the diffusion coefficient o f C a2+ was tak en to be D = 6.73 X 10 6 cm 2/s e c at an average te m p e ra



This resu lt indicates th a t th e o b serv ed d istrib u tion of C a2+ co n ce n tra tio n s in L ak e V anda below a d e p th of —45 m is a ttrib u ta b le to ionic diffusion from the d ense b rine lay er in the p ast 1290 years. W hen diffusion involves th e m o v em en t of c h arg ed particles, electrical n e u tra lity th ro u g h o u t th e system m ust be m a in ta in e d e ith e r by the m o v em en t of positively and n egatively charged species in th e sam e d ire c tio n o r by the m o v e m e n t of ch arg ed p articles in th e o p p o site d ire c tion. M oreover, th e m ag n itu d e of th e diffusion coefficient of an ionic species is affected by ele c tro sta tic in te ra c tio n s w ith o th e r ions d e p en d in g on its ionic p o ten tial, th a t is, th e ch arg e-to -rad iu s ra tio (L asaga, 1979). T h e re fo re, the m agnitudes o f diffusion coefficients d e p e n d to som e ex te n t on th e com position of th e e n v iro n m e n t in w hich diffusion is taking place. In gen eral, several dif fe re n t kin ds o f diffusion coefficien ts have b een defin ed th a t apply to specific types of diffusion (C ra n k , 1975). T he m agnitudes of diffusion coefficients are also strongly d e p e n d e n t o n th e tem p eratu re. The te m p e ra tu re d e p en d en ce of D is expressed by the A rrh e n iu s equation: D = D 0e~E»/RT



(15.69)



w h ere D 0 is the frequency factor, E a is the activa tion energy, R is the gas constant, and T is the tem p e ra tu re in kelvins. In this context, E,d is a m easure o f th e energy req u ired to sta rt th e m ovem ent of th e diffusing substance or ion. We can linearize e q u atio n 15.69 by taking n a tu ra l logarithm s: InL> = l n D 0 —



(15. 70)
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T his is th e e q u atio n of a straig h t line in co o rd i n a te s of ln D and th e recip ro cal o f th e te m p e ra tu re w hose slope is:
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1. O b serv atio n s reg ard in g changes in th e ch em ical co m p o sitio n of th e p o re w a te r an d th e sed im en t w ith d e p th a n d h en ce w ith tim e. 2. E x p e rim e n ta tio n in th e la b o ra to ry o r th e r



Since th e slope is negative, ln D increases with decreasing values of l/ T , th a t is, w ith increasing te m p e ra tu re. T he te m p e ra tu re d ep en d en ce o f dif fusion coefficients is especially im p o rta n t in igneous petro log y because it affects th e d istrib u tio n of cations in m inerals th a t form at elevated te m p e ra tu re s by crystallization of silicate melts. V alues of relev an t diffusion coefficients o f ions in m elts and in m inerals at 1000 °C w ere com piled by H en d erso n (1982, T ables 8.1 and 8.2). D iffusion coefficients of ions an d m olecules th ro u g h solids at 25 °C are listed in Table 15.2.



15.4



Growth of Concretions During Diagenesis



D iagenesis includes all of th e chemical, physical, and biological processes th a t take place in sedim ent after it was deposited. T he chemical processes may include dissolution of m ineral particles in th e pore w ater, precipitation of insoluble com pounds from the pore water, and ion exchange reactions betw een aqueous species and th e surfaces of solids. Biological activity m ay stir up the sedim ent (bioturbation), and bacteria can bring about chemical changes, such as the reduction of sulfate to bisulfide ions. In addition, the presence of certain kinds of biogenic com pounds m ay inhibit dissolution of m ineral grains by coating their surfaces or enhance it by adsorbing som e of the ions th at are released. The chemical reactions and biological activity take place in an environm ent controlled by physical processes, including the deposition of sedim ent and its com paction as well as the flow of pore w ater in response to pressure gradients. T he description of these processes can be ap p roached in th ree different ways all of w hich are useful in the study of diagenesis (B erner, 1980):



m o d y n am ic calculations b o th of w hich m ay p e rm it qu alitativ e pred ictio n s a b o u t changes th a t should occur w ith d e p th as a re su lt o f diagenesis. 3. A co m b in atio n o f tra n sp o rt m echanism s (ad v ectio n and diffusion) and m easu red ra te s of chem ical reactions from w hich a tra n s p o rt-d e p e n d e n t reactio n m o d el of diagenesis can be developed. Such a m o d el w as p re s e n te d by B e rn e r (1980) to d e sc rib e th e g ro w th o f a c o n c re tio n d u rin g diagenesis. M inerals th a t p rec ip itate from th e p o re w a te r o f sed im en t m ay e ith e r form w ithin th e p o re spaces as a cem en t o r rep lace preexisting m in erals th a t dissolve. B o th processes m ay cause th e fo rm a tio n o f “localized m ineral se g reg atio n s” called concretions (B ern er, 1980, p. 108). T he re a c ta n ts re q u ire d to fo rm a m in eral c em en t m ay o rig in ate by dissolution o f o th e r m inerals w ithin the sed im en t by a process called diagenetic redis tribution, or th ey m ay be tra n sp o rte d to th e site o f d ep o sitio n from d ista n t sources. Similarly, th e ions re le a se d by dissolution of th e p reex istin g m inerals m ay p a rtic ip a te in th e fo rm atio n o f the authigenic m inerals a t th e sam e site (re p la c e m e n t), o r they m ay be tra n sp o rte d away. A fte r n u cleatio n o f an au thigenic m in eral has occurred, the co n tin u ed grow th o f crystals d e p e n d s on ( 1 ) th e tra n sp o rt o f ions to th e surface of th e crystal; (2 ) su rface reactio n s such as ad so rp tio n , d e h y d ratio n , an d ion exchange; and (3) rem oval of th e p ro d u cts o f chem ical reactions. T he ra te of g row th o f th e crystals m ay b e co n tro lled by each of th e th re e processes o r by co m b in atio n s o f th em . F or th e sak e o f simplicity, we co n sid er only tra n sp o rt and surface chem istry as the rate-controlling processes of crystal grow th. In case crystal grow th is controlled prim arily by transport m echanism s, th e con cen tratio n s of
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Table 15.2 Matrix



D iffu s io n C o e ffic ie n ts an d A c tiv a tio n E n e r g ie s o f Io n s in S o lid s at 25 °C Species



D, (25 °C) cm2/sec



Ea kcal/mol



Direction or composition



Quartz



Na



1.1 x 1(T15



20.2



parallel to c-axis



Quartz



Na



1.8 x IO"28



41



90° to c-axis



Quartz



Ca



1.4 X 1(T45



68



N a2S i0 3 glass



Na



8.2 X IO”17



18.5



K2S i0 3 glass



K



5.9 X KT17



17.5



SiOz glass



h



2o



3.4 X KT12



11.3



Obsidian



h



2o



1.0 x IO“16



13



H20 = 0 wt.%



Obsidian



h



2o



8.0 X IO“16



13



HzO = 0.5 wt.%



Obsidian



HjO



1.0 x 10“14



13



H20 = 6.0 wt.%



Feldspar



K



1.6 x 10‘ 49



68



orthoclase, Or94



Feldspar



Na



2.1 x 10“38



53



orthoclase, Or94



Feldspar



40Ar



3.6 x 10-34



43.1



orthoclase, Or94



Feldspar



o2



5.6 x 10~28



29.6



microcline, Or100



Feldspar



O,



1.1 x IO' 28



29.6



adularia, OrJ00



Feldspar



7.7 x IO“27



25.6



adularia, Or98



5.6 x IO"25



21.3



albite, A b97_99



Feldspar



o2 o. o2



8.7 x IO"27



26.2



anorthite, A n9fi



Mica



Ar



1.7 x IO“43



57.9



phlogopite, 4% annite, P = 2 kbar



Mica



Ar



1.4 x IO“22



23.3



phlogopite in vacuum



Zeolite



h



Zeolite



h 2o



Zeolite



h



Feldspar



2o



10“7 to IO“8



heulandite, parallel to structure



KT11



heulandite, perpendicular to structure



2o



2.1 X 10“s



Ca-heulandite Ca-chabazite



Zeolite



h



2o



1.3 X 10"7



Zeolite



h



2o



2.0 X 10H3



Na-analcime



Zeolite



h



2o



1.5 x IO“12



Na-analcime



Zeolite Zeolite



Na Cs



10“12 to IO“13 10“24, 10“13



analcime, chabazite analcime, chabazite



Zeolite



Ca



4 x IO“16



Calcite



co2



1.4 X IO“46



chabazite 58.0



CaCo3 = 99.5% MgCOj = 0.5% FeCOj = trace



so u r c e



: Lerman (1 9 7 9 ) , Table 3.9.



th e re a c ta n ts in th e so lu tio n a d ja c e n t to th e crys ta l a re m ain tain ed a t levels re q u ire d fo r eq u ilib ri u m a n d th e crystals grow as rapidly as th e re a c ta n ts arriv e a t th e su rface o f th e crystal by ad v ectio n o r diffusion. If th e ra te of crystal gro w th is d o m in a te d by surface reactions, th e n



th e c o n cen tratio n s o f the reactan ts in th e solution a d ja c e n t to th e crystal m ay be in excess of equi lib riu m values and m ay rem ain un ifo rm th ro u g h o u t th e aq u eo u s phase. In reality, both processes m ay affect th e grow th ra te o f crystals in sedim ent during diagenesis, b u t rap id grow th o f authigenic



 15.4



G R O W T H O F C O N C R ETI O N S D U R I N G D IA G E N ESIS



crystals is generally associated w ith tran sp o rtc o n tro lle d reactions. T he ra te of dissolution o f m inerals is sim ilar ly c o n tro lled by th e tra n sp o rt m echanism , by su r face chem istry, o r by a co m b in atio n o f th e two. If dissolution of preexisting m inerals and sim u ltan e ous p re c ip ita tio n of authigenic m inerals a re b o th tra n sp o rt controlled, th e n a zo n e of d ep letio n d evelops aro u n d each grow ing crystal. In this process of diagenetic red istrib u tio n th e thickness of th e d e p le te d zone aro u n d each crystal dep ends on th e a b u n d an ce of th e dissolving m in eral in the sed im en t an d on th e radiu s of th e crystal as re q u ire d by m ass balance. If, o n th e o th e r hand, th e ra te of dissolution and crystal grow th a re b o th entirely co n tro lled by surface processes, th e n dis solution o f preexisting m inerals is selective— th a t is, sm aller crystals dissolve fa ste r th a n larg er ones becau se th e y hav e m o re su rface area— a n d grow ing crystals are su rro u n d e d only by a poorly defined zone of dep letio n w hose thickness cannot be p re d ic te d by a m ass-balance calculation. T herefore, the presence of a w ell-defined zone of depletion in th e sedim ent around a concretion indicates th at it form ed as a result of local diagenet ic redistribution by a transport-dom inated process. In this case, it is possible to determ ine how m uch time was required for the concretion to form . W e assum e th a t a co ncretion is form ing, as show n in F ig u re 15.6, by dissolution of m inerals in the sed im en t a t th e o u te r edge of a spherical zone of dep letio n w hose w idth is L and th a t th e tra n s p o rt o f reactan ts to th e surface of th e co ncretion is entirely by diffusion. U n d e r these conditions Fick’s first law (eq u atio n 15.47) applies, an d the flux (F ) of re a c ta n ts arriving o n th e surface of the spherical co n cretio n is (B ern er, 1980; N ielsen, 1961; F ra n k 1950): = - - y - (cd - cp)



(15.72)



w here c is th e m o la r co n cen tratio n o f th e m ate ri al in th e p o re w ater in eq uilibrium w ith th e solid that is dissolving (d) o r precip itatin g (p) in the zone of d ep letio n and on th e surface of th e co n cretion, respectively. T herefo re, (cd - cp) / L is the co n cen tratio n g radient across th e zone o f deple-



265



Fi g u r e 1 5 .6 Growth of a concretion having a radius of rc by diagenetic redistribution caused by dissolution of a mineral in the sediment, diffusion of the resulting ions to the surface of the concretion, and precipitation of a new mineral in the pore spaces of the sediment. The process is assumed to be transport dominated and therefore causes the formation of a depleted zone hav ing a radius of rAand a width L. In addition, V is the molar volume of the dissolving or precipitating miner als, is the porosity of the sediment, D is the diffusion coefficient,/is the volume fraction of the dissolving or precipitating mineral, and T is the flux of ions to the surface of the concretion and leaving the outer surface of the depleted zone. The model discussed here was presented by Berner (1980).



tion. W e can sim plify e q u a tio n 15.72 by replacing cd - s b y Ac=



(j>DAc L



T he flux d u e to diffusion is dim inished by a facto r (f>, w hich is the p o ro sity o f th e sedim ent defined as th e fraction o f a u n it volum e of sedim ent th a t consists of w ater-filled p o re spaces. T he co n cretio n grow s as a function o f tim e by th e ad dition o f a c ertain a m o u n t o f m ass (d M p) to its surface:
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= -



4 7



(15.74)



T(rc)2Fc



w h e re Airr^ is th e surface a re a o f th e spherical co n cretio n o f radius rc and Fc is th e flux o f m a te r ial b ein g d eliv ered to th e su rface o f th e co n cre tio n by diffusion alone. E q u a tio n 15.74 is dim ensionally c o rrect because: 4 ir(rc) 2Fc =



le n g th 2 X m ass _ m ass len g th



X tim e



tim e



(15.75)



In ad d itio n , th e m inus sign is req u ire d because d M /d t m ust re m ain p ositive w hen eq u atio n 15.73 is su b stitu te d for Fc in e q u a tio n 15.74. T he m ass in c re m e n t (d M ) ad d ed to th e con cretio n is also given by:



T a b l e 1 5 . 3 M olar Volumes of Common Minerals in Sedim entary Rocks



Mineral



Formula



Troilite (hex.)



FeS



18.20



Pyrrhotite (hex.) Alabandite (cubic)



Feo.9sS MnS



18.11 21.457



Pyrite (cubic)



FeS2



23.940



Marcasite (orth.)



FeS2



24.579



Boehmite (orth.)



AIO(OH)



19.535



Diaspore (orth.)



AIO(OH)



17.760



Gibbsite (mon.)



A l(O H )3 Fe20 3



31.956 44.524



Manganosite (cubic)



Fe3° 4 a-FeO(OH) MnO



Pyrolusite (tet.)



M n02



Bixbyite (cubic)



Mn,0 3



16.61 31.37



Hematite (hex.) Magnetite (cubic)



d M v = ^ r ~ f p drc ( 15-76) yp w h ere / is th e volum e fractio n o f th e p re c ip ita t ing m aterial in th e co n c re tio n an d V p is th e m olar volum e of th e p recip itatio n m aterial. M olar vol um es of com m on m inerals are listed in Table 15.3. T he dim ensions of eq u a tio n 15.76 are in term s of m ass b ecau se / is a dim ensionless n u m b er and: 477V



m



j



len gth 2 X length



n c-ro



— Vc) f Ddrc = —;------ -T 7 ----------- = m ass (15.77) Vp p 0 length / m ass We now substitute eq u atio n 15.73 for Fc and e q u a tion 15.76 for dMp into equation 15.74.The result is: (15.78) w hich reduces to: dr, dt



4>VpD( Ac L



(15.79)



U nfortunately, we can n o t in teg rate this equation b ecau se th e w idth (L ) of th e d ep leted zone also increases w ith tim e as th e concretion grows. T h erefo re, we m ust express L as a function of tim e b efo re we can use e q u atio n 15.79 to derive a re la tionship b etw een the radius o f a concretion and th e tim e re q u ired fo r it to grow to a given size. T h e th ickness (L ) of th e zone o f dep letion in creases w ith tim e a t a ra te th a t depen d s on the ra te o f grow th of th e concretion:



Molar volume, cm*



Goethite (orth.)



30.274 20.82 13.221



Hausmannite (tet.)



Mn30 4



46.95



Quartz (a) (hex.)



SiO,



22.688



Quartz (ß ) (hex.) Cristobalite (a) (tet.)



SiO, SiO,



23.718 25.739



Cristobalite (0) (cubic)



SiO,



27.381



Tridymite (ß ) (hex.) Uraninite (cubic)



SiO,



27.414



UO, C aC 03



24.618 36.934



Calcite (hex.) Aragonite (orth.) Siderite (hex.) Magnesite (hex.)



C aC 03



34.15



FeCO, M gC 03 MnCOj



29.378



M gC a(C 03)2 BaS04



64.341



Barite (orth.) Anhydrite (orth.)



C aS04



52.10 45.94



Gypsum (mon.)



C aS 04 • 2H20



74.69



Rhodochrosite (hex.) Dolom ite (hex.)



so u r c e



: Weast et



28.018 31.073



al. (1986).



d L _ drä



dr,



dt



dt



dt



(15.80)



w h ere th e subscripts identify th e zone o f d ep le tio n (d) and the concretion (c) as befo re and rd is
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th e radius o f th e d ep le te d zone. T he m ass o f th e dissolving m aterial is: dM d dt



(15.81)



= 4 tr( rd) 2 F d



T h e ra te of dissolution (d M J d t ) in equation 15.81 is a negative quantity because th e m aterial is lost fro m the system . T herefore, th e tw o m inus signs associated w ith F and w ith th e loss of m aterial cancel each other. T he am o u n t o f m aterial lo st from th e zone of d e p le tio n is also expressible by an eq u atio n th a t is sim ilar to 15.76: 4



d M d = - — {rdf f ddrd d



(15.82)



w here f d is the volum e fractio n of th e dissolving m in eral in th e sed im en t an d V d is th e m o lar vol um e of th e dissolving m aterial. We can now su b stitu te e q u a tio n 15.82 for d M d and eq u atio n 15.73 fo r Fd in e q u a tio n 15.81. T he resu lt is:



Jd



/p



(15.88)



L = G 1 / 2 t l/2



(15.89)



and e q u a tio n 15.79 as: cK = H



(15.90)



L



w here G and H are con stan ts defined by e q u a tions 15.88 and 15.79, respectively. T h erefo re: dr,. = ( H t~U2dt i G 1' 2



(15.91)



By integrating e q u a tio n 15.91 for the co n d itio n th a t rc = 0 w hen t = 0 , w e obtain: 4/2



(15.92)



or



dr^ _ (j>VdD (A c dt



fd



(15.84)



U



N ext, we su b stitu te th e ra te of grow th of th e c o n cretio n (e q u a tio n 15.79) and th e rate o f grow th o f th e d ep le te d zone (eq u atio n 15.84) into e q u a tio n 15.80, which expresses th e ra te o f change of th e w idth (L ) of th e d ep le te d zone:



'- m



-



_G



2


j j t



2 t / 2 t - i2 a _ 2  2V 2D 2A c 2



G_



2(V d/ f d - V j f p) f l



dt



H2



4>V2D A c



/d



which yields:



2



(Ed/ p - Vp/d)/p 4>Vp D A c fd / p



9



U A / d



/P



(15.86)



E q u atio n 15.85 can be in te g ra te d in th e form : L d L = co n stan t



dt



(15.87)



If L = 0 w hen t = 0, th e resu lt is \ L 2 = c o n stan t X t from which it follow s that:



(15.93)



T he ra tio o f th e co n stan t G / H 2 can now b e sim plified:



dL



dt



1 /2



W e are now able to in te g ra te eq u a tio n 15.79 and th ereb y o b ta in th e d esired relatio n sh ip betw een the rad iu s o f th e grow ing co n cretio n (rd) and tim e by su b stitu tin g e q u a tio n 15.88 into e q u a tio n 15.79. In o rd e r to sim plify th e alg eb ra we w rite e q u atio n 15.88 as:



(15.83) w hich reduces to:



Yi



24> D A c [ ^ -



L =



dt



trr
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(15.95)



N ext, we assum e th a t th e p recip itatin g m in eral fills th e available p o re spaces in th e sed im en t ( / p = 4>) and th a t th e m o lar volum es o f th e dis solving and p recip itatin g m inerals a re a p p ro x i m ately equal (E d ~ V ):



O _



Hl



(15 % ) VpFdD A c
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T herefo re, eq u a tio n 15.93 becom es: t =



~ /d )



2Vpf dD A c



4> rl z 2Vp D A c \ f d



1



(15.97)



This eq u atio n , d eriv ed by B e rn e r (1980), is applicable to th e grow th of calcite concretions by dissolution o f arag o n ite crystals dissem inated th ro u g h o u t a b o d y o f sedim ent. If tra n sp o rt of ions is by diffusion an d if D = 2 X IO - 6 cm 2 /sec, 4> = f p = 0.60, an d V (calcite) ~ V (aragonite) = 35 cm 3 /m o l, th e n e q u a tio n 15.97 can be solved for t fo r selected values of th e ab u n d an ce of aragonite crystals in th e sed im en t (fd). T h e co n cen tratio n grad ien t (Ac) is th e d ifference in th e equilibrium co ncentrations of C a2+ o r CO (~ ions a t the sur faces of aragonite and calcite crystals. A t 25 °C this difference is ab o u t 1.0 X 10 “ 5 m o l/k g or 1 X 10_s m o l/g , based on th e solubility p ro d u ct constants in Table 10.1. T herefore, if the arag o n ite con tent of th e sedim ent is 15% (fd = 0.15), a calcite co ncre tio n having a radius of 5.0 cm will form in: _



(5.0)2(0.60/0.15 - 1)



‘ ~ 2 x 35 x 2 x 1(T 6 x 1 x 1(T 8 = 0.5357 X 10 1 4 sec



(15.98)



Since 1 yr = 3.155 X 10 7 sec, t =



0.5357 X 10 1 4 3.155 X 1 0 7



= 1.7 x 10 6 yr (15.99)



We see from this result th a t a calcite concre tio n th e size o f a sm all can n o n b all can grow in -1 .7 m illion years, w hich is q u ite fast on a geologi cal tim e scale. In general, th e rate o f grow th o f con cretio n s increases with the ab u n d an ce o f the dissolving m ineral in th e sedim ent. T he re la tio n ship b etw een th e rad iu s of a co n cretio n and tim e, ex pressed by e q u atio n 15.97, is show n graphically in Figure 15.7 fo r th e case w here the aragonite c o n te n t of th e sed im en t is 5 ,1 0 , an d 20% by vol u m e ( i.e .,/d = 0.05, 0.10, an d 0.20). T he resulting curves can b e used to d ete rm in e th e tim e w hen a p articu lar layer w ithin a co n cretio n was deposited. T h erefo re, w e can reg ard carb o n a te concretions as geochem ical recorders th a t have p reserved a re c o rd o f changes in th e en v iro n m en t in w hich th ey form ed. C oncretio n s can rev eal n o t only the



T i m e in 106 ye ars Fi g u r e 1 5 .7 Growth of calcite concretions by disso lution of aragonite during diagenesis of sediment con taining varying initial concentrations of aragonite (see equation 15.97 after Berner, 1980). Transport of ions is by diffusion, the concentration gradient across the zone of depletion is 1 X 1(T5 m ol/kg, the diffusion coefficient D = 2 X IO-6 cm2/sec, the porosity of the sediment in the depleted zone is 60%, which is assumed to be equal to the abundance of calcite in the concretions, and the molar volumes of calcite and aragonite are both taken to be 35 cm3/m ol. The curves indicate that the size of calcite concretions that grow in unit time increases with increasing abundance of aragonite in the sediment.



sequence of geochem ical changes but also the length of the tim e intervals betw een them based on equation 19.97. Since concretions form soon a fte r deposition o f the sedim ent, they can provide a tim e scale for geochem ical events th a t m ay have affected th e ir m ineral com positions, th eir grow th rate, trace elem ent concentrations, and the isotope com positions o f O, C, Sr, Pb, and N d they contain.



15.5



Growth of Monomineralic Layers



The sedim ent th at is accum ulating in deep-sea basins and in som e lakes becom es anoxic because 0 2 is consum ed by organism s and by the oxidation



 15.5 of organic m atter. A s a result, th e solubility of the oxides in Fe and M n increases as the environm ental E h decreases, as shown in Figures 14.6 and 14.7B. (The stability o f M n oxides in term s of E h and pH is th e subject of Problem s 7 -9 in C hap ter 14.) Therefore, a concentration gradient of F e2+ and M n2+ ions m ay develop, which causes these ions to diffuse upw ard tow ard the sed im en t-w ater in te r face. W hen th e ions retu rn to th e m ore oxygenated environm ent, they precipitate as oxyhydroxides of Fe3+ and M n4+ because of the decrease in the solu bilities of these com pounds at th e higher E h (and p H ) conditions in th e w ater above the sedim ent. A s a result, a layer of Fe and M n oxides and hydroxides accum ulates at th e sed im en t-w ater interface, p ro vided th at the process is n o t term in ated p re m atu re ly by burial caused by rapid sedim entation. The dissolution of scattered particles of Fe- and M nbearing m inerals and the precipitation of au th i genic oxides a t the sed im en t-w ater interface is an exam ple of diffusion-controlled diagenetic redistri bution. T he rate of grow th o f th e m onom ineralic layer at the sedim en t-w ater interface can therefore be expressed by th e equations derived in the p re ceding section for the grow th of concretions. T he flux (F ) at the se d im e n t-w a te r interface is given by F ick ’s first law (B ern er, 1980): F = ~4>DCä — Cp



(15.100)



w here cd an d cp are th e co n cen tratio n s of F e 2+ and M n2+ in th e w ater in equilibrium w ith th e dis solving m in eral grains (cd) and in equilibrium with th e authigenic m inerals at th e sed im en t— w ater interface (cp). Since L is the thickness of th e d ep leted zone show n in Figure 15.8 (cd — cp) / L is the c o n cen tratio n g rad ient across th e d ep leted zone. In ad d itio n , t/> is th e poro sity and D is the diffusion coefficient d efined as in Section 15.4. In o rd e r to constrain th e m odel to th e sim plest set of circum stances we specify that: 1. T he au thigenic m inerals form w ithin the oxygenated w ater on to p of the sedim ent. 2. T ransport of ions by advection is negligible. 3. T he ions are n o t ad so rb ed on th e surfaces of particles in th e sedim ent.
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Figure 15.8 Formation of a layer of minerals at the sediment-water interface by diffusion of ions such as Fe2+ and Mn2+ from the sediment. The ions form by dissolution of particles in the sediment, which is anoxic compared to the water above; that is, it has a lower Eh. The ions precipitate when they reach the sediment-water interface to form a layer whose thickness (h) increases with time in accordance with equation 15.110. The thickness of the depleted layer (L) also increases with time (equation 15.104). However, calculations show that a layer of Fe or Mn oxyhydroxides can accumulate only when the rate of deposition of detrital sediment is virtually zero. 4. S e d im e n t d e p o sitio n fro m abo v e is n e g li gible. By analogy w ith eq u a tio n 15.79, th e ra te o f grow th of th e m o n om ineralic layer o f thickness h is:
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w h e re V p is th e m o la r v o lu m e o f th e p recip itatin g p h a se and / is its volum e fractio n in th e layer. Sim ilarly, th e ra te of grow th o f th e zo ne o f d e p le tio n is given by e q u a tio n 15.84 becau se th e m onom in eralic lay er is n o t ex p an d in g in to th e zone of d ep letio n b u t is grow ing aw ay from it. T h erefo re: d L _ cf)VdD /Ac dt



fd



(15.102)



\L



In te g ra tio n o f this eq u atio n fo r th e case th a t L = 0 w hen t = 0 yields: x_L l = / 4>VdD A c t\ V



fd



(15.103)



/



an d th erefo re: L = | 2 # ^ D A c ji/2



f l/2



(15.104)



By su b stitu tin g eq u a tio n 15.104 in th e form L = G ' 1 / 2 f1 / 2 in to eq u a tio n 15.101 in th e form d h / d t = H '/ L , we obtain: dh _ H ’t~ xn dt ~



(15.105)



G ' 1 /2



w hich we in te g rate fo r th e condition th a t h = w h en t = O.The re su lt is: n



0



(15.106)



Q '\ n l



or



( m ° 7)



t={^ ] W 2



w hich is sim ilar to e q u a tio n 15.93. N ext, we evalu ate th e ra tio o f th e c o n stan t term s: G'



2


H '2



f d4>2V 2p D 2(A c )2



2Vdf 2p f dV2D A c



(15.108)



If V p ~ V d, w e obtain: G'



2 /p



H '2



f d(j)VpD A c



(15.109)



an d th e re fo re e q u a tio n 15.107 becom es: h 2f l 2 f d(f>VpD A c



(15.110)



N o te th a t in this case th e volum e fraction o f th e p recip itatin g phase ( / ) is n o t eq u al to th e p o ro si ty ((j)) o f the underlying sed im en t because th e layer is form ing in th e w ater abo v e th e sedim ent. B e r n e r (1980) e v a lu a te d e q u a tio n 15.110 fo r th e case th a t h = 1 cm , / = 0 . 2 (flo c c u la n t p re c ip ita te ), 4> = 0.8, V p = V d = 20 cm 3 /m o l, D = 3 X 10 - 6 c m 2/s e c o r 100 c m 2 /y r. A ccording to eq u a tio n 15.110, the tim e re q u ire d to fo rm a m o n o m in eralic layer of specified thickness increases with decreasing a b u n d an ce ( /d) of th e dissolving m ineral in the sedim ent and w ith decreasing co n c e n tra tio n g rad ien t (Ac). If f d = 0.002 (0.2% by volum e) and Ac = 10 “ 4 m o l/k g , e q u atio n 15.110 yields: t =



( l ) 2(0.2)2( l 0 3) 2 ( 0 . 0 Q 2 )( 0 . 8 )( 2 0 )( 1 0 0 )( 1 0 "



40 x 10 4 6.4



= 62,500 yr



(15.111)



T h e tim e re q u ire d to form such a m o n o m ineralic layer is ap p aren tly quite long co m p a re d to n o rm al se d im e n ta tio n rates in th e oceans o r in lakes. E v en on the abyssal plains of th e oceans the sed im e n tatio n ra te is of the o rd e r of 0.1 cm /1000 yr. T herefore, the layer of detrital sed im en t d ep osited in 62,500 yr is m o re than six tim es th ick er th an th e 1 -cm m o nom ineralic layer; thus such a layer can n o t form u n d e r norm al cir cum stances in the oceans o r in lakes. The exis tence o f such m onom ineralic layers of Fe and M n oxides in sed im en t th e re fo re req u ires eith er th a t a p erio d of sed im en t starvation occurred at the site, o r th a t th e u pw ard diffusive flux of ions was au g m en ted by an advective flux caused by the m o v em en t of w ater, o r both. T he m ath em atical ap p ro ach to th e study of geochem ical processes involving tra n sp o rt of re a c ta n ts in d ifferen t kinds of environm ents on th e surface of th e E a rth is p re se n te d in the te x t bo o k s by B e rn e r (1971, 1980) and by L erm an (1979). T hese bo o k s com bine eleg an t m ath em ati cal d escriptions of com plex geological processes w ith analytical m e asu rem en ts and w ith u n d e r stan d in g b ased o n therm odynam ics. In this way w e can actually achieve the high level of under



 1 5 .6 sta n d in g o f geo ch em ica l p rocesses, w hich is the principal ob jective o f the scien ce o f geochem istry. T h e grandeur o f th e p rocesses th at con vert se d i m e n t at the b o tto m o f the o cea n s in to sed im en ta ry rocks w as appreciated m ore than 100 years ago b y th e g eo lo g ist K. von G iim b el (1888), w ho w rote (freely translated): There is no doubt that magnificent chemical processes are taking place on the bottom of the ocean. They explain the partial reconstitution (dia genesis) and solidification of sediment by the forma tion of cements as exemplified by the marine deposits of the geologic past. (From a quotation in Berner, 1980.)



15.6



Summary



G e o ch em ica l processes, such as w eathering or d iagen esis, con sist o f seq u en ces o f ch em ical reac tions, w hich are com m on ly d ep en d en t on the transport o f reactants and products. T he ch em ical reaction s th em selv es in volve com p lex m ec h a nism s, each o f w hich tak es place at a characteris tic rate. A s a result, the rates o f geoch em ical p ro cesses d ep en d both on the rates o f the ch em i cal reaction s and on the rates and m eth od s o f transport that con trib ute reactan ts and rem ove products from the reaction site.
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G eo ch em ica l p ro ce sse s can b e stu d ied by three m eth od s. T he first con sists o f analyzing ap propriately ch o se n sam p les rep resen tin g d iffer en t sta g es or asp ects o f th e p rocess. S eco n d , p re d iction s ab ou t th e o u tc o m e o f g eo ch em ica l p ro cesses can b e m a d e from therm o d y n a m ic c o n sid erations u sing various graphical rep resen ta tions or com p u tation s. In th e third m eth o d , th e en tire p ro cess m ay b e ex p ressed in the form o f eq u a tio n s that co m b in e in form ation a b o u t rea c tion m ech an ism s and their rates w ith appropriate transport m odels. A ll th ree m eth o d s o f stud y n e e d to be em p lo y ed b eca u se w ith o u t an alytical data and w ith o u t a se n se o f d irectio n p ro v id ed by th erm o dynam ics, m ath em a tica l m o d elin g o f g eo ch em ica l p rocesses can n ot su cceed . H o w ev e r, w h en d on e correctly, m ath em atical rep resen ta tio n s o f g e o ch em ical p ro cesses a ch iev e th e h igh est le v el o f und erstan ding b eca u se th ey p ro v id e n o t o n ly an ex p la n a tio n o f w h at has alread y h a p p en ed , but also perm it p red iction s o f w hat m ay h a p p en in th e future. G e o ch em istry acq u ires a sp ec ia l im p o rta n ce am on g th e sc ie n c e s b eca u se it h elp s us to u n d er stand th e w orld w e liv e in and to m a k e u se o f the resou rces it con tain s. T h e u n d ersta n d in g w e h a v e o f th e en v ir o n m en t w e liv e in to d a y p er m its us to a n ticip a te h o w it m a y resp o n d in the future to va rio u s a n th ro p o g en ic p ertu rb ation s.



Problems 1. Determine the order and write the rate equation of the reaction between ammonium ion and nitrite ion in aqueous solution at 30°C based on the following information about the initial rates of this reaction (Brown, 1968). n h ; + N O J -> n 2 + 2 h 2o The concentration of N H j is kept constant so that the initial rates of the reaction depend only on the con centration of the nitrite ion.



Concentration o f N O 2 m ol/ L



Initial rate, m ol ZT7 sec



2.4 x IO"3



18 x 10"8



4.9 X 10~3



33 x 10“8



10.0 X 10‘ 3



65 x 10“8



24.9 X 10 3



156 X 10~8



50.7 X 10^3



338 x 10“8



94.0 X 10~3



643 x 10“8 (Answer: n ~ 1)
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2. The decomposition of gaseous nitrogen pentoxide (N20 5) is a first-order reaction where the concen tration of N20 5 remaining is measurable by its pressure (Moore, 1955). Given the data below, determine the rate constant of this reaction. Pressure o fN 2Os, mm



Time, sec



348.4 247 185 140 105 78 58 44 33 24 18 10 5 3



0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000 7200 8400 9600



3. Calculate the reaction half-life of the decomposi tion of N j0 5 based on the data in Problem 2. 4. The rate constants for the formation of hydrogen iodide (H2 + I2—>2 HI) vary with temperature in the following manner (Moore, 1955). k, sec ‘



T, °C



316.2 100 31.6 14.1 3.16 2.20 0.316 0.251 0.0354



473 441 412 394 362 352 320 315 282



Determine the activation energy ( E j of this reaction.



(b) Calculate the residence time of water in tJhis aquifer, that is, the time required for a “particle” of water to traverse the entire aquifer.



6. The chloride concentrations of Lake Vanda, Wright Valley, southern Victoria Land, Antarctica, varies with depth as shown below (Green and Canfield, 1984). Depth, m 5 15 25 35 45 48 51 54 57 60 65 67



Cl , m m o l/L 8.26 10.04 13.91 14.39 29.34 43.72 231.88 496.5 846.26 1390.7 1900.2 2268.0



Interpret these data as in Figure 15.5 to determine the age of the dilute layer, assuming that D = 17.1 X 10“6 cm2/sec for CL at 18°C. 7. Calculate the time required for a calcite concre tion to grow by dissolution of disseminated aragonite and diffusion of the resulting Ca2+ ions at 10°C, based on the following information. The radius of the concre tion is 8.0 cm, the diffusion coefficient of Ca2+ is 5.4 x 10~6 cm2/sec, the porosity of the sediment is 0.75, the volume fraction of aragonite in the sediment is 0.15, the difference in equilibrium concentration of Ca2+ in the pore water on the surfaces of calcite and aragonite crystals is 2.0 X 10-5 m ol/kg, the molar volume of calcite is 36.934 cm3/m ol, and the volume fraction of the authi genic calcite is equal to the porosity of the sediment. (Answer: 1.0 X 106 yr) 8. What is the width of the depleted zone around the concretion described in Problem 7? Obtain the molar volume of aragonite from Table 15.3. (Answer: 30 cm)



5. A major artesian aquifer in Florida has a vertical 9. Calculate the time required for a siderite concre drop of 10 m over a map distance of 100 km. The tion to grow and the width of the depleted zone around hydraulic conductivity of this aquifer is K = it given the following information: rc = 50 cm, 10-1 cm /sec (Lerman, 1979). Ac = 2.4 X 10“7 m ol/g,  = / p = 0.85, D (Fe2+) = (a) Calculate the rate of flow of water in this 7.2 X IO”6 cm2/sec, Vd = Vp = 30 cm3/m o l,/d = 0.30. (Answer: t = 2.5 X 106 yr, L = 120 cm) aquifer in centimeters per year.
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 IV ISOTOPE GEOCHEMISTRY AND MIXING



T he d ecay o f long-lived rad io activ e isoto p es of c ertain e lem en ts g e n e ra te s h e a t in th e crust and m an tle o f th e E a rth and enables us to m easu re th e ages o f rocks and m in erals. In addition, th e fractio n atio n of th e stable isotopes o f certain elem en ts of low ato m ic n u m b er provides useful in fo rm atio n a b o u t p rocesses o ccurring in th e h y d ro s p h ere, b iosphere, an d lithosphere. T he iso to p e com positions o f certain elem en ts an d th e chem ical com positions of w a te r and rocks are also being a lte re d by m ixing of tw o, th ree, o r m o re com ponents. T he chap ters in P a rt IV deal w ith all o f th ese subjects becau se they a re im p o rta n t aspects of geochem istry.



 16 Isotopic Geochronometers T h e d isco v ery of th e ra d io ac tiv ity o f u ra n iu m salts by H e n ry B e c q u e re l in 1896 s ta rte d a re v o lu tio n in physics. Im p o rta n t a d v an ces soon re s u lte d from th e p io n e e rin g w ork o f M arie S k lo d o w sk a-C u rie an d h e r h u sb a n d P ie rre in P aris an d by th e stu d ies o f E rn e s t R u th e rfo rd an d F re d e ric k S oddy in M o n tre a l. By 1902 rad io activ ity w as reco g n ize d as a p ro cess asso ci a te d w ith several elem en ts, som e o f w hich w ere new ly d iscovered. It w as also re co g n ized th a t th e process re su lts in th e em issio n of a lp h a and b e ta p a rtic le s an d o f gam m a ra d ia tio n . T h e ra te o f em ission is p ro p o rtio n a l to th e n u m b e r of ra d io a c tiv e a to m s re m a in in g an d th e re fo re d e c re a ses ex p o n e n tia lly w ith tim e. T h ese are th e ro o ts of ato m ic physics th a t, in th e co u rse of th e 2 0 th century, led to n u c le a r physics and to th e in q u iry in to th e m o st p rim itiv e fo rm s of m a tte r (R ö m e r, 1971). T he im p o rtan ce o f radio activ ity to geology b ecam e a p p a ren t a fte r C u rie and L ab o rd e (1903) re p o rte d th a t rad io activ ity is an e x o th e r m ic process. This fact in v alid ated L o rd K elv in ’s calculations of th e age o f th e E a rth , w hich w ere b a se d on th e assum ption th a t th e E a rth h ad co o led from its original m o lten sta te and does n o t h av e a source o f h ea t o f its ow n (B urchfield, 1975). By 1905 R u th e rfo rd was using th e am o u n t o f H e (alp h a particles) in U o re to calculate g e o logic ages of th e o rd e r o f 500 m illion years, which w ere fa r in excess o f L o rd K elvin’s estim ates of th e age o f th e E a rth (R u th erfo rd , 1906; T hom son, 1899). T he rest, as they say, is history. In 1909 Jo h n Joly sum m arized his m easu rem en ts o f th e
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radioactivity of rocks in a sm all book in w hich h e also calculated the resulting ra te of h e a t p ro d u c tion. In 1911 A rth u r H olm es published th e first of his m any pap ers on the dating of rocks b ased o n the decay of U to Pb. In 1913 he p u b lish e d a b o o k entitled The A g e o f the Earth, w hich c o n ta in e d the first geologic tim e scale based on age d eterm in atio n s o f rocks and m inerals. These are th e beginnings of a new discipline in the E a rth Sciences called Isotope Geology, which seeks to use natu ral variations in the a b u n dances of th e isotopes of certain elem en ts to study geological processes. T he grow th of this dis cipline has been closely linked to the design and su b seq u en t im provem ent of analytical e q u ip m ent, such as m ass spectrom eters and sensitive detectors of ionizing radiation. The en tire subject has been presen ted in a textbook by Faure (1986). In addition, m any e a rth science jo u rn als now publish papers based on or containing in fo rm a tion derived from isotopic data. For this reason, w e will briefly review the principles of isotope geology so th at we can refer to them la te r as we ta k e up different topics in geochem istry.



16.1



Decay Modes



T he nucleosynthesis process in the an cestral stars (C h a p te r 2) pro d u ced m ore th an 2200 nuclides, m o st of w hich w ere un stab le and decom posed spo n tan eo u sly in a sh o rt time. O nly those nuclides th a t are stable o r decay slowly have sur vived to the present. In addition, certain sh o rt



 16.1 lived radioactive nuclides (radionuclides) exist n a tu ra lly because: 1. T hey are th e short-lived d au g h ters o f U an d Th, b o th of w hich consist of long-lived radioactive isotopes. 2. T hey are p ro d u ced by n u clear reactio n s



b etw een cosmic rays an d atom s in the atm osphere, as w ell as in rocks exposed at th e surface. A third group of radionuclides now exists on the E a rth because of nuclear reactions caused by hum ans. The reactions consist prim arily of induced fission of 235U in nuclear reactors, but also include th e d eto n atio n of fission and fusion devices in the atm osphere and in the subsurface. The a n th ro pogenic radioactive contam inants produced by these activities include a very large num ber of radionuclides: ,H (tritium ), X\C , ™Sr, 1 2 (l, l]]Cs, and m any others. The containm ent of this radioac tive w aste has becom e a serious problem in environ m en tal geochem istry to be discussed in C hapter 24. T h e large n u m b e r o f nuclides, w h eth er stable o r u n stable, can be acco m m o d ated on a diagram called th e chart o f the nuclides (C h a p te r 2). This d iag ram is a p lo t of th e atom ic n u m b e r (Z ) versus th e n e u tro n n u m b e r (N ) and consists of squares, each o f which is id en tified by th e values o f its N an d Z co ordinates. Figure 16.1 is such a ch art for e lem en ts o f low atom ic n u m b e r startin g w ith hydrogen. T he stab le isotopes o f each ele m e n t are shaded and form a b an d th a t ex ten d s diagonally across the diagram . T he sh ort-lived rad io active isoto p es are unshaded an d form h o rizo n tal row s on e ith e r side o f th e stable isotopes. T he ra tio of n e u tro n s to p ro to n s o f th e stab le iso to p es is ap p ro x im ately equal to one, b u t rises to th re e with increasing atom ic num ber. T he un stab le iso topes o f each elem en t th a t lie to th e left of th e s ta ble isotopes a re deficient in neutrons, w hereas those o n the rig h t side of the b a n d o f stable iso topes have an excess of neutrons. T he existence of an excess o r deficiency of n e u tro n s in th e nuclei of u nstable atom s is reflected in th e w ay they decay. The p h enom enon know n to us as radioactivity consists of spontaneous nuclear transform ations



D E C A Y M O D ES



277



th at change the n um ber of protons and neutrons in the nucleus. The process continues until a stable d aughter is produced w hose values of Z and N place it w ithin the ban d of stable nuclides. The transform ations are accom panied by the em ission o f alpha and b eta particles and of gam m a rays from the nucleus. Som e isotopes of th e light elem ents in Figure 16.1 actually disintegrate into alpha particles or em it protons o r neutrons. M ost radionuclides undergo beta decay, a m uch sm aller n u m b er are subject to alpha decay, and a few of th e heaviest iso topes decay by spontaneous nuclear fission.



a. Bet a D eca y B e ta d ecay can ta k e place in th re e d iffe re n t ways, d e p en d in g o n w h eth er th e rad io n u clid e has an excess o r deficiency o f neutrons. R ad io n u clid es having an excess of n e u tro n s em it a negatively ch arg ed b e ta p article fro m th e nucleus. This has th e effect o f reducing th e n u m b er o f n e u tro n s and increasing th e n u m b e r o f protons: n e u tro n -> p ro to n + ß~ + p



(16.1)



w here ß~ is a negatively charged b e ta particle, w hich is identical to an e x tra n u c le ar electro n , and v is an antin eu trin o . T he decay energy ta k e s the form o f kinetic energies of th e b e ta p article and th e an tin eu trin o . T he kinetic energy of th e b eta p article is co m p lem en tary to th a t o f th e associat ed antin eu trin o , such th a t th e ir sum is eq ual to th e total decay energy. T he p ro d u c t nuclide is the iso to p e o f a d ifferen t ele m en t because its atom ic n u m b e r differs from th a t o f th e p a re n t. T he n u c le us of th e p ro d u c t nuclide m ay have excess energy, w hich is e m itte d in the fo rm o f a gam m a ray h a v ing a discrete-energy. In som e cases, the p ro d u ct nuclide m ay have two o r m o re d ifferen t excited states, w hich en ab les it to em it several gam m a rays. If the p ro d u c t nuclide is unstable, it decays to form a second d a u g h te r by em ittin g a n o th e r ß~ particle, and so on, until at last a stable nuclide is form ed. E ach of th e radionuclides in such a decay series em its ß~ p articles an d a n tin e u trin o s w ith co m p lem en tary kinetic en erg ies e q u a l to th e to ta l decay energy. In ad dition, each tran sitio n fro m o n e successive d a u g h te r to th e n ex t m ay be



 278



IS O T O PIC G E O C H R O N O M ET ER S



7



6



2



1 0



1



2



3



4



5



6



7



8



9



N e u t r o n N u m b e r (N ) Fi g u r e 16.1 A segment of the chart of the nuclides. The stable isotopes of the elements are shaded and form a diagonal band across the diagram.The unstable isotopes are unshaded. Tritium (3 H) and 14C are unstable but occur naturally because they are produced continuously in the atmosphere by cosmic rays. Nuclides having an excess of neutrons decay by ß~ emission, whereas those with a deficiency of neutrons decay by ß + emission or electron (e) capture. Some of the nuclides disintegrate into one or two alpha particles (a), neutrons (n), and protons (p).



acco m p an ied by th e em ission o f gam m a rays. The energies of th e ß~ particles and th e gam m a rays are dissip ated by collisions w ith neighboring ato m s an d electrons an d are th ere b y converted in to th erm al energy. T he an tin eu trin o s in teract sparingly w ith m a tte r a n d carry th e ir kinetic e n e r gies w ith th e m in to th e universe. T h eir u ltim ate fate is still unknow n. R ad io n u clid es located on th e left side o f the b a n d o f stable nuclides in Figure 16.1 are deficient in n e u tro n s and decay by position em ission (ß +) o r by electron capture. T hese form s of b eta decay increase th e n u m b e r of n e u tro n s an d decrease the



n u m b er of protons. In positron decay a p ro to n is co n v erted into a n e u tro n by th e transform ation: p ro to n —> n eu tro n + ß + + v



(16.2)



T he sam e resu lt is achieved w hen the nucleus ca p tu re s an ex tra n u cle ar electron: p ro to n + e _ -h> n e u tro n + v



(16.3)



T he p o sitro n s em itted by th e nucleus are slow ed by collisions until they com e to re st n ex t to an electro n . B o th a re th e n annihilated in the m atte r-a n tim a tte r reactio n , w hich converts th eir re st



 16.1 m asses into tw o gam m a rays w ith a com bined en erg y of 1.02 m illion electro n volts (M e V ).T h e n e u trin o s p ro d u ced durin g p o sitro n decay have a ra n g e o f kinetic energies co m p lem en tary to those o f th e positrons, w h ereas those em itted during e le c tro n -ca p tu re decay are m ono en erg etic. B o th escap e in to th e universe and carry th e ir energy w ith them . A few radionuclides can decay by all th ree k in d s o f b eta decay and, th ere fo re, give rise to tw o d iffe re n t d au g h te r products. F or exam ple, j“K decays by p o sitro n decay and electro n cap tu re to stab le jgA r and also decays by ß~ (n eg atron) d ecay to stable )J[Ca. Such branched decay also occu rs am ong th e u n stab le d au g h ters o f U and Th, som e of w hich can decay b o th by ß~ em ission a n d by alpha decay.



b. A lp ha D eca y Since th e alpha p article is com posed of tw o p ro to n s a n d tw o neutrons, it is identical to th e nucle us o f jH e . T he em ission of an alp h a particle low ers b o th th e p ro to n n u m b e r and th e n eu tro n n u m b e r of the p ro d u c t nucleus by two: * P ->£:£> + «He+ ß



(16.4)



w h ere P is th e p a re n t nuclide, D is th e daughter, and Q is th e to tal decay energy. A lp h a decay m ay be follow ed by em ission of gam m a rays, w hich red u ces th e p ro d u ct nucleus to th e g ro u n d state. Som e o f th e kinetic energ y of th e alp h a particles is im p arted to th e p ro d u c t nucleus as recoil e n e r gy, w hich m ay displace th e nucleus from its p o si tio n in th e crystal lattice. T he alp h a p articles are slow ed by collisions and th eir energies are th e re by co n v erted into heat. T hese collisions also cause rad iatio n dam age in crystals contain in g alpha em itters. A lp h a decay is available to a large group o f radionuclides having atom ic n u m b ers > 5 8 and to a few nuclides of low atom ic n u m b er, including 2 H e, 3 U , JjBe, and o th ers show n in Figure 16.1. T he n atu rally occurring rad io activ e isoto p es o f U G j U an d 29 2 U ) a n d T h (2 goTh) decay to stable iso topes o f P b th ro u g h series of short-lived rad io ac tive d au g h ters th a t form chains linked by alp h a and b e ta decays. T he decay chain of 2,fU is illus
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tra te d in F igure 16.2. It contains 18 in te rm e d iate nuclides, all of w hich u ltim ately form stable ^ P b , regardless o f th e sequ en ce o f decay events. T he isotopes 29 2 U and 2goTh each give rise to decay chains ending w ith “ ^Pb an d 2 y|Pb, respectively. A ll of th e in te rm e d ia te d a u g h te rs of U an d Th are short-lived radioactive nuclides th a t occur in th e solar system only b ecause they are c o n tin u o u s ly p ro d u ced by decay o f th eir long-lived parents. Som e chem ical elem en ts including Po, A t, R n, R a, and P a occur only b ecause th e ir isotopes are m e m b ers o f these decay chains. T he occurrence o f R n can b e a hazard w hen it is inhaled since th e alpha particles it em its can dam age lung tissue.



c. N ucle ar Fission Som e of the iso topes o f U and o f the tra n su ra n i um e lem en ts decay by sp o n ta n e o u s fission. In this process th e nucleus b re a k s into tw o fra g m en ts of u n e q u a l w eight, w hich fo rm th e nuclei of tw o fissio n -p ro d u ct nuclides. T hese nuclides h av e an excess o f n e u tro n s, a n d th e re fo re decay by e m ittin g ß~ particles and gam m a rays u n til a stab le n u clid e is p ro d u ced . S p o n ta n e o u s fission lib e ra tes large am o u n ts o f e n erg y and resu lts in the em ission o f neu tro n s, alp h a particles, and o th e r frag m en ts of n u c le a r m aterial. T he large a m o u n t o f en erg y lib e ra te d b y th e sp o n ta n e o u s fission of ^ f U in U -b e a rin g m in erals causes d a m ag e in th e fo rm o f track s a b o u t 1 0 ^tm in length. T he tra c k s can b e m a d e visible by e tc h ing, so th a t th ey can b e c o u n te d w ith a m ic ro scope, and a re u se d to d e te rm in e th e ages an d th e rm a l h isto rie s of U -b e a rin g m inerals. T he re su ltin g fissio n -tra ck m e th o d o f d ating h a s b e en d escrib ed by F a u re (1986). N uclear fission can also b e induced w hen the nuclei of certain isotopes o f U an d Pu (p lu to n i um ) absorb n e u tro n s o r o th e r n u clear particles. In d u ced fission o f 2^ U results in the re le a se of neutrons, w hich can cause additional nuclei of 2 g|U to fission in a self-sustaining chain reaction th a t can lib era te very large am o u n ts of energy. In n u clear fission reactors such a chain re actio n is m ain tain ed u n d e r co n tro lled conditions and the h e a t g en erated by th e reactio n is used to g e n e rate electricity by m eans of conventional generators.
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 1 6.2 T h e fission p ro d u cts accu m u late in th e fu e l rods, w hich m u st b e rep laced w h en m o st o f th e 2 g)U has b e e n consum ed. T he sp en t fuel ro d s a re ex trem e ly rad io activ e becau se o f th e em ission of ß~ p a rti cles a n d g am m a rays by th e fission-product n u clid es an d th e ir rad io activ e d aughters. In addi tio n , th e sp e n t fu el rods co n tain iso to p es of N p (n e p tu n iu m ) a n d P u (p lu to n iu m ), th a t form from 29 2 U by n e u tro n ca p tu re an d su b se q u en t b e ta decay lead in g to th e fo rm a tio n of ^ P u and ^ P u . T h ese iso to p es are fissionable an d a re used in the m a n u fa c tu re of n u clear w eapons. P lu to n ium is also poisonous, and its dispersal creates an envi ro n m e n ta l h e a lth h azard (C h a p te r 24).



16.2



Law of Radioactivity



T he law o f radioactivity w as disco v ered by R u th e rfo rd an d Soddy (1902) a n d is expressed by th e sta te m e n t th a t th e ra te of decay of a rad io ac tive nuclid e is p ro p o rtio n a l to th e n u m b e r of ato m s o f th a t nuclide rem ain in g a t any tim e. If N is th e n u m b er of atom s rem aining, then:
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th e n N = N 0/2 . S u b stitu tin g in to e q u a tio n 16.9, we obtain: AC



dt



(16.5)



w h ere A is a p ro p o rtio n a lity c o n sta n t kn o w n as th e decay constant an d th e m inus sign indicates th a t th e ra te of decay d ecreases w ith tim e. By integrating, w e obtain: In A = -A t + C



(16.6)



w here In is th e logarithm to th e b ase e an d C is th e co n stan t of in tegration. W h en t = 0, C = In N 0, w here N Q is th e n u m b er of rad io activ e atom s at t = 0. T h erefo re, th e in te g ra te d fo rm o f th e e q u a tion is: ln N = - A t + In AC



(16.7)



-At



(16.8)



N = N 0e~/i‘



(16.9)



It is convenient to define th e half-life ( T m ) as the tim e req u ired for one half of a given n um ber of radioactive atom s to decay. T herefore, if f ^l/ 2 >



= ACe



1/2



ln 1 — In 2 = —AT,1 /2



(16.10) (16.11)



In 2 = AT,1/2



(16.12)



Tw = X



(16‘13)



E v ery radio n u clid e has a characteristic decay c o n sta n t th a t m u st be d e te rm in e d experim entally. This can b e do n e by m easuring its ra te of decay at intervals over a perio d o f tim e and by p lo ttin g the resu ltin g decay curve. A cco rd in g to e q u a tio n 16.5, th e ra te of disin teg ratio n ( A ) is eq u a l to AN. T h erefore, w e can re s ta te th e law of radioactivity in term s of disintegration rates by m ultiplying b o th sides of eq u a tio n 16.9 by A: AN



AN0e~M



(16.14)



Since A = AN, w e obtain: A



d N = AXAT N
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A 0e~*‘



(16.15)



T aking logarithm s to th e base e gives: In A = In A 0 — At



(16.16)



E q u a tio n 16.16 is th e e q u a tio n o f a stra ig h t line in th e s lo p e -in te rc e p t fo rm w h e re In A 0 is th e in te rc e p t o n th e o rd in a te a n d - A is th e slope. E vidently, th e decay c o n sta n t o f a ra d io n u c lid e can be d e te rm in e d fro m th e slope o f th e stra ig h t lin e fitte d to m e a su re m e n ts o f th e d is in te g ra tio n ra te a t k n o w n in te rv a ls of tim e. T he d e c a y curve can also b e p lo tte d in te rm s o f th e n u m b e r o f ra d io n u c lid e s re m a in in g (N ) v ersu s tim e m e a su re d in m u ltip le s o f th e half-life. B o th form s o f th e decay cu rv e a re illu stra te d in F ig u re 16.3. If th e decay of a radionuclide gives rise to a stable daug h ter nuclide, we can say th a t th e n u m b er of radiogenic daughter nuclides (D *) th a t have accum ulated at any tim e is equal to the n u m b er of p a re n t nuclides th a t have decayed. T herefore, D



= Nn - N



(16.17)
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T i m e , h o u rs



T i m e , h a lf -li v es



w h ere N 0 is th e n u m b e r of p a re n t atom s at t = 0 and N is th e n u m b e r of p a re n t ato m s rem aining at any tim e t. S ubstituting eq u a tio n 16.9 yields: D * = N 0 - N 0e~K‘



(16.18)



Fi g u re 1 6 .3 A. Decay of a radionuclide (;}Na) in ln-normal coordinates according to equation 16.16 where A is the disintegration rate and time t is measured in hours. The numerical value of the slope is equal to the decay constant A from which the half-life T[a can be calculated by means of equation 16.13. B. Decay curve of a radionuclide and growth curve of its stable daughter in linear coordinates, where time is expressed in multiples of the half-life. Both curves can be constructed by using the definition of the half-life. Note that, in general, the number of parent atoms is reduced by a factor of 2~" after n halflives have elapsed.



D * = N 0( 1 - e“ A')



(16.19)



E q u a tio n 16.19 is the growth curve in Figure 16.3B, w hich relates th e n u m b er of radiogenic daughters to th e tim e th a t has elapsed and to the n u m ber of



 16.2 p a re n t atom s th at w ere p resent initially w hen t was eq u al to zero. N otice th at the decay curve of the p a re n t and the grow th curve of the stable dau g hter are com plem entary. This condition arises from e q u atio n 16.17, which is based on th e assum ption th a t th e num bers of p aren t and d au g h ter atom s change only as a result of decay and th a t no daugh ter o r p a re n t atom s are gained or lost by any o th e r process. T he relatio n sh ip b etw een th e radiogenic d a u g h te r and rem aining p aren t atom s can also be exp ressed by replacing N 0 in e q u atio n 16.17 by: N 0 = N eM



(16.20)



w hich we o b tain from eq u atio n 16.9. H ence: D * = N e Kt — N



(16.21)



D * — N (e M - 1)



(16.22)



This is a m o re useful re la tio n sh ip th a n e q u a tio n 16.19 becau se it relates th e n u m b e r of rad io g en ic d a u g h te r atom s (D *) to th e n u m b e r of p a re n t ato m s (N ) rem aining, w h e re b o th a re m easurable quantities. T h erefo re, e q u a tio n 16.22 is th e geoch ro n o m etry equation u sed to d e te r m ine th e age o f a m in eral or ro ck th a t c o n tain s a long-lived n a tu ra lly o ccurring rad io n u clid e. The to ta l n u m b e r of rad io g en ic d a u g h te rs (D ) p e r u n it w eight of ro ck o r m in eral is: D = Da + D*



(16.23)



w here D 0 is th e n u m b er of d au g h ters th a t e n te re d a unit w eight o f m ineral o r rock a t th e tim e of its form atio n and D* is th e n u m b er of radio genic daughters th a t form ed by decay of th e p a re n t in th e sam e u n it w eight of m ineral o r rock. A com p lete description of th e n u m b er of d a u g h te r atom s is o b tain ed by com bining e q u a tio n s 16.22 and 16.23: D = D 0 + N (e x' - 1)



(16.24)



N otice again th a t D and N are m e a su ra b le q u a n tities expressed in term s of nu m b ers o f ato m s p e r unit w eight of m ineral or rock, D 0 is th e n u m b e r of d aughters p re sen t initially, an d t is th e tim e elapsed since a sam ple of m ineral o r ro ck cam e
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into existence. In o th e r w ords, t is th e age o f the m in eral o r ro ck p ro v id ed D an d N ch an g ed only because o f decay o f th e p a re n t to th e rad io g en ic d au g h te r D*. In o rd e r to d ate a rock o r m in e ra l by m eans of e q u a tio n 16.24, the m e a su re d co n c e n tra tio n s of th e p a re n t and d a u g h te r elem en ts m ust b e re c a l culated into nu m b ers o f ato m s o f th e a p p ro p ria te isotopes by converting w eights to n u m b ers of m oles and by using A v o g a d ro ’s n u m b e r an d th e ab u n d an ces o f th e a p p ro p ria te isotopes. T hese m a tte rs w ere discussed in Sections 6.3 a n d 6.4. H ow ever, in o rd e r to solve e q u a tio n 16.24 fo r t we m u st also know th e decay co n sta n t A and the value of D q . T h e decay co n stan ts o f th e ra d io n u clides have b e e n m easu red an d accu rate values are av ailable for m o st o f them . H ow ever, how do w e d eterm in e th e value o f Z)0? T h e n u m b e r o f d a u g h te r a to m s p re s e n t in i tially is d e te rm in e d in o n e o f tw o ways. T he least d e sira b le b u t sim plest m e th o d is to assum e a value w hose m a g n itu d e d e p e n d s on th e p a rtic u lar decay schem e and on the circum stances. F or exam ple, in th e K - A r m e th o d o f d atin g w e m ay assum e th a t D a = 0 b ecause A r is a n o b le gas th a t is n o t likely to e n te r K -b ea rin g m in erals crystallizing fro m a m agm a. In th e R b - S r m e th o d we m ay select a v alue fo r D 0 b a se d on th e assu m p tio n th a t th e Sr o rig in a te d fro m th e m a n tle o f th e E a rth and had an iso topic c o m p o sitio n sim ilar to th a t o f Sr in m id o cean rid g e b a sa lt (M O R B ). T he e rro r c au sed by this assu m p tio n d e p e n d s on th e m a g n itu d e o f th e te rm N (e Xl - 1) in eq u atio n 16.24. If th a t te rm is m uch larg er th a n Z)0, th e n th e c alc u lated d a te is n o t sensitive to th e choice o f D a. T h e re fo re, as a rule, old R b-rich m in erals such as m u sco v ite o r b io tite can be reliab ly d a te d using an assu m ed value of D q . T he p re fe rre d p ro c ed u re is b ased on the analysis o f several sam ples from th e sam e b o d y of ro ck such th a t all sam ples have th e sam e age (t) and th e sam e initial d a u g h te r c o n ten t (D 0). F or such a suite of sam ples D 0 and t are co n stants and eq u atio n 16.24 is a straight line in coo rd in ates of D and N . This straig h t line is called an isochron because it is th e locus of all points re p re sen tin g
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m in eral o r rock sam ples th a t have th e sam e age (r) an d the sam e initial a b u n d an ce o f th e d a u g h te r nuclide (D 0). T he slope an d in te rc e p t o f the isochron a re d e te rm in e d by th e least-sq u ares m e th o d using th e analytical d a ta from at least th re e cogenetic sam ples. T he slope (m ) o f th e isochron is re la te d to th e com m on age of th e suite of cog en etic sam ples by: m = e A' - 1



(16.25)



t = — ln(m + l ) A



(16.26)



an d th e age t is:



T he date so calculated is th e age o f th e rocks, p r o vided th e assum ptions im plied by the calculation a re actually satisfied: 1. T he n u m b er of p a re n t and d au g h te r atom s p e r u n it w eight o f m in eral o r rock changed only by decay of th e p a re n t to the daughter. 2. T he isotopic com position o f the p a re n t e le



m e n t was n o t a lte re d by fractio n ation of isotopes at th e tim e of fo rm ation of th e m ineral.



3. The decay c o n stan t o f th e p a re n t is kn o w n accurately. 4. T he isochron is n o t a m ixing line.



5. T he analytical d a ta a re accurate. T he u n its of tim e u sed in g eo c h ro n o lo g y are years (a), th o u sa n d s of y e a rs (k a ), m illions of y ears (M a), o r b illio n s o f y ears (G a ). In th e id e a l case d escrib ed by th ese assu m p tio n s, th e iso c h ro n te c h n iq u e yields n o t only th e age of th e sam ples b u t also in d ic ate s th e a b u n d a n c e o f th e d a u g h te r iso to p e a t th e tim e o f th e ir fo rm a tio n ( D 0). This v alu e is of g re a t in te re s t b e c a u se it co n tain s in fo rm a tio n a b o u t th e p re v io u s h is to ry o f th e d a u g h te r e le m e n t b e fo re it was in c o rp o ra te d in to th e ro cks in w hich it now re sid e s (D ick in , 1995).



16.3



Methods of Dating



The E a rth contains several naturally occurring long-lived radioactive isotopes, which are being used for dating by the m ethods outlined above. The parents and their daughters are listed in Table 16.1,



Physical Constants R equired for D ating Based on N aturally Occurring Long-Lived Radioactive Nuclides
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 16.3 w hich also contains inform ation ab o u t their decay constants, half-lives, and relev an t isotopic ab u n dances (Steiger and Jäger, 1977). E ach m eth od is applicable to tho se m inerals and rocks th a t contain th e p a re n t elem en t in significant concentrations an d th a t retain th e p a re n t and d au g h ter isotopes quantitatively. T h e applicability of th e different dating m ethods is th erefo re governed, at least in p art, by geochem ical considerations.



a. T he K - A r M ethod T h e p o sitro n an d e lec tro n ca p tu re d ecay of rad io activ e to stab le (gA r in K -b earin g m in e r als causes the a b u n d an ce o f th e rad io g en ic d au g h te r to increase as a fu n ctio n o f tim e in acco rdance w ith e q u a tio n 16.24: 40A r



=



40A r ( )



+



4 0 K ( e A, _



( 1 6 2 7 )



w here 40A r an d 40K are th e n u m b ers o f ato m s of these isotopes p e r u n it sam ple w eight, k e is the decay co n stan t fo r e le c tro n c a p tu re and p o sitro n decay (Ae = 0.581 X IO “ 1 0 a -1), an d A is th e to tal decay c o n sta n t o f 40K (A = 5.543 X 1(T 1 0 a -1). N o te th a t 4 0 A r 0 = 0 an d th a t th e fa c to r Ae/A is n e e d e d to identify th e fractio n o f 40K ato m s th a t decay to 4 0 Ar. The decay o f {gK to 40C a by ß~ decay having a decay co n stan t k ß is ex pressed by a co m p lem en tary equation: °C.a =



40



C a0 +



40



K (eA' - 1) (16.28)



This m eth o d of d ating is rarely used b ecau se 40Ca is th e m ost a b u n d a n t iso to p e of C a (96.94% ) and because its isotopic com position is difficult to m easure by m ass spectrom etry. T he K -A r m eth o d is w idely used to d ate K -bearing m inerals th a t r e ta in 40A r q u an titativ ely such as m uscovite, biotite, and h o rn b le n d e in igneous an d m etam o rp h ic rocks. T h e d a te s calcu lated fro m e q u a tio n 16.27 re p re se n t th e tim e elapsed since th e m in eral being d a te d cooled through its b lo ckin g tem perature below which 40A r is q u an titativ ely retain ed . T h erefo re, K -A r dates of slowly cooled m in erals underestim ate their ages. T he K - A r m e th o d has also b e e n used
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to d a te authigenic glauconite and illite in sed i m e n ta ry rocks (S ection 13.6) as w ell as w holerock sam ples o f glassy b asalt. H o w ev er, such applications re q u ire very careful selection o f sam ples and are certainly n o t routine. The 4 0 A r / 39A r m eth o d is a v ariatio n of the K -A r m ethod in which stable 3gK is partially con v erted to u n stab le but long-lived ^A r ( T m = 269 a) by irrad iatin g th e sam ple w ith n e u tro n s in a nuclear reactor. T he sam ple is th en h e a t ed stepw ise and th e 4 0 A r / 39A r ra tio o f A r, released at each step, is used to calculate a date. T he resu lt ing spectrum o f d ates provides in fo rm atio n ab o u t th e cooling age o f the sam ple as well as a b o u t the d istribution o f K and A r w ithin th e m in eral grains (D alrym ple and L an p h ere, 1969).



b. The Rb-Sr M ethod T he ß~ decay of n atu rally occurring 3 7 R b to sta ble jgSr is the basis for th e R b -S r m e th o d o f d a t ing. The geoch ro n o m etry eq u a tio n is w ritten in term s of th e isotopic ratio 8 7 S r / 8 6 Sr, w hich is co n veniently m easu red by m ass spectrom etry: fS r 86S r
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(16.29)



T he R b -S r m eth o d is used to d ate R b -rich m in e r als such as m uscovite, bio tite, an d K -feldspar in igneous and m etam o rp h ic rocks b ased on assum ed values of th e initial 8 7 S r /86Sr ratio, th a t is, 0.704 ± 0.001, which is re p resen ta tiv e o f Sr in th e source regions of oceanic basalt. The resulting d ates m ay indicate th e tim e elapsed since th e m inerals cooled th ro u g h th e ir respective blocking tem p eratu res fo r radiogenic 8 7 Sr, w hich lie above th o se for radiogenic 4 0 A r. T h erefo re, R b -S r d ates of slowly cooled m inerals ten d to be older th an th e ir K -A r d ates and a re b e tte r estim ates o f th e ir crystallization ages. The R b -S r m e th o d is m o st often used to date suites of cogenetic igneous and high-grade m e ta m orphic rocks by m ean s of th e isochron te c h nique illustrated in Figure 16.4. W hole-rock sam ples of igneous an d m etam o rp h ic rock s m ay re ta in R b and Sr q u an titativ ely even th o u g h ra d i ogenic 87Sr m ay have b e e n re d istrib u te d am ong th e ir constitu en t m inerals by diffusion during
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87Rb/86Sr Fi g u r e 1 6 .4 Rb-Sr isochron diagram for three whole-rock samples of igneous rocks (R I, R2, and R3) and two minerals (M l and M2) of rock R3.The two axes in this diagram have equal scale to enhance the clarity of this illustration. Initially, all rock and mineral samples lie on isochron A l, which has a slope of zero and an intercept equal to b r As time passes, all rocks and minerals on A l move along straight lines indicated by arrows and, at some time after crystallization, they form isochron A 2.The slope of A2 is a measure of the amount of time that has passed since crystallization, but the intercept is still at br The iso topic compositions of Sr in minerals M l and M2 are changed at this time by diffusion of radiogenic 87Sr caused by thermal metamorphism so that both minerals and R3 have the same 87S r/86Sr ratio equal to bm at the end of this episode. A s a result, the rock R3 and its constituent minerals M l and M2 now lie on isochron BI, but rock R3 also lies on isochron A2. After the passage of additional time, the whole-rock samples form isochron A3 whose slope is a function of the time elapsed since crystallization and whose intercept is still equal to b r However, minerals M l and M2 now form isochron B2 whose slope is less than that of isochron A3 and measures the time elapsed since their isotopic reequilibration. The intercept of isochron B2 at bm is greater than bTbecause it is the 87S r/86Sr ratio of R3 and its constituent minerals after isotopic reequilibration. This hypothetical example suggests that whole-rock Rb-Sr isochrons can yield the crystallization age of igneous and high-grade metamorphic rocks, whereas their constituent minerals form isochrons that indicate the time elapsed since the last episode of isotopic reequilibration.



 16.3 th e rm a l m etam orphism . T he d ate d eriv ed from th e slope of a w hole-rock isochron is th erefo re re g a rd e d as a reliable in d icato r of th e crystalliza tio n age of igneous an d m etam o rp h ic rocks. The in te rc e p t is th e initial 8 7 S r /86Sr ratio, which reflects th e geochem ical history of th e Sr b e fo re it w as in c o rp o ra te d in to th e rocks th a t form the isochron. T he initial 8 7 S r /86Sr is, th e re fo re, an im p o rta n t p a ra m e te r fo r th e stu d y of th e p etrogenesis o f igneous rocks and of th e geochem ical dif fe re n tia tio n of th e co n tin en tal crust from the u n d erly in g m antle (Faure and Pow ell, 1972).



c. T he Sm - N d, M ethods
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Lu - H f



T hese ra re e a rth g eo ch ro n o m eters a re useful for d ating C a-rich igneous and high-grade m e ta m o r phic rocks of P recam b rian age. T he re lev a n t e q u a tions (eq u ations 16.30-16.32), follow directly from e q u atio n 16.24 and are w ritten in term s of isotopic ratios: 143'
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A ll th ree m ethods are used to construct isochrons by analysis o f suites o f cogenetic m afic o r even ultram afic rocks. T hese g eoch ro nom eters can be used to date rocks th a t are n o t datable by th e K -A r and R b -S r m ethods. In addition, th e initial isotope ratios are im p o rtan t for studies of th e p etrogenesis of igneous rocks and o f crustal evolution.



d. The R e - O s M ethod The R e -O s m eth o d has becom e ea sie r to use because of im provem ents in th e isotopic analysis of Os (C reaser et al., 1991). T he av erag e concen trations of R e an d O s in rocks are very low and am ount to only fractions o f parts p er billion. B oth elem ents are siderophile and a re strongly co n cen tra te d in th e F e -N i phases of m eteo rites. In ad d i tion, R e occurs in m olybdenite (M oS2), w hereas
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O s is c o n c en trated w ith o th e r P t-g ro u p m etals in th e n atu rally occurring alloy osm iridium . T he g eochronom etry e q u atio n takes th e form : 187,
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It is used to co n stru ct isochrons fo r d ating of m eteorites, ultram afic rocks, an d m olybdenitebearin g ore sam ples. A n a d v an tag e of th e R e -O s decay schem e is th a t cru stal rock s h av e high R e /O s ratios. F o r exam ple, th e av erag e R e /O s ra tio of th oleiite basalts is 28 and th a t o f granites is a b o u t 10. This m eans th a t crustal rocks of P recam b rian age have h ig h 1 8 7 O s /186O s ratios, w hich is useful to igneous petrologists w ho study th e con tam in atio n of basalt m agm a by assim ila tio n of crustal rocks.



e. T he U, T h -P b M et ho ds T he decay o f 2 3 8 U, 2 3 5 U, an d 232T h ru n s th ro u g h sep a ra te series o f in te rm e d ia te rad io activ e d au g h ters to stable isotopes o f Pb. T hese decay chains can achieve a condition o f secular equilibrium w hen th e rates of decay of th e p a re n ts a re im posed on all of th eir in term ed ia te daughters. U n d e r these conditions th e geo ch ro n o m etry eq u atio n s are: 206p b
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T h e th re e decay schem es can yield th re e in d e p e n d e n t age d e term in a tio n s o f m in erals o r rocks containing b o th U an d Th, p ro v id e d th e y did n o t gain o r lose U, Th, o r P b a fte r th e d a te o f th e ir fo rm atio n . In m ost cases, how ever, th e d a te s in d i c a te d by th ese g e o c h ro n o m e te rs do n o t ag ree w ith each o th e r an d a re said to b e discordant. M o st com m only, th e d isco rd an ce re su lts from loss of Pb o r o f in term ed ia te daughters. T he loss o f d au g h ter nuclides fro m U, T h -b earin g m inerals is caused in p a rt by th e ra d ia tio n d am ag e re su lt ing from th e energy re le a se d during alp h a decay.
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In such cases, a fo u rth d a te can b e calcu lated by com bining e q u a tio n s 16.34 an d 16.35 for the U - P b g eo ch ro n o m eters: 207pb 2 206
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T his e q u a tio n re p re s e n ts a fam ily o f stra ig h t lin es in c o o rd in a te s o f 2 0 7 P b / 204P b (y) an d 2 °6 p b / 2 0 4 p b ^ tb a t in te rse c t in a p o in t w hose c o o rd in a te s a re th e in itia l 2 0 7 P b /204P b an d 2 0 6 P b / 204P b ratio s. T h e re fo re, th e le ft side of e q u a tio n 16.37 is th e slo p e o f th e se stra ig h t lines, w hich a re kn o w n as P b - P b isochrons'. 207
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Section 8.1) b ecau se th eir radii in sixfold c o o rd i nated sites a re sim ilar (Z r4+ = 0.80 A, U 4+ = 0.97 A , an d T h4+ = 1.08 Ä ). H ow ever, zir con strongly excludes Pb, w hich can form b o th Pb2+ (1.26 Ä ) and Pb4+ (0.86 Ä ) ions. Since P b is excluded from zircon, it m ust occur as P b 2+, w hich cannot replace Z r4+ because it is to o large and its charge differs to o m uch from th a t o f Z r4+. Therefore, G o ldschm idt’s rules help to explain why zircon crystals exclude Pb b u t accept U an d Th, th ereb y m aking zircon one o f th e m ost u seful geological chronom eters. H ow ever, n o t even zircon is perfectly r e te n tive and, in m ost cases, U, T h -P b dates of zircons are discordant. T his problem was solved b rillia n t ly by W etherill (1956) by m eans o f the concordia diagram, w hich is constructed by calculating th e 2 0 6 p b * / 238l j
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204 Pb Pb w here th e asterisk (*) indicates th a t th e slope of th e P b -P b isochrons is th e ratio of th e radiogenic P b isotopes. E q u a tio n 16.37 relate s th e ratio of th e radiogenic Pb isotopes to th e age t o f the rock o r m in eral based only on th e isotopic com position o f Pb. H ow ever, th e e q u a tio n is tran scen d en tal an d ca n n o t b e solved for t by o rd in ary algebraic m ethods. Solutions can b e o b ta in e d m ost con v e n ien tly by in te rp o latin g in a ta b le of calculated (2 0 7 P b / 2 0 6 Pb)* ratios and f (Faure, 1986,Table 18.3, p. 290). In cases w here eq u atio n s 16.34-16.36 yield disco rd an t dates, th e 207/206 date derived from eq u atio n 16.37 is com m only o ld er than th e U -P b and T h -P b d ates becau se th e P b -P b d ate is not affected by re c e n t Pb loss th a t does n o t change the isotopic com position o f th e rem aining Pb. A lth o u g h the n u m b er of know n U - and T h-bearing m inerals is very large, only a few are suitable for datin g by th e U, T h -P b m ethods because they retain radiogenic P b and because they a re com m on. Z irco n ( Z r S i0 4) m eets th ese criteria b e tte r th an all o th e r m inerals, although m onazite (rare ea rth p h o sp h a te) and ap atite (C a p h o sp h ate) a re used occasionally. Z ircon perm its th e rep lacem en t of Z r4+ by U 4+ a n d T h 4+ in accor d an ce w ith G o ld sch m id t’s first ru le (Table 7.3 and
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terns th a t yield co n co rd an t dates. F ro m e q u a tion 16.34 we have: 206
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C om patible sets o f 2 0 6 p b * /238U and 2 0 7 P b * /235U ratios, calculated from equations 16.39 and 16.40 for selected values of t, are the c o o rd in ates of p oints th a t form th e concordia curve. In o th e r words, the co ncord ia curve is th e locus o f all points re p re se n tin g U -P b system s th a t yield c o n co rd an t U -P b dates. A ny U -bearing rock o r m in eral th a t does n o t p lo t on con co rd ia yields discordant U - P b dates. Z irc o n crystals or o th e r U -P b system s th a t rem ain closed to U and Pb, and to th e in te rm e d i ate daughters, m ove along the co n cordia curve in Figure 16.5 as th ey age. W hen they lose Pb as a result o f an ep iso d e of th erm al m etam o rp h ism , they leave co n co rd ia and m ove along a straight line to w a rd th e origin. W hen all accum ulated radiogenic Pb is lost, the 2 0 6 P b /238U and
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207P b*/235U Fi g u r e 1 6 .5 Concordia diagram used in dating minerals such as zircon, monazite, apatite, and others by the U -P b method. The coordinates of points on concordia are generated by solving equations 16.38 and 16.39 for selected values of t. During episodic Pb loss or U gain, minerals are displaced from concordia and move along the discordia line toward the origin. Zircons, or other U-bearing minerals, which yield discordant U -P b dates by solution of equations 16.33 and 16.34, are represented by points that define discordia. The upper point of intersection of discordia with concordia is the crystallization age of the zircons that define discordia. Loss of U causes U -P b minerals to be represented by points on discordia above concordia. The effect of Pb gain is not predictable unless the isotopic composition of the added Pb is known. U -T h-Pb concordias are possible but have been rarely used because differences in the geochemical properties of U and Th may produce discordias that do not pass through the origin.



P b /235U ratio s ap p ro ach zero along a chord d irected tow ard th e origin. W hen only a fraction of Pb is lost from zircons, they are rep resen ted by points on the straight line. Such U -P b system s yield discordant dates, which is why th e chord is called discordia. W hen zircon crystals fro m a large sam ple of granitic rock are so rted according to th e ir color, m agnetic p ro p erties, o r sh ap e p rio r to analysis, they com m only fo rm p oints th a t defin e a straig h t line on th e conco rd ia diagram . T he u p p e r p o in t of in tersection o f this discordia line w ith con cordia



207



yields the tim e elapsed since crystallization because, if th e zircons had n o t lo st Pb, th ey w ould have resid ed on co n cordia a t th a t p oint. The low er p o in t o f in tersectio n m a y b e th e tim e elapsed since th e en d of episodic P b loss, because this is w h ere zircon crystals w ould now b e lo c a te d on co n cordia if th ey h a d lost all o f th e accu m u lat ed P b during th e episode of th e rm a l m e ta m o r phism (see S ection 19.5). T he sign ifican ce o f th e lo w e r p o in t o f in te r se c tio n o f d isc o rd ia w ith c o n c o rd ia is u n c e rta in be c a u se P b loss m ay b e co n tin u o u s r a th e r th a n
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episodic, o r it m ay b e c a u se d b y th e re la x a tio n o f lith o sta tic p re s s u re as a re s u lt o f e ro sio n of th e overly in g ro ck s fo llo w in g c ru sta l u p lift. In a d d itio n , z irc o n cry sta ls a n d o th e r U -b e a rin g m in e ra ls m ay su ffe r n o t only loss o f P b b u t m ay also lose o r gain U. G a in o f U h as th e sam e e ffect on U - P b sy stem s as loss o f Pb, w h e re a s loss o f U c au ses th e m to m o v e aw ay fro m the o rig in an d p laces th e m o n d isc o rd ia s a b o ve c o n co rd ia. This k in d o f b e h a v io r is so m etim es seen in m o n a z ite a n d o th e r U -b e a rin g p h o sp h a te m inerals. In such cases, th e age o f th e m in e ra ls is in d ic a te d by th e u p p e r p o in t o f in te rs e c tio n as b efo re, b u t th e lo w er p o in t o f in te rse c tio n does n o t h av e a u n iq u e in te rp re ta tio n . U se of highly s e le c te d an d p u rifie d sam ples con sistin g o f o n ly a sm all n u m b e r o f zircon crys tals (o r fra g m e n ts of a sin g le c ry stal) can red u c e th e sta tistic a l e rro r o f ag es d e te rm in e d by this m e th o d to ± 2 m illio n y ears (M a) fo r zircons w h o se age is 2700 M a (K ro g h , 1982a,b). T he decay of U an d Th to stab le isotopes of Pb perm its still m o re e la b o ra te in te rp re tatio n s th a t go beyond th e lim its o f this book. We have alread y m en tio n e d th e fission-track m eth o d of dating, which arises from th e sp o n ta n eo u s fission decay o f 2 9 *U. In a d d itio n , th e grow th of ra d i ogenic Pb in th e E a rth is th e subject of p lu m b o lo gy, which seeks to in te rp re t th e isotopic com position o f Pb in P b -b earin g m inerals th a t do n o t co n tain U o r Th. T h erefo re, plum bology is co n cern ed w ith the study of P b in o re deposits containing galen a (PbS) an d m inerals of o th e r m etals (Stacey and K ram ers, 1975). B efo re we leave this subject, how ever, we consider briefly th e so-called U -series disequilibrium m eth o d s of dating.



f. T he Ionium (230Th) M ethods T h e d au g h ters o f 2 3 8 U, show n in Figure 16.2, form a decay chain th a t can be b ro k e n by geological processes because the d au g h te rs o f U are isotopes of d ifferen t elem en ts a n d th e re fo re have different g eochem ical pro p erties. Two d ifferen t situations m ay arise:



1. A m em b e r o f th e decay chain is se p a ra te d from its p a re n t an d th e re fo re “d ie s” a t a ra te d e te rm in e d by its half-life. 2. A m em b e r of th e decay chain is se p a ra te d



from its d a u g h te r and subsequently re g e n erates its ow n daughter. B oth conditions occur betw een 234U an d its dau ghter 230T h (ionium ) in the decay series o f 2 3 8 U. U ran iu m can assum e valences o f + 4 an d + 6 , w hereas T h has only one valence of + 4. T he re a son fo r this difference is th a t U atom s (Z = 92) have tw o m o re electrons th an Th atom s (Z = 90). T heir electro n configurations (Table 5.2) are: U: Th:
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The tetrav alen t ( +4 ) ions of U and Th form com pounds th at are insoluble in water. In addition, their high ionic potentials (charge-to-radius ratio) cause them to be strongly adsorbed on the charged sur face of small particles. H ow ever, in the presence of m olecular O at or n e a r the surface of the E a rth , U is oxidized to the hexavalent state ( + 6 ) and forms the uranyl ion ( U 0 2+), which has a sm aller ionic potential than U 4+ and therefore is not scavenged from aqueous solutions by small particles as isT h4+. Therefore, w hen U -bearing m inerals decom pose as a result of chem ical w eathering, 234U form s the uranyl ion and rem ains in solution, w hereas 23l)Th form s a tetravalent ion and is strongly adsorbed on sedim entary particles. A s a result, 230T h (ionium ) is separated from its p aren t by being concentrated in sedim ent deposited in the oceans or in lakes. A fter deposition of the sedim ent, the adsorbed “excess” 230Th decays by em itting alpha particles w ith its characteristic half-life (T m = 7.52 x 104 a, A = 9.217 X 10 “ 6 a -1) in accordance with th e law of radioactivity. T he num ber of 230T h atom s rem aining in a unit w eight of dry sedim ent is m easured by observing th e ra te o f disintegration (A) using an alpha spectrom eter o f know n efficiency. W hen sam ples are tak en from a piston core, the 230T h activity ( 2 3 0 T h)/t of a particular sam ple is related to its age (f) by equation 16.15:
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(16.41)



w h e re ( 2 3 0 Th))j is the activity of 230Th at th e top of th e core. For practical reasons, th e activity o f 230Th is d iv id ed by th e activity of ad so rb ed 2 3 2 Th, whose activity is virtually in d e p e n d e n t of tim e because o f its long half-life (Table 16.1). W h en th e ra te of se d im e n ta tio n 5 is d efined as: s =



h



(16.42)



t



w h ere h is th e d e p th below th e to p of th e core, t = h /s , and th e ratio o f the activities o f th e Th iso to p es is: /2 3 0 T h \ 232'



Th



/'2 3 0 T h \° 232'
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(16.43)



W e lin e a riz e th e e q u a tio n by tak in g n a tu ra l log arith m s: /230T h N



/230T h x0



l 232T h j /



l 232T hL



-— s



(16.44)



F igure 16.6 illu strates how sed im en t sam ples ta k e n a t d ifferen t d ep th s from a core g e n e rate an a rra y o f p o in ts in coord in ates of In ( 2 3 0 T h / 2 3 2 T h ) / 4 an d h to w hich a straig h t line can b e fitted. The in te rc e p t of th a t line w ith the In (2 3 0 T h / 2 3 2 T h ) >1 (y) axis is th e 2 3 0 T h /232Th activity ratio a t th e sedi m e n t-w a te r interface and th e slope o f th e line is: (16.45) Since th e slope also has a negative value, it fol lows th a t the sed im en tatio n ra te is: m



(16.46)



This m e th o d o f dating w orks b est w hen it is applied to sed im en t sam ples taken fro m kn ow n d ep th s below th e se d im e n t-w ate r interface. It can yield n o t only th e ages of individual sam ples based o n th e ex trap o lated value o f (2 3 0 T h / 2 3 2 Th))j b u t also indicates sed im en tatio n rates. The m eth o d is lim ited by th e even tu al reg ro w th of 230Th from sm all am ounts of 234U ad so rb ed o n the sedim ent particles, w hich causes d a ta p o in ts to



D e p t h in t h e C o r e , c m Fi g u r e 1 6 .6 Decay of excess 230Th in a core of detri tal sediment at increasing depths below the watersediment interface according to equation 16.44. The slope of the line fitted to the hypothetical data points is m = —0.0355. According to equation 16.46, the sed imentation rate is s = A/m = (9.217 X l(T 6)/0.0355 = 2.60 X 10-4 cm /a or 2.60 m m /103 yr.This value is fair ly typical of the rate of deposition of detrital sediment in the oceans.



deviate fro m th e linear re la tio n sh ip re q u ire d by e q u a tio n 16.44. T he differen ces in g eochem ical p ro p e rtie s of U and Th com e into play in yet a n o th e r way. T he w ater-soluble u ran y l ion ( U 0 2+) m ay e n te r cal cite o r arag o n ite by rep lac em en t of C a2+, w h ereas T h4+ is strongly excluded. T herefo re, freshly d ep o sited calcium c a rb o n a te co n tain s 234U th a t has b een s e p a ra te d from its d a u g h te r 2 3 0 Th. T he d au g h te r is th e n re g e n e ra te d in th e calcite o r arag o n ite a t a ra te d e te rm in e d by th e d ifference b etw een th e ra te o f decay of its p a re n t an d its ow n decay rate. T h e d ifferen tial eq u a tio n g o v ern ing th e decay o f a rad io n u clid e to a rad io activ e d au g h te r was solved by B a te m a n (1910). W hen the solution o f th a t eq u atio n is a d a p te d to the decay of 230T h th a t is form ing by decay o f 2 3 4 U, we o b tain (Faure, 1986, ch. 21, sec. 3): ( 2 3 0 T h )A = (2 3 8 U )/t( l - e " W )



(16.47)



This e q u atio n is sim ilar to e q u a tio n 16.19, w hich relates the n u m b e r o f dau g h ters to th e n u m b er of
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p a re n t ato m s p re se n t initially. In eq u a tio n 16.47 th e p a re n t is 2 3 8 U, w hich is assum ed to be in secu lar eq u ilib riu m w ith its d a u g h te r 2 3 4 U. Since 23SU has a very long half-life (T m - 4.468 X 10 9 a, Table 16.2), its activity is virtually co n stan t on a tim e scale o f 1 m illion years. T herefo re, th e growth curve of the activity of 230Th in calcium carb o n ate in Figure 16.7 has th e sam e shap e as th e one in F igure 16.3B, w hich is a p lo t of e q u atio n 16.19. T he 2 3 4 U - 230T h m e th o d of d atin g is useful for d atin g calcium c a rb o n a te d e p o sited in th e oceans in th e p a st 150,000 years o r less. It has b e e n used to d a te co ral reefs re la te d to sea-level flu ctu a tio n s and th e resu lts have su p p o rte d the M ila n ko vitch h yp oth esis th a t th e global clim ate is affected by p e rio d ic v ariatio n s in th e a m o u n t and tim ing o f so lar ra d ia tio n receiv ed by th e E a rth



i.o -



because of th e dynam ics of its o rb it a ro u n d th e Sun (B ro eck er e t al., 1968). E q u atio n 16.47 is inexact because 234U is actually n o t in secular equilibrium w ith 238U in w ater on th e surface o f th e E a rth . T he re a so n is th a t 234U is leached p referen tially from U -b e arin g m inerals because it resides in lattice sites th a t w ere dam aged by th e decay o f 238U and o f th e tw o d aughters th a t p re c e d e 234U (F igure 16.2). A s a result, th e d isin teg ratio n ra te of 234U in th e o cean s is 15% greater th a n th a t of 2 3 8 U .T h e discrepancy is even g re a te r in g ro u n d w ater, w here th e activity ratio 2 3 4 U / 238U m ay b e as high as 10. A co m p lete description o f th e grow th of 23(lT h in system s c o n taining excess 2 3 4 U can be fo u n d in F au re (1986, p. 370) and in th e referen ces cited therein. T he decay of 238U and 235U th ro u g h chains of unstable d au g h ters has p e rm itte d th e d e v e lo p m en t o f several o th e r geochronom eters. A ll of them are used to study th e rates of se d im en ta tio n an d o th e r geological processes o n th e su rface of the E arth . T hese applications o f radiochem istry to geology have grow n into a large subdivision of isotope geochem istry.
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T i m e , 10 4 y e a rs Fi g u r e 1 6 .7 Growth of 23UTh by decay of 234U, which is in secular radioactive equilibrium with 238U, in accor dance with equation 16.47. During the formation of cal cium carbonate from aqueous solution U is admitted as the uranyl ion ( U 0 2+), whereas Th is excluded.There fore, the decay chain of 238U is thereby broken and 234U in the carbonate regenerates the daughter 230Th until their activity ratio reaches a value of one and secular equilibrium is reestablished. The diagram assumes that 234U is in equilibrium with 238U, but in reality the oceans and water on the continents contain excess 234U because it is leached preferentially from U-bearing minerals. A derivation of the equation representing cases where (234U / 238U > 1 was given by Faure (1986, pp, 370-371).



Cosmogenic Radionuclides



A large group of rad ionuclides is p ro d u c ed by nuclear reactions betw een cosm ic rays and the stable ato m s o f th e atm o sp h ere an d in rocks exposed at th e surface of the E a rth . Cosm ic rays o rig in ate prim arily from th e Sun an d consist p re d om inantly o f highly en erg etic p rotons. T he p ro d ucts of th ese nuclear reactions m ay be rem oved from th e atm o sp h e re by m eteo ric p recip itatio n or they m ay rem ain in the a tm o sp h ere for long p e ri ods of tim e, d ep en d in g on th eir chem ical p ro p e r ties. M any o f th e p ro d u c t nuclides have half-lives m easu red in h ours o r days and th e re fo re a re n o t useful fo r geologic research. H ow ever, a su rp ris ingly larg e n u m b e r o f th ese nuclides decay suffi ciently slowly to be of in te re st in geology. The radionuclides listed in Table 16.2 are becom ing increasingly useful because of dram atic im p ro v em en ts in th e eq u ip m en t used to detect them . T he trad itional m easu rem en t tech n iq u e is low -level counting using heavily shielded radia-
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tion d etectors. In rec en t years, u ltrasen sitiv e highenerg y ta n d e m m ass spectro m eters, w hich literally co u n t ions, have greatly im proved th e sensitivity with w hich cosm ogenic radionuclides can be detected . T he atm osp h eric in v en to ries o f th e cosm o genic rad ionuclid es d e p e n d on th e ra te s at w hich they a re p ro d u ced an d o n th e ra te s at w hich th ey decay o r a re rem oved from th e atm o sp h e re by m eteo ric p recip itatio n o r by o th e r processes. O nce a p a rtic u lar radionuclide h as b ee n rem oved from its atm osp h eric reserv o ir, decay becom es th e d o m in an t process and its activity declines w ith tim e in accordance w ith e q u a tio n 16.15. The m easu red disinteg ratio n ra te o f a p a rtic u la r cos m ogenic rad io n u clid e in a geological sam ple can be used to solve e q u a tio n 16.15 fo r t, pro v id ed th e initial d isin teg ratio n ra te is k n o w n o r can b e derived fro m a set o f data.



a. T h e C a r b o n - 1 4 M e t h o d T he carbon-14 m eth o d of d atin g was developed in th e la te 1940s by a g ro u p of scientists w orking at th e U n iv ersity of Chicago. T h e g ro u p included W. F. Libby, J. R . A rn o ld , E . C. A n d e rso n , and A. V. G rosse, w ho successfully d e m o n stra te d th e p resen ce of 14C in m e th a n e fro m a sew agetre a tm e n t plan t. T he first age d e te rm in a tio n s of archaeological objects of know n age w ere m ade by
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A rn o ld and L ibby (1949). Two years later, A n d erso n and L ibby (1951) re p o rte d th a t th e spe cific disintegration rate o f 14C in m o d ern plants is co n stan t w orldw ide and has an average value of 15.3 ± 0.5 d isintegrations p e r m in u te p e r gram (d p m /g ) of carbon. This value was la ter revised to 13.56 ± 0.07 d p m /g of carbon. T hese m e a su re m en ts th e re fo re established th e feasibility o f th e L4C m e th o d of dating, w hich L ibby described in a b o o k published in 1952. T he m e th o d was widely acclaim ed and earn ed W. F. L ibby th e N obel Prize in chem istry in 1960. In 1959 a jo u rn a l was fo u n d ed called R adiocarbon in w hich all age d e te rm i nations and m any research p a p e rs dealing w ith th e d istribution of 14C continue to be published (M ook, 1980). T he d o m in an t n u clear re a c tio n p ro d u cin g 14C in th e a tm o sp h ere involves th e in te ra c tio n of n e u trons, d eriv ed from cosm ic rays, w ith stab le 1 4 N: n e u tro n + 14N -»



+ p ro to n



(16.48)



The radioactive 14C so prod u ced is in co rp o rated into C 0 2 m olecules and is rapidly m ixed th ro u g h o u t th e atm osphere. F rom there it is ab sorbed by green plants during photosynthesis and en ters cel lulose and o th er carbon com pounds m anufactured by them . It is transm itted fu rth er up the food chain by herbivorous and carnivorous anim als so th at virtually all living organism s contain l4C a t ab o u t the sam e specific concentration expressed in term s of disintegrations per m inute p e r gram of carbon. A s long as a plant is alive, it con tin u es to ab so rb 14C from the atm osphere. H ow ever, w hen it dies, th e co n cen tratio n of 14C in its tissue begins to decline a t a ra te d e p e n d e n t on th e half-life o f l4C as show n in Figure 16.8.The decay of 14C takes place by ß~ em ission to stab le 1 4 N: -> 14N + ß~ + v + Q



(16.49)



w here th e sym bols have th e sam e m ean in g as in eq u atio n 16.1. T he half-life o f 14C is 5730 years. H ow ever, I4C d ates are b ased o n a valu e of 5568 years fo r th e decay constant. T he basic principle and m ea su rem e n t tech nique of the carbon-14 m eth o d o f dating are quite simple. T he specific activity of 14C in a sam ple con taining biogenic carbon is m easured by converting
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T i m e , 10 3 y e a rs Fi g u r e 1 6 .8 Decay curve of 14C in accordance with equation 16.15.The initial decay rate of 14C is 13.56 ± 0.07 dpm /g of C.The 14C date is calculated from equation 16.50 based on the measured disinte gration rate of the remaining l4C.This method can be used to date plant remains and calcium carbonate formed in equilibrium with C 0 2 of the atmosphere. The limit of the technique based on radiation detec tors is about 35,000 years but can be doubled by using ultrasensitive mass spectrometers. Although the car bon-14 dating method is simple in principle, it is com plex in reality because the initial activity of 14C has varied with time in the past and because of fractiona tion of the isotopes of C.



th e c arb o n to C 0 2, o r a n o th e r carb o n com pound, an d by counting it in a w ell-shielded ionization cham ber or scintillation counter. T he m easured activity (A ) is su b stitu ted into e q u atio n 16.15, w hich is solved fo r t using th e assum ed initial activity o f 14C (A 0):



contain C 0 2 derived partly from th e atm osphere. T he initial activity of ,4C in calcium c a rb o n a te sam ples, how ever, is likely to be different fro m th a t observed in plant m aterial. T herefore, it m u st be evaluated at each locality. T he lim it of the carbon-14 m eth o d b a se d on standard counting techniques is about 35,000 years. U se o f ultrasensitive m ass sp ectro m eters can m o re th a n double this lim it. D a te s are so m etim es exp ressed in term s of years before present ( b .p .) , w here th e p resen t is tak en to be 1952. H isto rical dates are also referred to the C hristian calendar by subtracting 1952 years from dates adjusted to th a t p o in t of reference. Thus a date of 2000 years b .p . becom es 48 b . c . (b efore C hrist), w hereas a d a te of 1500 years b .p . is equivalent to 452 a . d . (anno dom ini). A lth o u g h the principles of th e I4C m e th o d of dating a p p e a r to be straightforw ard, m any c o m plications do, in fact, occur. T hese arise from th re e m ain sources: 1. V ariations in the production rate of 14C caused by fluctuations in the cosmic-ray flux and by changes in the m agnetic field o f the E arth, which interacts with the cosmic rays. 2. V ariations of th e 14C c o n te n t o f p la n t m aterials and calcium carb o n ate caused by isotope fractio n atio n and o th e r local environm ental effects. 3. L ow ering of the 14C c o n ten t o f the a tm o s p h e re by dilution with C 0 2 derived by com bustion of fossil fuel and increases caused by th e explosion of nu clear devices and th e o p eratio n of nuclear reactors.



(16.50)



T h e changes in th e 14C c o n te n t of th e a tm o s p h e re since th e sta rt of th e industrial rev o lu tio n a ro u n d 1860 are so pro fo u n d th a t th e carbon-14 m e th o d o f dating is no longer applicable to sam ples fo rm ed since th a t time.



T h e m aterials suitable for dating include ch ar coal and w ood, seeds an d nuts, grasses, co tto n cloth, p ap er, leath er, an d peat. In addition, calcium carb o n a te in m ollusk shells an d in m arine or lacus trin e sed im en t can be d ated because such deposits



A lth o u g h th e presence o f 10B e in ra in w a te r has b e e n kno w n since 1955, its use in geological re se a rc h w as re ta rd e d by the technical difficulties in m e asu rin g its decay ra te w ith ra d ia tio n detec-



t = —In — A A



b. T h e 10B e an d 26AI M e t h o ds



 16.4 tors. T h e sam e is tru e for 2 6 A 1 , 36C1, and m ost of th e o th e r cosm ogenic radionuclides listed in T able 16.2. A ll this changed dram atically in the late 1970s w hen ultrasensitive m ass sp ectro m e ters w ere d ev elo p ed by m eans of which th e ab u n d ances o f these nuclides can now be m easu red accu rately (P u rser e t al., 1982). B o th 10B e an d 2 6 A1 a re p ro d u ced in the a tm o sp h e re by highly en erg etic cosmic rays th a t frag m en t stable isotopes of O and N in spallation reactions. B oth isotopes a re rapidly rem oved fro m th e atm o sp h ere in th e form of ra in and snow. W h en they e n te r th e oceans, b o th ra d io n u clides a re scavenged from th e w ater by ad so rp tio n o n inorganic and organic sed im en t particles th a t carry th em dow n to th e b o tto m o f th e oceans. A fte r depositio n , th e co n cen tratio n s (o r d isinte g ratio n ra te s) of 10B e and 26A l d ecrease w ith tim e as they decay w ith th eir characteristic half-lives (T able 16.2).T h e sam e is tru e w hen 10B e a n d 2 6 A1 are d e p o site d o n th e co n tin en ta l ice sh ee ts of G re e n la n d and A n ta rc tic a . In a d d itio n , these an d o th e r rad io n u clid es a re p ro d u ce d in m e te o rite s an d in rock s on o th e r p la n e ts ex p o sed to cosm ic rays. A fte r m e te o rite s fall to th e E a rth , th e p ro d u c tio n o f cosm ogenic rad io n u clid es vir tually stops. This m akes it possible to d e te rm in e th e ir terrestrial residence ages by m e asu rin g the re m ain in g c o n c e n tra tio n s o r activities o f l0Be an d 2 6 A1. T he decay of 10B e to stable 10B by b e ta (ß ~) decay obeys th e law of radioactivity expressed by eq u a tio n 16.9: 10B e = l0 B e 0 e~A'



(16.51)



This e q u a tio n can be solved fo r t b ased on m ea surem ents o f l0B e and 1 0 B e0. W h en sam ples are tak en from a core of sedim ent o r ice, t can be expressed in term s of d ep th (h ) an d th e sed im en tatio n ra te (.?) as in eq u atio n 16.42. W hen data p o in ts a re p lo tte d in c o o rd in ate s o f In 10B e an d h, they defin e a straight line w hose slope yields th e sed im en tatio n ra te (s) and w hose in te rc e p t is In 1 0 B e0, as exem plified by eq u atio n 16.44. In principle, th e same suite of sam ples can be analyzed for b o th 10B e a n d 2 6 A l, which act as inde p en d en t chronom eters. O n th e o th e r hand, th e two
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radionuclides can be com bined by tak in g th e ratio of th eir co ncentrations o r d isintegration rates: 26A l
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(16'52)



E q u a tio n 16.52 can be re d u c e d to: 26a i 10
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(16.53)
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w h ere A' — Aa 1
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(16.54)
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T 1 / 2 = 1.37 X 10 6 a



A cco rd in g to eq u a tio n 16.53, th e 2 6 A l / 10B e ratio d ecreases w ith d e p th in a sed im en t o r ice co re a t a ra te th a t d ep en d s on th e ra te of dep o sitio n . By su b stitu tin g t = h /s an d by tak in g n a tu ra l loga rith m s of eq u a tio n 16.53 w e obtain: 26
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(16.55)



This is the eq u atio n of a straight line in coordi nates of ln( 2 6 A l / 1 0 B e) and h w hose slope m = —\ ’ls and w hose intercep t is ln( 2 6 A l / 1 0 B e )0. A lim ited n u m b er of d ata review ed by F aure (1986) suggest th a t th e initial 2 6 A l / 10B e ratio m ay be a co nstan t equal to ab o u t 0.018 ± 0 .0 1 0 .



c. Ex p osure D a t in g o f R o ck Su r f aces H igh-energy n e u tro n s associated w ith cosm ic rays pro d u ce radionuclides by n u clear spallation reactio n s involving atom s in rocks an d soils exposed at th e surface o f the E a rth (Lai, 1988). T he p ro d u cts of th ese n u clear reactio n s include 3 H e, ' “B e, l\C , ?jN e, A l, and $C1, w hich accu m u late in the ta rg et rocks as a function o f tim e. T he decay co n stan ts and half-lives o f th e ra d io n u clides a re included in Table 16.2, except fo r )H e and 2 ßNe, w hich are stable. A lth o u g h nuclear spallation reactio n s occur in all rocks and m inerals th a t a re exposed to cos m ic rays, q u artz is an especially favorable ta rg et fo r th e pro d u ctio n of 10B e and 26A l because o f its sim ple chem ical com position ( S i0 2), its resistance to m echanical an d chem ical w eathering, and its
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ab u n d an ce in d ifferen t kinds of rocks an d because cosm ogenic rad io n u clid es depo sited b y m ete o ric precipitation can be elim inated by a chem ical clean ing p ro c e d u re (L ai and A rnold, 1985; N ishiizum i et al., 1986). In addition, in-situ-produced cosm o genic 3 6 C1 has b een used successfully to determ ine exposure ages of lacustrine sedim ent and glacial deposits of Pleistocene age (Phillips e t al., 1986; Phillips et al., 1990; Jannik e t al., 1991). T he accum u latio n of a ra d io n u clid e fo rm e d by a n u clear re a c tio n is g o v ern ed by an e q u a tio n deriv ab le fro m th e law of rad io activ ity (Faure, 1986, Section 4.4): P = f (1 - e - A') A



(16.56)



w h ere P = n u m b e r o f p ro d u ct atom s p e r gram ; R = p ro d u ctio n ra te o f th e p ro d u c t nuclide in atom s p e r gram p e r year; A = decay c o n stan t of th e p ro d u c t in recip ro cal years; and t = d u ratio n o f the irrad iatio n in years. T he p ro d u c tio n rate s of 10B e and 2 6 A1 in q u a rtz at sea level and at g eo m ag n etic la titu d e > 5 0 ° have b e e n d e te rm in e d by N ishiizum i et al. (1989) w ho re p o rte d ra te s of 6.0 atom s g “ 1 y - 1 fo r 10B e and 36.8 atom s g - 1 y _I fo r 2 6 A l.T h e p ro d u c tio n rates rise w ith increasing altitu d e above sea level because of d ecreased atm o sp h eric shielding and also vary w ith geom ag netic latitude. W hen e q u atio n 16.56 is used to d ete rm in e the expo su re age of q u artz based on th e m easured co n cen tratio n s of 10B e o r 2 6 A1, several assum p tions m ust be m ade: 1. T he q u a rtz in th e targ et rock did n o t co n tain resid u al cosm ogenic radionuclides left over from a p revious exposure. 2. T he ta rg et rock w as n o t shielded fro m cos



m ic rays by n e a rb y to p o g rap h ic features. 3. T he ta rg et rock was irrad iated co n tin u o u s



ly since its initial exp o su re to cosm ic rays. 4. The ra te o f ero sio n o f th e ta rg e t ro ck was



negligibly low. T hese assum ptions can n o t be ev alu ated in m ost cases an d th e re fo re in tro d u ce un certain ty in to the exposure dates calcu lated from e q u atio n 16.56.



The ero sio n ra te o f th e ta rg e t ro ck can be tak en into con sid eratio n provided it rem ained co n stan t during the exposure. T he re le v a n t e q u a tio n was derived by L ai (1991):
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w here s = e ro sio n ra te o f th e targ et in cen tim e te rs per year; p = density o f th e targ et m ineral in gram s p e r cubic centim eters; A = ab so rp tio n m e a n free p a th of n e u tro n s in th e ta rg e t rock. N ishiizum i e t al. (1991) used a value of 165 g /c m 2 fo r this p a ra m e te r. N o te th a t th e decay constant o f th e p ro d u ct nuclide in e q u atio n 16.57 has b een increased by th e term p e l A and th a t th e a p p a ren t half-life has th e re fo re b een sh o rtened. In o th e r words, th e effect o f erosion is to m ake th e p ro d u ct nuclide a p p e a r to decay m ore rapidly th a n it actu ally does. T h erefore, a longer exposure tim e is req u ired to achieve th e observed concentration of th e cosm ogenic radionuclide, m eaning th a t the exposure age calculated from eq u atio n 16.57 increases w ith increasing erosion rate. E q u atio n 16.57 can be used to calculate a m inim um ex p osure d a te and a m axim um erosion ra te based on th e m easu red co ncentrations of 10Be o r 2 6 A1 in a sam ple o f q u artz th a t was exposed to cosm ic rays. If th e erosion ra te is assum ed to b e negligibly sm all, e q u atio n 16.57 ap p ro ach es th e form o f eq u atio n 16.56 and yields a m inim um ex posure age. H ow ever, at higher e ro sion rates th e co rresp o n d in g exposure ages calcu lated from e q u atio n 16.57 rapidly approach infinity as th e ero sio n ra te reach es a m axim um . T herefore, the cosm ic-ray-exposure d ate calculat ed from e q u a tio n 16.56 is an underestim ate of the tru e ex p o su re age. T he discrepancy b e tw e e n th e calculated m in im um d a te an d th e tru e exposure age rises with increasing values of th e erosion ra te of th e target and w ith th e d u ra tio n o f th e exposure. In ad d i tion, th e sensitivity o f this m eth o d o f dating decreases as th e co n cen tratio n o f th e p ro duct nuclide ap p ro a ch e s equilibrium w hen th e rate of p ro d u ctio n o f th e radionuclide is equal to its rate o f decay. T his co n d itio n is achieved w hen the irra diatio n tim e is eq u al to a b o u t four half-lives of the



 PR O BLE M S p ro d u c t nuclide. Since 10B e has a half-life of 1.5 X 10 6 years, e q u ilib riu m is re a c h e d in a b o u t 6 m illion years, assum ing th a t th e ero sio n ra te of th e targ et is negligible. This m eans th a t a calculated exposure d ate of th a t m agnitude m ay actually be older by am ounts of tim e th a t cannot be specified. H ow ever, exposure ages of less th an about one m il lion years, calculated from in-situ-produced 10B e in quartz, are reliable, provided th a t th e erosion rates are low (i.e. less th an about IO - 5 cm /year) and th at the o th er assum ptions listed above are satisfied. T herefore, the m ost desirable m aterial for expo sure dating are quartz crystals, vein quartz, chert, quartz concretions or agate geodes, quartzite, or w ell-cem ented quartz arenites. A ge determ inations based on in-situ-produced 10B e in q u artz have been re p o rte d by N ishiizumi (1991a,b), B ro o k et al. (1993), G osse e t al. (1995).



16.5



Summary



T he discovery of th e radioactivity o f th e salts of U in 1896 has had a p ro fo u n d effect o n geology b ecause rad io activ ity lib erates h e at an d because it provides clocks th a t tell geologic time. T hese g eo ch ro n o m eters are based on th e slow ra te of decay of long-lived radioactive isotopes of K, R b,
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Sm, L a, L u, R e, U, and Th. T he in te rp re ta tio n of th e m e a su re m e n ts is based on th e law o f ra d io a c tivity, w hich yields in fo rm a tio n n o t only a b o u t tim e b u t also a b o u t th e p a st h istories o f the d a u g h te r elem en ts w ithin th e E a rth . T h erefo re, isotopic m eth o d s o f dating b a se d on long-lived rad io activ e iso to p es p ro v id e in fo rm atio n n o t only a b o u t th e histo ry o f th e E a rth b u t also a b o u t the origin o f igneous rocks and the chem ical d iffe re n tia tio n of th e crust a n d m antle. The short-lived radioactive daughters o f 238U and 235U enable us to determ ine sedim entation rates and ages of m inerals th a t form ed within 1 m il lion years of the present. The study of geologic processes o f the re cen t past is especially im portant b e c a u se it co n trib u te s to o u r u n d e rsta n d in g o f th e te rre s tria l e n v iro n m e n t, including v ariatio n s in clim ate. C osm ogenic rad ionuclides a re becom ing increasingly im p o rta n t for d atin g ev en ts on th e surface of th e E a r th w ithin th e p a st m illion years. T h e nuclides in clu d e n o t only th e w ell-know n 14C b u t also 1 0 Be, 2 6 A1, an d 3 6 C1 p ro d u c e d by ex posure of rocks and m inerals to cosm ic rays. T he in creas ing em phasis on d atin g events th a t o cc u rre d in th e rec e n t p ast reflects th e grow ing conviction th a t we m ust u n d e rsta n d the re c e n t history o f the E a rth in o rd e r to p re d ic t its future.



Problems* 'Pro b le m s 2 - 1 0 are base d on data fro m Baa dsg aard et a l. (1 9 7 6), an d Pro b le m s 11 a n d 12 are fro m Baa dsg aard (1 9 7 3) c o n c e rn in g th e g e o lo g ic history o f th e A m itso q g n eiss o f G re e n la n d , w h ic h is o n e o f th e o ld est ro cks k n o w n o n Earth.



1. Calculate the atomic 87R b /86Sr ratio of a rock sample containing Rb = 125 /xg/g and Sr = 275 /xg/g. Atomic weights: Rb = 85.46, Sr = 87.62; isotopic abun dances: 87Rb = 27.83%, 86Sr = 9.90%. (Answer: 1.31) 2. Calculate a K -A r date for a sample of biotite from the Amitsoq gneiss containing KzO = 9.00%, 40Ar = 2.424 /xg/g. Decay constants: Ae = 0.581 X 10~10 a-1, A = 5.543 X 10-10 a-1; isotopic abundance of 40K = 0.01167%; atomic weights: K = 39.098, O =



15.999,40Ar = 39.96. (Answer: 2308 X 106 a) 3. Calculate a Rb-Sr date for the same sample of biotite from the Amitsoq gneiss given that 87R b /86Sr = 107.1, 87S r /86Sr = 3.093. Decay constant: A = 1.42 X 10“11 a“1; (87S r /86Sr)0 = 0.7030. (Answer: 1554 X 106 a)



4. Calculate the slope and intercept of a Rb-Sr isochron by the method of least squares using data for micas from the Amitsoq gneiss.
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IS O T O PIC G E O C H R O N O M ET ER S Samples la



87R b /86Sr 763



87S r/86Sr 17.337



lb 2



41.52



1.739



107.12



3.093



3



166.7



4.543



4



3.858



5



138.7 330.7



6



82.7



2.741



8.057



U se the slope to calculate a date for these samples (A = 1.42 x l(T n a“1). (Answer: intercept = 0.8806, slope = 0.021 59, t = 1504 X 106 a)



7. Plot the whole-rock isochron from Problem 5 and the mineral isochron from Problem 6 and use the dia gram to interpret the dates obtained in Problem 5 and 6. 8. Calculate U -Pb and Th-Pb dates for a sample of sphene from the Amitsoq gneiss in Green land. 206P b /204Pb = 53.90, 2l)7P b /2,)4Pb = 20.76, 208pb /2 0 4 p b



=



36 94 ;



238u / 2 l ) 4 p b



=



g g jq ^



=



137.88, 232T h /2C,4Pb = 55.38, (2IJ6P b /204Pb)u = 12.97, (2 0 7 p b /2 0 4 p b ) ^



=



1 4 1 7 j



(2 0 8 p b /2 U 4 p b ) u



=



33. 90,



A|



=



1.55125 x 10”'° a“1, A2 = 9.8485 X 10“10 a”1, A, = 4.9475 x 10“11 a“1. (Answer: t206 = 2445 X IO6 a, r2(J7 = 2456 x 10ri a, t2m = 1080 X 106 a)



9. Calculate the U /T h concentration ratio of the sphene in Problem 8 given that 238U / 21l4Pb = 88.746 5. Calculate the Rb-Sr isochron age and initial and 232T h /204Pb = 55.38. Atom ic weights: U = 238.029, Th = 232.038. Abundance of 238U = 99.28%. fi7S r/86Sr ratio of a suite of whole-rock samples from (Answer: U /T h = 1.655) the Amitsoq gneiss near Godthaab, Greenland, based on the following data (A = 1.42 X 10”11 a”1). 10. Calculate the 207/206 date of sphene from the Amitsoq gneiss given that 2n6P b /2l,4Pb = 140.8, 87S r/R6Sr Sample 87R b /86Sr 2


2.098



0.8245



2



0.198



3



1.173



0.7096 0.7668



4 5



2.033 1.364



0.8191



6



0.319



0.7163



0.7791



[Answer: (87S r/86Sr)0 = 0.6971, slope = 0.0060 22, t = 4119 X 106 a. For a discussion of these results consult the paper by Baadsgaard et al. (1976)] 6. Calculate a Rb-Sr date from the following analy ses of a whole rock and its constituent minerals (A = 1.42 x IO”11 a).



(207pb/204pb)()= 14 n



(Answer: t2alaüh = 2512



12. Determine the age of zircons from the Amitsoq gneiss by plotting the data given below on the diagram constructed above (Baadsgaard, 1973). Sample



21l7P b */235U



1



0.732



2



0.715 0.714



3 4



0.673



5



0.643 0.625 0.600



32.25 32.25 31.75 29.75 27.50



87R b /86Sr



87S r/86Sr



Whole rock



1.173



0.7668



6 7



4.543



8



0.595



25.50 25.60



0.7822 0.7344



9



0.500



20.00



116.7



K-feldspar



0.6437



Plagioclase



0.0633



106 a)



11. Plot a concordia curve for values of t from 3.0 x 10s to 3.7 x IO9 a.



Sample



Biotite



X



27.00



At = 1.551 25 x 10“10 a“1, A2 = 9.8485 X 10”'° a”1.



N ote that the whole rock is sample 3 in Problem 5 and the biotite is sample 3 in Problem 4. [Answer: (87S r/86Sr) = 0.7468, slope = 0.022 77, t = 1586 x 106 a)]



(Answer: discordia intercept = 0.1324, slope = 0.018 30, intercept with concordia: 207P b*/235U = 33.74,206P b*/238U = 0.754, t = 3622 X 106 a)
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13. Review the answers to Problems 2-6, 8,1 0 , and (i) Why is the whole-rock Rb-Sr isochron date of 12, all of which pertain to the Amitsoq gneisses. the Amitsoq gneisses older than the concordia U -P b (a) Why is the K -A r date of biotite (Problem 2) date of the zircons? older than the Rb-Sr date of the same biotite 14. Calculate the average growth rate of a man (Problem 3)? ganese nodule from the following information. (b) What is the significance of the fact that micas from different whole-rock samples of the Amitsoq Depth, mm (230T li/232Th)A> d p m /g gneisses all fit the same isochron (Problem 4)? (c) What is the meaning of the whole-rock 0-0.3 43.7 isochron date of the Amitsoq gneisses (Problem 5)? 0.3-0.5 26.2 (d) Why does the whole-rock sample (3) in 0.5-0.85 10.4 Problem 5 also fit the isochron in Problem 6? (e) What is the significance of the U -P b dates of A = 9.217 X 1 0 '6 a_1. sphene from the Amitsoq gneisses in Problems 8 (Answer: 3.2 m m /106 yr) and 10? (f) Suggest a reason for the low Th-Pb date 15. A sample of wood from an archeological site (Problem 8) and the low U /T h ratio (Problem 9) of was found to be 6367 years old when it was analyzed in the sphenes from the Amitsoq gneisses. 1986. What is its age (a) in years b .p .? (b) in reference to (g) What is the significance of the concordia date the Christian calendar? of the zircons from the Amitsoq gneisses? [Answer: (a) 6333 years b.p.; ( b ) 4381 b .c .] (h) What is the significance of the date of the lower point of intersection of discordia with concor dia at —950 X 106 a? (Baadsgaard, 1973.)
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 17 Isotope Fractionation S everal elem en ts of low atom ic n u m b e r a re com p osed of two o r m o re stable isotopes. T herefore, w hen th ese elem ents re a c t to form com pounds, th e m olecules th a t are p ro d u c e d differ fro m each o th e r by th e p articu lar iso to p es th ey contain. For exam ple, th e re are nine d ifferen t isotopic vari eties of H zO and te n isotopic v arieties o f C O z w hose m olecu lar w eights d iffer significantly from each other. T he differences in th e m olecular w eights affect th e w ay th ese m olecules resp o n d to certain kinds o f physical processes th a t are m ass d ep en d en t. M oreo v er, th e stren g th s of covalent bonds in m olecules o r ions d ep en d on th e m asses o f th e atom s. T h erefo re, certain iso topic v arieties of a p articu lar m olecule o r com plex ion are m o re stable th a n o th ers b ecau se the bon d s they contain a re stro n g e r th an th o se of o th e r isotopic varieties of th e sam e m olecule. iTie study of th ese subtle effects has b eco m e very im p o rtan t in th e E arth Sciences b ecau se they enhance our u n d erstan d in g of geochem ical processes occurring on th e surface of the E arth.



17.1



Principles of Isotope Fractionation



T he isotope com positions of certain e lem en ts of low atom ic n u m b e r are variable an d d e p e n d on th e co m pound in which th e ele m en t resides as well as o n th e origin of th a t co m p o u n d . For exam ple, th e isotopic com position o f oxygen in rain w ater varies w idely d ep en d in g o n th e lati tu d e and o th e r geographic and clim atic factors of the collecting site. Similarly, seaw ater, m arine m ollusk shells, and q u artz grains o n a b each all contain oxygen of d ifferen t iso to p e com posi



tions. T he observed differences in th e isotope com po sitio ns o f oxygen and o th e r elem en ts of low ato m ic n u m b e r are caused by processes re fe rre d to as isotope fractionation. T h e m ag n itu d e of iso to p e fra c tio n a tio n d ep en d s on differences in the m asses o f th e iso topes, on th e te m p e ra tu re of fo rm atio n of the co m p o u n d s in w hich they occur, on th e c h a ra c ter of th e chem ical bonds they form , and o n o th e r factors. T he elem ents w hose isoto p es a re co m m only fra ctio n a ted include H , C, N, O, and S (see T able 17.1). In additio n , iso to p e fra c tio n a tio n has b e e n observed in Li, B, an d Si. H ow ever, isotope fra c tio n a tio n is n o t possible fo r Be, F, N a, A l, and P because th ese elem en ts have only o n e stab le isotope. V ariations in the isotopic com positions o f H, C, N, O, and S are im portant in th e study of natural processes because they are am ong th e m ost ab u n d an t elem ents in the crust of th e E arth , because they form a wide variety of solid, liquid, and gaseous com pounds, and because they occur in the crust and m antle of the E arth, as well as in its bios phere, hydrosphere, and atm osphere. T herefore, these elem ents participate in virtually all geochem ical processes th at take place on the surface of the E arth. A s a result of the fractionation of th eir iso topes by these processes, th e elem ents preserve a record of the environm ental conditions under w hich their com pounds form ed. The growing im portance of isotope fractionation in the study of sedim entary rocks and natural environm ents is reflected in books by Faure (1986), H oefs (1996), A rth u r et al. (1983), Fritz and Fontes (1980a, 1986), R undel el al. (1988), and D ing et al. (1996). Iso to p e fractio n atio n is caused by iso to p e exchange reactions and by m ass-d ep en d en t
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Stable isotopes



Hydrogen ?H (D )b



llc



Carbon Nitrogen Oxygen



Sulfur



Mass, amu



Average abundance, %



1.007825



99.985



2.0140 12.000000



98.90



13.003355



1.10



14n



14.003074



99.63



13n



15.000108



0.37



16o s'-* 17o 8'“' 18o 32s 1625



15.994915



99.762



16.999131



0.038



33c 16a 34c 16a 35c l ö 25



99.8



0.015



13 p



17.999160



Massa difference, %



8.36 7.12 12.5



0.200



31.972070



95.02



32.971456 33.967866



0.75 4.21



35.967080



0.02



6.24 (34S - 32S)



“The mass difference is expressed as (mH - m L) / m L X 102, where mH and mL are the masses of molecules con taining the heavy and light isotopes, respectively. bDeuterium symbolized by D. s o u r c e : Weast et al. (1986).



differences in th e rates of certain chem ical re a c tions an d physical processes. F or exam ple, an im p o rta n t exchange re ac tio n involving tw o iso to p ic m olecules o f C 0 2 and H 20 is:



\ c 160 2 + H2180



= ±C 0 18



2



+ H 2160



(17.1)



In this reactio n 160 an d lsO are exchanged b etw een the tw o m olecules and th e facto r o f \ is n e e d e d to red u ce th e n u m b e r of O atom s in C 0 2 to one. Iso to p e exchange reactio n s pro g ress from som e initial state to w ard eq uilibrium m uch like o rd in ary chem ical reactions. A t eq uilibrium th e L aw o f M ass A ctio n applies:



(c 18o 2)1/2(h 216o ) = K (c 16o 2)1/2(h 218o )



(17.2)



w h ere K is th e equilib riu m constant. T he am ounts o f reactan ts and p ro d u cts a re expressed in term s o f m o lar con cen tratio n s ra th e r th an activities b ecause th e activity coefficients o f isotopic v ari eties o f a m olecule cancel in eq u atio n s like 17.2. If



C O z and H 20 m olecules accept 160 and ,80 w ith o u t discrim ination, th en K = 1.00 and no iso to p e fractio n atio n takes place. In fact, the equilibrium constant o f reactio n 17.1 at 25 °C is K = 1.0412, w hich im plies th a t th e m olecules do favor o n e of the O isotopes over th e other. T he sta n d ard free energy change of isotope exchange reactions is of th e o rd e r o f - 0 . 0 2 0 kcal, which is qu ite low com pared to free energy changes of chem ical reactio ns (Valley e t al., 1986). N evertheless, isotope exchange reactions can achieve eq uilibrium in spite of the low driving force, and the existence o f isotopic equilibrium generally im plies th a t th e chem ical reactions are also in equilibrium . The equilibrium constant of the isofope exchange reaction represented by equation 17.1 differs from unity a t 25 °C because lsO form s a stronger covalent bond with C than ieO does. The explanation for this fact arises from the quantum m echanical treatm en t of th e energy of a diatom ic
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m olecule. The strength o f th e covalent bo n d in such a m olecule arises from th e reduction of th e energy o f the m olecule as the tw o atom s approach each other. A t room tem perature, m ost m olecules o f a gas are in the ground vibrational state (q u an tu m n u m ber n = 1) and their vibrational energy (E ) is:



kinetic energy is e q u a l to \ m v 2, th e ra tio o f th e velocities (v) of tw o isotopic m olecules o f m ass (m ) o f th e sam e co m p o u n d is:



E = \h v



w h ere th e subscripts L an d H id en tify th e m o le cule containing th e light an d heavy isotopes, respectively. In th e case of th e c arb o n m o n o x id e m olecules 1 2 C 160 an d 1 3 C 1 6 0 , th e ra tio o f th e velocities is:



(17.3)



w here h is P lan ck ’s co n stan t an d v is th e fre q u e n cy of vibration. W hen th e heavy iso to p e o f an e le m e n t rep laces th e light isotope, th e energy o f the m olecule decreases because th e increase in th e m ass of th e m olecule d ecreases its v ib ratio n al fre quency. C onsequently, th e heavy iso to p e fo rm s a stro n g e r b o n d th an the light iso to p e and m o le cules containing th e heavy iso to p e o f an e le m e n t a re m o re stable th a n th o se containing th e light isotope. T he general rule regarding iso to p e exchange reactions stated by B igeleisen (1965) is “T he heavy isotope goes preferen tially to the chem ical com pound in which th e e le m e n t is b o u n d m ost strongly.” T he second cause fo r isotope fra c tio n a tio n is re la te d to the differences in th e m asses o f iso to p es an d of the m olecules in w hich th ey occur. F or exam ple, th e d a ta in Table 17.1 in d icate th a t d e u teriu m ((H ) is 99.8% heav ier than p ro tiu m (}H). T he m ass differences for th e iso to p es o f the o th e r elem ents are less th a n th a t, b u t still av erag e ~ 8 .6 % and d ecrease w ith increasing atom ic n u m b e r of th e elem ents. T he m olecular w eights of co m p o u n d s also vary dep endin g on the iso to p e s they contain. F or exam ple, the m olecular w eight o f 2 H 2160 (o r D 2 1 6 0 ) is 11.1% g reater th a n th a t of 'H 2380 (or H 2 1 6 0 ) . Similarly, H 2!80 is also ~ 11.1% h eav ier th an H 2 1 6 0 . Such d ifferen ces in th e m olecular w eights o f com pounds affect the rates of certain physical and chem ical p ro cesses like diffusion, evaporation, and dissociation. The fractio nation o f isotopes during diffu sio n an d ev ap o ratio n is caused by differences in th e velocities of isotopic m olecules of th e sam e c o m pound. A ccording to statistical m echanics, all m olecules of an ideal gas have th e sam e k in etic energy depend in g on th e tem p eratu re. Since th e



This m ean s th a t th e velocity o f 1 2 C 160 is 1.0177 tim es g re a te r th a n th a t o f 1 3 C 160 reg ard less o f th e tem p eratu re. V elocity d ifferences am ong iso to p ic m o le cules of th e sam e co m p o u n d co n trib u te to iso to p e fractio n atio n in a n u m b e r of ways. For exam ple, m olecules containing th e light iso to p e o f an ele m en t m ay diffuse o u t o f a system m o re rapidly th a n th e m olecules co n tain in g th e heavy isotope, th e re b y enriching th e system in th e heavy isotope. T herefore, during e v a p o ra tio n o f w ater, H 2ieO m olecules escape into th e v a p o r phase m ore rapidly th a n H 2lsO an d thus en rich th e v a p o r in 160 leaving the rem aining w ater enrich ed in lsO. D ifferences in b o n d stren g th s am ong isotopic m olecules of the sam e com pound affect th e k in e t ics o f reactions in which they participate. Since the lighter of two isotopes form s w eaker b o nds th a n the heavier isotope, m olecules containing th e lighter isotope rea ct m o re rapidly and are co n cen trated preferentially into the products of the re a c tion. T herefore, unidirectional chem ical reactions can be very effective in fractionating isotopes. Such reactions occur in op en system s w here th e products can escape and equilibrium is u n a tta in able. F or exam ple, certain bacteria (D esulfovibrio desulfuricans) red u ce sulfate ions to H 2 S° o r H S , which m ay be rem o v ed from th e reactio n by p re cipitation of m etal sulfides. T he sulfides p ro d u ced by this process are enriched in 32S relative to 34S
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becau se th e 3 2 S — O bo n d s of th e sulfate ions are m o re easily b ro k e n by th e b a c te ria th a n the 3 4 S — O bonds. T h e eq u ilib riu m co n stan ts o f iso to p e ex change reactio n s in th e gas p h a se can be calcu la te d fro m so-called p a rtitio n functions, w hich are d efin ed in statistical m echanics. H ow ever, the fra c tio n a tio n o f iso to p es by reactio n s involving solids o r liquids m u st b e studied u n d e r controlled c o n d itio n s in th e la b o rato ry o r by analysis o f n a t u ral system s b eliev ed to h av e achieved isotopic equilibrium . T h e m ag n itu d e o f eq u ilib riu m co n stan ts o f iso to p e exchange reactions d ep en d s p ri m arily o n th e te m p e ra tu re and ap p ro ach es 1 . 0 0 as th e te m p e ra tu re rises to high v alues because at high te m p e ra tu re th e sm all differences in the stren g th s o f b o nds form ed by d ifferen t isotopes of an e le m e n t in a m olecule are n o t as effective in causing iso to p e fra c tio n a tio n as th e y are a t low te m p e ra tu re.



17.2



Mathematical Relations



T he equilibrium c o n stan t of an isotope exchange re a c tio n involving th e rep lacem en t o f only one a to m in a m olecule by tw o d ifferen t isotopes of an ele m e n t is identical to the isotope fractionation factor, w hich is d efin ed by: «S = f Kb



(17.6)



w h ere R a is th e ra tio of the heavy to th e light iso to p e o f an ele m e n t in a m olecule or p h ase a, R b is th e sam e in m olecule o r p h ase b, an d th e reactio n is in eq u ilib riu m a t a specific tem p eratu re. For exam ple, w hen w a ter is in eq uilibrium w ith its v ap o r a t 25 °C, th e fractio n atio n of O isotopes in w ater m olecules is ex pressed by: a l = I 1 = 1.0092 Rv



(17.7)



w h ere R b = 1 8 0 / 1 6 0 in th e liquid phase and R v = 1 8 0 / 160 in th e v a p o r phase. T he co rresp o n d ing fra c tio n a tio n fa cto r for H b etw een w a te r and



its v apor is d efined in term s of th e D / H ra tio s an d has a value of 1.074 a t 25 °C. The d ata in T able 17.1 indicate th a t th e 1 8 0 / l60 ra tio o f average te rrestrial O is 0.200/99.762 = 0.00200 an d th a t th e D / H ra tio is 0.00015. B ecause it is difficult to m easu re sm all differences in such sm all ratios, th e iso to p e co m positions of H , C, N, an d S a re expressed as th e p e r m ille difference o f th e isotope ratios o f a sam ple (spl) and a sta n d a rd (std). F or O we have: 5is 0



=



(^ s r 1



\



7rstd



/



x



103 %o



(1 7 .8 )



w here R is th e ratio of th e heavy to th e light iso tope, th a t is, R = 1 8 0 / 1 6 0 . Sim ilarly for C: 5 13C =



/V



V



R«A ^std



x



1 0 3 %o



(1 7 .9 )



/



w here R = 1 3 C / 1 2 C. T he stan d a rd for O is standard m ean ocean water (S M O W ), w hereas th a t for C is the calcite of a b elem n ite from the P eedee F orm ation in S outh C arolina know n as PDB. SM O W also serves as the stan d ard fo r H , w hereas the isotope com position of O in carb o n ate rocks and m inerals is com m only expressed relative to PDB. T he relationship betw een 5180 (SM O W ) and 5180 (P D B ) is: 5lsO (SM O W ) = 1.030 865lsO (P D B ) + 30.86 (17.10) The stan d ard for N is N 2 o f the atm osphere, w hereas the isotopic com position o f S is expressed relative to th e S in troilite (FeS) o f the C anyon D iablo m e te o rite from M e te o r C rater, A rizona. In all cases, a positive 5-value indicates th a t the sam ple is enriched in the heavy isotope relative to the standard, w hereas a negative 5-value indicates dep letio n in th e heavy isotope. The 5-values are d eterm in ed o n specially designed m ass spectrom eters using gases p re p a re d from the samples. The practical problem s associated w ith the d eterm in a tion o f 5-values are discussed by H oefs (1996). T he relatio n sh ip b etw een th e fractio n atio n facto r a \ fo r an elem en t w hose isotopes are dis-



 1 7.2 trib u te d b etw een m olecules o r phases a and b and th e co rresp o n d in g 5-values can be d eriv ed from th e ir definitions. Since a b = R J R b, w e u se e q u a tio n 17.8 to express R a an d R b in term s o f 5-values: R. =



5aJJ?.v std 1 0 3



, +



d



_



^std —



^ s td (S a +



1Q 3)



(17.11)
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w h ere A an d B are constants an d T is th e te m p e r a tu re in kelvins. V alues o f A an d B fo r m an y m ine ra l-w a te r system s w ere com p iled by F ried m an and O ’N eil (1977) and F au re (1986). T h e n a tu ra l logarithm s o f sm all n u m b e rs like l.OOx have th e in terestin g p ro p e rty that:



1 0 3



10 3 In l.OOx ~ x



T h erefo re, j?sld(5a + 103 )10 3



5a + 10 3



I 0 % td(8 b + 103)



5b + 10 3



(17.12)



E q u a tio n 17.12 en ab les us to calculate e ith e r a ab, 5a, or 5b w hen any tw o of th e th re e v ariab les are know n. F or exam ple, we can use e q u a tio n 17.12 to calculate th e 5lsO value o f w ater v ap o r in th e air o ver th e oceans a t 25 °C, assum ing th a t isotope equilibrium is m ain tain ed . Since a ’(O ) = 1.0092 an d = 0.0%o relativ e to SMOW:



gl8



s lS r s



-m 3



= 6 u i + 1U



5l8° v = T ö ö i " “



1 0 3



-



103



(17.13)



A x 106



B



(17.15)



(17.16)



F or exam ple, 10 3 In 1.005 = 4.987; b u t th e ap p ro x im a tio n d e te rio ra te s w h en x > 1 0 , since 103 In 1.010 = 9.950. N ev erth eless, th e a p p ro x i m atio n d o es apply to th e fra c tio n a tio n o f C, N, O, and S in m any n a tu ra l system s, an d w e c an th e r e fo re use it to sim plify e q u a tio n 17.15. W e s ta rt w ith th e eq u atio n :



Rh



Rh



(17.17)



N ext, w e u se e q u atio n 17.11 to re la te R a an d R b to th eir respective 5-values and su b stitu te th e m in to e q u atio n 17.17. A fte r sim plifying th e resulting expression w e obtain:



= " 9-lo/0° (17‘14)



T he m inus sign indicates th a t w ater v a p o r is d ep le te d in I80 relativ e to SMOW. W e can also calculate 5D of w ater v apor in eq u ilib riu m w ith seaw ater at 25 ° C . Since a '( D ) = 1 . 0 7 4 and 5D, = 0 .0 % o , 5D V= - 6 8 . 9 % o , which m ean s th a t th e v ap o r is d ep le te d in d eu teriu m by 6 8 .9 % o or 6 . 8 9 % . In reality, w a te r v ap o r over th e oceans is even m o re d e p lete d in lsO and D th a n p re d ic te d by these calculations because th e air o v er th e oceans is u n d e rsa tu ra te d w ith re sp e c t to w ater vapor, w hich m ean s th a t seaw ater is n o t in e q u i librium w ith its vapor. A s a result, th e ra te of ev ap o ratio n exceeds the ra te of co n d en satio n an d kinetic iso to p e fractio n atio n takes place. T he tem p eratu re variation of isotope fraction ation factors for specific exchange reactio n s is usu ally determ ined experim entally and is expressed by equations of th e form: 103 In oT =
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a



I _ K - R b



=



( 5. + io 3) - ( 5b + IQ 3)



Rb



(Sb + 103) (17.18)



w hich red u ces to: ag-l =



a , - Sb 5b + 1 0 3



(17.19)



If a b is less than 1.010,5(, + 103 = 103 and therefore: «b-



(17.20)



1 1 0 3



and



IO3«



- 1) « 5„



(17.21)



T h erefore, we can state that: 103(ag - 1) « 103 In ag ~ 5„ - Sb (17.22) If we let 5a - 5b = Ab, then: 10 In a b ~ Ab



A X 106



+ B



(17.23)
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This eq u a tio n indicates th a t th e d ifference in th e S-values o f C, N, O, an d S in coexisting com p o u n d s in iso to p ic eq u ilib riu m decreases with increasing te m p e ra tu re . U ltim ately, as T b ecom es very large, A a p p ro ach es z ero b ecau se th e tw o coexisting com p o u n d s h a v e virtu ally th e sam e iso to p e com p o sitio n . H o w ev er, in th e norm al te m p e ra tu re ran g e at o r n e a r th e su rface o f the E a rth , coexisting co m p o u n d s o f H , C, N, O, an d S h ave d ifferen t iso to p e com po sitio n s w h en th e respective exchange reactio n s a re in eq uilibrium .



17.3



Isotope Fractionation in the FHydrosphere



E v a p o ra tio n of w ater fro m th e surface o f th e oceans in th e e q u a to rial region of th e E a rth caus es th e fo rm a tio n o f air m asses co ntaining w ater v a p o r th a t is d e p le te d in lsO an d D co m p ared to seaw ater. In th e n o rth e rn h em isp h ere th e m oist air from th e trop ics is displaced in a n o rth e a ste rly d irectio n by th e circu latio n o f th e atm o sp h e re an d th e re fo re e n ters co o ler clim atic zones. A s a resu lt o f th e d ecrease in te m p e ra tu re, th e air becom es sa tu ra te d w ith w ater vapor, which caus es co n d en satio n and p recip itatio n o f w ater as rain, snow, o r hail. T h e co n d en sate is e n rich ed in th e heavy iso to p es o f O an d H becau se co n d en satio n is the o p p o site o f ev ap o ratio n . H ow ever, w h ereas e v ap o ra tio n m ay ta k e place u n d e r d isequilibrium co n ditions, th e co n d en satio n of w ater from its vap o r occurs a t eq uilibrium . T herefo re, we can calculate Sl80 an d 


to



(17.24)



SM O W



and



S1 8 0 , = 1.0092(—13.1 + 103) - 10 3 = -4 .0 % o (17.25)



Similarly, the 


8



SlsO + 10



(17.27)



The slope o f th e m eteo ric-w ater line is re la te d to the isotopic fra ctio n a tio n factors o f H an d O d u r ing ev ap o ratio n o r cond en satio n o f w ater: a v (H ) - 1 _ 0.074 cti(O ) - 1 ” 0.0092



8.0



(17.28)
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- 103 (17.30)



Sim ilarly, fo r H: 5D V = (S D V ° + IO3 )



1



- 10 3



(17.31)



W hen / = 1.0 in e q u atio n 17.30, 5 1 8 O v = S1 8 0 ° . H ow ever, w h e n /v a rie s from 1.0 to 0 .0 ,5lsO o f the rem aining vapor decreases as show n in F igure 17.2. A s th e process continues, th e isotopic abundances of lsO a n d D in th e condensate m ust also d ecrease b ecau se th e iso to p e ratio s o f O an d H in th e liq uid are b o u n d to th o se in th e rem ain in g v ap o r by equ atio n 17.6, th at is, a ( = R f R v. Since R v = R j a , we ob tain from equation 17.29:



s 1 8 o , %o Fi g u r e 17.1 Relationship between 5D and Sl80 of meteoric precipitation expressed by equation 17.27. Snow in the polar regions is strongly depleted in l80 and D as a result of progressive isotope fractionation of water vapor in air masses moving toward the polar regions.



T he in te rc e p t at SD = + 1 0 % o fo r 0180 = 0 % o is called th e deuterium excess. B o th the slope and th e in te rc e p t vary d ep en d in g o n local clim atic co nditions (H oefs, 1 9 9 6 ) . N ev erth eless, m eteoric p recip itatio n is progressively d e p le te d in lsO and D w ith increasing geographic la titu d e such th a t w inter snow at th e South Pole is c h aracterized by 5lsO = —5 5 % o an d SD = - 4 3 0 % o . T h e iso to p e fractio n atio n o f w a te r v ap o r in an air m ass describ ed above can be m o d eled by R ayleigh distillation, p ro v id ed th a t th e isotopic com position of th e w ater v ap o r in th e a ir m ass is n o t m odified by ev ap o ratio n o f w a te r from th e surface o f the E a rth , o r by e v a p o tra n sp ira tio n , or by p a rtia l ev a p o ra tio n o f ra in d ro p s falling th ro u g h th e cloud. In accordance w ith R ayleigh distillation, th e iso to p e ra tio (R v) of th e rem ain ing v ap o r is re la te d to its original iso to p e ratio (R °) by th e eq uation: R v = R ° J a- x



/ “ “



(1 7 .2 9 )



w here a \ = R ^ /R v and / is th e fra c tio n of vapor rem aining. We can use eq u atio n 1 7 . 1 1 to convert eq u atio n 1 7 . 2 9 to th e 5-notation:



R t = a R ° / “” '



(17.32)



Fract i o n o f v a p o r r e m a in in g (f) Fi g u r e 1 7 .2 Effect of Rayleigh distillation on the 5lsO value of water vapor remaining in an air mass and of meteoric precipitation falling from it at a con stant temperature of 25 °C and = 1.0092. N ote that meteoric precipitation becomes strongly depleted in 180 as the fraction of vapor remaining in the air mass decreases. Such 180-depleted snow occurs in the polar regions and at high elevations in mountain ranges, but the effect is probably caused more by condensation at decreasing temperature than by Rayleigh distillation.
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an d by analo g y to eq u a tio n 17.30: S180 , = a ( S ls O ° + 103) / “ “ 1-



10 3



(17.33)



T his e q u a tio n y ield s th e S180 v alu e o f m e te o ric p re c ip ita tio n in F ig u re 17.2 th a t fo rm s by p r o g ressive c o n d e n sa tio n o f v a p o r at c o n s ta n t te m p e ra tu re . T h e resu lts h elp to explain w hy m eteo ric w a te r is d e p le te d in 180 and D co m p ared to sea w ater. H ow ever, in reality th e process is com pli cated b ecau se o f th e ad dition of v ap o r to th e air m ass by re e v a p o ra tio n of fresh w a te r an d because th e iso to p e fra c tio n atio n factors o f O an d H in w a te r a re n o t c o n sta n t b u t increase w ith d e c re a s ing te m p e ra tu re. T h e te m p e ra tu re d e p e n d e n c e o f th e iso to p e fra c tio n a tio n fa c to r fo r oxy gen d u rin g th e e v a p o ra tio n /c o n d e n s a tio n o f w a te r fro m 0 to 100 °C h a s b e e n s tu d ie d e x p e rim e n ta lly a n d is e x p re sse d by an e q u a tio n s ta te d by F rie d m a n a n d O ’N eil (1977): 1 0



In a



1.534 X 106



3.206 X 103



+ 2.644 (17.34)



w here T is th e te m p e ra tu re in kelvins. T he frac tio n a tio n of H in w ater from 0 to 50 °C is: 1 0



24.844 X 10 6 In a = ■



76.248 X 103



+ 52.612 (17.35)



T he co n densatio n of w ater vapor in air m asses to form snow takes place a t te m p e ra tu res below 0°C. T he variation of th e isotope fractionation factors for ice and its vap o r in this te m p eratu re range was discussed by Fritz an d Fontes (1980b). T h e stro n g d ep en d en ce o f the isotope fra c tio n atio n factors of O and H in m eteoric w a ter on th e te m p e ra tu re of ev a p o ra tio n /c o n d en sa tio n gives rise to a relatio n sh ip b etw een th e S1 8 0 value o f m eteo ric p recip itatio n an d average m onthly tem p eratu res. T he relatio n sh ip was ex pressed by Y urtsev er (1975) in th e form of an em pirical e q u a tio n b ased on d a ta from n o rth e rn E u ro p e and G reen lan d :



5180 (SM O W ) = (0.521 + 0.014)f - 14.96 ± 0.21 (17.36) w h ere t is the average m onthly te m p e ra tu re in degrees Celsius. T he te m p e ra tu re d e p en d en ce of 


17.4



Oxygen Isotope Composition of Calcite



A fter the end of W orld W ar II, H arold C. Urey, the discoverer of deuterium , set up a laboratory at the U niversity of Chicago w here he began to study the fractionation of O isotopes betw een calcite and water. This work soon led to the developm ent of a paleotherm om eter based on the isotope com posi tion of O in m arine calcite and aragonite. In addi tion, U rey assem bled a group of gifted students and postdoctoral collaborators w hose research has contributed significantly to the system atic study of the isotope com positions of H , C, N, O, and S in te r restrial and extraterrestrial samples. H arold U rey ’s form er colleagues and their students are still at the fo refro n t of the study of isotope fractionation and its applications to geochem istry and cosm ochem istry (Valley et al., 1986). C alcite and aragonite a re enriched in lsO c o m p ared to th e w ater from w hich they precipi tated . W h en th e reactio n takes place in isotopic eq u ilib riu m in th e oceans, th e 8)S0 value o f the calcite (


8



J + 0.13(8C - Sw ) 2 (17.37)



 1 7.4
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w h ere 


1 6 .0



- 4.14(fic - Sw) + 0.13(5C - Sw ) 2 (17.38)



It is custo m ary to express th e 5lsO values of car b o n a te m inerals relativ e to th e P D B stan d ard (P e e d e e F orm atio n , b elem n ite) originally chosen by U rey. C onsequently, th e 
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T he com plications d escrib ed ab o v e m a k e it im practical to use e q u atio n 17.37 o r 17.38 to d eterm in e th e num erical values o f p a le o te m p e ratu re s in the oceans. N evertheless, variations in the 
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an d m e te o ric w ater, ( 2 ) th e existence o f higher te m p e ra tu re s in th e oceans of th e P aleo zo ic E ra th a n a t p re se n t, an d (3) a low er l80 c o n te n t o f se a w ater in P aleo zo ic tim e co m p ared to th e m o d ern oceans. T h e ex p lan atio n fo r th e ob serv ed secular changes in th e 


In



=



2.78 X 106



2.89



(17.39)



w h ere le tte rs c an d w re fer to calcite and w ater, respectively, and T is the te m p e ra tu re in kelvins. This e q u a tio n can be used to d e te rm in e th e S180 v alu e o f th e w a te r fro m which calcite p re c ip ita t ed, as illu strated in th e follow ing exam ple. C alcite concretio n s in th e P agoda Tillite of P erm ian age in th e Q u ee n A lex an d ra R an g e of th e T ransantarctic M ou n tain s have an av erage SlsO value o f a b o u t —20%o o n th e P D B scale (L o rd et al., 1988). In o rd e r to calculate 5lsO of the w ater from which th e co n cretio n was depo sited , we converf75180 o f th e co n cretio n from th e P D B to th e SM O W scale b y m eans o f eq u atio n (17.10).



o 70



103 In < ( 0 ) =



- ( 2 7 3



v



i a 1 5 ) 2



6



- 2.89 = 34.36 (17.41)



T herefore, In a £ ( 0 ) = 0.03436 and a ^ (O ) = 1.03495.N ext, we use e q u atio n 17.12 to calculate 


1.03495 =



10 .2 + 10 3 S 18O u, + 1 0 3



(17.40)



T he te m p e ra tu re a t w hich the calcite p recip itated was p ro b ab ly ju st abo v e th e freezing p o in t



(17.42)



which yields 


fir - A,



1 0 3



In ,



(17.43)



leads to Sw = 10.2 — 34.36 = —24.16%o, w hich d if fers from the precise value (-23.9% o) by only ab o u t 1 %. T he resu lts o f this calculation indicate th a t th e concretions in th e Pagoda Tillite of A n tarctica w ere d ep o sited by w ater th a t was strongly d e p le t ed in l8 0 . This resu lt im plies th a t the w ater form ed by m elting o f the G o n d w an a ice sh eet, which also d ep o sited the sedim ent of the P agoda Tillite. E vidently, th e 5180 value o f th e G o n d w an a ice sheet, w hich existed m ore th an 245 m illion years ago, has b e e n preserv ed in the calcite con cretion. T h e isotopic com position of H in the glacial m eltw a te r is given by e q u atio n 17.27: SD = 8 ( - 2 3 .9 ) + 10 = -181.2%o



(17.44)



T he O and H isotope com positions of the G o n d w an a ice sh e e t are sim ilar to those of snow th a t is p resen tly form ing in th e coastal areas o f A n tarc tic a and in G reenland. T he average m onthly te m p e ra tu re of the are a o f accum ulation o f th e G o n d w a n a ice sh eet can b e estim ated from eq u a tio n 17.36: -23.9 = 0.521? - 14.96



S1 8 O c (SM O W ) = 1.030 8 6 ( - 20) + 30.86 = + 10.2%o



because tillite is a glacial deposit. If th e te m p e ra ture was 0°C , e q u a tio n 17.39 yields the fra c tio n a tion factor fo r oxygen in calcite and w ater:



(17.45)



which yields t = —17.2°C.This te m p eratu re applies to th e a rea o f accum ulation of th e G ondw ana ice sh eet an d n o t to its m argin in A n tarctica w here the ice was m elting during the P erm ian Period.
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Oxygen and Hydrogen in Clay Minerals



O xygen in th e silicate and alum inosilicate m in e r als o f igneous and m etam o rp h ic rocks a n d th e ir se d im en tary derivatives is en rich ed in lsO relative to SM OW . W hen these alum inosilicate m inerals re a c t w ith acidified w ater to fo rm k ao lin ite o r o th e r clay m inerals (C h a p ter 16), th e isotopic com positions o f O and H in the clay m inerals d e p e n d o n several factors: 1. T he isotope com position of th e w ater. 2. T he isotopic com position o f th e re a c ta n t m inerals. 3. T he am o u n t o f w ater co m p ared to th e am o u n t of re a cta n t m inerals (w a te r/ro c k ratio). 4. T he tem p eratu re.



5. T he isotopic fractio n atio n fa cto rs of O an d H . T h e reactio n s b etw een feld sp ar an d acidified m eteoric w ater to form clay m inerals ta k e place in th e presen ce of an excess of w a ter such th a t



8 180 (SM O W), Too
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th e w a te r/ro c k ra tio is large. T h erefo re, th e iso to p e com position of O an d H in clay m inerals d e p e n d s o n th e water r a th e r th a n o n th e re a c ta n t m inerals. Since S180 a n d 


(17.47)



T h ese equ atio n s have b e e n p lo tte d in Figure 17.3 in o rd e r to illu strate th e relatio n sh ip b e tw e e n the isotopic com position o f clay m inerals and m e te oric w ater. W hen clay m inerals th a t fo rm ed o n land are tra n sp o rte d an d re d e p o site d in th e oceans, th e



Fi g u r e 1 7 .3 Schematic repre sentation of the isotope com positions of O and H in clay minerals and A l, Fe hydroxides of soils and the local meteoric water. The meteoric-water line is equation 17.27, whereas the montmorillonite and kaolinite lines are equations 17.46 and 17.47, respectively. The isotope compositions of meteoric water and soil from Hawaii and the Montana-Idaho area of the United States illustrate the lsO enrichments and D depletion of clay minerals relative to local meteoric precipitation. The dia gram also depicts the latitude effect on the isotopic composi tion of meteoric precipitation (based on data by Lawrence and Taylor, 1971).
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iso to p e com positions o f H an d O rem ain u n changed. O th e r d e trita l m in erals associated w ith clay m inerals in m arin e m u d s likew ise do n o t e q u ilib ra te isotopically a t th e tim e o f d eposition. T h e oxygen iso to p e frac tio n atio n facto rs o f clay m inerals at E a rth -su rface te m p e ra tu re s listed in T able 17.2 ran g e fro m 1.0236 fo r illite to 1.027 for k ao lin ite an d m o n tm o rillo n ite. T h erefo re, th e 5lsO value o f k ao lin ite th a t form s fro m m icrocline in th e p resen ce o f m e te o ric w ater having 5lsO = 10%o is given by e q u a tio n 17.12:



does n o t m ean th a t all m inerals then contain O or H of th e sam e isotope com position. In o rd e r to illustrate this p o in t w e use the d a ta in Table 17.3 to calculate O -isotope fractionation factors an d 


SlsO (k ao lin ite) = 1 .0 2 7 (-1 0 + 103) - 103 = + 16.7%o



(17.48)



T he co rresp o n d in g SD v alu e is o b tain ed from e q u a tio n 17.46: 8D = 7 .3 (+ 16.7) - 260 = -138.1%o



(17.49)



T hese values are typical o f clay-rich soils as indi cated in Figure 17.3 b ased on m easu rem en ts by L aw rence an d T aylor (1971). T he m ineral particles o f clastic sedim entary rocks approach isotopic equilibrium only at elevat ed tem p eratu res w hen th e rates of th e respective isotope exchange reactions becom e significant. A ccording to O ’N eil and K h arak a (1976), tem p e r atu res of ~ 1 0 0 °C are req u ired to equilibrate H, w hereas a te m p e ra tu re of 300 °C or m ore is req u ired to equilibrate O b etw een clay m inerals and w ater. H ow ever, n o te th at th e achievem ent of isotopic equilibrium by a clastic sedim entary rock



6I80 ,%



Illite



1.0127



+ 12.7



Smectite



1.0144



+14.4



Quartz



1.0210



+ 21.1



Calcite



1.0167



+16.7



E vidently, each m ineral has a different S180 value even th o u g h all w ere assum ed to have eq u ilib ra t ed O w ith w a ter o f th e sam e isotopic com position at th e sa m e te m p e ra tu re. C lastic sed im en tary rocks are generally co m posed o f m ineral particles w hose H and O isotope com po sitio ns m ay have been only partly re se t



T a b l e 1 7 .3 T e m p e r a tu r e D e p e n d e n c e o f th e



O - I s o to p e F r a c tio n a tio n F a c to r B e tw e e n M in e r a ls a n d W a te r in t h e F o r m 10 3 In or = A X 10 6 / T 2 + B a Mineral



A



B



Clay Minerals T a b l e 1 7 . 2 I s o to p e F r a c tio n a tio n F a c to rs



Kaolinite Illite



2.5



-2 .8 7



2.43



Smectite



2.67



- 4 .8 2 -4 .8 2



Chlorite



1.56



-4 .7 0



1.027



3.38 2.78



-3 .4 0



Calcite



3.14



- 2.0



3.21



-4 .7 2



f o r H y d r o g e n a n d O x y g e n B e tw e e n C la y M in e ra ls ( I n c lu d in g G ib b s ite ) a n d W a te r a t E a r th - S u r f a c e T e m p e r a tu r e s Mineral Montmorillonite



Hydrogen 0.94



Oxygen



Other Mlinerals Quartz



-2 .8 9 b



Kaolinite



0.97



1.027



D olom ite



Glauconite



0.93



1.026



Anhydrite



Dlite



—



1.0236



Gibbsite



0.984



1.018



“Compiled from the literature and recalculated by Anderson and Arthur (1983) to be consistent with Friedman and O ’Neil (1977).



so u r c e



:



Faure (1986), Table 25.3.



bFrom Friedman and O’Neil (1977).
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G R O U N D W A TER A N D G E O T H ER M A L BRIN ES



durin g b u rial an d diagenesis d ep en d in g o n th e te m p e ra tu re an d available tim e. T h e c5lsO values of m a rin e shales ran g e fro m + 1 4 to +19%o (Savin an d E p ste in , 1970), w hereas th eir 
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Groundwater and Geothermal Brines



T he isotope com positions o f O and El in g ro u n d w ater are altered by iso to p e exchange reactions w ith th e rocks in which th e w a te r occurs. T h e m ag n itude of this effect increases prim arily w ith te m p e ra tu re and w ith th e subsurface resid en ce age of the w ater, b u t dep en ds also on the m in eral com p osition of th e rocks an d on th e presen ce of o th e r substances such as hydrocarb o n s and H 2 S(g). Several of th ese enviro n m en tal p ro p erties, includ ing te m p e ra tu re and residence age o f th e w ater, m ay increase w ith d e p th below th e surface. W ater occurring in th e p o re spaces a n d frac tu res of rocks in the subsurface m ay o rig in a te



fro m sev eral d ifferen t sources K h a ra k a and C aro th ers (1986):



313



d efin ed



by



Meteoric water was derived from rain, snow, water courses, and other bodies of surface water that percolates through pore spaces in the rocks and displaces the interstitial water they contain regardless of its origin. Connate water was deposited with sediments and has been out of contact with the atmosphere since the time of deposition. In the case of sedimentary rocks of marine origin the connate water was derived from seawater trapped in the pore spaces of the sediment. Diagenetic water is released from solid phases as a result of reactions among minerals during diagen esis, such as the transformation of gypsum to anhydrite and smectite to illite both of which release water. Formation water is the water that exists in layers of sedimentary rocks prior to drilling regardless of its origin. Brine is water whose salinity, expressed in terms of total dissolved solids (TDS), exceeds that of seawater, which is 35,000 mg/L. W hen m eteo ric w ater m oves th ro u g h th e p o re spaces of subsurface rocks, iso to p e exchange reactio n s tak e place th a t a lte r th e isotope c o m p o sition of this w ater in a system atic way. F igure 17.4 illustrates the case w here m eteo ric w ater having S180 = -10%o, ÖD = —70%o on th e SM O W scale in te ra c ts w ith shale having 5lsO = +14%o and 5D b etw een - 3 3 and —73%o (SM O W ). If the w a ter /ro c k ratio is small, th e SlsO and 
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ö 'aO



(SMOW), %o



Figure 17.4 Schematic view of the changes in the isotopic composition of groundwater caused by isotope reequilibration with rocks at increasing temperature in systems having low water/rock ratios. Points A and B are samples of meteoric water (


2 43



X



t2



10 6



- 4.82



(17.50)



w h e re is th e fra c tio n a tio n fa c to r fo r O b e tw e e n illite (i) an d w a te r (w ). W e assu m e th a t th e w a te r /r o c k ra tio is sm all, th a t iso to p ic e q u i lib riu m b e tw e e n illite and w a te r has b e e n e s ta b lished, a n d th a t SlsO of illite is +14%o (S M O W ). T h e S180 o f th e w a te r can b e c a lc u la ted b y so lv ing e q u a tio n 17.50 fo r a t th e d e sire d te m p e r



 1 7.7 a tu re s a n d by su b stitu tin g th e se v alu es into e q u a tio n 17.12. T he resu lts a re S1 8 O w = +1.3%o a t 100 °C (p o in t A in F ig u re 17.4) and 0 1 8 0 w = +7.9%o at 2 0 0 °C (p o in t B ). E vidently, S 1 8 0 o f th e m e te o ric w a te r is sh ifte d from 10%o a t th e su rface to w a rd Sls O o f th e rocks by an a m o u n t th a t in creases w ith in creasin g te m p e ra tu re . In th e case illustrated in Figure 17.4 th e iso to p e com p o sitio n of H of th e m e te o ric w ater changes very little because th e w a te r a n d th e rock w ere assum ed to have sim ilar SD values. In gen eral, th e SD values of re e q u ilib ra te d g ro u n d w aters d o change w ith increasing te m p e ra tu re d ep en d in g on th e presen ce of H -b e a rin g com p ounds, including n o t only clay m in era ls b u t also h y d ro carbons and H 2 S. H ow ever, th e te m p e ra tu re d ep e n d e n c e of th e applicable fractio n atio n facto rs fo r H is n o t y et know n. W e conclude th a t th e isotopic com positions of g ro u n d w ater derived from m e te o ric p re c ip ita tion m ay b e displaced from th e m eteo ric-w ater line by en rich m en t in lsO and D. W a te r sam ples collected a t increasing d ep th below th e surface tend to lie along linear tra je c to ries d irected to w ard th e SlsO and SD values o f th e subsurface rocks w ith which th e w ater is e q u ilib ratin g at varying te m p e ra tu res d ep en d in g o n th e depth. Such lin ear trajecto ries are co m m o n ly observed by iso to p e analyses of oilfield b rin e s (C layton e t al., 1966; H itchon an d Fried m an , 1969). S eaw ater originally trap p ed in th e p o re spaces of sed im en t is likewise altered isotopically by iso tope exchange reactions with th e h o st rocks. Figure 17.4 outlines th e area in th e 5lsO -S D plane w here such w aters are located, p ro v id ed they eq u ilib rated w ith shale over a ran g e o f elevated tem p eratu res in environm ents having low w a te r/ rocks ratios. T herefore, connate w ater m rock fo r m ations of m arine origin is a n c ie n t seaw ater whose isotopic and chem ical co m p o sitio n has changed as a result of w a te r-ro c k interactions. Form ation w aters m ay be m ixtures o f connate w ater and m eteoric w ater, both of w hich had p re viously reeq u ilib rated H and O d e p e n d in g on the com position of the rocks, the te m p e ra tu re , and residence age o f th e w ater.
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E vidently, th e iso to p e com position o f g ro u n d w ater can b e u n d ersto o d also as a re su lt o f mixing of w aters o f differing com positions and origins. M eteoric w ater percolating dow nw ard fro m the E a rth ’s surface m ay m ix at d e p th w ith brines th a t m ay them selves b e m ixtures o f co n n ate w ate r and highly re e q u ilib ra ted old m eteo ric w ater. T he resulting w ater com positions also lie in th e a re a of ree q u ilib rated m e te o ric ' w ater in F igure 17.4. T h erefore, m ixing is an im p o rta n t process affect ing th e isotopic and chem ical com position of g ro u n d w ater in ways th a t m ay be indistinguish able from th e results of progressive chem ical and isotopic eq u ilib ratio n b etw een rocks and w ater in th e subsurface (L ow ry e t al., 1988).



17.7



Isotope Fractionation of Carbon



C arbon is the principal elem ent in the biosphere, b u t it occurs also in th e lithosphere, hydrosphere, and atm o sp here of the E arth . It has tw o stable iso topes (l2C and 1 3 C, Table 17.1) w hose abundances in terrestrial sam ples vary by —1 0 % as a result of isotope fractionation by exchange reactions and kinetic effects. T he isotopic com position of carbon is expressed in term s of th e 
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q u e n tly co nverted in to phosphoglyceric acid co n tain in g th ree C atom s (C alvin cycle) o r in to dicarboxylic acid w ith fo u r C atom s (H atch -S lack cycle). T hese tran sfo rm atio n s a re irrev ersib le and cause fu rth e r d epletion in 13C am o u n tin g to 17-40%o or m ore in C 3 plants b u t only 2 - 3 %o in C 4 plants. T he su b seq u en t synthesis of organic com p o u n d s causes ad d itio n al iso to p e fractio n atio n w ith m axim um 1 3 C -depletion in lipids (oils, fats, an d waxes). C onsequently, th o se land plants w hich use th e C 3 m etabolic process are strongly d e p le te d in 13C and h av e S13C values b etw een —23 an d -34%o (P D B ), w hereas C 4 plan ts (corn an d tropical grasses) are less d ep le te d in 13C th an C 3 plants, and th e ir ö13C values range from - 6 to —23%o (P D B ). N o te th a t th e 


changing b ecause o f the ad d itio n o f biogenic C released by th e com bustion o f fossil fuel. W hen C 0 2 dissolves in w ate r to fo rm carbonic acid and its ions, iso to p e exchange reactio n s occur th a t enrich H C O J in 13C relativ e to atm ospheric C 0 2 (Table 17.4). W hen C a C 0 3 p recip itates from such solutions th e solid phase is fu rth e r enriched in 1 3 C. A ccording to D eines e t al. (1974), the re su lt ing fractio n atio n o f C -isotopes in C a C 0 3 relative to C 0 2 varies w ith the te m p e ra tu re such that: 103 ln ctg =



1 194 X 106



j2



- 3 .6 3



(17.51)



w here s and g re fe r to solid C a C 0 3 and gaseous C 0 2, respectively. T h erefo re, th e iso to p e fractio n ation facto r fo r C in th e C a C 0 3 - C 0 2 system at 2 0 °C is 1.0103. If 513C of th e C 0 2 = -7 .0 % ,, th en C a C 0 3 form ed in isotopic equilibrium at 20 °C has 513C = + 3 .2 % 0 (P D B ) b ased on e q u a tio n 17.12. T he S13C v alues of m arine c a rb o n a te rocks of P han ero zo ic age a re actually close to 0%o. For exam ple, K eith an d W eber (1964) re p o rte d an average value o f +0.56 ± 1.55%o (P D B ) for 321 selected sam ples o f m arin e lim estones o f P h a nerozoic age. T he C in n o n m a rin e ca rb o n a te rocks ten d s to b e d e p le te d in 13C and has m ore variable iso to p e com positions th a n m arin e c a r bonates. K eith an d W eber (1964) re p o rte d an average S13C = -4 .9 3 ± 2.75%o (P D B ) fo r 183



T a b l e 1 7 . 4 F r a c tio n a tio n o f C a r b o n I s o to p e s B e tw e e n A q u e o u s C a r b o n a te Io n s a n d C a lc iu m C a r b o n a te R e la tiv e to C 0 2 (g) Aa



Carbonate species



Ba



H2CO° HCOJ



0.0063 1.099



-0 .9 1



CO^-



0.87 (approx.)



CaCo3(s)



1.194



-3 .4 (approx.) -3 .6 3



-4 .5 4



’A and B are constants in the equation A X 106 „ 10 In a = — —;-----1- B



T



where a is defined as R (carbonate species)/i?(C02(g)) and R is the atomic 13C /12C ratio. s o u r c e : Deines et al. (1974).
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selected sam ples of n o n m a rin e lim estones. T he l3 C -d e p le tio n o f n o n m a rin e c a rb o n a te rocks is a ttrib u ta b le to th e p re se n c e of b io g en ic c arb o n fo rm e d by o x id atio n o f p la n t d eb ris to H C O 3 in th e e n v iro n m e n t o f d e p o sitio n . H o w ev er, n o n m a rin e c a rb o n a te s d e p o site d w h ere n o p la n t d e b ris was p re s e n t h av e 513C v alu es th a t are in d istin g u ish ab le fro m th o se o f m arin e c a rb o n ates (L o rd et al., 1988). C alcite cem ents in san d sto n es m ay also be d e p le te d in 13C w here C H 4 escapes from p e tro le um p ools o r coal seam s and is oxidized to H C O j (D o n o v a n e t al., 1974). Similarly, th e calcite in the cap rocks o f salt dom es has n egative S13C values becau se it p re c ip ita te d fro m H C O 3 ions th a t fo rm ed by th e b acterial o xidation o f p etro leu m in pools along th e flanks of th e salt dom es. C heney and Jen sen (1967) re p o rte d an average 


17.8



Isotope Compositions of Strontium in Carbonate Rocks



C a rb o n a te rocks co n tain n o t only O and C b u t also include trace am ounts of Sr w hose iso to p e com position is v ariable because o f th e decay of naturally occurring radioactive 87R b to stable 87Sr (Section 16.3b) T h erefore, w e digress briefly to discuss the isotope com position of Sr in carb o n a te rocks even th ough the isotopes o f Sr are n o t fra c tio n ated by exchange reactio n s o r by k in etic effects (Faure, 1986). C alcium c a rb o n a te p e rm its S r2+ to re p la c e C a2+ b u t excludes R b +. A s a resu lt, calcite h a s a very low R b /S r ratio , and its 8 7 S r / 86Sr ra tio is
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n o t significantly a lte re d by ra d io a c tiv e d e c a y of s7R b to 87Sr after d ep osition (S ection 16.3b). In stea d , th e iso to p e com position o f Sr in calcite d ep o sited in the oceans results fro m m ixing o f dif fe re n t isotopic v arieties o f Sr th a t e n te r the oceans. T he principal sources o f m arin e Sr having distinctive 8 7 S r /86Sr ratio s are (1) old granitic b a se m e n t rocks of th e co n tin en tal cru st (high R b /S r, high 8 7 S r / 8 6 Sr); (2) young volcanic rocks along m idocean ridges, in oceanic islands, and along co n tin en tal m argins (low R b /S r, low 8 7 S r / 8 6 Sr); an d (3) m arin e ca rb o n a te rocks o n th e co n tin en ts (low R b /S r, in te rm e d ia te 8 7 S r / 8 6 Sr). T he isotopes o f Sr are n o t fra ctio n a ted during p re c ip ita tio n of calcite o r arag o n ite fro m aq u eo u s solutions because th e m ass difference b etw een 87Sr an d 86Sr (defined in Table 17.1) is only 1.2% . B ecau se o f th e absence o f isotope fra ctio n a tio n effects an d th e negligibly sm all p ro d u c tio n of rad io g en ic 87Sr by decay of 87R b in c a rb o n a te rocks, w e conclude th a t m arin e and n o n m a rin e c a rb o n a te rocks, as w ell as calcite cem ents and concretions, reco rd the iso to p e com position o f Sr in th e flu id phase a t th e tim e of depositio n . Isotope analyses of Sr in a large n u m b er of m arine lim estones of Precam brian and Phanerozoic age have revealed th at the 8 7 S r /86Sr ratio of seaw a te r has varied systematically with tim e (B urke et al., 1982). These variations m ust have b een caused by changes in the isotopic com positions of Sr th at e n te re d th e oceans from various sources and by changes in the relative proportions of these inputs. T he system atic variation of the isotope com position of Sr in the oceans therefore reflects the operation of th e “geochem ical m achine” m entioned first in Section 14.5. H ow ever, we still do n o t have a com plete explanation of the specific reasons for th e way in which the 8 7 S r /86Sr ratio in the oceans has varied w ith tim e (Faure, 1986). T h e steady rise in th e 8 7 S r / 86Sr ratio s o f th e oceans during the T ertiary p e rio d is show n in Figure 17.5 based on m easu rem en ts by D eP a o lo and In g ram (1985).This p h e n o m e n o n can b e used for datin g m arine c arb o n ate sam ples of T ertiary age an d fo r Stratigraphie co rrelations (H u rst, 1986). T he isotope com position of Sr in th e m o d e rn oceans is constant th ro u g h o u t th e oceans



 8



IS O T O PE F R A C TI O N A TI O N



A g e , m illio ns o f y e a rs Fi g u re 1 7 .5 Variation of the 87S r/86Sr ratio of marine carbonates with age during the Tertiary Period based on measurements by DePaolo and Ingram (1986). The continuous increase of this ratio since the end of the Eocene epoch can be used to date samples of marine carbonate of Tertiary age. Note that the rate of change of the 87S r/86Sr ratio has varied with time and that the present value of this ratio in the oceans is 0.709234 ± 0.000009. However, the 87S r/86Sr ratio measured by DePaolo and Ingram (1986) are higher than those reported by Burke et al. (1982) by 0100017. The time scale includes P = Pleistocene, Pi = Pliocene, M = Miocene, O = Oligocene, E = Eocene, and Pa = Paleocene.



 17.9 b ecau se its residence tim e is ~ 4 0 0 0 tim es longer th a n th e tim e req u ired fo r m ixing. M easu rem en ts by D e P a o lo and Ingram (1986) indicate th a t the av erag e 8 7 S r / 86Sr ra tio o f m o d e rn seaw ater is 0.709 234 ± 0.000 009. H ow ever, this value m ust b e re d u c e d by 0.000 17 to m ak e it com patible w ith m e a su re m en ts by B u rk e e t al. (1982) and w ith a co m p ilatio n of d a ta fro m th e lite ra tu re by F aure (1982). T he 8 7 S r /86Sr ratio s of n onm arine lim estones reflect th e ages and R b /S r ratio s o f th e rocks ex p o sed to w eathering in the drain ag e basin in w hich th e carb o n ates w ere d ep o sited . T h erefore, Stratigraphie variations of th e 8 7 S r / 86Sr ratio s of n o n m a rin e carb o n a te rocks can only b e caused by changes in th e geology or hydrology o f the d rain ag e basin (N eat e t al., 1979). T h e 8 7 S r / 86Sr ra tio s of c a rb o n a te cem en ts in ark o sic o r lithoclastic san d sto n es an d conglom e ra te s a re a ffected by th e re lea se o f 87Sr from R b -b earin g m inerals in th e sedim ent during diage nesis. T h e re fo re, th e ho m o g en eity o f 8 7 S r / 86Sr ra tio s o f calcite cem en ts in a lith o lo g ic u n it is a reflectio n of th e ra te o f flow o f fo rm a tio n w ater th ro u g h th e lithologic u n it o r aquifer. R elatively rapid th ro u g h p u t of w ater tends to m ak e 8 7 S r /86Sr ratios hom ogeneous, w hereas stag n an t conditions c au sed by low p erm eab ility o r a low h y d ro static g ra d ie n t p e rm it local v ariatio n s to d ev elo p in th e iso to p e co m p o sitio n o f Sr of calcite o r ze o lite cem en ts (S tanley and F aure, 1979).



17.9



Isotope Fractionation of Sulfur



T he stab le isotopes of S listed in T able 17.1 are fra c tio n a ted during th e red u ctio n o f su lfate ions by b a c te ria and as a re su lt of iso to p e exchange reactio n s am ong S-bearing ions and m olecules in aq u eo u s solution. T he isotope com p o sition is expressed in th e 8 -n o tatio n as: 8



34S =



(( 3 4 S / 3 2 S )spl - ( 3 4 S / 3 2 S)std) ( 3 4 S / 3 2 S) std



X 10 3



(17.52)



w here th e sta n d a rd is th e S in tro ilite (FeS) o f the iron m e te o rite C anyon D iablo collected at
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M e te o r C ra te r, A rizo n a. T he iso to p e co m position o f S is d e te rm in e d by analyzing SO z gas p re p a re d fro m sam ples o n a m u ltico llecto r gas-source m ass sp e c tro m e te r (H oefs, 1996). T he m o st im p o rta n t process causing iso to p e frac tio n atio n o f S is associated w ith th e m e ta b o lism o f th e b a c te ria D esu lfo vib rio a n d D esulfatom aculum . T h ese b a c te ria flourish in anoxic en v iro n m en ts b y oxidizing o rganic m a tte r using O derived fro m sulfate ions. In this process, th e S is red u ced fro m + 6 to — 2 and is su b seq u en tly expelled as H 2 S, w hich is en rich ed in 32S co m p a re d to th e sulfate. We can app ro x im ate this tra n sfo rm a tio n by co n structing an e q u a tio n to re p re se n t this o x id a tio n -re d u c tio n reactio n occurring w ith o u t th e aid o f bacteria: S O 4 - + CH° + 2 H +



H 2 S° + C O \ + 2 H zO (17.53)



T he sta n d a rd fre e en erg y change of this reactio n is AG°r = —26.324 kcal and its eq u ilib riu m c o n sta n t at 25 °C is K = IO19'30. E vidently, S O 2 an d aq u eo u s C H 4 re a c t to fo rm H 2 S°, C 0 2, an d H zO, w hich d o m in a te at eq uilibrium . H o w ev er, th e re d u c tio n o f S 0 4_ by b a c te ria is n o t a t eq u ilib ri um an d th e iso to p e fractio n atio n of S is caused by kinetic effects (Fry e t al., 1986). T he e x te n t o f fractio n atio n of S isotopes by b a cte ria is inversely p ro p o rtio n a l to th e ra te of m etab o lism an d d ep en d s o n th e com p o sitio n an d a b u n d an ce o f th e fo o d supply, on th e size o f the sulfate reserv o ir, on th e te m p e ra tu re, and o n the ra te o f rem oval o f th e H 2 S. In general, b acterial isotope frac tio n atio n of S d ep ends on th e envi ro n m e n ta l co n ditions re p re se n te d by th re e a lte r nativ e scenarios: 1. In closed system s, w hich b ecom e anoxic because vertical mixing is in h ib ited , th e co n ce n tra tio n o f H 2S m ay rise until it u lti m ately poisons th e b acteria. Such e n v iro n m ents exist in th e B lack Sea, in isolated depressions in th e oceans, and in som e lakes w here H 2S is strongly d ep le te d in 3 4 S. 2. In o p en system s in which the sulfate re se r



voir is virtually infinite, b u t H 2S is continual ly rem oved by degassing or by precipitation
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IS O T O PE F R A C TI O N A TI O N as insoluble sulfides, the m etabolic S is d ep leted in 34S b u t th e isotope com position o f S rem ains nearly constant.



3. System s co n tain in g a lim ited a m o u n t of sulfate, b u t fro m w hich th e m etab o lic H 2S can escape, a re su b ject to R ayleigh d istilla tion. T h erefo re, b o th th e rem ain in g sulfate as w ell as th e H 2S beco m e en rich ed in 34S b ecau se o f th e system atic an d irreversible loss o f 32S fro m th e system .



tions achieved eq uilibrium , differences in S34S values of coexisting sulfide m inerals m ay in d icate the isotope equilibration te m p e ra tu re based on the experim entally d e te rm in e d calibration e q u a tions listed in Table 17.5. F ractio n atio n o f S iso to p es b etw een sp h a lerite an d galena has b een investigated several tim es w ith som ew hat d ifferen t results. For ex am ple, a t 200 °C th e e q u atio n o f G ro o te n b o e r and Schw arcz (1969) yields = 1.00285, w hereas th a t o f K ajiw ara and K ro u se (1971) yields = 1.00360, w here sp and gn re fe r to sp h a lerite an d galena, respectively. Since in the ex am ple cited above (a - 1 ) 1 0 3 < 1 0 , we can use th e approxim ation:



T h e m etab o lic H 2S ex creted by b a c te ria in anoxic m arin e an d n o n m a rin e basins m ay be p re c ip itated as h y d ro tro ilite (FeS • n H 2 0 ) , which u ltim ately recrystallizes as p y rite (FeS2). T h e S in such sed im en tary sulfide m inerals is generally d e p le te d in 3 4 S, b u t th e S34S values m ay vary stratigraphically, an d m ay even b ecom e positive, d e p e n d in g on th e e x te n t o f R ayleigh distillation. T h e w ide ra n g e o f v ariatio n o f 


O h m o to an d R ye (1979) u sed this relatio n sh ip to express th e te m p e ratu re d ep en d en ce of S-isotope fractio n atio n betw een sp h alerite and galena:



1. T he S34S values of som e sedim entary sulfides m ay be n e ar 0.0%o or m ay even be positive.



(1 2 X 105 V / 2 T = f— — — J = 424.3 K = 151 °C (17.56)



103 In ttgjj = S3 4 Ssp — S 3 4 Sgn = A*p



A*p = (7.2 X 105) / T 2



(17.54)



(17.55)



E vidently, Ag£, which is defined as S3 4 S (sp h alerite) — S3 4 S(gaIena), decreases with increasing equilibration tem p eratu re. W hen A*p = 4.0, eq u atio n 17.55 yields:



2. T he 534S values o f som e m agm atic sulfides



m ay be n egative becau se the S o rig inated fro m sed im en tary rocks in the vicinity of igneous intrusions. 3. T he S34S values o f sulfide m inerals in m e ta m o rp h o se d igneous o r sedim entary rock s m ay be a ltered by isotope exchange reactions at elev ated tem peratures. W hen sulfide m inerals form by p recip itatio n from a h o t aq u eo u s fluid o r by crystallization fro m im m iscible sulfide liquids in magmas, th e S th ey co n tain m ay have d ifferen t isotope com posi tions becau se o f iso to p e exchange reactions w ith a co m m o n S reservoir. T he m agnitude of th e d if ferences in th e 


Such iso to p e equilibration te m p e ra tu res can be checked by determ ining the filling tem p eratu res of fluid inclusions in sphalerite. W e now retu rn to S-isotope fractionation in th e oceans and to the variation of the 534S p aram e te r in m arine sulfate m inerals th roughout geologi cal tim e. M arine sulfate in present-day seaw ater has 
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T a b l e 1 7 .5 S u lf u r I s o t o p e F r a c t i o n a tio n B e tw e e n S u lfid e M in e r a ls T h a t E q u i l i b r a t e d S u lfu r w ith th e S a m e R e s e r v o ir a t E le v a te d T e m p e r a tu r e s in K e lv in s Reference“ Pyrite-galena 103 In a = (1.1 X 106) / T 2 Pyrite-sphalerite (or pyrrhotite)



(1)



103 In a = (3.0 X 105) /7 ’2



(1)



Pyrite-chalcopyrite 103 In a = (4.5 X 105) / T 2



(1)



Chalcopyrite-galena 103 In a = (6.5 X 10S) / T 2



(1)



Sphalerite-chalcopyrite and pyrrhotite-chalcopyrite 103 In a = (1.5 X 105) / T 2



(1)



103 In a = (8.9 X 105) / T 2 - 0.57



(2)



103 In a = (8.0 X 105) / T 2



(1)



103 In a = (7.0 X 105) / T 2



(3) (4)



Sphalerite-galena



103 In a = (6.6 X 105) / T 2 - 0.1 Molybdenite-galena (experimental) 103 In a = (1.3 X 106) / T 2 — 0.80



(5)



Molybdenite-sphalerite (experimental) 103 In a = (0.71 X 106) / T 2- 0.15



(5)



Molybdenite-pyrite (calculated, 400-750 °C) 103 In a = (0.48 X 106) / T 2- 0.75



(5)



Molybdenite-chalcopyrite (calculated, 400-750°C) 103 In a = (0.72 x 106) / T 2 - 0.70



(5)



Molybdenite-pyrrhotite (calculated, 400-750°C) 103 In a = (0.65 x 106) / T 2- 1.65 S 0 2(g)-H 2S(g) (287-1000 °C) 103ln a = (4.54 X 106) / T 2— 0.30 (experimental) 103 In a = (3.65 X 106) / T 2 (calculated)



(5) (6) (6)



HSO 4 (aq)-H 2S(g) (200-320 °C) 103 In a = (5.1 X 106) / r 2+ 6.3



(7)



Sphalerite-HS “ (aq) (50-340°C) 103 In a = (1.11 X 105) / r 2 + 1.36 Galena-H S“(aq) (50-340°C) 103 In a = (7.82 X 10S) / T 2 + 1.7 a(l)Kajiwara and Krouse (1971); (2) Kiyosu (1973); (3) Czamanske and Rye (1974); (4) Grootenboer and Schwarcz (1969); (5) Suvorova (1974); (6) Thode et al. (1971); (7) Robinson (1973). s o u r c e : Friedman and O ’N eil (1977).



(2) (2)
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 A g e , m illio ns o f y e a rs Fi g u re 1 7 .6 Variation of isotope compositions of S and Sr in the oceans in Phanerozoic time. N ote that both 


 1 7.1 0 T h e iso to p e evolution o f S in th e oceans is re m a rk a b ly sim ilar to th e isotopic evolution of Sr. A co m p ariso n of th e tw o curves in Figure 17.6 show s th a t b o th th e S34S value an d th e 8 7 S /86Sr ra tio in th e oceans declined durin g th e Paleozoic E ra fro m high values during th e C am b rian Period to low v alues during th e P erm ian Period. S ubsequently, b o th p a ra m e te rs rem ain ed low d u rin g th e M esozoic E ra, b u t beg an to increase d u rin g th e C retaceo u s P eriod. T he 8 7 S r /86Sr ratio has co n tin u ed to increase steadily to w ard the P re se n t (F igure 17.5), w hereas th e rise of th e S34S p a ra m e te r has faltered and m ay have been re v e rse d in L ate T ertiary time. T h e iso to p e com positions of b o th elem ents h av e v aried in resp o n se to changes in th e m agni tu d e s o f Sr and S fluxes en terin g an d leaving the oceans as w ell as in response to changes in th e resp ectiv e iso to p e com positions o f th e inputs and outputs. Sulfur e n ters th e oceans prim arily as the sulfate ion derived by ero sio n of su lfate deposits o n th e co n tin en ts an d by o xidation o f sulfide m in erals. In a d d itio n , S is discharged in h y d ro th erm al fluids along spreading ridges on th e ocean floor an d by d ire c t interactions b etw een h e a te d sea w a ter a n d volcanic rocks o f the oceanic crust. Sulfur is rem ov ed from the oceans b y p re c ip ita tio n as in so lu ble m etal sulfides an d by direct p re c ip itatio n o f gypsum from seaw ater. T h e iso to p e co m p o sitio n o f S in th e o ceans is c o n tro lle d by th e S34S v alu es o f th e in p u ts and o u tp u ts. F o r exam ple, su lfate io n s fo rm e d by o x id a tio n o f se d im e n tary sulfides in sh a le an d lim e sto n e a re d e p le te d in 34S an d h a v e n eg ativ e S34S v alues, w h e re a s su lfa te ions re le a se d by e ro sio n o f m a rin e ev a p o rite ro ck s h av e p o sitiv e S34S values. T h ere fo re, th e iso to p e c o m p o sitio n o f S e n te rin g th e o cean s fro m th e c o n tin e n ts a t a p a rtic u la r tim e d ep en d s on th e a m o u n ts o f S ea c h so u rc e c o n trib u te s to th e oceans. T h e o u t p u t o f S fro m th e o cean s by b a c te ria l re d u c tio n o f su lfa te e n ric h e s th e re m a in in g su lfa te in 3 4 S, w h e re a s p re c ip ita tio n o f gypsum lo w ers th e S c o n te n t o f th e oceans, m ak in g th e iso to p e c o m p o sitio n o f th e re m ain in g S m o re su sc e p tib le to



S U M M A RY



323



change. E v idently, th e S34S v alu e o f th e o cean s as w ell as its 8 7 S r / 86Sr re fle c t th e o p e ra tio n o f th e S a n d Sr cycles, resp ectiv ely , on th e su rface o f th e E a rth .



17.10



Summary



Iso to p e fra c tio n a tio n is a com m o n p h e n o m e n o n th a t affects th e isotope com positions o f H , C, O, N, S, an d o f a few o th e r elem en ts of low atom ic num ber. It takes place d u ring chem ical reactio n s and in th e cou rse of c e rta in physical processes, such as ev ap o ratio n , co n d en satio n , an d diffusion, b ecau se o f differences in th e m asses o f th e stab le isotopes of th ese elem ents. Iso to p e fra c tio n a tio n during chem ical reactions results fro m th e fact th a t th e heavy isotope is c o n c en tra ted p re fe re n tially in a p articu lar co m p o u n d d u ring iso to p e exchange reactions th a t have achieved equ ilib ri um at a specific tem p eratu re. Iso to p e fractio n atio n also tak es place during unidirectional reactions because the m asses o f iso to p es influence the ra tes of chem ical reactions ow ing to differences in th e b o n d stren g th s o f iso topic m olecules o f the sam e com pound o r because o f differences in th e diffusion rates o r v a p o r p re s sures o f those isotopic m olecules. K inetic isotope fractionation effects are variable d epending on environm ental conditions and decrease as the reactio n approaches equilibrium . T he isotope com positions of O and H in w a te r m olecules m ay vary w idely because o f iso to p e fractio n atio n in th e hydrologic cycle. W ater vapor in th e atm o sp h ere is initially d ep lete d in lsO and D during th e e v ap o ratio n o f seaw ater. S ubsequently, th e v apor is fu rth e r d e p le ted in lsO and D because o f th e p re fe re n tial rem oval of th ese isotopes by co n d en satio n o f w ater o r snow from m oist air m asses drifting from th e e q u a to ri al region tow ard higher latitudes. C onsequently, m eteoric w ater is d ep lete d in lsO and D and has negative 5180 and SD values on th e SM O W scale, w hich are re la te d by th e eq u a tio n for th e socalled m eteoric-w ater line.
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T h e e x te n t o f iso to p e fra ctio n a tio n of m e te oric w a te r is generally re la te d to latitu d e an d te m p e ra tu re an d h ence to clim atic conditions. T he ice sheets of G re e n la n d an d A n ta rc tic a have p re served a re c o rd o f clim ate change th a t can be reco v ered by system atic m e a su rem en ts o f th e iso to p e com positio n s of H an d O in cores drilled th ro u g h th e ice sheets. W hen calciu m c a rb o n a te p re c ip ita te s from a q u e o u s so lu tio n , e ith e r in o rg an ically o r by the a c tio n of o rg an ism s living in th e w ater, th e O in th e solid p h a s e is enriched in lsO c o m p a re d to th e w ater. W h en iso to p ic e q u ilib riu m is m a in ta in e d , th e iso to p e co m p o sitio n o f O in th e cal cite d e p e n d s on th e te m p e ra tu re and on the iso to p e c o m p o sitio n o f O in th e w ater. This re la tio n sh ip can be u se d to d e te c t ch anges in th e te m p e ra tu re o f th e o cean s in th e geologic past, p ro v id e d th a t th e iso to p e co m p o sitio n o f the w a te r h as re m a in e d co n stan t. W hen clay m inerals form by decom position of alum inosilicate m inerals, th e isotope com posi tions of O an d H in th e clay a re controlled by the water at th e site o f th e reactions. Clay m inerals in soil are e n rich ed in lsO b u t d e p le te d in D co m p a re d to th e m ete o ric w ater w ith which they are in contact. T h eir 5lsO an d 5D p a ra m e te rs are th e re fo re re la te d by lin ear eq u atio n s having sim ilar slopes b u t d ifferen t in tercep t values than the m eteo ric-w ater line. T he O in g ro u n d w ater is slowly enriched in lsO by exchange w ith th e O o f silicate or c a rb o n ate m inerals. The H -iso to p e com position of w ater m ay also change d ep en d in g o n th e H -c o n ten t of th e rocks an d on th e presen ce o f hydrocarb ons or H 2 S. T he change in the isotope com positions increases w ith th e te m p e ra tu re an d salinity o f the w ater and hence w ith d ep th below th e surface. S eaw ater, tra p p e d in th e p o re spaces of m arine sed im en t a t th e tim e o f depositio n , is also altered by iso to p e exchange reactio n s w ith the rocks w ith w hich it com es in contact. C a rb o n in th e b io sp h ere is dep leted in 13C d u rin g p h o to sy n th esis reactio n s depending o n the



type of m etabolism . C onsequently, fossil fuels (coal, p etroleum , an d n a tu ra l gas) are ch aracteris tically d ep leted in 13C co m p ared to the PD B sta n dard. In addition, C -isotopes a re frac tio n ated by exchange reactions am ong C 0 2 gas, carb o n ate ions in solution, and solid C a carbonate. T h e process tends to enrich calcite o r aragonite in l3C relative to C 0 2 gas o f th e atm osphere. H ow ever, w hen p a rt o r all o f th e C 0 2 gas in an en v iro n m en t form ed by o xidation of biogenic C com pounds, the carb o n ate m inerals in h e rit the biogenic C. Therefore, calcite cem ents in sandstones associat ed w ith p etro leu m pools and calcites in the caps o f salt dom es o r associated w ith sed im en tary U deposits m ay have n egative SI3C values on the PD B scale. The isotope com position of Sr in m arine c a r b o n a te rocks is n o t affected by isotope fra c tio n a tion, but has nevertheless varied th ro u g h o u t geologic tim e as a result o f mixing of different isotopic varieties of Sr en tering the oceans. T he isotope com position of Sr in Stratigraphie sec tions of n o nm arine carb o n ates m ay also vary in response to changes in the geology o r hydrology of the drainage basin. T he steady rise of the 8 7 S r /86Sr ratio of m arine carb o n ates since the end o f the E o cen e epoch can be used to d ate c a rb o n ate rocks o r fossil shells of T ertiary age. The isotope com position of S is changed d u r ing the reduction of sulfate to sulfide by anaerobic bacteria. A s a result, the rem aining sulfate is enriched in 3 4 S, w hereas the sulfide is enriched in 32S and depleted in 3 4 S. T herefore, sulfide m inerals in unm etam orphosed sedim entary rocks com m on ly have negative S34S values relative to troilite of C anyon D iablo w hereas m arine sulfate rocks have positive 534S values. The isotope com position o f S in m arine sulfate rocks o f P recam brian and P hanerozoic age has varied system atically with time. T he tim e-dependent S-isotope curve in the oceans is similar to the Sr-isotope curve, which sug gests th a t b o th elem ents w ere affected by global geological changes th at m odified the cycles of Sr and S in similar ways.
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Problems 1. Calculate ölsO of water vapor in equilibrium with liquid water at 10°C assuming th:at SlsO| = -10.0%o (SMOW) and aj, = 1.0105. (Answer: —20.3%o) 2. Calculate SlsO of liquid water that is condensing from vapor at 10°C having S180 = : -25.0%o assuming thataj, = 1.0105. (Answ er: —14.8%o)



3. Calculate the value of a( at 3i5°C from equation 17.34. (Answer: 1.008 43) 4. Calculate the value of SD of water vapor remain ing in an air mass based on Rayleiglh distillation for the case that aJ(D) = 1 .0 7 4 ,/= 0.45, SiD" = -94.8%o (Answer: -146.7%o) 5. Calculate the value of SD of liquid water condens ing from an air mass whose initial SD = -94.8%o, if only 10% of the original vapor remain amd a((D ) = 1.074. (Answer: —180.1%o) 6. Calculate the SlsO value of m eteoric water whose SD = -70%o. (Answer: -10%o)



7. What is the SI80 value of calcite precipitated at 5°C in equilibrium with meteoric water having SD = -85%o? :(Answer: +22.7%o) 8. Given that a fluid inclusion filled with water in calcite that formed in a cave has a measured value of SD = -175%o and that SlsO of the: calcite is +10.0%o (SMOW). What was the temperature of deposition of the calcite in °C assuming that the water was of m ete oric origin and isotopic equilibrium existed between calcite and water at the time of depositions? (Answer: 3.8 °C)



9. What is the S180 value of water on the SMOW scale in a fluid inclusion in calcite whose 5 I80 = —2.5%o (PD B), if the O in the water reequilibrated with the O of the calcite at 15 °C after deposition? (Answer: —2.70%o)



10. Compare Problems 8 and 9 and explain why the measured S180 values of water in fluid inclusions in cal cite or quartz cannot be used to determine the temper ature of formation of these minerals. 11. Calculate SlsO and SD of glauconite in equilibri um with seawater (S,80 = 0%o, SD = 0%o) using the fractionation factors in Table 17.2. (Answer: SlsO = +26%o, SD = -70%o) 12. Calculate ajJ(O) f° r the quartz-water at temper atures of 20,40,60,80, and 100 °C and plot the results in coordinates of a j and t° C. (Answer: 1.036 58 at 20 °C, 1.031 55 at 40 °C, 1.027 42 at 60 °C, 1.023 98 at 80 °C, and 1.021 09 at 100°C) 13. What is the 513C (PDB) value of calcite precipi tated at 15 °C in equilibrium with C 0 2 gas having S13C = -25.0%o (PDB)? (Answer: -14.5%o (PDB)) 14. Sulfate in a reservoir of limited size is being reduced by bacteria at 10 °C and the resulting H2S gas escapes from the system. Assume that Rayleigh distilla tion is occurring and plot S34S trajectories both for the remaining sulfate and for the H2S gas for values of / from 1.0 to 0.01. Assume that aj^s4 = 1.025 and that S34S°(sulfate) = +20%o.
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 18 Mixing and Dilution M any n a tu ra l processes o n th e surface o f the E a rth cause m ixing of tw o o r m o re co m p o nents having d ifferent chem ical a n d /o r isotopic co m positions. This p h en o m en o n applies especially to com positionally distinct w ater m asses th a t com e in co n tact w ith each o th e r in estuaries, in stream s an d lakes, an d below th e surface of the E a rth . M ixing also takes place in d ep o sitio n al basins w here d etrital m ineral p articles of different com p ositions are d e p o sited .T h e c o n cep t even applies to blen d in g o f m agm as a n d to th e assim ilation o f c o u n try ro ck by cooling m agm as in th e c o n ti n e n ta l crust. T he chem ical an d isotopic com positions of tw o -co m p o n en t m ixtures a re re la te d to th eir end m em b ers in sim ple ways ex p ressed by c h a ra c ter istic lin ear o r hyperbolic p a tte rn s fo rm ed by th e ir chem ical and isotopic com positions. T hese relatio n s are useful becau se they h elp us to re c ognize m ixtures w hen th ey occur in n a tu re and b ecause the com position of th e p u re end m em bers can be d educed from th em u n d er favorable circum stances.



18.1



W h en two com p o n en ts (A a n d B) of d ifferen t chem ical com position m ix in varying p ro p o r tions, the chem ical com positions o f th e resulting m ixtures (M ) vary system atically d epending on th e relativ e abundances o f th e en d m em bers. W e th e re fo re define th e m ixing p aram eter: =



WA + WB



(18.1)



w here W A an d W B are th e w eights (or volum es) o f th e com ponents A an d B in a given m ixture.
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WA + WB - WA WA + W B



WA + WB



WR



(18.2)



T he c o n cen tratio n of any con serv ativ e e le m e n t (X ) in a binary m ixture of A and B d epends on the c o n cen tratio n of th a t elem en t in c o m p o nen ts A and B and on th e abundances of c o m p o nents A and B in the m ixture. T h erefore, the c o n c e n tra tio n of elem en t X in a m ix tu re (M ) of co m p o n en ts A and B is: (X )M = (X )A/ A + (X )B( l - f A)



Binary Mixtures



/a



Evidently, / A is a dim ensionless n u m b er th a t in reality is co n strain ed to values b e tw ee n zero and unity. W hen f A is defined as in eq u a tio n 18.1, th e n / A = 1 . 0 m eans th a t th e m ixture is com posed of co m p o n e n t A only. W h en / A = 0, th e n W A = 0 an d only co m p o n en t B is p resen t. T he m ixing p a ra m e te r defined above is th e “w eight fra c tio n ” o r “volum e fractio n ” of co m p o n en t A in tw oc o m p o n en t mixtures. T he co m p lem en tary w eight fraction o f B ( /B) is eq u al to 1 —f A because:



(18.3)



w h ere th e p aren th eses m ean concentration. E q u a tio n 18.3 yields th e co n cen tratio n s o f ele m e n t X in m ixtures o f A and B fo r d ifferen t val u es o f / A b etw een 1.0 and 0 w here X A an d X B are know n constants. B y rearranging e q u a tio n 18.3 w e obtain: (X )M = fA[(X )A - (X )B] + (X )B (18.4) E q u a tio n 18.4 is a straight line in co o rd in ates of (X ) and f A having a slope m = (X )A - (X )B and a n in te rc e p t b = (X )B. E vidently, w hen f A = 1.0, e q u a tio n 18.4 yields (X )M = (X )A (th e m ixture is



 18.1 co m p o sed of A only), a n d w hen f A = 0.0, (X )M = (X )B (th e m ix tu re is co m p o sed o f B only). If th e c o n c e n tra tio n o f ele m e n t X is ex p ressed in units o f w eight o f X p e r u n it volum e o f A a n d B, th en f A m u st also b e d efin ed in term s o f volum es. A ll conservative e lem en ts in tw o -co m p onent m ix tu res satisfy eq u atio n s like 18.3. T h erefo re, for a n o th e r ele m e n t Y we have:



(Y)m = 0 0



a



/



a



+ (Y)b(1 - / A)



(18.5)



In any given m ix tu re o f tw o co m p o n en ts th e m ix ing p a ra m e te r / A m ust have th e sam e value for all con serv ativ e elem ents. This sta te m e n t allow s us to com bine eq u atio n s 18.4 an d 18.5 by solving b o th fo r f A and by e q u atin g th e results: /



a



=



( x )M - ( x ) B



(y )m - (y ) b



(X )A - (X )B



(Y ) a - (Y ) e



(18.6)



By cross m ultiplying an d solving fo r (Y )M w e obtain: (y ),Mm = (X V V ), M



+



(Y) a ~ (Y) b (x )



a



_



(x )b



(X )a (Y )b - (X)b (Y),



(x )A - (x )B



(18.7)



E q u a tio n 18.7 is a straig h t line in co o rd in ates of (X ) an d (Y ) having a slope: m = (Y) a ~ (Y) b



(x )A - (x )B



(18.8)



an d an in te rc e p t o n th e (Y )-axis: b =



( x ) a (y ) b - ( x ) b ( y ) a



(X)A - (X)E



(18.9)



T herefore, the slope an d in te rc e p t of th e m ixing line d e p e n d only o n th e c o n cen tratio n o f X an d Y in co m p o n en ts A an d B. E q u a tio n 18.7 in d icates th a t th e co n c e n tra tio n s of any tw o con serv ativ e elem ents X an d Y in a series of b in ary m ix tu res lie on straig h t lines k n o w n as “m ixing lines,” w hich include b o th en d m em bers. A lin ear re latio n sh ip b etw een th e c o n c e n tra tions of tw o con servativ e elem ents in a su ite o f natural sam ples is evidence th a t they m ay b e th e
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p ro d u c ts of m ixing. In such a case, th e slope and in te rc e p t of the m ixing eq u a tio n can be d e te r m ined by least-sq u ares reg ressio n o f th e d a ta array. T he co m position o f the e n d m em b ers is co n stra in e d by th e re q u ire m e n t th a t th ey m u st lie on th e m ixing line an d th a t th e ir c o n cen tratio n s of e lem en ts X an d Y m u st b e positive num bers. In case th e c o n c en tratio n o f eith e r X o r Y in th e end m em b ers is know n (e.g., (X )A and (X )B), th e n the co n c e n tra tio n s o f th e o th e r ele m e n t in th e tw o co m p o n e n ts (Y )A an d (Y )B can be calculated fro m th e eq u a tio n o f th e m ixing line. In addition, if (X )A and (X )B (o r (Y )A and (Y )B) are know n, th e n e ith e r ele m en t can be u sed to calculate f A fro m eq u a tio n 18.3 using th e m e a su re d co n cen tra tio n s (X )M o r (Y )m o f any m ix tu re in th e suite. A n exam ple o f m ixing occurs in th e w aters of th e N o rth C h an n el o f L ak e H u ro n b etw een M an ito u lin Islan d an d th e m ain lan d o f C an ad a w h ere w a te r fro m L a k e S u p erio r m ingles w ith w ater in L ak e H u ro n (F au re et al., 1967).T he co n ce n tra tio n s o f C a2+ and S r2+ in th e w aters fo rm a lin e ar array of d a ta po in ts in Figure 18.1. T he m ix ing eq u a tio n fitte d to th e se d a ta by least-sq u ares reg ressio n is: (C a 2+)M = 0.178(Sr2+)M + 9.81 (r 2 = 0.989) (18.10) w here (C a2+)M is th e co n ce n tra tio n in m g /L , (S r2+)M is expressed in ju.g/L, an d r2 is the lin ear co rre la tio n coefficient. N ext, w e use e q u a tio n 18.9 to calculate th e con cen tratio n s of S r2+ in the w ate r of L ak e H u ro n a n d L a k e S u p erio r based on (C a2+)s = 14.4 ± 0.2 m g /L and (C a2+)H = 26.9 ± 0.3 m g /L , w h ere th e subscripts S an d H identify S u p erio r a n d H u ro n , respectively, and th e erro rs are o n e stan d ard deviation of the m ean. T he results are (S r2+)s = 25.8 ± 1.1 £ig/L and (S r2+)H = 96.0 ± 1 . 7 /xg/L. This in fo rm atio n now en ab les us to calculate th e volum e fractio n o f L ak e S u p erio r w ater in any w ater sam ple in th e N o rth C h annel b ased on its m easu red co n c e n tra tio n o f e ith e r (C a2+)M o r If we select a w ater sam ple having (C a2+)M = 22.0 m g /L , w e find fro m e q u atio n 18.3 th a t / s = 0.39, w hich m eans th a t 39% by volum e o f this w ater orig in ated from L a k e Superior. N o te
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M IX I N G A N D D IL U TI O N 3. The com positions o f th e end m em b ers are constant.



Sr, M g /L Fi g u re 18.1 Binary mixing of water in the North Channel of Lake Huron between Manitoulin Island and the mainland of Canada.The concentrations of Ca2+ and Sr2+ define.a mixing line whose equation was fitted to the data points by least-squares regres sion (equation 18.10). The average concentrations of Sr2+ in Lake Superior and Lake Huron were calculat ed by substituting the average measured Ca2+ concen trations into equation 18.10. The mixing line was subdivided in 0.2 increments o f /s, which is the volume fraction of Lake Superior water in the North Channel in Lake Huron (data from Faure et al., 1967).



The scatter o f d a ta p o in ts a b o u t the m ixing line form ed by real d a ta d eriv ed from surface w a te r m ay be caused by d ilu tio n w ith rain o r by th e addition of a third com ponent of n atural or a n th ro pogenic origin. M oreover, th e chem ical co m posi tions o f surface w aters also vary seasonally, reflecting changes in th e prov en an ce o f th e w ater. T he chem ical com positions of sed im en t fo rm ed by m ixing o f m in eral grains d eriv ed from different sources also te n d to sc a tte r b ecau se th ey to o m ay be diluted o r because the chem ical com position of sedim ent derived from d ifferen t sources m ay vary ran d o m ly w ithin certain limits.



18.2



Dilution



W hen a subsurface b rin e is progressively m ixed w ith m eteo ric w ater, a special kind of lin ear array is p roduced, w hich is d irected tow ard th e origin. T h e resulting dilution line is a special case of e q u atio n 18.7, w h ere th e co o rd in ates o f o n e of th e com ponents are virtually equal to zero, excluding exceptional circum stances. If co m p o n en t A is the dilute en d m em b e r ((X )A = 0, (Y )A = 0), th en e q u atio n 18.7 red u ces to: (Y ) m = (X ) m ( | ^ )



th a t th e m ixing lin e in Figure 18.1 has b een su bdi vided in in crem en ts o f / 2 to show how the concen tratio n s o f (C a2+) and (S r2+) vary in re la tio n to th e m ixing p a ram ete r. R e a l d ata sets rep resen tin g binary m ixtures com m only sc a tte r above an d below th e mixing line, indicating th a t th e assum ptions of th e m ixing m o d el a re n o t strictly satisfied in n atu re. T hese assum ptions are: 1. T he elem en ts u n d er consid eratio n are conservative; th a t is, th e ir con cen trations a re n o t a lte re d by biological activity o r by ad so rp tio n on particles. 2. O nly tw o com ponents a re contributing to th e chem ical com position of th e m ixtures.



(18-11)



T herefo re, d a ta arrays th a t fit a straig h t line th ro u g h the origin m ay have been g e n e ra te d by dilution. A lth o u g h d ilu tio n of brines w ith m eteoric w ater is a com m on p h en o m e n o n in th e su b su r face, in estuaries, and in the open ocean, dilution is by no m eans re stric te d to th e hyd ro sp h ere. F or exam ple, th e co n c e n tra tio n o f K 20 and N a zO in arkosic san d sto n es o r in shaley lim estones b o th vary in resp o n se to th e p resence of q u a rtz and calcite, respectively, w hich dilute th e m inerals containing th e alkali m etals. Figure 18.2 contains th e con cen tratio n s of K 20 an d N a20 o f 29 selected q u artz sandstones ta k e n fro m a com pilation by P ettijo h n (1963). T he
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Fi g u re 1 8 .2 Plot of the K20 and Na20 concentra tions of 29 selected sandstones from a compilation by Pettijohn (1963). The data points scatter about a straight line whose equation was derived by leastsquares regression (equation 18.12). The alkali metals in these sandstones are assumed to reside in a mix ture of K-feldspar and the plagioclase (Ab = 60% andesine) that lie on a mixing line between K-feldspar and andesine. The coordinates of the point of inter section of equation 18.12 with the feldspar mixing line represent the concentrations of K20 and NazO of the feldspar in the sandstones. The addition of increasing amounts of quartz progressively dilutes the feldspar component and lowers the concentrations of K20 and NazO of the resulting sandstones. The treatment of data is conjectural, but serves to illustrate the effect of dilution on the chemical composition of sandstone.



data points form a lin ear array d irected tow ard the origin, which indicates th a t in this case th e m ineral constituents containing K and N a a re progressive ly diluted w ith quartz. T he e q u atio n o f th e dilution line, b ased on a least-sq u ares regression, is: (N azO ) = 0.55(K 2 O ) + 0.05



(18.12)



w here (N a 2 0 ) an d (K 2 0 ) are c o n cen tratio n s in w eight p ercent. T h e lin ear co rre la tio n coefficient
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is r 2 = 0.9335, which indicates a high d e g re e of positive c o rre latio n betw een th e tw o elem ents. For the sake of this dem onstration we assum e th at the m inerals containing K zO and N a20 in these sandstones are K -feldspar and plagioclase having the com position of andesine (A b = 60% , Section 8.3), respectively. M ixtures of these feldspars he on a straight line betw een two points on the K zO and N azO axes in Figure 18.2 th at rep resen t K -feldspar [(K 2 0 ) = 16.9%, (N azO ) = 0.0% ] and andesine [(K 2 0 ) = 0.0% , (N a 2 0 )= 6 .9 % ]. Tlie q uartz dilu tion line o f th e sandstones intersects the feldspar mixing line at (K zO) = 6.0% and (N a 2 0 ) = 3.5%. A s increasing am ounts of quartz are ad d ed to this m ixture of feldspars, the concentrations of K 20 and N azO decline, b u t the (N a 2 0 ) / ( K 2 0 ) ratio rem ains constant. W hen the sedim ent consists of nearly pure quartz (orthoquartzite), the concentrations of K zO and N azO approach zero. T h e ab u n d an ce of q u artz in th ese feldsparbearin g san d sto n es can be calculated by m odify ing eq u atio n 18.3. L e t / Q b e defined as: /



q



-



WQ + W F



(18.13)



W here Q and F identify q u artz and the m ixture of feldspars, respectively. T hen, fro m eq u atio n 18.4: ( k 2 o ) m = / q [ ( k 2 o ) q - ( k 2 o ) f] + ( k 2 o ) f (18.14) w h ere (K 2 0 ) m is th e K -co n cen tratio n o f a m ix tu re (i.e., a sandstone). E q u a tio n 18.14 w as used to subdivide th e dilution line in Figure 18.2 in increm ents of 0 . 2 o f the m ixing p ara m e te r, assum ing th a t (K 2 0 ) q = 0.0% an d (K 2 0 ) F = 6.0% . A lthough the tre a tm e n t of d a ta is based on assum ptions th a t can n o t be confirm ed in this case, this exam ple d em o n strates th a t th e chem ical com positions of m ixtures o f detrital m ineral grains m ay be tre a te d in term s of mixing and dilution.



18.3



Evaporative Concentration



A linear array o f co n cen tratio n s of conservative elem ents m ay also be g en e ra te d in w aters u n d e r going evaporative concentration (see Section 10.1). A s w ater is lost, th e co n cen tratio n s o f co n serv a
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tive ions o r m olecules in th e so lu tio n rise in such a w ay th a t th e ir ra tio s rem ain co n stan t. T h erefo re, th e co n c e n tra tio n s of any tw o co n serv ativ e ele m ents (X and Y ) vary along straig h t lines illu strat ed in F ig u re 18.3A having slopes m = (Y )/(X ) an d w hose in te rc ep ts are b = 0 . T he c o n c e n tra tio n o f a con serv ativ e elem en t X in a so lu tion u n d erg o in g ev ap o rativ e c o n cen tra tio n , such th a t X is n o t involved in th e fo rm a tio n of a p recipitate, obeys eq u atio n s o f th e form :



(X)f = g(X)j



(18.15)



w h ere subscripts f and i signify fin a l a n d initial c o n cen tratio n s o f X , respectively, and g is th e con c e n tra tio n factor. A n o th e r co nservative elem en t Y in th e sam e so lu tio n obeys a sim ilar eq u atio n , an d th e c o n cen tratio n s of b o th elem ents are su b je c t to th e sam e co n c e n tra tio n factor. T h erefore, we can com bine th e eq u atio n s fo r X an d Y by eq u atin g th e co n c en tratio n factors:



g



= (XX = ( Y f



(X);



(Y)j



(18.16)



from w hich it follow s that:



( V W X > ,( $ )



depleted in the ions th a t fo rm e d th e com pound, and th e re fo re such w aters deviate from th e straight line th a t was initially g en erate d by e v a p orative concentration. If b o th X and Y p a rtic ip a te in the fo rm ation o f an insoluble co m p o u n d an d if they e n te r th a t com pound in equal m olar am ounts (i.e., X Y or X 2 Y 2), th en the precip itatio n of the com pound causes th e m o la r co n cen tratio n s of X an d Y to decline along a linear trajecto ry w hose slope is equal to unity. If th e ratio o f th e m olar co n c e n tra tions in the w ater before th e p recip itatio n o f the com pound is Y /X > 1.0 as show n in Figure 18.3C, the solution becom es d ep le te d in X and enriched in Y. In case the m olar ra tio Y /X < 1.0 befo re p recip itatio n (Figure 18.3D), th en the solution is enriched in X and d ep le te d in Y. T herefore, the p recip itatio n o f a co m p o u n d involving th e ions of elem ents X and Y in w aters undergoing e v a p o ra tive co n cen tratio n functions as a geochem ical divide, which alters the chem ical com position of w aters th a t are subjected to this process.



18.4 (18.17)



w here ((Y )/(X )); is th e slope o f a straight line that passes th ro u g h the origin and th e co ncentrations of elem en ts X an d Y m ay be expressed e ith e r in term s of w eights o r n u m b ers o f m oles of X and Y. W hen one o f the ions p articipates in th e fo r m a tio n o f an insoluble co m p o u n d , the increase in its c o n cen tratio n is lim ited by the re q u irem en t th a t th e relev an t ion activity p ro d u ct (IA P ) m ust re m a in less th an th e solubility p ro d u ct co n stan t (K sp) o f th e co m pound. In case progressive e v ap orativ e co n c e n tra tio n o f w ater ultim ately forces an insoluble co m p o u n d containing elem en t X or Y to p recip itate, th e chem ical com position o f the solution is changed because th e c o n cen tratio n o f th a t elem en t (X, for exam ple) declines rapidly as progressive ev ap o ra tio n forces th e com pound o u t of th e solution, w h ereas th e co n cen tratio n o f the o th e r elem en t (Y ) co ntinues to rise. This process is illustrated in Figure 18.3B. A s a result, w aters from which a com p o u n d has precipitated beco m e



Ternary Mixtures



W hen three com ponents a re m ixed in varying proportions, th e resulting m ixtures lie w ithin a m ixing triangle w hose co rn ers are occupied by the th re e com ponents. M ixtures of th re e o r m ore co m ponents form distribution p a tte rn s in X -Y diagram s, colloquially kn o w n as “shotgun p a t terns,” th a t are difficult to in te rp re t q u a n tita tiv e ly. H ow ever, w hen the com positions of th e th re e co m p o n en ts a re know n, even scattered d a ta p o in ts rep resen tin g m ixtures of th ree c o m p o n en ts can be resolved in to th e ir en d m em bers. T ernary m ixtures in w hich one of the co m p o n en ts is lo cated a t the origin can be tre a te d as th o u g h they resulted from a com bination o f m ix ing o f tw o com p o n en ts follow ed by d ilu tio n o f th e resulting m ixtures by the th ird com ponent. In the g en eral case, th e binary m ixtures of com p o n en ts A an d B m ay b e d istrib u ted along a m ixing line A B as show n schem atically in Figure 18.4. D ilu tio n by co m p o n en t C su b seq u en tly displaces th e m fro m th e m ixing line into a triangle o f m ix ing th a t has one o f its corners at th e origin.



 Fi g u re 1 8 .3 Effect of evaporative concentration of aqueous electrolyte solutions of the concen trations of two conservative elements X and Y. A. Evaporation increases the concentrations of both elements from their initial values at point P to final values at point Q.The evaporation trajectory is a straight line represented by equation 18.17. B . Continued evaporation increases the concentrations of X andY to point If, when a compound begins to precipitate that removes elem ent X from the solution but does not contain element Y. Continued evaporation depletes the solution in X but allows the concentration of Y to increase. Hence, the solution moves off the linear trajectory. C. Evaporative concentration of a solution drives the molar concentrations from P to R, when a compound XY begins to precipitate. A s a result, the molar concentrations of both X and Y decline along a line of slope m = 1.0. Since the ratio Y /X in the original solution is greater than unity, the concentration of X is reduced to near zero, whereas that of Y increases as evaporative concentra tion continues. The final brine is enriched in Y and is depleted in X D . Similar to C above, except that the solution is depleted in Y and enriched in X because initially at point P the ratio of molar concentration Y /X was less than unity. Cases C and D illustrate the concept of a geochemical divide, which was first mentioned in Section 10.1.
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X Figure 1 8 .4 Schematic representation of mixing of two components A and B followed by variable dilu tion with component C. The resulting mixtures initially lie on the mixing line AB, but are subsequently drawn into a triangle of mixing by additions of component C whose concentrations of elements X and Y are both zero. The sandstone data in Figure 18.2 are a special case of ternary mixing in which the feldspar mixtures have a narrowly defined range of compositions.



T h e co n cen tratio n s o f K 20 an d N azO o f th e sandstones in F igure 18.2 a re a special case of mixing and d ilu tio n in w hich th e hyp o thetical feld sp ar m ixtures a p p e ar to have fairly uniform com positions. A s a result, pro g ressiv e dilution w ith q u artz g en erates a lin ear arra y of d ata points directed to w ard th e origin. H ow ev er, greyw ackes from P ettijohn (1963) have m o re v ariable K 20 an d N a20 co n cen tratio n s th a n q u artz sandstones and form a clu ster of d a ta p o in ts in Figure 18.5. T h e alkali m etals in grey w ack es p ro b a b ly resid e n o t only in th e feld sp ars b u t also in clay m in e r als, micas, an d e v en in am p h ib o le s an d p y ro x enes. T h erefo re, th e q u a n tita tiv e in te rp re ta tio n b a se d o n F ig ure 18.5 is in te n d e d o n ly as an illus tra tio n of th e p ro c e d u re an d sh o u ld n o t be ta k e n literally. T he mixing triangle in Figure 18.5 was fo rm ed by draw ing dilution lines from th e origin to th e m ost w idely sca ttered sam ples an d by extending th ese lines to th e K -feld sp ar-an d esin e m ixing line. T he p o in ts A ' and B ' encom pass the



k 2o



,%



Figure 1 8 .5 Interpretation of the K20 and Na20 concentrations of 20 greywackes from Pettijohn (1963) in terms of ternary mixing. We assume that the alkali metals reside in mixtures of K-feldspar and andesine between A ' and B' on the feldspar mixing line.The presence of varying amounts of alkali-free minerals (component C) causes the feldspar mixtures to scat ter within a hypothetical mixing triangle, which has one apex at the origin.The mixing triangle is defined by the mixing line A 'B' and by the dilution lines A 'C and B'C. Sample M (star) was chosen at random to demonstrate how it can be projected from component C at the origin to the mixing line A 'B '.



e n tire com positional ran g e o f th e hypothetical feld sp ar m ixtures in this suite of greywackes. The sta rre d sam ple (M ) in F igure 18.5 was re tu rn e d to th e h y pothetical feldspar mixing line by p ro je c t ing it from the origin to point P. T he coordinates of p o in t P a r e (K 2 0 ) = 2 .9 % ,(N a 2 0 ) = 5.25% , which indicates th a t th e concentration of K -feldspar in this m ixture is: 2.9 X 2 X 278.33 94J2ß----------= I 7 '1 %







w h e re 94.20 is th e form u la w eight o f K 20 and 278.33 is th e fo rm ula w eight of K -feldspar.
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C onseq u en tly , th e ab u n d a n c e o f andesine is 100 — 17.1 = 82.9% . T he ab u n d an ce of the akalifree p h a se ( / c ) in sam ple M is —40% based on e q u a tio n 18.14, given th a t (K 2 0 ) M = 1.75% and (K 2 0 ) f = 2 .9 % .T h erefo re, th e abund an ces of the hypo th etical m ineral co m ponents in sam ple M are: K -feldspar:



17.1 X 0.6 = 10.3%



plagioclase:



82.9 X 0.6 = 49.7%



alk ali-free m inerals



= 40%



M ixing an d d ilu tio n m ay also tak e place in subsurface w here tw o c o n n a te b rin es m ay m ix in varying p ro p o rtio n an d w h ere th ese m ixed brines a re su b seq u en tly d ilu ted w ith m eteo ric w ater from th e surface. In such cases, o n e m ay wish to elim in ate th e effect o f d ilu tio n from th e con cen tra tio n s o f conservative elem en ts in th e brine m ixtures. This can be accom plished by projecting d a ta p o in ts fro m th e origin to th e mixing line, as already illu strated in Figure 18.5. M ixing an d dilution w ere d e m o n stra te d by L ow ry e t al. (1988) fo r b rin es from th e C linton san d sto n es o f E arly S ilurian age in eastern O hio. Figure 18.6 contains a p lo t o f th e co n cen tratio n s o f N a + an d S r2+ in these b rines th a t scatter w ide ly w ithin a m ixing triangle. T he co o rd in ates o f th e brine c o m p o n en ts A an d B w ere d erived by Low ry e t al. (1988) by p airing N a and Sr w ith sev eral o th e r elem en ts in X -Y plots. T he d a ta p oints in Figure 18.6 w ere p ro jected from th e origin to th e mixing line A B .T h e co o rd in ates of th e p ro jec tion p o in ts can be precisely calculated by sim ulta neous so lu tio n of th e eq uations of the mixing line and th e p ro jectio n (d ilu tio n ) lines using e q u a tions 18.7 an d 18.11, respectively. A lternatively, th e p ro b lem can be solved graphically using d ia gram s d raw n to scale.



18.5



Isotopic Mixtures of One Element



T he iso to p e com positions of c e rta in elem en ts a re variable b ecau se som e o f th e ir isotopes a re th e p ro d u cts o f n atu rally o ccurring rad io activ e p ar-



Sr, mg/kg F i g u r e 1 8 .6 Restoration of oilfield brines from the Clinton sandstones of eastern Ohio that were contam inated with varying amounts of meteoric water from the surface. The compositions of the brine components A and B were determined by Lowry et al. (1988) from X -Y plots in which Na and Sr were paired with sever al other elements. The concentrations of N a+ and Srz+ in the undiluted brine mixtures are the coordinates of the points of intersection of the projection/dilution lines with the mixing line of brines A and B.



ents (C h a p te r 16) o r because o f iso to p e fra c tio n a tion (C h a p te r 17). T herefore, we can co n sider cases w h ere m ixing occurs b etw een tw o m aterials th a t co n tain the sam e elem en t w ith d ifferen t iso to p e com positions. F or exam ple, w ater m asses having different 8 7 S r / 86Sr ratio s o r SI80 values m ay mix in lakes, in estuaries, or in th e subsurface. W e consider first th e fo rm atio n o f m ixtures of tw o en d m em b ers A and B having d ifferen t 8 7 S r / 86Sr ratios an d Sr concentrations. U sing th e m ixing p a r a m e te r /A d efined in e q u atio n 18.1, we express th e Sr co n cen tratio n o f any m ixture M as: (S r)M = (S r)A/ A + (S r)B( l - / A)



(18.19)



If th e end m em bers have different 8 7 S r /86Sr ratios, th en th e isotopic com position o f any m ixture m ust b e th e w eighted sum of th e 8 7 S r / 86Sr ratio s w h ere th e w eighting facto rs a re (S r)A/( S r ) M and (S r)B/( S r ) M (a d e ta ile d d eriv atio n was given by
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F aure, 1986). T h erefo re, th e e q u a tio n S r /86Sr ra tio o f a b in ary m ix tu re is:
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(18.20)
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If th e 8 7 S r / 86Sr ra tio of A an d B are eq u al, e q u a tio n 18.20 red u ces to e q u a tio n 18.19. If th e Sr c o n c e n tra tio n s o f co m p o n en ts A an d B a re equal, th e n (S r)A/( S r ) M = (S r)B/ ( S r ) M = 1.0 an d e q u a tio n 18.20 red u ces to: /87
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E q u atio n s 18.19 an d 18.20 can be u sed to predict th e Sr concentrations and 8 7 S r /86Sr ratio of any m ixture o f two com ponents having different con cen tratio n s and isotope com positions o f Sr for dif fe re n t values of th e mixing p ara m e te r / A. T he same equations apply to all o th e r elem ents th a t have radiogenic isotopes such as N d, Os, Hf, and Pb. E q u a tio n 18.21 applies also to m ixtures o f the sam e co m p o u nd, such as w ater o r c arb o n d io x ide, co ntaining eq u al co n cen tratio n s o f H a n d O, o r C and O, respectively. In o rd e r to ad a p t e q u a tio n 18.21 to m ixtures o f w ater co ntaining O and H o f d ifferen t iso to p e com positions, we replace th e 8 7 S r / 86Sr ratio s w ith SlsO o r SD values: S1 8 O m = S1 8 O a / a + SlsO B( l - f A) SDm = SDa / a + SDb(1 - f A)



(18.22) (18.23)



N ote, how ever, th a t th e co n cen tratio n s o f O and H in highly co n cen trated b rines are less th an th o se o f p u re w ater an d th a t e q u atio n 18.20 m ay h av e to b e used to p re d ic t th e SlsO an d SD values o f m ixtures of such b rines w ith o th e r b rin es or w ith fresh water. W h en two com ponents having different con cen tratio n s and isotope com positions of Sr (or of a n o th e r elem ent) are m ixed in varying p ro p o r tions, the resulting m ixtures differ from th e end m em bers b o th in term s of the Sr concentration and th e 8 7 S r /86Sr ratio. T he Sr concentrations and 8 7 S r /86Sr ratios of a series of m ixtures can be calcu



lated from equations 18.19 and 18.20 for selected values of th e m ixing p a ra m e te r f A based on end m em bers of know n com position. H ow ever, in re a l ity we are usually confronted by the opposite situ ation, th at is, we m easure the 8 7 S r /86Sr ratios and Sr concentrations o f a suite o f sam ples and th e n wish to test th e hypothesis th a t they are m ixtures o f tw o com ponents. In fact, we w ant to derive the isotopic mixing equation from an array o f d ata points as w e w ere able to do fo r binary m ixtures of different chemical com positions based on equation 18.7. T he d esired isotopic m ixing e q u atio n can b e derived from equ atio n s 18.19 and 18.20 by solving b o th fo r f A and by eq u atin g th e results. T he o u t com e of this algebraic m an ip u latio n is:
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w here:
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E q u a tio n 18.24 is a h y p erb o la in c o o rd in ates of (S r)M (x-co o d rin ate) and ( 8 7 S r / 8 6 S r)M (y-coordin ate) w hose position and cu rv atu re are defined by th e nu m erical values o f a and b, w hich dep en d en tirely o n th e com positions of th e end m em bers. T he special virtue of eq u atio n 18.24 is th a t it is tra n sfo rm a b le in to a straig h t line b y defining th e x-co o rd in ate as l/( S r ) M. If x = l / ( S r ) M, th en e q u atio n 18.24 becom es:



87Sr\ ax + b 86S rjM “



(18.27)



w hich is a straig h t line w hose slope m = a and w hose in te rc e p t o n th e y-axis is eq u al to b. T herefo re, th e isotopic mixing e q u a tio n fo r b in a ry m ix tu res o f co m ponents th a t differ in th e iso to p e com po sitio n s of o n e ele m e n t (such as Sr, N d, Hf, Os, an d P b ) can be derived by fitting a straight line to d a ta p o in ts in co o rd in ates of th e ap p ro p ri-



 18.6 ate isotopic p a ra m e te r an d th e reciprocals of th e co n cen tratio n . This p ro c e d u re w as used successfully by B o g er an d F au re (1974, 1976) a n d B o g er et al. (1980) to tre a t sed im en t sam p les from th e R ed Sea an d by N a rd o n e an d F au re (1978) fro m th e B lack Sea. In additio n , S haffer a n d F au re (1976), K ovach and F au re (1977), and F a u re an d Taylor (1983) used it to study m ixing of d e trita l sed im ent in th e R oss S ea and u n d e r th e R o ss Ice Shelf adja cen t to A n tarctica. Isotopic m ixing arrays m ay co n sist of th re e or m o re co m ponen ts in w hich case th e d a ta points rep resen tin g such sam ples s c a tte r on th e m ixing diagram . If th e th ird co m p o n e n t in sed im en t sam ples consists o f authigenic calcite, o r som e o th e r acid-soluble m ineral, it can b e re m o v ed fro m th e sam ples p rio r to analysis by tre a tin g th em w ith dilu te solutions of a w eak acid su ch as acetic acid. T he tests of d iato m s and rad io larian s, w hich are com posed o f opaline silica, can be rem o v ed by flotation in a m ix tu re of b ro m o fo rm an d acetone. T he presence o f a co m p o n en t of a m o rp h o u s silica in sedim ent sam ples th a t are b in ary m ixtures causes a decrease o f th e Sr co n c e n tra tio n s w ithout affecting the 8 7 S r / 86Sr ratios, w h ereas th e presence of calcite and arag o n ite changes b o th p aram e te rs of binary sed im en t m ixtures. Mixing of water on o r below th e surface of the E arth com m only affects th e isotope com positions of O and H as well as those of dissolved elem ents such as Sr and N d. The isotope com positions o f O and H in b in ary m ixtures of w a te r are expressed by eq u atio n s 18.22 an d 18.23. T h e se eq u atio n s can be com bined by elim inating f A to yield an eq u atio n in coordinates o f SD and SlsO equivalent to e q u a tion 18.7. H ow ever, w hen a th ird com ponent is present, a mixing triangle results, which can be reduced to a mixing line by projecting th e data points from one of th e corners of th e triangle to the line connecting th e oth er tw o com ponents. Changes in the isotope com position of O a n d H in g ro u n d w ater m ay also result from exchange reactions with minerals, by the release of w a te r of hyd ration during dehydration of minerals, a n d by th e uptake of w ater during m ineral transform ations th a t m ay alter the isotope com position of th e residual w ater.



IS O T O PIC M IX T U RES O F T W O ELE M E N TS
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C onsequently, in system s w h ere th e w a te r/ro c k ratio is small, the isotope com position of w ater can b e a lte re d in a variety o f ways th a t do n o t n eces sarily involve mixing. T he iso to p ic com positions of Sr an d o f o th e r elem en ts dissolved in g ro u n d w ater a re likew ise changed by th e p re fe re n tial solution of m inerals containing Sr w hose iso tope com position d ep ends on th e ages an d R b /S r ratios o f th ese m inerals. H o w ev er, as th e w a te r ap p ro a c h e s chem ical eq u ilib riu m w ith th e m in erals w ith w hich it is in c o n tact, its 8 7 S r / 86Sr ra tio is stabilized a n d any fu rth e r changes can th e n b e a ttrib u te d to m ixing of w ate r having d ifferen t 8 7 S r / 86Sr ra tio s an d Sr c oncentrations. A n exam ple o f th e effect o f mixing o f su b su r face brines on th e isotope com position o f Sr is p resen te d in Figure 18.7 based on th e w ork of Low ry et al. (1988) on brines fro m the C linton sandstones of O hio. T hese b rines w ere diluted w ith varying am ounts o f m eteoric w ater th a t low e re d th eir Sr concentrations b u t did n o t ap p re c ia bly alter their 8 7 S r /86Sr ratios. T herefore, th e Sr concentrations w ere first re sto re d to th e ir original values of pro jecting th e d ata points in Figure 18.6 fro m the origin to th e m ixing line A B . T he recip rocals of th ese re sto re d Sr concentrations and the 8 7 S r /86Sr ratios form a linear array, as expected of b in ary m ixtures. T he eq u atio n o f th e isotopic m ix ing line, d eterm in ed by least-squares regression, is: 87Sr 1 ^ = 7 . 7 8 6 ^ + 0.7028



(18.28)



T his eq u atio n was p lo tte d as a h y p e rb o la in F igure 18.7 in coo rd in ates of th e Sr co n ce n tra tio n a n d the 8 7 S r /86Sr ratio. B ecause of d ilu tio n w ith m ete o ric w ater, th e m easu red Sr co n cen tratio n s w ere up to 54% low er th a n th e values deriv ed fro m Figure 18.6.



18.6



Isotopic Mixtures of Two Elements



M o st n a tu ra l m aterials co n tain n o t ju st o n e b u t sev eral elem en ts having d ifferen t iso to p e c o m p o sitions. F o r exam ple, sedim ent o r w ater deriv ed



 338



M IXI N G A N D D IL U T I O N th a t are not tran sfo rm ab le in to straig h t lines because the mixing eq u a tio n contains a cross p ro d u ct term (Faure, 1986). T h erefo re, such m ix tu res a re com m only m o d eled by con stru ctin g mixing hyperbolas, as describ ed above, based on end m em bers w hose isotopic and chem ical com positions are assum ed.



18.7



Sr, p p m F i g u r e 1 8 .7 Mixing hyperbola formed by the 87S r/86Sr ratios and Sr concentrations of brines from the Clinton sandstones of Ohio. The Sr concentrations were corrected for dilution with meteoric water in Figure 18.6. The equation of the hyperbola was derived by fitting a straight line to the data points in coordinates of 87S r/86Sr and 1 / (Sr).The isotope com positions of the end members were determined from the mixing equation based on their Sr concentrations, which were derived by fitting mixing triangles to pairs of elements including Sr. Brine A is Na-rich, has 87S r/86Sr = 0.7131 ± 0.0006, and S,80 = - 4 .1 ± 0.4%«; whereas brine B is Ca-rich, has 87S r/86Sr = 0.70837 ± 0.00006, and 5lsO = —1.0 ± 0.3%o (Lowry et al. 1988).



from different sources m ay con tain m easu rab le co n cen tratio n s of Sr and N d o r O w ith distinctive iso to p e com positions. T he iso to p e com positions o f th e se elem ents in a suite o f b inary m ixtures vary progressively d ep en d in g on th e iso to p e com p ositions of the en d m em b ers and o n th e p ro p o r tions o f mixing. T h e iso to p e co m positions o f any tw o elem ents in binary m ixtures can be calculated fro m equ atio n 18.20 for d ifferen t values o f / A, p ro v id ed th e co n cen tratio n s and iso to p e c o m p o sitions of the elem ents in th e en d m e m b ers are kn o w n or assum ed. W h en th e results o f such sys tem atic calculations are p lo tted in c o o rd in ates of th e ap p ro p riate isotope ratios, isotopic m ixtures of tw o elem ents are fo u n d to form hyperbolas



Summary



M ixing is a com m on p h e n o m en o n in n a tu re th a t takes place in the course o f geological processes. T he chem ical com positions o f binary m ixtures of w ater or sedim ent vary linearly in c o o rd in ates of th e concentrations of any tw o conservative e le m ents. The end m em bers m u st also satisfy the m ixing equation, w hich helps to define th e m and perm its us to calculate th e ir a b u n d an ce in any given m ixture. T h ree-co m p o n en t m ix tu res scatter w ithin a triangle of mixing th a t can be re d u c e d to tw o co m ponents by projecting d ata points fro m one of the corners to the opposite side of th e triangle. M ixing o f two saline w aters follow ed, o r accom panied, by dilution with m eteo ric w ate r is a sp e cial case o f th re e -c o m p o n en t m ixing th a t m ay occur in som e oilfield brines. T ernary m ixing m ay also explain the chem ical com positions o f som e d etrita l sedim entary rocks such as arkosic sa n d sto n es and greywackes. E v ap o rativ e co n cen tratio n of surface w ater m ay initially cause linear relationships am ong the concentrations o f conservative elem ents. H ow ever, w h en the ion activities rise to critical values such th a t a co m pound can precip itate, th e ions th at p a rtic ip a te in th e fo rm atio n of th e co m p o u n d d ev iate from th e lin ear p a tte rn and re sp o n d to th e o p e ra tio n of geochem ical divides. A s a result, b o th th e con cen tratio n s o f th e ions an d th e com position of th e dissolved salts change. M ixtures of tw o co m p o n en ts th a t d iffer b o th in th e c o n cen tratio n an d in th e iso to p e com posi tions o f one e lem en t form d a ta arrays in th e form o f h y p erb o las in co o rd in ates of an iso to p e ratio and co n c e n tra tio n of th e elem en t. Such mixing hyperbolas are tran sfo rm ab le into stra ig h t lines



 PR O BLE M S by in verting th e con cen tration . Ternary m ixtures o f co m p o n e n ts having d ifferen t iso to p e co m p o si tio n s o f on e elem en t can b e red u ce d to binary m ixtu res by rem ovin g o n e o f t h e com p on en ts u sing appropriate treatm en t o f t h e sam ples prior to analysis.
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B inary m ixtures co n tain in g tw o elem en ts w ith d ifferen t iso to p e com p osition s form h yp er b o lic arrays in co o rd in a tes o f the tw o iso to p ic ratios (or a related p aram eter). T h ese h yp erb o la s are n o t tran sform ab le in to straight lin es b eca u se th e m ixin g eq u ation con tain s ad dition al term s.



Problems 1. Calculate the concentration o f Mg2+ in a binary mixture of two components, given that (Mg2+)A = 2.4 m g/L and (Mg2+)B = 6.7 m g/L am d/A = 0.75. (Answer: 3.47 m g/L)



2. Given two end members A and B whose concen trations of K and Mg are (K)A = LOO ppm, (Mg)A = 25 ppm; (K)B = 35 ppm, (Mg)B = 250 ppm. Calculate the slope and intercept of the mixing equation. (Answer: Slope = —0.289, intercept = 107.2) 3. Plot the mixing equation and end members of Problem 2 on graph paper and add a data point M con taining (K )m = 62.0 ppm and (M g)M = 89.3 ppm. Calculate the abundances of compoments A and B in that sample. (Answer: A = 41.5%, B = 58.5%) 4. A



sample P contains (K)p = 40 ppm and (Mg)p = 125 ppm. Assume that this sample formed by mixing of components A and B defined in Problem 2 and was subsequently diluted with a third component located at the origin. (a) Derive the equation of the dilution line. (b) Determine the coordinates of the point of intersection of the dilution line w ith the mixing line AB. (c) Determine the weight fraction of the dilute component in sample P.



5. A series of brine samples have the following con centrations of Na and Ca. N a+, m g/kg



Ca2+, m g /k g



58,800



30,200



51,500



36,100



48,800



38,600



43,200 35,000



42,200 47,600



Derive the equation of the mixing line by leastsquares regression. 6. If the end members in Problem 5 contain (N a+)A = 67,000 m g/kg and (N a+)B = 37,600 m g/kg, calculate the corresponding concentrations of (Ca2+) A and (Ca2+)B. 7. Additional brine samples belonging to the suite of Problem 5 have the following concentrations.



N a+, m g/kg



Ca2+, m g/kg



11,600



9,700



44,000



16,400



25,500 35,500



15,500 22,500



37,400



26,200



Plot these data points together with the mixing line from Problem 5 and the end members from Problem 6. Estimate the concentrations of N a+ and Ca2+ in the brine samples prior to the dilution by a graphical pro cedure. 8. Calculate the 87S r/86Sr ratio and Sr concentration of a binary mixture of A and B fo r /A = 0.40 given that (87S r/86Sr)A = 0.725, (Sr)A = 100 ppm, (87S r/86Sr)B = 0.704, (Sr)B = 450 ppm. 9. Plot a mixing hyperbola for mixtures of A and B defined in Problem 8 by calculating the coordinates of mixtures characterized by f A = 0.8,0.6,0.4, and 0.2.



10. Calculate the S180 value of water formed by mixing two components such that 518Oa = 10.0%o, S18Ob = —2.0%o, and / B = 0.65. 11. Derive the equation for two-component mix tures of water in coordinates of SlsO and SD.
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M IXI N G A N D D IL U T I O N



12. Calculate the 87S r/86Sr ratios and SD values of fo r /A = 0.2, 0.4, 0.6, and 0.8. Plot the results in coordi nates of 87Sr/86Sr and SD and draw a smooth curve a series of two-component mixtures defined by through the points. (87Sr/86Sr)A = 0.750, (Sr)A = 5.0 ppm, SDA = -150%o and (87Sr/86Sr)B = 0.709, (Sr)B = 75 ppm, SDB = -30%o
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 V APPLICATIONS OF GEOCHEMISTRY TO THE SOLUTION OF GLOBAL PROBLEMS



T he ch ap ters of P a rt V apply th e principles o f g eochem istry to im p o rta n t en v iro n m en tal p h en o m en a, su c h as chem ical w eathering, v ariatio n s in th e quality of surface w ater, o xidation o f sulfidie-bearing m in eral deposits, th e tra n sfe r o f chem ical elem ents am ong its n atu ral reserv o irs, co n sequences o f th e co n ta m in atio n o f th e atm osphere, disposal of radioactive w aste, an d th e effects o f en v iro n m e n ta l lead o n h u m an h ealth. T he selected topics d e m o n s tra te th a t g eochem istry is cen tral to o u r efforts to u n d e r stand th e en v iro n m en t ini w hich w e live.



 19 Consequences of Chemical Weathering W hen igneous an d m etam o rp hic rocks are exposed to w ater and atm ospheric gases at o r near th e surface of th e E a rth , the m inerals they contain decom pose selectively an d a t varying rates. T he chem ical reactions th a t cause th e decom position of m inerals w ere discussed in C hapters 9-15 and constitute the process we call chem ical weather ing. T he products of chem ical w eathering consist of ( 1 ) the com pounds fo rm ed during incongruent solution of the prim ary m inerals, ( 2 ) the ions and m olecules th at dissolve in the w ater, and (3) the resistant m inerals in th e rocks th at are liberated by the decom position of th eir m ore susceptible neighbors. In addition, the noble gases (H e, Ne, A r, K r, Xe, and R n) an d certain o th er gases (H 2, hydrocarbons, N 2, etc.) are released into the atm osphere. T he newly form ed com pounds (oxides, hydroxides, clay m inerals, etc.) m ay accu m u late at the site of w eathering tog eth er with u n reacted m ineral grains (quartz, feldspars, m icas) and undecom posed pieces of rock (p e b bles, cobbles, boulders) as a residual m antle or regolith, also called saprolite. F u rth e r m odifica tio n o f the saprolite leads to th e form ation of soils, w hich sustain ro o te d plants and the fauna th at feeds o n these plants. H ow ever, ultimately, sap ro lite is rem oved by erosion th ro u g h tran sp o rt o f the m aterial dow nslope u n d e r th e influence of gravity o r by the actions o f running w ater or wind. T herefore, fro m a geological perspective, chem ical w eath erin g is th e sta rt of th e m ass m igration of sed im en t fro m th e continents into
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basins of d ep o sitio n in th e oceans. C hem ical w eath erin g is also th e sta rt of the geochem ical cycles o f th e elem ents, w hich are released from th e ir rock reservoirs into solution for a trip to the oceans w here th ey reside for varying lengths of tim e befo re they re e n te r the crust of the E a rth in sed im en tary rocks (Section 4.4). M uch o f th e subject m a tte r to be discussed in th e fifth p a rt o f this book is concerned with the practical consequences of chem ical w eathering, w hich not only consists of th e decom position o f rocks b u t also affects the chem ical com position of w ater and causes dispersion of ions from m etallic and nonm etallic m in eral deposits. C hem ical w eath erin g th e re fo re co n trib u tes to th e ability o f th e en v iro n m en t on the surface of the E a rth to sustain life. T he n a tu ra l en v ironm ent is increasingly affected in unfo reseen ways by th e activities of th e grow ing h um an population. T he changes in th e chem ical com position of th e atm o sp h ere and h y d ro sp h e re caused by o u r activities m ay alter o u r h a b ita t in ways that are difficult to predict w ith certainty, b u t m ay in fact be harm ful to us. F o r this reaso n , geochem ists are increasingly called u p o n to study how n atu ral geochem ical processes on th e surface o f the E a rth a re p e r tu rb e d by a n th ro p o g en ic activities, to predict the effect of th ese changes on th e quality of th e envi ro n m e n t, an d to sou n d th e alarm w hen th e resu ltin g changes in th e global en v iro n m en t are p o te n tia lly harm ful to us.
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C H A N G ES IN C H E M IC A L C O M P O SITI O N O F R O C KS



Changes in Chemical Composition of Rocks



T he effects o f chem ical w eath erin g on th e chem i cal com position of rocks are re ad ily a p p a re n t by com p arin g th e co ncentrations o f m ajor-elem ent oxides in fresh and w eath ered sam ples o f a rock. H ow ever, such direct com p ariso n s m ay be m is leading becau se of the “closed ta b le effect,” which is th e p ro p e rty of chem ical analyses, expressed in w eight p ercen t, of having to add u p to 100. A se ri ous consequen ce of this p ro p e rty of chem ical analyses is th a t a real change in one co n stitu en t causes apparent changes in all o th e r constituents. For exam ple, if a rock loses a significant am ount of o n e m ajo r elem en t as a re su lt of chem ical w eathering, the concen tratio n s o f all o th e r ele m ents m ust increase, th ereb y e rro n e o u sly sug gesting additions of these elem en ts to th e rock. Similarly, if a rock actually gains o n e elem ent, the co n cen tratio n s of all o th ers m u st decrease. A s a result, differences in th e co n cen tratio n s of m ajor elem ents expressed in p ercen t betw een w e a th ered and u n w eath ered specim ens o f a h o m o g e neous rock are n o t reliable indicato rs of actual gains and losses caused by chem ical w eathering. The procedure for identifying real gains and losses of elem ents as a result of chem ical w eather ing is based on the assum ption th a t one of the m ajor-elem ent oxides has rem ain ed constant in am ount even though its concentration m ay ap p e a r to have changed.T he constituent chosen m ost often for this purpose is A12 0 3, consistent with th e lim ited solubility of A l(O H ) 3 at pH values b etw een 6 and 8 (Figure 12.6).This choice is also consistent with the convention regarding the conservation of A l during incongruent solution of alum inosilicate m inerals (Section 10.6). A lternatively, Fe 2 0 3 , T i 0 2, or Z r 0 2 may be selected in cases w here Al may have been m obile in highly acid or basic environm ents. D etailed chem ical and m ineralogical studies of chem ical w eathering of igneous rocks o f basaltic com position have b een published by Eggleston et al. (1987), Claridge and C am pbell (1984), Colm an (1982), and H endricks and W hittig (1968). L oughnan (1969), C arroll (1970), L indsay
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(1979), w hereas C olm an and D e th ie r (1986) dis cussed w eathering of silicate m inerals in general. In o rd e r to d e m o n stra te the effects o f w e a th ering on the chem ical com position of a rock we exam ine th e d ata in Table 19.1 for a basalt from th e sta te o f P arana, Brazil, and for a sam ple of sap ro lite th a t fo rm ed from it. We o b serve th a t th e sap ro lite has significant ly low er con cen tratio n s o f SiO z, CaO, M gO, N a 2 0 , K 2 0 , M nO , and P 2 O s than th e basalt. H ow ever, it has higher co n cen tratio n s of A12 0 3, Fe 2 0 3, T i 0 2, an d L O I (loss on ignition), which includes ad so rb ed w ater, w a te r in crystal lattices a n d fluid inclusions, C 0 2 of carbonates, and S O z o f sulfides. N o te th a t the d ecreases and increases o f th e co n ce n tra tio n s of th e m ajo r-elem en t oxides in the sap ro lite balan ce in such a way th at th e sum o f th e co n cen tratio n s is eq u al to 100. T herefore, th e real losses o f som e of th e oxide com p o n en ts th a t m ay have occurred during w eath erin g of th e b a sa lt are partly co m p ensated by a p p a re n t increases in the c o ncentrations o f the o th e r com ponents. Similarly, real gains in som e co m p o n en ts o f th e b asalt have caused a p p a ren t losses in others. W hen b o th gains and losses have o ccurred, the resulting chem ical com position of th e w eath erin g products can only be in te rp re te d by recalculating th e analysis based on th e assum ption th a t one o f the oxides has rem ain ed constant in am ount. In the case a t hand, we select A12 0 3 as th e co n stan t oxide an d n o te th at its c o n cen tratio n ap p aren tly increased from 12.3% to 26.3% as a resu lt of w eathering o f the basalt. N ote th a t the concentration of a c o n stitu en t expressed in w eight p erc e n t is equivalent to an a m o u n t in gram s per 100 g of rock. T herefore, 100 g o f basalt originally con tain ed 12.3 g A12 0 3. If we assum e th a t the a m o u n t of A12 0 3 rem ain ed constant, th e a p p a re n t increase in the concentration o f A12 0 3 m ust be caused by a reduction in the w eight of the rock from 1 0 0 g to som e sm aller am o u n t d erivable from the relation w eight of co nstituent



;----- :------:------ X 100



w eight of rock



= p erc e n t co n cen tratio n



(19.1)
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C O N SE Q U E N C ES O F C H E M IC A L W E A T H ERI N G T a b l e 1 9 .1 C o m p a r is o n o f C h e m ic a l A n a ly s e s o f B a s a lt f r o m P a r a n a , B ra z il, a n d Its W e a th e r in g P r o d u c ts Basalt, %



Saprolite, %



Am ount remaining, g



S i0 2



50.7



35.1



16.4



a i 2o 3



12.3



26.3



12.3



Gain + or loss —, g



Gain + or loss %



-3 4 .3



-6 7 .6 0



0



CaO



7.83



0.06



0.028



-7 .8 0



MgO



4.18



0.26



0.12



-4 .0 6



-9 9 .6 -9 7 .1



Na20



2.53



0.02



0.009



-2 .5 2



-9 9 .6



k 2o



1.71



0.13



0.061 10.04



-1 .6 5



-9 6 .5



-5 .0 6



-3 3 .5



0.046



-7 5 .0



Fe20 3



15.1



21.5



0.20



0.10



3.19



3.96



1.85



-0.1 5 -1 .3 4



p2o 5



0.46



0.11 12.4



0.051



-0.41



5.79



+4.09



r o



MnO T i0 2



Sum



1.70 100.0



100.0



46.7



-4 2 .0 -8 9 .1 +241



-5 3 .3



“Loss on ignition. s o u r c e : Faure, unpublished data.



In th e case u n d er consideration, th e w eight of the rock m ust be (12.3/26.3) X 100 = 46.7 g, which im plies th a t 53.3 g o f rock was rem o v e d by w eath erin g from each 1 0 0 g o f basalt. T he a m ounts o f th e o th e r oxide co nstituents rem aining in th e a ltered basalt can now be calcu lated by m ultiplying th e ir p ercen t con cen trations in th e saprolite by th e weight-loss fa cto r (w ) d eriv ed from th e ratio of th e co n cen tratio n s of th e co n stan t oxide in th e fresh a n d w eath ered rock. If A12 0 3 is chosen as th e c o n stan t oxide: ( a i 2 o 3):



w = (A ( Zl n0 )3)weath = ^26.3 = 0467 2



(19-2)



w here the p aren th eses signify con cen tratio n s in w eight p e rc e n t o f th e selected oxide in the fresh an d w eath ered rock, respectively. F or exam ple, th e am o u n t of S i 0 2 rem aining a fte r w eath ering is 35.1 X 0.467 = 16.4 g. A ll of th e co n cen tratio n s of th e oxide com ponents of the saprolite in Table 19.1 w ere m ultiplied sim ilarly by th e weight-loss factor an d th e rem ain in g am o u n ts ar® listed in colum n 3. N o te th a t th e se a m o u n ts sum to 46.7 g, c o n firm in g th a t 100 - 46.7 = 53.3 g o f m aterial was



lost as a resu lt of w eath erin g p e r 1 0 0 g of original basalt. The actual gains and losses of each com ponent can now be determ ined by com paring the d a ta in colum n 3 (am ounts rem aining) to the analysis of the basalt in colum n 1 of Table 19.1. For SiOz we have a real loss of 16.4 — 50.7 = —34.3 g, w hereas for Fe 2 0 3 we have a real loss of 10.04 - 15.1 = - 5 .0 6 g. N ote that Fe 2 0 3 was lost even though its concentra tion in the saprolite is higher (21.5% ) than in the basalt (15.1% ).The sam e is true fo rT i0 2, which was dim inished by 1.34 g even though its concentration in the saprolite is higher than in the basalt. The data in colum n 4 indicate th a t w eathering caused real losses of all constituents, except H zO, C 0 2, and S 0 2, relative to constant A12 0 3. T he final step in th e ev alu atio n of th e d a ta in Table 19.1 is to ran k the oxide com ponents in term s o f th e m ag n itu d e of th e losses th a t have occurred. F or this p u rp o se we express th e losses in term s of p e rc e n t o f th e am o u n t originally p re sent in th e basalt. F o r exam ple, the basalt lost (34.3/50.7) X 100 = 67.6% of its S i0 2.T h e g re a t est losses occurred fo r C aO an d N a20 (99.6% ),
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M gO (97.1% ), K 20 (96.5% ), and P 2 0 5 (89.1% ) follow ed by M nO (75.0% ), SiO z (67.6% ), T i0 2 (42.0% ), and Fe 2 0 3 (33.5% ). Evidently, chem ical w eathering of b asalt in P a ra n a has led to the fo r m atio n of sapro lite th at is com posed prim arily of A12 0 3, S i0 2, Fe 2 0 3, and H zO.



19.2



Normative Mineral Composition of Weathering Products



T he m in eral com position o f th e saprolite in Table 19.1 can be stu d ied by m eans o f x-ray dif fraction o r by electro n -tran sm issio n microscopy. H ow ever, w hen w eath erin g p ro d u cts are poorly crystallized o r am orphous, as is o ften th e case, identification o f m inerals is difficult o r im possible. A sim ilar p ro blem arises in the study o f volcanic igneous rocks, which m ay b e cryptocrystalline or glassy. In igneous p etro lo g y this p ro b lem is over com e by calculating th e ab u n d an ces o f selected m inerals from chem ical analyses of th e rocks. The resulting m ineral com position is called its norm , and the m inerals th a t m ak e up th e n o rm are the norm ative m inerals. T he p ro c e d u re s u sed to calcu late m ineral norm s of volcanic rocks can be a d a p t ed to estim ate the abundances o f selected m inerals in p artly am o rp h o u s w eath erin g products. For this purpose w e recognize th at saprolite contains varying am ounts of certain m inerals derived from the original rock as well as am orphous com pounds and m inerals form ed during w eather ing. The m ost com m on prim ary m inerals are: qu artz



b io tite



K -feldspar



h o rn b len d e, pyroxene, olivine



plagioclase



rutile



m uscovite



m agnetite, ilm enite



A m ong th e secondary m inerals w e exp ect to find: kaolinite, sm ectite



h em atite



gibbsite



g o eth ite



am orphous silica



pyrolusite



T he choice of m inerals to be included in th e norm m ust be m ad e by th e in v estig ato r an d d ep en d s on
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th e co m p o sitio n of the bedrock, the clim atic c o n ditions a t th e site, and on any available in fo rm a tion reg ard in g th e m ineral com position o f the b e d ro c k o r its w eath erin g products. H o w ev er, w e recall th a t th e m ineral norm is only an a p p ro xi m ation to reality and th e re fo re th e selection of m inerals and th e ir com position is arbitrary. W e have seen th a t the saprolite in Table 19.1 is com posed prim arily of A12 0 3, S i0 2, Fe 2 0 3, and H 2 0 , which presum ably occur in the secondary m inerals kaolinite and goethite. In addition, we assign K zO to K -feldspar, N a20 and C aO to plagioclase, M gO to th e p y ro x en e en sta tite , M nO to pyrolusite, T iO z to ilm enite, and P 2 0 5 to ap atite and berlinite. O th e r selections are certainly possible b u t seem less likely. F or exam ple, S i0 2 is n o t likely to occur as quartz grains in this case because basalt does n o t contain quartz. H ow ever, w here the bedrock is com posed of granite o r granite-gneiss, quartz should be presen t in the saprolite. Similarly, K 20 could b e assigned to m uscovite or illite, M gO to smectite, C aO to calcite, T i0 2 to sphene or rutile, etc. In m ost cases such alternative selections have little effect on the con clusions derivable from the norm . T h e calculation of th e m in eral n o rm o f th e sap ro lite in Table 19.1 is carried o u t in Table 19.2. N o te th a t th e form ulas of th e m inerals a re ex pressed in oxide form and th a t th e p e rc e n t con ce n tra tio n s of th e oxide co m ponents in the an aly sis a re recalcu lated to m illim oles p e r 1 0 0 g of saprolite. N o te also th a t L O I w as assum ed to be H 2 0 . T he p rim ary m inerals d eriv ed fro m th e b asalt a re satisfied first an d th e secondary w e a th ering pro d u cts (goethite, pyrolusite, kaolinite, and gibbsite) are th e n m ade fro m the rem aining oxides. T i 0 2 p ro b ab ly o ccu rred in th e b a sa lt as ilm en ite (F e T i0 3), which is resistan t to w e a th e r ing b u t m ay a lte r to T i 0 2 a n d /o r to a v ariety of sp h en e (C aTiSiO s) called leucoxene (C orrens, 1978). H ow ever, in this case th e saprolite contains insufficient C aO fo r leucoxene to form , and T iO z is th e re fo re expressed as ilm enite in the norm . W e begin th e n o rm calculation w ith th e p ri m ary m inerals an d convert all of th e available K 2 0 , 1.38 m illim oles (m m ol), into K -feldspar. In accordance with th e oxide form ula fo r K -feldspar we red u c e the available A12 0 3 by 1.38 m m o l and
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Table 19.2 C a lc u la tio n o f a M in e r a l N o r m f r o m th e C h e m ic a l A n a ly s is o f t h e S a p r o lite in T a b le 19.1 SiO 2



a i 2o



3 CaO



MgO



Na20



k 2o



0.06



0.26



0.02



0.13



1.07



6.44



0.322



1.38



Fe20 3 MnO



770,



p 2o 5



LOI



In saprolite 35.1



% m m ol/100 g



584



26.3 258



21.5 134



0.10 1.41



3.96 49.5



0 .1 1



0.775



12.4 689 Normative minerals, %



M illim oles/100 g



Minerals K20 • A120 3 • 6SiO,



575.7



256.6



1.07



6.44



0.322



0



134



1.41



49.5



0.775



689



0.77



573.7



256.3



1.07



6.44



0



0



134



1.41



49.5



0.775



689



0.17



573.7



255.9



0



6.44



0



0



134



1.41



49.5



0.418



689



0.11



573.7



255.5



0



6.44



0



0



134



1.41



49.5



0



689



0.10



573.7



255.5



0



6.44



0



0



134



1.41



49.5



0



689



0.00



567.3



255.5



0



0



0



0



134



1.41



49.5



0



689



0.65



567.3



255.5



0



0



0



0



109.3



1.41



0



0



689



7.51



567.3



255.5



0



0



0



0



0



1.41



0



0



579.7



19.42



567.3



255.5



0



0



0



0



0



0



0



0



579.7



0.12



56.3



0



0



0



0



0



0



0



0



0



68.3



66.0



56.3



0



0



0



0



0



0



0



0



0



68.3



0.00



0



0



0



0



0



0



0



0



0



0



68.3



3.38



0



0



0



0



0



0



0



0



0



0



K-feldspar N a ,0 • A120 , • 6SiO, albite 3CaO • P ,0 5 apatite a i 2o



, • P2O s



berlinite CaO • A120 , • 2SiO, anorthite MgO ■S i0 2 enstatite FeO • TiO, ilmenite Fe20 , ■H20 goethite MnO, pyrolusite A 1 ,0 , • 2 S i0 2 • 2 H ,0 kaolinite A120 3 • 3H 20 gibbsite S i0 2 amorph. S i0 2 H ,0 water



S iO z by 6 X 1.38 = 8.28 m m ol. T he am o u n t of K -feld sp ar in gram s p e r 100 g o f sap ro lite is: 1.38 X 556.67 1000



= 0.77 g /1 0 0 g



(19.3)



N ext, all available N azO is used to m ake albite, a n d th e rem ain in g m o lar am o u n ts o f A12 0 3 and S i 0 2 a re red u ced p ro p o rtio n ately . T he m illim olar



0



1.22



Total



99.45



a m o u n t o f albite is th e n co n v erted to a w eight in gram s, as illustrated in e q u atio n 19.3, an d th e am o u n t is listed in Table 19.2. N o te th a t the am o u n ts of feldspar rem aining in th e sap ro lite a re very sm all, b u t th a t th e resid u al K -feldspar (0.77 g /1 0 0 g) is m o re a b u n d a n t th a n alb ite (0.17 g /1 0 0 g). T he am o u n t of C aO is used to m a k e 0.35 m m ol of ap a tite (3C aO ■P 2 0 5), and th e
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re m ain in g 0.418 m m ol o f P 2 O s is com b in ed with A12 0 3 to m ak e secondary berlim ite (A l 2 0 3 P 2 0 5) leaving 255.5 m m ol o f A12 0 3. S ince all of the availab le C aO was used to m a k e the p h o sp h ate a p a tite , none is left fo r a n o rth ite , w hich p re su m ably d oes n o t occur in th e sap ro lite. M gO is co n v e rte d in to 0.65 g of e n sta tite (M g O S iO z) w ithout difficulty. H ow ever, in o rd e r to c o n v e rt T iO z into ilm en ite (F e O T i0 2), the F e 2 0 3 in th e analysis m ust b e re c a st as FeO . T he am o u n t o f Fe in th e sap ro lite is 134 X 2 = 268 m m o l/1 0 0 g„ which m akes an eq u a l n u m b e r o f m oles of F eO l T h erefore, 49.5 m m o l o f F eO is con su m ed in m ak in g 7.51 g of ilm en ite from 49.5 m m ol of T i 0 2, leaving 268 — 49.5 = 218.5 m m ol of FeO , w hich is eq uivalen t to 109.3 m m ol o f Fe 2 0 3. T h e rem aining Fe 2 0 3 is n o w co n v erted into 19.4 g of the secondary m in e ral goethite (F e 2 0 3 ■H 2 0 ) by com bining F e 2 0 3 w ith an equal m illim olar am o u n t of H 2 0 . M n O in th e analysis is assigned to 0.12 g of pyrolusite ( M n 0 2), and all of th e rem aining A12 0 3 is m ad e in to 66.0 g of k a o lin ite (A12 0 3 ■2 S i0 2 ■2 H zO ). We are left w ith a re sid u e o f 56.3 m m ol o f S i 0 2 a n d 68.3 m m ol of H 2 O .T h e fo rm er is co n v erted in to 3.38 g o f a m o r p h o u s silica, o r opal, or chalcedony, d e p en d in g on its crystallinity. T he rem ain in g H zO is c o n v erted in to 1 . 2 2 g o f w ater, w hich c o a ts th e solid p a rti cles of th e saprolite. N o te th a t g ib b site d oes n o t o ccu r in th e n o rm becau se S i 0 2 is m ore a b u n d a n t th a n A12 0 3. T he calculation carried out in T able 19.2 in d i cates th a t th e n o rm ativ e m in e ra l com position o f th e sap ro lite in units of gram s p e r 1 0 0 g o r w eight p e rc e n t is: % kaolinite



66.0



ilmenite



7.5



misc. traces



1.9



% goethite amorph. S i0 2 water



19.4 3.38 1.2



T he significant conclusions to b e d eriv ed fro m th ese results are th a t chem ical w eath erin g has co n v erted th e basalt into a m ix tu re o f kao lin ite an d g o eth ite w ith lesser am o u n ts of T i-bearing m inerals and am o rp h o u s silica. O nly tra c e
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am o u n ts o f th e p rim ary m inerals K -feldspar, albite, pyroxene, and a p a tite rem ain. T he ab sence o f gibbsite suggests th a t th e activity of silicic acid in the w ater at 25 °C was g reater th an 10 “ 4 6 8 m o l/L in accordance w ith th e k ao lin ite -g ib b site b o u n d ary in Figure 12.1.



19.3



Susceptibility of Minerals to Weathering



T he m inerals o f igneous and m e ta m o rp h ic rocks differ w idely in th e ir susceptibility to chem ical w eathering. A n o th e r w ay o f expressing this fact is to say th a t th e dissolution reactions of m inerals tak e place a t d ifferen t rates. In fact, th e kinetics o f m any dissolution reactio n s have b e e n stu died, and m uch has b e e n le a rn e d n o t only a b o u t the rates of these reactio n s b u t also a b o u t th e m echa nism s by w hich m inerals dissolve in w ater (C olm an an d D e th ie r, 1986). Such studies w ere in itiated by soil chem ists w ho a re in te re ste d in know ing the ra te s at w hich p la n t n u trie n ts (N a +, K +, C a2+, Fe2+, M g2+, and P ) are released by m in erals in soils u n d e r differing en v iro n m en tal c o n ditions (M cL elland, 1950). L ater, this subject began to a ttra ct th e a tte n tio n o f geochem ists w ho h av e b een increasingly in te re ste d in th e p rocesses th a t control the ra tes o f co n g ru en t and incongrue n t dissolution. S om e im p o rta n t co n trib u tio n s to this subject include p ap ers by W ollast (1967), H elgeson (1971,1972), B u sen b erg an d C lem ency (1976), H o ld re n an d B e rn e r (1979), B e rn e r and H o ld ren (1979) a n d T o le et al. (1986). E x p erim en tal studies w ith p o w d ered m in eral sam ples have com m only indicated a decrease in th e ra te of dissolution w ith tim e, suggesting th a t several different processes m ay occur sim u lta n e ously. For exam ple, G arrels an d H o w ard (1957) d e m o n stra te d th a t cations are released an d th a t th e p H rises w ithin one m in u te a fte r p o w d ered feld sp ar is placed in w ater, suggesting th a t cations fro m grain surfaces are ex changed for H + to fo rm a layer of “hydrogen-feldspar.” This p h e n o m e n o n is equivalent to hydrolysis (Section 10.2) if we reg ard feldspar as a salt o f th e w eak h y p o th etical acid H A lS i 3 0 8. Subsequently, cations and silica are
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lost from feld sp ar grains in n o n sto ich io m etrie p ro p o rtio n s such th a t th e feld sp ar grains presum ably b eco m e co ated w ith a layer o f k ao lin ite o r gibbsite w hose p resen ce re ta rd s fu rth e r dissolution. H ow ever, it w as discovered th a t the surfaces o f grains o f p o w d e re d m in erals u sed in dissolution experim ents a re co ated w ith sm all adhering p a rti cles having large surface areas (G randstaff, 1977). T h e p resence o f th ese particles u n d o u b ted ly increases th e initial dissolution rates. In addition, grinding m ay dam ag e th e crystal lattice of surface layers o f grains, an d this p h e n o m e n o n also increas es initial dissolution rates of m ineral pow ders. M oreover, w h en m in eral grains fro m w eathering en vironm ents w ere ex am in ed w ith a scanning elec tro n m icroscope, th e ex p ected layer of alteratio n p ro d u cts was n o t found (B e rn e r an d Schott, 1982). A pparently, m in eral grains dissolve p re fe re n tially w here crystallographic dislocations exist on th e grain surface. A s a resu lt, etch pits are p ro duced th a t ex pan d and d e e p e n as th e process con tinues. The ra te of dissolution of a m ineral th erefo re d ep en d s in p a rt o n th e density o f etch pits p e r unit area o f surface an d h en ce on th e ab u n d ance of dislocations w ithin th e m ineral grains. T he layer of w eathering p ro d u cts th at m ay ad h ere to grain surfaces is perm eable and nonprotective an d does n o t affect th e kinetics of dissolution. T he relativ e susceptibility o f th e com m on rock-form ing silicate and oxide m inerals can also be d e te rm in e d directly fro m th e observed a b u n dances of p rim ary m inerals in saprolites form ed at d ifferen t stages of w eath erin g o f a particu lar type o f rock. Such a study was carried o u t by G o ldich (1938) o n th e A rc h ean gneisses in th e valley of th e M in n eso ta R iv er in so u th ern M innesota. T he d eg ree o f w eathering ex peri en ced by a series of saprolites th at form ed from th e sam e kind o f rock is in d icated by th e ir co n c en tratio n s o f A12 0 3. T h e re a so n is th a t A12 0 3 is very n early im m o b ile d u rin g chem ical w e a th e r ing, w hereas o th e r oxide co m p o n en ts are lost, so th a t th e co n c e n tra tio n o f A12 0 3 rises as w e a th e r ing progresses. G o ld ich (1938) u sed this criterio n to classify sam ples of sap ro lite th a t h ad fo rm ed fro m granitic gneiss in th e M o rto n -R e d w o o d



Falls a re a of M in n eso ta w hose chem ical com posi tions a re show n graphically in Figure 19.1A. The d a ta of Goldich (1938) indicate th a t chem ical w eathering of granitic gneiss in so u th ern M innesota causes rapid apparent decreases of the concentrations o f N azO, CaO, and M gO, w hereas K zO an d S i0 2 concentrations decline m ore slowly as w eathering progresses. H ow ever, the concentra tions o f H zO, to tal Fe as Fe 2 0 3 ,T i0 2, and A12 0 3 actu ally increase. A constant-oxide calculation for the m ost highly w eathered saprolite from M innesota confirm s th at real gains in Fe 2 O s, T i0 2, and H 20 occurred relative to constant A12 0 3, w hereas all other constituents w ere lost in varying am ounts. T he changes in th e chem ical com positions of progressively w eath ered saprolites m ust reflect w hat is hap p en in g to th e p rim ary m inerals as a result o f chem ical w eathering. G oldich (1938) actu ally d eterm in ed the m ineral com positions of the granitic gneiss and of two saprolites form ed from it. H is d a ta are presen ted in Figure 19. IB in the form of sm ooth curves th at show the rapid loss of plagio clase and biotite and the m uch slow er rem oval of K -feldspar and quartz. W hereas K -feldspar is alm ost com pletely rem oved from th e m ost highly w eath ered saprolite, ab o u t 2 0 % of qu artz and 6 % of m agnetite and ilm enite rem ain. The principal w eathering p ro d u ct in this case is kaolinite, which accum ulates in th e saprolite and m akes up 6 6 % by volum e o f the m ost highly w eathered rock. T h e changing abundances o f th e com m on rock-form ing m inerals in saprolites reflect th e ir susceptibilities to chem ical w eathering. G o ld ich ’s d a ta in F igure 19.1B clearly show th a t p lag io clase is m uch m o re susceptible to w eathering than K -feldspar and th a t bio tite is likew ise d estro y ed du rin g th e early stages o f w eathering. T he a b u n dances o f q u a rtz and K -feldspar actually in crease initially b ecau se o f th e p re fe re n tial loss o f p lag io clase a n d biotite. H ow ever, ultim ately K -feldspar is co m p letely rem o v ed , w h ereas th e ab u n d a n c e of q u a rtz decreases only by a b o u t 30% in the m o st highly w e a th e re d sap ro lite in M in n eso ta. T he c o n c e n tra tio n s o f m a g n e tite an d ilm e n ite in th e s a p ro lite also rise, in d ic a tin g th e ir re s is tance to w eathering. H ow ever, b o th eventually do



 19.3



6



5



4



3



2



1



0



50



40



30



20



10



0



S U S C EPTIBILITY O F M I N ER A LS T O W E A T H ERI N G



349



F i g u r e 19.1 A . Variation of the chemical composi tions of saprolites repre senting increasing intensities of chemical weathering of granitic gneisses in the M ortonRedwood Falls area of Minnesota (Goldich, 1938). Note that the concentra tions of Na20 , CaO, MgO, and S i0 2 decline continu ously, whereas K20 declines more slowly and the con centrations of total Fe as Fe20 3, A120 3, and H20 increase with increasing degree of weathering. B. Variation of the mea sured abundances of miner als in the saprolites shown above. The rapid decrease in the abundance of plagioclase accounts for the loss of Na20 and CaO shown in A. K-feldspar actually increases in abundance, as does quartz, but both ulti mately decline. However, magnetite and ilmenite resist weathering and per sist in the saprolite. Kaolinite is the principal weathering product and accumulates in the saprolite as the primary aluminosili cate minerals are decom posed (data from Goldich, 1938).
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d eco m p o se to fo rm seco n d ary m in e ra ls such as g o e th ite an d leucoxene. G oldich (1938) used inform ation o f this kind to show that th e susceptibilities of the rock-form ing silicate m inerals to w eathering can be related to th eir position in B o w en ’s reaction series depicted in Figure 19.2. Accordingly, olivine a n d C a-plagioclase a re m ost susceptible follow ed by pyroxene, h o rn blende, biotite, and Na-plagioclase. K -feldspar is m o re resistant th a n any of the m inerals th a t p recede it in th e sequence o f crystallization an d is surpassed only by m uscovite and quartz. In a general way, the susceptibility to w eathering of the rock-form ing sil icate m inerals decreases with their decreasing tem p eratu res of crystallization from m agm a. T h e a p p a re n t relatio n sh ip b etw e e n th e crys tallization te m p e ra tu re of silicate m inerals, as exp ressed in B o w e n ’s re a c tio n series, and th e ir susceptibility to w eath erin g is a u seful m n em onic device. H ow ever, we know th a t th e p ro g ress of reactio n s th a t co n stitu te chem ical w e a th e rin g is strongly d e p e n d e n t on en v iro n m en tal con d itions and th erefo re recognize th a t excep tio ns to G o ld ich ’s g en eralizatio n m ay occur locally. A n altern ativ e ex p lan atio n fo r th e o bserved differences in th e susceptibility to w ea th e rin g of rock-form ing silicate m inerals arises from a co n sid eratio n of activity diagram s. For this p u rpose
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Fi g u r e 1 9.2 Schematic representation of Bowen’s reaction series, which is used here to show that miner als that crystallize early and at high temperature from magma (olivine, Ca-plagioclase) are more susceptible to weathering than those that form later at somewhat lower temperatures (muscovite, quartz).



we retu rn to C h a p te r 12, w hich contains activity diagram s for a n o rth ite (F igure 12.2B) and the M g silicates (Figure 12.5). We recall first th a t the a n o rth ite diagram contains calcite, w hich restricts th e activity o f C a2+ in n a tu ra l solutions, d e p e n d ing on the p a rtia l p ressu re of C O z and the p H of the environm ent. T he solubility lim it of calcite th e re fo re prev en ts th e [C a 2 +] / [ H + ] 2 ra tio of n a t ural solutions from rising to levels at which e q u i librium w ith a n o rth ite is possible. A s a result, an o rth ite can n o t be stable in contact w ith w ater at the surface of the E a rth an d th e re fo re dissolves incongruently to form k ao lin ite o r gibbsite, d ep ending on th e activity o f silicic acid in the so lu tion. T he activity d iag ram s o f K -fe ld sp ar (F ig u re 12.1) and albite (Figure 12.2A ) do no t contain solubility limits o th e r than th a t of am orphous silica because the ca rb o n a te s o f alkali m etals are solu ble. C onsequently, the [K +] / [ H +] and [N a+] / [ H +] ratio s of n atu ral so lutions can rise until th e so lu tions are in equilibrium with K -feldspar and albite, respectively. H ence, th ese m inerals m ay be stable in co n tact w ith w ater at th e surface of the E a rth and th e re fo re w ea th er m o re slowly than a n o rth ite and C a-b earin g plagioclase. T he differences in susceptibility to w e a th e r ing am ong th e M g-bearing silicates (olivine, pyroxene, am p h ib o le) can be ratio n alized sim ilar ly by m eans of Figure 12.5. F or exam ple, olivine in the form of forsterite (M g 2 S i0 4) dissolves congru ently by releasing M g2+ and H 4 S i0 4 into solution. H ow ever, the [Mg 2 l ] /[ H + ] 2 ratio of natural solu tions is restricted by the solubility limits im posed by m agnesite (M g C 0 3), serpentine (M g 3 Si2 0 5 ( 0 H ) 4), and sepiolite (M g 4 Si6 0 1 5 ( 0 H ) 2 • 6H 2 0 ) . Therefore, n a tu ra l solutions on th e surface o f th e E a rth c a n n o t b e in equilibrium w ith forsterite. T he sam e is tru e o f pyroxenes (enstatite, M gSiO j) and am phiboles (anthophyllite, M g 7 Si8 0 2 2 (0 F l) 2), although the [Mg 2 +] /[ H + ] 2 ratio s req u ired to stabilize these m inerals at a p a rtic u la r value o f [H 4 S i0 4] are lower than is needed to stabilize olivine. Therefore, reactions betw een olivine and w ater are fu rther rem oved from equilibrium th an reactions betw een pyroxene and w ater and betw een am phibole and w ater. Consequently, olivine is m ore susceptible to w eathering th an pyroxene, w hich is m o re suscepti



 19.4 ble th a n am phibole, as im plied also by B o w en ’s re a c tio n series. In conclusion, w e co n sid er briefly th e suscepti b ility to w eath erin g o f o th e r kinds of m inerals such as th e oxides, carbonates, and sulfides. M inerals consisting of th e se co m p o u n d s m ay coexist w ith silicate m inerals in certain kinds of rocks th a t m ay b e classified as o re deposits. T h e effects of chem i cal w eath erin g o n th e chem ical an d m ineralogical com po sitio n s of such rocks a re th erefo re of g reat in te re st to geologists in th e m ining industry. T h e relativ e su sceptibilities to w eathering of sulfide m in erals will be co n sid ered in C h ap ter 21 by m ean s of E h - p H d iag ram s fo r th e sulfides of d iffe re n t m etals. T h e d isp ersio n of m etals th a t m ay re su lt from th e chem ical w eathering o f sul fid e-b earin g rocks causes th e form atio n o f local geo ch em ical an o m alies in th e saprolite an d soil d eriv ed from such deposits. T hese geochem ical an o m alies are used to lo cate po ten tial ore dep o sits by m ean s o f system atic geochem ical ex p lo ra tio n surveys. In addition, th e presen ce of an o m a lo u s c o n cen tratio n s o f m etals and certain n o n m e ta ls in soils associated w ith so-called m in eralized rocks m ay p o se a n a tu ra l geochem ical h e a lth h azard to h u m an s living in th e area o r co n sum ing fo o d grow n o n such soils. In co m p ariso n w ith th e silicate m inerals taken as a group, sulfides an d ca rb o n a te s (calcite, a ra g o nite, d o lo m ite) are m o re susceptible to w eathering th a n silicate m in erals (olivine, plagioclase, pyrox ene, etc.), w h ereas th e oxides (m agnetite, ilm enite, ch ro m ite, rutile, cassiterite, etc.) are less suscepti ble. T h e resistan ce to chem ical w eathering of c er tain accessory m inerals occurring in ordinary igneous and m e tam o rp h ic rocks and in certain kinds o f ore deposits has interesting conse quences, w hich w e co n sid er in th e next section.



19.4



Formation of Placer Deposits



A ll igneous, sedim entary, an d m etam o rp h ic rocks m ay contain accessory m inerals th a t resist b o th chem ical and m ech an ical w eathering. T h ese m in erals a re lib e ra te d by th e decom position of the ro ck-form ing m in erals w ith w hich th ey are associ
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a te d , an d subsequently they m ay e n te r th e sed i m e n t-tra n sp o rt system o p e ra tin g o n the surface o f th e E a rth . A s a re su lt o f tra n sp o rt by m ass w asting (dow nslope m ovem ent) and by w ater in m o tio n o r by w ind action, th e grains of accessory m inerals are co n c e n tra ted on the basis o f size, specific grav ity, an d shape into deposits of san d and gravel. A ll deposits of sand and gravel co n tain som e o f the com m on accessory m inerals o f igneous an d m e ta m o rp h ic rocks. In cases w here th e se m inerals have econom ic value and w hen th e ir co n cen tratio n is sufficient to m ake th e ir ex tractio n profitable, such sand an d gravel depo sits are called placers (th e a is p ro n o u n c ed as in plaza). T h e accessory m inerals th a t m ay be c o n cen tra te d in sand and gravel include th e n ative m etals o r nonm etals (A u, P t group elem ents, diam onds), oxides (cassiterite, m agnetite, ilm enite, chrom ite, rutile, corundum , etc.), silicates (zircon, g arnet, sphene, staurolite, tourm aline, etc.), a n d p h o s p h a te s (apatite, m onazite, etc.). Som e o f th e se are ore m inerals from which one o r several m etals can b e ex tracted at a p ro fit (A u, P t group m etals, cas siterite, m agnetite, chrom ite, m on azite), w h ereas o th e rs have intrinsic value as gems, including d ia m o n d an d co ru n d u m (sap p h ire o r ruby), m ay be sem iprecious stones (zircon, g arn et), or a re used as abrasives (zircon, g arnet, staurolite, etc.). P lacer deposits m ay be bu ried and cem en ted to beco m e special kinds of sandstones o r conglom era te s th a t m ay be classified as o re dep o sits because of the p resence o f valuable m inerals. M any such fossil placers a re know n, b u t th e ir occurrence, origin, and m ineral com position are p ro p e rly th e subject o f E conom ic G eology (P ark and M acD iarm id, 1970). T he resistan t m inerals listed above h av e high er densities th an q u artz, feldspar, calcite, etc., and th e re fo re are g ro uped w ith th e heavy m inerals, w hich include also olivine, pyroxenes, am phiboles, biotite, and o th ers w hose densities a re all g re a te r th a n 2.90 g /c m 3. P lacer deposits form w hen grains of m inerals th a t a re re sista n t to w eath erin g and have high d ensities settle o u t of w ater in which th ey w ere suspended. T he m o vem ent o f sp herical particles th ro u g h w a ter u n d er the influence o f gravity is d escribed
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by eq u atio n s derived by S tokes (1851, 1901). Particles having o th e r sh ap es can be tre a te d using relatio n s sum m arized by L erm an (1979). A sp h e r ical p article of rad iu s r an d density p su sp en d ed in w ater (density = 1 . 0 g /c m 3) is acted u p o n by a g rav itatio n al force (F ): Fg



= h T f 3g (p - ! )



( 1 9 -4)



w here g is th e acceleratio n d u e to gravity. A s a resu lt, the particle acquires a velocity (v,.) th a t g e n e ra te s an opposing force kn o w n as viscous drag (Fd): Fd = 6in )rvs



(19-5)



N o te th a t the m ag n itu d e of th e viscous drag on th e spherical particle increases w ith its velocity. A s a result, the velocity o f a sp h ere sinking th ro u g h w ater increases until th e m ag n itu d e of the viscous d rag equals th e gravitational force. W h en Fx = F[h 6Trr\rvs = f Trr3g (p — l )



(19.6)



T h erefo re, the velocity of a spherical particle sinking through still w ater can increase only to a value given by the equ atio n :



= 1 ( 0 " 0



(19J)



E vidently, the term inal velocity of a spherical p a r ticle increases w ith its density (p) and w ith the sq u are of its radius (r). Since the viscosity of w ater is 7 7 = 0.01 g /c m /s e c an d g = 980 c m /se c 2, e q u a tio n 19.7 reduces to th e form u la (L erm an, 1979):



= (2.18 X 104 ) r 2(p - 1) c m /sec



(19.8)



w here r is expressed in centim eters. This form ula was used to construct the settling curves in Figure 19.3 for spherical particles of native gold (p = 19.0 g /c m 3) and quartz (p = 2.65 g /c m 3) in water. The diagram illustrates the p o in t th a t gold particles are approxim ately one-third sm aller in d iam eter than q uartz grains with which they are deposited, i.e., th a t have th e sam e settling velocity.



4> units Diameters of grains Fi g u r e 1 9.3 Plot of settling velocities (vt) of gold and quartz particles in water versus their grain diame ters expressed in millimeters and 4> units in accor dance with equation 19.7. The densities of gold and quartz were taken to be 19.0 and 2.65 g/cm 3, respec tively. In order for particles of two different densities to be deposited together from still water they must have identical settling velocities. Therefore, gold parti cles settling with a velocity of 10 cm /sec are about one third smaller in diameter than quartz grains.



Placer deposits o f native gold have played an im p o rtan t role in th e history of the U nited States, startin g in 1848 w hen gold nuggets w ere discov e re d in presen t-d ay stre am gravels at S u tte r’s Fort n e a r C olom a, C alifornia. In th e follow ing year, a gold rush ensued as th e so-called forty-niners m oved into the a re a to pan fo r gold in th e stream s em erging from th e S ierra N evada M o untains n e a r Sacram ento, C alifornia. E ventually, fossil placers w ere discovered in th e a rea in gravel te r races of an ea rlie r riv er of T ertiary age, and th e so urce o f all o f th e p la cer gold was subsequently tra c e d to gold-bearing h y d ro th e rm a l q u artz veins in th e M ariposa slate o f th e M o th e r L o d e m ining district of C alifornia.
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PR O V E N A N C E D ETER M I N A TI O N BY IS O T O PIC D A TI N G



Provenance Determination by Isotopic Dating



T he heavy m inerals in d e trita l sed im en tary rocks have b een studied extensively by sedim entary petrologists in o rd e r to identify th eir sources or provenance. C ertain heavy m in erals originate from specific kinds o f igneous o r m etam o rp h ic rocks. F or exam ple, P t group m etals and chrom ite occur in p erid o tites an d p yroxenites, diam onds occur in kim berlites, an d c assiterite is found in certain granites, w hereas g a rn e t, staurolite, sillim anite, epidote, an d g lau co p h an e a re associated m ost often with m etam o rp h ic rock s of various kinds. In addition, a p u rp le v a rie ty of zircon called hyacinth occurs only in g ran itic gneisses of A rc h e a n age (> 2 5 0 0 M a) b e c a u se th e diagnostic color is caused by ra d ia tio n d am ag e resulting fro m th e em ission of en erg etic a lp h a particles by th e isotopes of U ,T h, an d th e ir u n sta b le d au ghters (Tyler et al., 1940; P olderv aart, 1955). H ow ever, o rd inary zircon, m ag n etite, ilm enite, rutile, sphene, m onazite, to u rm alin e, pyroxene, etc., o ccur in b o th igneous an d m e tam o rp h ic rocks, so th a t th eir presen ce in sand o r san d sto n es is n o t necessarily diagnostic. T h erefo re, studies o f the m in eral com positions o f h eav y -m in eral assem blages in clastic sed im en tary ro ck s are effective o nly u n d e r special circum stances. T he prov en an ce of certain m inerals th a t resist w eathering can also be d ete rm in e d by isotopic dating. F or exam ple, m uscovite and K -feldspar b o th contain K an d R b an d a re th e re fo re d ateable by the K -A r and R b -S r m e th o d s d escrib ed in Section 16.3 and u sed in S ection 13.6 to d ate certain clay m inerals. In ad d itio n , zircon, m o n azite, and apatite, which co n tain U and T h, can be d a te d by the U -P b an d T h -P b m ethods. T he results reflect th e age of th e ro ck s from w hich the m inerals w ere d eriv ed an d th e re b y identify th e ir provenance. For exam ple, F aure a n d T aylor (1981) an d F au re e t al. (1983) d a ted d e trita l feld sp a r in sam ples of till from th e T ran san tarctic M o u n ta in s by the R b -S r m eth o d and co n clu d ed th a t th e feldspar had o rig in ated p rim arily from C am b ro O rdovician granites of the local basem ent com plex. H ow ever, som e sam ples app eared to be m ixtures of
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grains d eriv ed fro m sources o f d iffe re n t ages. M oreover, efforts to d a te d e trita l feld sp ar from P aleozoic san d stones had only lim ited success because the feldspar grains d isin teg ra te d into sm all fragm ents during crushing of th e rock in the la b o ra to ry (Szabo and Faure, 1987). T he difficulties e n c o u n te re d w ith p ro v en an ce d atin g o f feld sp ar an d m uscovite co n c e n tra tes can b e avoided by d atin g h and-p icked suites o r ev en single grains o f zircon by th e U - P b m eth o d . Z irco n crystals are m o re resista n t to chem ical w eath erin g and have g re a te r h ard n ess th a n e ith e r feld sp ar or m uscovite. A s a result, zircon crystals to le ra te w eathering, tra n sp o rt, and d ep o sitio n q u ite well and are p reserv ed virtually u n a lte re d in d e trita l sed im en tary rocks. T he p ro b le m o f d atin g m u ltico m p o n en t m ixtures of zircons derived fro m sources having d ifferen t ages can be av oided by so rtin g th em on th e basis of color, shape, an d m agnetic susceptibility. E ach variety can th e n be analyzed sep arately to identify its source fro m its m easu red U -P b dates. A n excellent exam ple of this tech n iq u e is the study by G au d ette et al. (1981) of zircons extracted fro m the Potsdam san d sto n e o f C am b rian age in u p p er N ew York State. The authors collected a rock sam ple w eighing 35 kg from an o u tc ro p lo cated ju st east of the A d iro n d ak M ountains, which consist o f igneous and m etam orphic rocks of th e G renville stru ctu ral province o f th e C an ad ian P recam b rian S hield. T h e zircons re c o v e re d fro m th is sp e c i m e n w ere so rte d in to fo u r v arieties: ( 1 ) b ro w n , elo n g ate, (2) brow n, ro u n d e d , (3) clear, ro u n d e d , a n d (4) clear, elo n g ate. T he U -P b d a te s o f th e se com bined zircon v arieties ran g e from 968 M a to 1466 M a and do n o t p erm it a m eaningful in te r p re ta tio n . H ow ever, each variety yields d istinc tive dates on concordia diagram s, as show n in T able 19.3 and illu strated in Figure 19.4. The u p p er concordia in te rc e p t d a te of 1170 ± 80 M a of th e brow n, elo n g a te zircons in Table 19.3 is sim ilar to the age of ch arnockitic gneiss of th e A d iro n d ack H ighlands. T h erefo re, th ese least-abraded zircons w ere probably derived fro m sources in th e A d iro n d a c k s a sh o rt distance w est of the collecting site. T h e brow n, ro u n d e d zircons are older (1320 ± 80 ) th an the brow n,
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T a b l e 1 9 . 3 Summary of U -P b D ates D erived from D ifferent Varieties of Zircon E xtracted from a Sample of the Potsdam Sandstone (Cam brian) from U pper New York State Lower concordia intercept, Ma



Variety o f zircon



Upper concordia intercept, Ma



Brown, elongate



1170 ± 100



325



Brown, rounded



1320 ± 80



380



Clear, rounded



2160 ± 500



985 ± 40



Clear, elongate



2700 ± 250



985 ± 15



so u r c e



of o n e zircon grain have b e e n d ated (S chärer and A llegre, 1982b). In addition, th e ion m icroprobe called S H R IM P at th e A ustralian N atio n al U n iv ersity was used by F ro u d e et al. (1983) to analyze spots a b o u t 25 /xm in d ia m e te r on fo u r zirco n grains from th e M t. N a rry e r q u a rtz ite in th e Y ilgarn B lock o f W estern A ustralia. T he results indicate th a t th ese zircons crystallized b e tw e e n 4100 an d 4200 M a, w hich m akes th em th e o ld est kn o w n te rre stria l objects and indicates th a t m agm a o f granitic com position fo rm ed only a b o u t 300-400 M a years after th e accretion o f the E a rth a b o u t 4.5 X 109 years ago.



: G audette et al. (1981).



19.6 elo n g a te ones an d m ay have o riginated from the G renville stru ctu ral province of so u th e rn Q u ebec w h ere rocks of this age have been recognized. T he clear zircons yield u p p er in te rc ep t dates of 2160 ± 500 M a (clear, ro u n d ed ) and 2700 ± 250 (clear, elongate). R ocks in this age range occur in th e S uperior stru ctu ral province a b o u t 600 km n o rth w est of th e collecting site. H ow ever, the w ell-defined low er in te rc e p t dates of 985 M a indi cate th a t both clear zircon fractions experienced sev ere Pb losses d uring the G renville orogeny. T h erefo re, these zircons w ere initially in co rp o ra t ed in to pre-G renville sedim ent, w ere su b se q u e n t ly m e tam o rp h o sed during th e G renville orogeny, an d w ere th en re -e ro d e d and d ep osited in the P otsdam sand sto n e during th e C am brian period. T he low er-intercept dates of the brow n zircons (325 and 380 M a) ap p ear to coincide w ith o ro g e nies in the A p p alach ian M ountains during th e Paleozoic era. H ow ever, in the absence of o th e r su p p o rtin g evidence, these dates m ay be artifacts c re a te d by th e lin ear extrap o latio n s o f discordia lines (Faure, 1986). Evidently, th e zircon grains in the Potsdam san d sto n e have p articip ated in th e m ajor geologi cal events on th e N o rth A m erican co n tin en t since A rc h e a n time. T h e tech nique of U -P b dating has b een d ev elo p ed to th e p o in t w here single zircon grains (S ch ärer and A llegre, 1982a) and even fragm ents



Formation of Soils



P e rh a p s the m ost im p o rtan t co n seq u en ce of chem ical w eath erin g is th a t it perm its the d evel o p m e n t of soils (B ohn e t al., 1979; Sposito, 1981). A lth o u g h chem ical w eathering is destructive of rocks and m inerals, its pro d u cts p ro m o te the exis ten ce o f life on E a rth and thus are certainly a very positive a ttrib u te o f chem ical w eathering. Soils are th e interface betw een the lith o sp h ere (in the geochem ical sense) and th e biosphere because th ey p e rm it th e grow th of ro o te d plants and o th e r life form s, w hich them selves affect the chem ical processes th a t characterize soils. W e have so far p re se n te d th e w eath erin g o f rock-form ing m in e r als en tirely in term s of inorganic chem ical re a c tions. This m ay be a necessary oversim plification, b u t in reality bacteria and o th e r life form s n o t only m odify th e n a tu ra l en v iro n m en t b u t are active c o n trib u to rs to th e process o f chem ical w eathering. Soils are characteristically layered as a result of th e red istrib u tio n of m aterial into horizons, which are identified by the letters O, A , E , B, C, and R. T hese layers fo rm a soil profile described briefly in Table 19.4. T he O, A , E, and B horizons constitute th e actual soil o r solum. T he soil horizons are the pro d u cts of soil-form ing processes th a t are affected by en v ironm ental param eters, including te m p e ra tu re an d m ete o ric precipitation (clim ate), vegeta tion, p H and 0 2 content, time, and the com position o f bedrock. Consequently, th e principal soil h o ri
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207P b * / 235U Fig u re 1 9 .4 Concordia diagram for clear, elongate zircon grains from the Potsdam sandstone of Cambrian age from upper New York State. The zircons form a discordia line that intersects concordia at 2700 ± 250 and 985 ± 40 Ma. The upper intercept is the crystallization age of these zircons in Archean time. The lower intercept indicates that the zircons lost a large proportion of their radi ogenic Pb during the Grenville orogeny, presumably because they were liberated by weathering and were incorporated into a sedimentary rock in pre-Grenville time. Subsequently, they were liberated a second time from the resulting metamorphic rock and were redeposited in the Potsdam sandstone during the Cambrian period. (Data and interpretation from Gaudette et al., 1981.)



zons are n o t equally developed u n d e r th e wide range of environm ental conditions th a t exist on the surface of the E arth . F or exam ple, an O horizon form s only w here th e rate of pro d u ctio n of plant debris exceeds th e rate at w hich it is decom posed. This condition arises in tropical rainforests w here p lan t debris accum ulates rapidly an d in regions w here decom position of p lan t d ebris is retard ed eith er by low tem p eratu res o r because th e soil is w aterlogged and th erefo re becom es depleted in O z.



T he am o u n t o f tim e re q u ire d for a soil p rofile to develop from freshly d ep osited volcanic ash, alluvium , till, o r b e d ro ck is o f th e o rd e r o f h u n d red s to th o u sa n d s of years o r m ore, d ep en d in g on clim atic conditions and th e c h aracter o f th e startin g m aterial. V olcanic ash com posed o f sm all p articles o f silicate glass w eath ers relatively rapidly, w h ereas igneous o r m etam o rp h ic rocks resist w eath erin g an d pro lo n g the tim e re q u ire d to develop soil. F o r exam ple, lava flows e x tru d ed
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Table 19.4 D escription of Soil Horizons Starting at the Top Soil horizon



Properties and origin



O



surface layer composed primarily of organic matter with only a small content of mineral material; black or dark brown in color



A



mineral particles mixed with finely divided organic matter that produces a dark grey color



E



primarily mineral grains that resist dissolution and are too large to be translocated in colloidal suspension, low content cf organic matter causes light grey color



B



enriched in clay minerals, osides, and hydroxides of Fe, Al,Mn, etc., removed from overlying A and E horizons; may also contain calcite or gypsum that can pre cipitate from aqueous solution within this layer



C



saprolite or sediment that is largely unaffected by soil-forming processes; may be the product of chemical weathering of the underlying bedrock (saprolite) or have been transported and deposited by water (alluvium) or ice (till) or by volcanic activity (tuff) unweathered bedrock underlying the C horizon



R



so u r c e



: F o th (1 9 8 4 ).



th ro u g h fissure e ru p tio n s o n M t. K ilauea on H aw aii can su p p o rt ro o te d p lan ts in only a few years, w hereas o u tcro p s o f g ranitic gneiss north of L a k e S u p erio r in C a n a d a show little evidence of w eath erin g after ex p o su re fo r a b o u t 14,000 years. In gen eral, th e thickness of a soil p rofile depends o n th e ra te of th e soil-form ing processes and o n th e ra te o f ero sio n by ru n n in g w ater, gravitation al sliding, and w ind action. In places where the ra te o f ero sio n exceeds th e ra te of soil form ation,



th e to p layer o f th e p a re n t m a teria l is rem oved b efo re soil h o rizo n s can develo p w ithin it. T he m ost im p o rta n t facto r in th e d ev elo p m en t o f soil profiles is th e climate, re p re se n te d by th e te m p e ra tu re and by th e am o u n t and seasonal ity of m e te o ric p recip itatio n . A s a result, soils w ithin a p a rtic u la r clim atic z o n e te n d to have sim ilar profiles regardless o f th e com position of the b ed ro ck from w hich they form ed. H ow ever, soils within a clim atic zone m ay vary locally d epending prim arily on th e ir location w ithin th e to p o g rap h y of th e landscape, w hich affects th e m ovem ent of w ater, th e ra te of erosion, and o th e r factors. Such topographically co ntrolled v ariations in soil p ro files give rise to a catena o r a toposequence of soils. T he classification o f soils used in E u ro p e and the U n ite d S tates was form erly based on the p rem ise th a t soils reflect th e en v iro n m en tal co n ditions u n d e r which th ey form ed. H ow ever, this classification w as rep laced in 1960 by a schem e th a t gives m o re w eight to th e m orphology of soils th an to th e ir genesis. The new soil classification was devised by th e Soil Survey Staff o f the U.S. D e p a rtm e n t o f A g riculture and was reissued in revised form in 1975 as LJSDA H a n d b o o k 436. T he new classification contains te n soil orders, list ed in Table 19.5, w hose nam es are in ten d e d to con vey im p o rta n t p ro p e rtie s of th e soils to which they apply. Som e o f these soil ord ers evolve seq u en tial ly as a function of tim e startin g w ith th e w eath er ing o f b ed ro ck o r w ith th e d ep o sitio n o f volcanic ash, alluvium , o r till th at beco m e the p a re n t m ate rials fro m w hich th e soils develop. T he sequential dev elo p m en t o f soil ord ers is indicated diagram atically in Figure 19.5. H ow ever, th e sequence of soil d ev elo p m en t m ay vary d ep en d in g on local condi tions o r because o f clim ate change. T he chem ical and physical p ro p e rtie s o f soils are greatly affected by th e sm all grain size of their c o n stitu en t particles. A s a result, chem ical reac tions in soils are strongly influenced by ion exchange p h e n o m en a discussed in Section 13.5. T he catio n exchange capacity (C E C ) o f soils d ep en d s p rim arily o n th e p resen ce o f organic m atter, clay m inerals, an d oxides of A l an d Fe in the d ifferen t soil horizons. C onsequently, the C E C varies w ith d e p th d ep en d in g on th e com po-
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Table 19.5 Order Entisols



Inseptisols
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S o il O rd ers an d T h eir P ro p e r tie s Description early stage of development composed of A and C or A and R horizons but lacking a B horizon young soil with som e leaching in the A horizon but only weakly devel oped B horizon



Alfisols



strongly leached acidic A horizon containing decomposing organic matter; B horizon well developed and clay-rich



Spodosols



composed of A and E horizons with accumulation of oxides/hydroxides of A l and Fe that form “hardpan” in the B horizon



Ultisols



highly weathered with well-developed clay-rich B horizon underlying wellleached and acidic A and E horizons



Oxisols



like Ultisols, but clay in B horizon is decomposed to oxides of A l and Fe, making this soil lateritic in character



Mollisols



thick, dark-colored A horizon that is soft when dry; clay-rich B horizon; high content of Ca2+ and Mg2+



Aridisols



little organic material, essentially unleached mineral soil with deposits of calcite (caliche)



Vertisols



rich in swelling clay, soil profile poorly developed because of vertical mix ing caused by seasonal cracking thick O horizon formed by accumulation of plant debris that fails to decompose



Histosols



F O R M A TI O N O F S O ILS



sition of th e soil horizons. M o reo v er, th e C E C o f soils d e p e n d s on th e p H because th e charges on th e surfaces of b o th organic an d inorganic p a rti cles a re d e te rm in e d by th e a b u n d an ce o f H + in th e aq u eo u s phase. T he a d so rb e d ions a re avail able to p lan ts as n u trien ts and c o n trib u te to th e fertility of soils. T herefo re, th e p h e n o m e n o n of ion exchange is vital to the ability o f soils to sustain ro o te d p lan ts an d th e o th e r organism s th a t are associated w ith them .



Vertisol



"D O



to



w Spodosol



Entisol—►Inseptisol—►Alfisol—»Ultisol—»Oxisol Mollisol Histosol



»kjAridisol Tim e —



F i g u r e 1 9 .5 Approximate sequence of development of different soil orders. Entisols and Inseptisols are early stages of soil development leading to Spodosols, Alfisols, Mollisols, and Aridisols depending on the mineral com position of the parent material and climatic conditions. Ultisols and Oxisols occur in humid tropical regions as end stages of soil development enriched in oxides of Al and Fe. Vertisols develop only from parent material composed of swelling clay in regions with alternating wet and dry seasons. Histosols consist of partly decom posed plant material in places that are deprived of 0 2 because they are waterlogged (after Foth, 1984).



T he dev elo p m en t o f soil and its ability to sus tain ro o te d p lan ts are strongly affected by th e life form s th a t coexist w ithin o r on it. T he com m unity o f organism s th a t coexist in a p articu lar en v iro n m e n t co nstitutes an ecosystem. The organism s of an ecosystem can be classified into th e producers (a u to tro p h s) and consum ers (h etero tro p h s). T he p ro d u cers are able to use C in th e form of C 0 2 an d chem ical n u trie n ts from th e en v iro n m en t to feed them selves, w hereas th e consum ers sustain th e m selves by decom posing organic m a tte r g en era ted by th e producers. The energy req u ired to p ro d u ce o r d ecom pose organic m atte r is derived eith e r fro m sunlight o r from th e oxidation o r red u ctio n o f chem ical elem en ts including S, Fe, an d M n. A ccordingly, all organism s can be classified into th e p h o to a u to tro p h s (plan ts an d m any algae), chem oautotrophs (nitrifying and S-oxidizing b a c te ria ), and chem oheterotrophs (anim als, pro to zo a, fungi, and m ost b acteria). In a viable ecosystem the prim ary pro d u cers provide food for the consum ers w ho recycle n u trie n ts fo r use by the p roducers. T h e ecosystem o f soils contains ro o te d plants, b a cteria , fungi, actinom ycetes, algae, and pro to zo an s. In ad d itio n , th e anim al kin g d o m is
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re p re se n te d by v e rte b ra te s (m ice, voles, m oles, rabbits, squirrels, gophers, foxes, badgers, b ear, d eer, an d birds), a rth ro p o d s (ants, m illipedes, cen tipedes, m ites, springtails, harv estm en , diplo po d a, d ip te ra , and cru stacean s), as w ell as n o n a rth ro pod anim als such as earth w o rm s, n em ato d es, and snails. A lth o u g h b ac teria co n stitu te only ab o u t 1 .0 % of the org an ic m a tte r o f a fertile soil in a te m p e ra te region, th ey are b y far th e m ost a b u n d a n t life form w ith a c o n c e n tra tio n o f m o re th an 1 X 109 individuals p e r gram o f soil (Foth, 1984). T h e n u trie n ts re q u ire d by p lan ts an d th e o th e r m em b ers o f th e soil eco sy stem can b e divid ed in to the m acronutrients an d th e m icro n u tri ents. T he fo rm er occur in p la n ts at c o n cen tratio n s o f m o re than 500 p p m , w h ereas th e la tte r are u su ally p re se n t at c o n c e n tra tio n s of less th an 50 ppm . T h e m a c ro n u trie n ts re q u ire d b y p lan ts include N, P, K, C a, Mg, an d S; th e m ic ro n u trie n ts are B, Fe, M n, Cu, Z n, Mo, Co, and Cl. T he n u trie n t e le m en ts th e re fo re te n d to be c o n c e n tra te d in p lan t m a te ria l relative to th e ir a b u n d a n ce in th e soil w a ter and co m p ared to th e crust of th e E a rth as a w hole. For exam ple, corn p lan ts a re en rich ed in Ca, Mg, K, N, P, an d S co m p ared to th e w ater in the soil by factors ranging from 2.6 to 67,000 (Foth, 1984,Table 11.3). T h e chem ical co m p o sitio n o f p lan ts varies w idely d e p e n d in g on th e chem ical co m p o sitio n o f th e soil on w hich th ey grow and on th e a d d i tio n s o f fertilizers an d o th e r soil co n d itio n ers u sed in ag ricu ltu re. N ativ e p la n ts ten d to fav o r soils in w hich c ertain n u trie n ts a re a b u n d a n t, and th e ir d istrib u tio n m ay th e re fo re reflect reg io n al v a ria tio n s in th e chem ical co m p o sitio n of th e soil an d o f th e b e d ro c k fro m w hich it fo rm ed . This p rin cip le is used in g eo b o tan ical surveys to locate geological con tacts and p o te n tia l o re d eposits (B rooks, 1972). T he w ide v ariatio n in th e chem ical com posi tio n o f cultivated and native p lants in the U nited S tates is reflected by th e d a ta in Table 19.6 based on th e w ork o f C o n n o r an d Shacklette (1975). C u ltiv ated plan ts te n d to h av e m o re u niform com positions th a n n ativ e plants, b u t they a re also e n rich ed in som e elem en ts (prim arily P an d K) th a t a re ad ded to soil in th e fo rm o f fertilizer.



19.7



Geomicrobiology



M icroscopic organism s including b acteria, algae, protozoans, and fungi are w idely d istrib u te d on th e E a rth and occur in large num bers. T he bacte ria (Class Schizom ycetes), w hich play an especial ly large role in geochem istry, a re divided into te n o rd ers of a b o u t 1500 species. T hey o ccu r in v irtu ally all en v ironm ents on th e E arth , including th e p o lar regions, th e oceans, th e atm o sp h ere, an d th e continents. B acteria a re a highly diversified group of organism s. M o st species p re fe r te m p e ra tu re s betw een 5 and 37 °C, b u t som e to le ra te te m p e ra tu res as low as 0°C , and o th e rs survive h e a t up to ab o u t 70 °C. M ost bacteria favor n e u tra l e n v iro n m ents, but som e species thrive u n d er acidic co n d i tions, and o th e rs p re fe r basic or saline living conditions. Som e b acteria becom e d o rm a n t w hen living conditions are u n fav o rab le an d can rem ain in this sta te fo r long p erio d s of tim e. B acteria rep ro d u ce asexually by binary fission and grow b est in th e dark , alth o u g h p h o to sy n th etic b acteria do req u ire ultrav io let rad iatio n . Som e bacterial colonies m ay grow in the absence o f oxygen (an aero b es), oth ers re q u ire oxygen (aerobes), and som e can to le ra te oxygen even th ough they do n o t re q u ire it (facultative an aero b es). B acteria, which ran g e from 1 to 5 p m in d iam eter, m ay be spherical in shape (coccus), ro d lik e (bacil lus), or spiral (spirillum ). A ll th ree ty p es inhabit th e hum an body. A lth o u g h som e cause disease (pathogens), m ost are benign. The im p o rta n t role played by bacteria and o th e r m icroorganism s in geological processes is receiving increasing a tte n tio n from geochem ists (E hrlich, 1981; K rum bein, 1978a-c). In addition, th e subject is rep re se n te d by several scientific jo u rn als (e.g., G eom icrobiology Journal, G lobal B iogeochem ical Cycles, A p p lie d E n vironm ental M icrobiology).T hese publications contain a rapidly grow ing body o f know ledge a b o u t th e geochem i cal tran sfo rm atio n s th a t resu lt from th e activities o f m icroorganism s in n atu re. T hey affect th e w eath erin g o f silicate, carb o n ate, an d sulfide m in erals and p a rtic ip a te directly in th e geochem ical cycles of m any elem ents, including Fe, M n, S, P, Se,
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—



: (1 ) B rooks ( 1 9 7 2 ) , Table 11.2; (2 ) C onnor and Shacklette (1 9 7 5 ).
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Te, A s, Sb, and Fig. In addition, th e y c o n trib u te to th e tran sfo rm atio n o f organic m a tte r in to peat, coal, p etro leu m , an d n a tu ra l gas. A lthough geologists and geochem ists have b e e n slow to accept th e im portance of m icro o rgan isms in geological processes, biologists have been aw are of their abilities for m ore than a century. For exam ple, E hren b erg (1838) re p o rte d th a t the stalked bacterium Gallionella ferruginea partici p ates in the deposition of Fe hydroxides in bogs an d W inogradsky in 1887 discovered th at Beggiatoa can oxidize H 2S to elem en tal S. This w ork was later extended by V. I. V ernadsky, whose im p o rtan t contributions to geochem istry w ere m entioned in C h ap ter 1 of this book, and by Stutzer (1911). The im portance of acid-producing m icroor ganism s to the w eathering of silicate m inerals was suggested by A . M uentz in 1890 an d by G. P. M errill in 1895. It was later elab o rated in a tex tb o ok by W aksm an (1932). T he role of b acteria in th e d e p o sition of the Precam brian iron form atio n of the L ake Superior district of th e U nited States was dis cussed in an im p o rtan t p ap er by H a rd e r (1919). M icroorganism s, including b acteria and algae, w ere the first life form s to appear on th e E a rth d u r ing the A rchean E on m ore than th ree billion years ago (Schopf, 1983). In fact, the oldest know n fossil is a filam entous bacterium found in strom atolitic black chert of the W arraw oona G ro u p (Pilbara Supergroup) of W estern A ustralia (A w ram ik et al., 1983). The age of the rocks of th e W arraw oona G ro u p is 3.556 ± 0.032 G a.T hese fossilized bacteria resem ble several existing varieties, including green sulfur bacteria {Chloroflexus aurantiacus), m ethanogenic bacteria (M ethanospirillum hungatti), and th e cyanobacteria {Oscillatoria angustissima, P horm idium angustissium). The m etabolism of m ost o f the existing b acteria th a t resem b le th eir A rc h e a n ancestor req u ires the absence o f oxygen, alth o u g h som e can to lerate it. H ow ever, th e cyan o b acteria are p h o to sy n th etic and actually release oxygen into th e environm ent. B acteria are prim arily h etero tro p h ic org an isms th a t decom pose com plex organic m olecules into sim pler ones. Som e species also decom pose inorganic com pounds (carbonates, sulfides, sili cates) and even corrode metals. In fact, any n a tu



rally occurring substance can be degraded by some species of bacteria. The ability of bacteria to carry ou t biochem ical transform ations has been used by m an to m ake cheese, to leaven bread dough, and to ferm ent carbohydrates to m ake alcohol. M odern sew age-treatm ent facilities include holding tanks in which bacteria decom pose organic solids in the presence o f oxygen in ord er to avoid the severe oxygen depletion th a t follows w hen u n treated sewage is discharged into th e environm ent. B acteria in soil decom pose plant debris and anim al waste and th ereb y recycle nutrients. W ithout the recycling of n u trien t elem ents, soils could not sustain ro o ted plants and life on E a rth as we know it w ould be im possible. In addition, bacteria also assist plants to obtain nitrogen, which is the m ost im portant of all the nutrients required by plants. T he atm o sp h e re of th e E a rth contains ab o u t 79% N 2, w hich acts like an in ert gas and can n o t be used by plants. T herefo re, th e nitrogen o f the atm o sp h ere m ust be processed into a form th a t plants can ab so rb th ro u g h th eir roots. Evidently, plants have n o t evolved a N-fixing process sim ilar to photosynthesis th a t enables th em to absorb C 0 2 from th e atm osphere. Som e N 2 from the atm osphere is converted to N O j by lightning and enters the soil in m eteoric precipitation. H ow ever, the principal suppliers of soluble N in soil are bac teria of th e genus R h izo b iu m th a t live in th e roots of legum inous p lan ts such as soybeans, alfalfa, clover, an d peas in a sym biotic arran g em en t. H ow ever, som e N -fixing b acteria in soil are nonsym biotic (A zo to b a c te r and C lostridium ), and som e nonlegum es also h a rb o r sym biotic N-fixing bacteria. The am o u n t of N in soil is m ain tain ed at a steady sta te by a n o th e r group of denitrifying b acteria th a t co n v ert th e soluble N co m pounds in soil back to N 2 gas. In addition, b etw een 2 an d 4% of N in soils is converted to NHj( during the decom position o f organic m atter by hetero tro p h ic bacteria. T he am m onium ion can substitute for K + in clay m inerals and m ica and is thus m ade unavailable to plants. C onsequently, the form ation of N H 4 is called m ineralization by soil scientists. T he diversity o f b acteria an d their very large num bers m ay b e exploited in the mining industry to recover m etals and fossil fuels (M urr e t al., 1978).
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For exam ple, the Society of M ining E ngineers organized a sym posium on “B ioleaching” during th eir an n u al m eeting in 1988 in Las Vegas, N evada. T he participan ts in this sym posium discussed the feasibility o f using bacteria to dissolve sulfide m in erals in ore deposits, to recover M n from M nO z ores, to p recipitate selenates from contam inated w ater, an d to purify w ater discharged by m anufac turing industries. T hese applications include m anipulation of th e genetic m aterial of native species of b acteria in o rd e r to develop strains that are selective in their m etabolic processing of chem ical com pounds. Significant contributions to this im p o rtan t and rapidly grow ing subject are by T rudinger (1971), M eyer and Y en (1976),L undgren and Silver (1980), M onticello and F innerty (1985), H utchins e t al. (1986), and Eligw e (1988). These and o th e r references to m icroorganism s are listed separately in the R eferen ces to em phasize the im p o rtan ce o f this subject area to geochemistry.
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Food Production and Population Growth



Increases in th e po p u latio n of the E a rth are histor ically re la te d to im p ro v em en ts in th e m e th o d s of fo o d p ro d u c tio n an d in creases in th e a re a of lan d being cultivated. T he onset of th e Industrial R ev o lu tio n aro u n d 1650 m arked th e start of a rapid rise in th e w o rld ’s p o p u latio n from ab o u t 545 m illion to a p ro jected level of 6000 m illion by the y ear 2000. This increase in the population has been accelerated by a decrease in the death rate and now th reaten s to exceed th e existing capacity for food production. A lthough Figure 19.6 indicates th at th e p ro b lem is global in scope, the balance betw een th e ra te of p ro d u ctio n and th e rate of con sum ption o f food shows w ide regional variation. T he average an n u al increase in th e population of th e w orld is a b o u t 1.7% , w ith a populationdoubling tim e of 40 years. H ow ever, th e grow th ra te ranges from 2.9 % in A frica to 0.2 % in E urope, w ith corresp o n d in g d oubling tim es of 24 years and 423 years, respectively. Several E u ro p ean countries have actually achieved zero population grow th (D en m ark, E a st G erm any, Italy, U nited
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Fi g u re 1 9 .6 Population growth and per capita grain production worldwide. The graph indicates that the population of the world is growing and will probably exceed 6 billion by the year 2000. However, per capita grain production appears to be leveling off. The data for the world as a whole obscure regional differences in both food production and population growth. A s a result, malnutrition and episodic starvation occur in some regions, whereas others have surplus food (after Foth, 1984).



K ingdom ) and o thers even have declining p o p u la tions (A ustria, Hungary, W est G erm any). The average p e r cap ita grain p ro d u ctio n , w hich has been rising w orldw ide, ap p ears to be leveling off and is actually declining in som e p a rts of A frica, A sia, and South A m erica th a t have above-average ra te s o f p o p u latio n grow th. A s a result, w idespread m aln u tritio n and episodes of starv atio n occur in these areas. The regional dif ferences in th e rates of p e r cap ita grain p ro d u c tion are large and ap p ea r to b e increasing w ith tim e, as show n in Figure 19.7. The annual ra te o f grain p ro d u ctio n varies regionally for m any different reasons and is n o t solely a ttrib u ta b le to p o p u la tio n grow th. T he co n trib u to ry factors include: 1. The am o u n t of arable land u n d er cultiva tion. 2. T he availability o f fertilizers. 3. Effective w eed an d p est control.
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4. U se of im p ro v ed strains o f cereal grains.



5. Farm ing practices. 6



. C h a ra c te r o f th e soil.



7. C lim atic conditions. 8



. E conom ic incentives.



9. Civil wars. In Japan, in tensive farm ing p ractices resu lt in an av erage yield o f 5.8 m etric to n s o f grain p e r h ectare (ha; = 10 4 m 2). H ow ever, o th e r nations d o less well (B row n e t al., 1987). Metric tons/ha United States
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T he high yields achieved in Japan can n o t be re a l ized elsew here because of drought, m ineral stress, shallow d ep th of soil develo p m en t, excess water, o r p resence o f perm afro st. M ineral stress is caused by n u tritio n al deficiencies in or actual toxicity of som e soils dep en d in g o n th eir chem ical com posi tio n o r origin. A n o th e r w ay to increase food production in th e w orld would be to increase th e am ount of land u n d er cultivation. T he d ata in Table 19.7 d em on strate th a t only 44% o f th e arable land in the world is p resently u n d e r cultivation. E u ro p e is m ost heavily farm ed w ith 8 8 % of all arable land in actu al use, w hereas S outh A m erica an d A frica still have large am ounts of unused arable land. H ow ever, the productivity of th e unused arable land is lim ited by u n favourable soil p ro p erties an d climatic condi tions. W hen th ese factors are ta k e n into considera tion, only a sm all fraction of th e arable land is



Fi g u re 1 9 .7 Average per capita grain production in different parts of the world. The grain production of North America and Europe is higher than those of South America, Asia, and Africa and is increasing more rapidly. The areas in the world having low rates of grain production have above-average rates of popula tion growth. Note that “Africa” excludes South Africa and “Asia” excludes China and Japan. (Adapted from Foth, 1984, Figure 15.2.)



w ithout lim itations, ranging from 36% in E u ro p e to 22% in N o rth A m erica, about 16% in A frica and South A m erica, and 10% in n o rth and central Asia. Consequently, it is unlikely th at the presen t ra te of grain p roduction in th e w orld could be doubled m erely by farm ing all of the available arable land. N evertheless, given th e p resen t ra te o f population growth, the global o u tp u t of cereal grains m ust be doubled every 40 years to m aintain the average level of nutrition. B ecause of the u neven distrib u tions of p o p u latio n grow th and grain production, som e regions o f th e world will experience sh o rt ages, w hereas oth ers will have a surplus. A vailable ag ricu ltu ral technology (including th e use o f chem ical fertilizers, effective w eed and p est control, im p ro v ed strain s o f food crops, and soil-m anagem ent practices) is cap ab le of in crea s ing grain p ro d u c tio n significantly w here yields are p resen tly low. H ow ever, th e cost o f fertilizers
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Summary of A rable Land and Its P resent Use (in billions



of acres) Region



Area



Potentially arablea



Under cultivationb



Unused arable landc



Africa



7.46



1.81 (24)



0.39 (22)



1.42 (78)



Asia



6.67 5.52



1.55 (23)



1.28 (83)



0.27 (17)



0.88 (16) 1.15 (22)



0.56 (64) 0.59 (51)



0.32 (36)



U.S.S.R. North America



5.21



0.56 (49)



South America



4.33



1.68 (39)



0.19(11)



1.49 (89)



Australia and New Zealand



2.03



0.38 (19)



0.08 (21)



0.30 (79)



1.18



0.43 (36)



0.38 (88)



0.05 (12)



32.49



7.88 (24)



3.47 (44)



4.41 (56)



Europe Totals



“N um ber in parentheses is percent o f total area in each region. bIn parentheses: percent o f arable land presently under cultivation. cIn parentheses: percent o f arable land not under cultivation. so u r c e



: Foth (1 9 8 4 ),Table 15.2.



an d pesticid es is high and th e in tro d u ctio n of m o re efficien t farm in g p ractices m ay d isru p t the esta b lish e d fab ric o f society. O n th e o th e r h and, clim ate ch anges resu ltin g fro m th e g reen h o u se effect m ay be ben eficial in so m e areas w here p re s e n t clim atic co n d itio n s are unfav o rab le to agriculture.



19.9



Summary



C hem ical w eathering initiates the m ass m igration of sed im en t and chem ical com pounds in solution from th e continents to th e oceans and thereby starts th e tran sp o rt cycles of m a tte r th a t tog ether co n stitu te th e geochem ical m achine first m e n tio n ed in Section 4.5. In addition, chem ical w eath ering co n trib u tes to form atio n of soil th a t sustains ro o te d plants w hose presence on th e E a rth has en ab led o th e r life form s to evolve. T herefore, chem ical w eathering plays a vital ro le in m aking th e E a rth “an ab ode fitted for life,” to use a phrase coined by L ord K elvin in 1897. T he m ost obvious effect o f chem ical w ea th e r ing is th e decom p o sitio n of solid rocks into loose sed im en t w hose chem ical an d m in eral com posi tions d iffer greatly fro m th o se of th e p a re n t rocks. H ow ever, the a p p a re n t changes in th e co n cen tra



tions o f the m ajo r elem en ts m ust be ev aluated carefully in o rd e r to identify which constituents w ere actually lost and to d ete rm in e the am o u n ts rem o v ed fro m th e rock. T he new ly form ed p ro d u cts of w eathering are com m only am o rp h o u s o r only p oorly crystallized. It is th e re fo re n o t easy to d eterm in e th e m in eral com position o f w eath erin g pro d u cts ju st as it is difficult or im possible to identify the m inerals in ap h an itic o r glassy volcanic rocks. This difficulty can b e overcom e by recasting chem ical analyses of w eath erin g pro d u cts in th e fo rm of m ineral n o rm s a d a p te d to this p u rp o se from igneous petrology. T he changes in chem ical and m ineral com posi tion caused by w eathering indicate th a t certain rock-form ing silicate m inerals are m ore suscepti ble to decom position th a n others. This inform ation can b e rep re sen te d in the form of B ow en’s reac tion series, th ereb y im plying th a t m inerals th a t crystallize from m agm a a t high tem p eratu res are m o re susceptible to w eathering than m inerals th at form at som ew hat low er tem peratures. H ow ever, th e differences in susceptibility to w eath erin g of m inerals m ay also be u n d e rsto o d in the co ntext of th e stabilities o f m inerals with respect to ions in aq u e o u s solution. C ertain com m on or accessory m inerals in igneous and m etam o rp h ic rocks are
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strongly resistant to w eath erin g an d e n te r th e se d im e n t-tra n sp o rt system intact. T he resistant m inerals te n d to b e co m e co n c e n tra te d in sand an d gravel deposits, w hich m ay acq u ire econom ic value if th ey co ntain nuggets of gold o r P t group elem ents, o r p a rtic le s of d ia m ond, cassiterite, o r som e o th e r v alu ab le m in e r als. Such sand and gravel deposits, called placers, a re a special type o f o re deposit. Som e of the m inerals th at survive w eathering an d are rem oved from their place of origin are suit able for dating by isotopic m ethods. T h e resulting dates reflect the tim e elapsed since th eir crystalliza tion and can therefore be helpful in identifying the rocks from which they originated. Z ircons are espe cially good for this purpose because they strongly resist w eathering and because th e art of dating them by the U -P b m ethod has been raised to a high level.



The m ost im p o rta n t consequence of chem ical w eath erin g is the dev elo p m en t of soil, w hich sus tains life o n th e land surface of th e E a rth . Soils provide n u trie n ts to ro o te d p lants and o th e r organism s th a t co n stitu te th e soil ecosystem . M icroorganism s play a vital role in soils by recy cling n u trie n ts th ro u g h decom position of organic m a tte r a n d by converting N 2 fro m the atm osphere into w ater-soluble forms. We can re la te these geochem ical processes to o u r ow n w elfare by co n tem p latin g th e fact th a t the an n u al p e r capita grain p ro d u ctio n in som e p arts of th e w orld is low and is n o t keeping pace w ith th e grow th o f the p o p u latio n . T he p ro b lem is ag gravated by th e realization th a t existing farm ing technology can n o t be in tro d u ced rapidly into areas th a t n eed it th e m ost becau se of social, eco nom ic, a n d political barriers.



Problems 1. Carry out a constant-oxide calculation to deter mine the gains or losses in terms of weights and percent values for a granitic gneiss from the valley of the Minnesota River (Goldich, 1938), assuming that A120 3 remained constant in amount. Gneiss, %



Saprolite, %



71.45 14.60



26.23



CaO



2.08



0.16



MgO



0.77



0.33



NazO



3.84 3.92



0.05 6.55



MnO



2.51 0.04



TiOz



0.26



1.03



P2Os



0.10



0.11



co2



0.14



0.36



h 2o +



0.30



9.76



Sum



100.00



100.00



SiO,



Ai2o 3



k 2o



Fe20 3



Minnesota River valley assuming that A120 3 remained constant in amount.



a i 2o 3 Fe20 3 FeO



55.25



0.14



Saprolite, %



14.62



18.34



0.69 1.64



1.55 0.22



3. Calculate normative K-feldspar and albite for a suite of saprolites ordered in terms of increasing inten sity of weathering. Plot the results versus the concen tration of A120 3 and draw smooth curves through the data points. Rank the minerals in terms of their suscep tibility to weathering.



0.03



2. Determine whether Fe was lost or gained as a result of weathering of granitic gneiss from the



Gneiss, %



S i0 2, %



a i 2o



3, %



Na20 , %



k



2o , %



1



69.89



16.54



0.43



5.34



2



68.09



17.31



0.12



3.48



3



61.75



18.54



0.10



3.54



4



70.30



18.34



0.09



2.47



5



57.53



23.57



0.06



0.35



6



55.07



26.14



0.05



0.14
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4, A detrital muscovite from the Tyee Formation of Oregon (Eocene) has 87R b /86Sr = 34.34 and 87S r/86Sr = 0.7840 (Heller et al., 1985). What is the age of the rocks from which this muscovite originated? [Assume (87S r/86Sr)0 = 0.7060, A(87Rb) = 1.42 X 10 “ 11 a “ ’]. (Answer: 163 Ma)



8 . A sample of brown, round zircons from the Potsdam sandstone yielded the following results (Gaudette et al., 1981): 206P b /204Pb = 448,238U / 204Pb = 3473, (206P b /204Pb)0 = 18.02. Calculate a date based on the decay of 238U to 206Pb. (A! = 1.551 25 X 10“10 a”1.) (Answer: 752 Ma)



5. Muscovite concentrates separated from the Tyee Formation of Oregon yielded the following results (Heller et al., 1985).



9. Plot a concordia curve for values of t between 0 and 1400 Ma in coordinates of 2C7Pb*/235U (x-coordinate) and z06P b*/238U (y-coordinate) based on the equa tions (Section 8.3a): 207Pb*/235U = eA/ — 1 and 206pb*/238U = eA,£ _ lw h ere Ai = 1.55125 X lO“11^ “1,



87R b /86Sr 1 2 3 4 5 6 7 8 9



34.34 20.63 27.96 35.87 14.46 27.44 17.27 33.61 30.16



87S r/86Sr



A2 = 9.8485 x 10“10 a“1.



0.7840 0.7446 0.7646 0.7917 0.7392 0.7671 0.7484 0.7874 0.7717



10. Plot the 206Pb*/238U and m Vb*/2is\J of the brown, round zircons on the concordia diagram, fit a straight line to the data points, and determine approximate dates from the intersections of the line with concordia. 206p£)Jy 238£/



Fit a straight line to these data, and calculate the age of the muscovites from its slope. (Answer: t = 170 Ma) 6. Calculate a K -A r date for the detrital muscovite from the Tyee Formation in Problem 4 based on the fol lowing data (Heller et al., 1985): K = 8.157%, 4l)Ar = 973.1 x 10“ 12 m ol/g. (Let A„ = 4.963 X 10”10 a“1, Ae = 0.581 X 10“lü a"1, 40K /K = 1.167 X 1 0 “ 4 atom/atom, see equation 16.27.) (Answer: 67.5 Ma) 7. A concentrate of detrital K-feldspar from the same rock (Problems 4-6) yielded the following results: K = 10.294%, 40Ar = 1129.4 X 10“12 m ol/g. Using the same constants as in Problem 6, calculate the K -A r date of the feldspar. [See Heller et al. (1985) for an interpretation of these dates.] (Answer: 62.2 Ma)



wtp b */ZBu



1



0.1238



1.279



2



0.1431



1.552



3 4



0.1025



1.0196 1.564



5



0.1446 0.1584



6



0.1354



1.445



7 8



0.1404 0.1174



1.236



1.776 1.476



(Answer: 1320 Ma, 380 Ma (Gaudette et al., 1981))



11. Calculate the terminal velocity of spherical quartz grains (p = 2.65 g/cm 3) having diameters of 500 pm settling in still water. (Answer: 22.5 cm /sec) 12. How long does it take quartz particles of 10 pm diameter to settle in a water column that is 25 cm long? (Answer: 46.3 min)
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 20 C h e m ical Com p osition of Surface W ater T h e chem ical co m p o sito n o f w a te r d e p e n d s p r i m arily on th e m in erals w hich h av e d isso lv ed in it. In addition, th e ch em ical c o m p o sitio n of w a te r is m odified by io n -ex ch an g e e q u ilib ria , by p re c ip ita tio n of co m p o u n d s d u rin g e v a p o ra tiv e c o n c e n tra tio n , by m ixing an d d ilu tio n , by th e u p ta k e and recycling o f n u trie n t ele m e n ts, by exchange w ith th e gases of th e atm o sp h e re , and by discharge of m u n icip al an d in d u stria l w aste. We have already discussed som e o f these processes in previous chapters. F or exam ple, the geochem istry of w ater in stream s and in the oceans was review ed briefly in Section 4.4. In S ectio n 12.3 we p o in ted o u t how th e solubilities o f certain com pounds lim it th e chem ical c o m p o sition o f n atu ral w ater. In Section 13.5 we to o k up th e p ro p erties of colloidal suspensions an d the p h e n o m e n o n -o f ion exchange. C h a p te r 14 was d e v o te d to o x id atio n -re d u c tio n reactions, which affect the abundances of the large n u m b e r of ele m en ts (including Fe, M n, an d S) th a t can have dif fe re n t oxidation states. Finally, we discussed the fractio n atio n of th e isotopes o f oxygen and hy drogen in the hydrologic cycle in S ection 17.3 an d dev o ted m ost o f C h a p te r 18 to th e study of mixing, dilution, an d ev ap o rativ e c o n cen tratio n o f water. In this ch ap ter we consider th e chem ical com position of surface w ater and a tte m p t to re late it to th e m inerals th a t have reacted w ith it. In ad d i tio n w e tak e up again th e p h en o m en o n o f ev ap o rativ e concentratio n and th e resulting evolution of b rin e lakes. Finally, we tre a t w ater as a n atu ral reso u rce whose quality d ete rm in es its suitability for dom estic, agricultural, and industrial use.
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20.1



Chemical Analysis of Water in Streams



The chem ical com position of stream s varies betw een w ide limits depending on clim atic and hydrologic conditions in the drainage basin, on the m ineral com position of the regolith and u n d erly ing bedrock, and on anthropogenic inputs, includ ing m unicipal sewage effluent, industrial and agricultural wastes, and leachate from m unicipal landfills and m ine dumps. T he to ta l chem ical load carried by a stream consisits of: 1. Ions and m olecules in solution. 2. Ions ad sorbed on colloidal particles and on sedim ent carried in suspension. 3. T h e chem ical com position of th e col loidal particles. 4. M icroorganism s in the w ater, such as b ac te ria a n d algae. 5. Dissolved gases whose concentrations depend on the tem perature of the w ater and their partial pressures in the atm osphere. Evidently, stream w ater is a com plex m ulticom po n en t system w hose b u lk chem ical com position varies as a function of tim e and location along the stream channel because of continuous adjustm ents in the abundances of the constituents listed above. T he chem ical com position o f w ater in a stream is also affected by seasonal changes in the source o f th e w ater. W ater originating as surface ru n o ff an d derived fro m gro u n d w ater reservoirs is m ixed in stream s in continuously changing
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p ro p o rtio n s. D u rin g p erio d s o f low precipitation, stream s carry p rim arily g ro u n d w a te r whose chem ical com position d e p e n d s o n th e geology of th e drain ag e basin. D u rin g ra in y seasons or after storm s, surface ru n o ff d o m in a te s an d m ay cause flooding. A s a result, th e level of th e w ater table along a stre a m m ay rise tem porarily. W h en flow re tu rn s to n o rm al, this “b a n k sto ra g e ” w ater is d ra in e d off until th e w a te r ta b le has re tu rn e d to its fo rm e r level. W hen th e level o f th e w ater table d ro p s below th e surface o f th e w a te r in th e chan nel, th e stream loses w a te r an d m ay eventually “dry up.” T he balance b e tw e e n gain and loss of w ater varies seasonally an d m ay change along the cou rse of a given stream . U n d e r te m p e ra te cli m atic conditions m ost stream s gain o r lose w ater dep en d in g on th e season, w h ereas in arid regions stream s m ay lose w ater co n tin u o u sly along m ost of th e ir lengths an d m ay th e re fo re be dry som e or m o st o f the tim e. In view fo th e com plexity o f stream w ater and its origin, it is by no m eans easy to d eterm in e the average chem ical com position o r w ater in a stream (B row n et al., 1970). In general, th e results depend on th e tim e and place w here th e w ater was collect ed, how the w ater was tre a te d and stored prior to analysis, and the m ethods th a t w ere used to an a lyze it. The chem ical com position o f w ater in a stream m ay vary across th e channel because of the existence of p lum es of chem ically distinct w ater discharged by tributaries, from springs, or by waste disposal. M oreover, the concen tratio n s of nutrients may vary diurnally in response to th e activities of organism s in the w ater. T herefo re, in o rd er to determ ine the average chem ical com position of a stream , sam ples m ust be collected system atically across the channel at regular tim e intervals thro u g h o u t at least one year. T he co ncentrations of the ions in these sam ples m ust b e w eighted by the discharge in o rd er to obtain a rep resen tativ e aver age chem ical com position. C onsequently, th e dis charge of th e stream m ust also b e reco rd ed during the sam pling p erio d so th a t its hydrograph can be constructed (Fetter, 1988). C ertain p a ra m e te rs such as p H , E h , an d elec trical conductivity should be m e a su re d in situ. In addition, th e con cen tratio n s o f H C O / an d dis
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solved Fe should also be d e te rm in e d im m ediately to avoid changes th a t m ay occur a fte r collection. T h e sam ples should b e filtered th ro u g h 0.45-^m m em b ran es to rem ove m ost o f th e su spended solids, m icroorganism s, an d large colloidal p a rti cles. H ow ever, filtration also rem oves a significant fraction o f the ad so rb ed ions from the w ater. A fte r filtration, th e w ater is acidified to p H < 3.0 to su p press fu rth e r biological activity and to c o u n terac t th e ad so rp tio n of ions on th e walls o f the c o n ta in ers in w hich th e sam ples a re sto red . In addition, w ater sam ples sh o u ld be re frig e ra te d at 0.2 °C to p re v e n t fu rth e r grow th of m icroorganism s. Several different analytical in strum ents are now available fo r th e analysis o f w ater sam ples. Som e of these are based on the ab so rp tio n o r em is sion of eletrom agnetic ra d iatio n by atom s in the v ap o r sta te (at elevated te m p e ra tu res), w hereas o th e rs o p e ra te at ro o m tem p era tu re. F o r exam ple, inductively coupled plasm a sp ectrom eters (IC P s) o p erate a t tem p e ra tu res in excess of 10,000 °C th at are sufficient to b re a k chem ical bonds an d to dis in tegrate solid particles su spended in the w ater. In contrast, colorim etric and sp ectro p h o to m etric m ethods respond to th e p resence of specific m o le cular or ionic species in the w ater and do no neces sarily record elem ents th a t occur in colloidal particles o r are ad sorbed on th e ir surfaces. W h en w ater sam ples are collected fro m a stream a t different tim es th ro u g h o u t a y ear, th e co n cen tratio n s of elem en ts are com m only found to vary by factors of tw o o r m ore (E astin and Faure, 1970). Seasonal v ariations in th e c o n cen tratio n s o f nitrogen and p h o sp h o ru s co m pounds and of m olecular oxygen reflect th e biological activity in th e stream . H ow ever, the seasonal v ari atio ns in the co n cen tratio n s o f conservative e le m en ts a re caused by m ixin g of tw o o r m o re co m p o n en ts of w ater, by io n -exchange eq uilibria, and by evaporative co n centration. In cases w here m ixing is th e d o m in an t process, th e co ncentrations o f the conservative elem ents m ay be controlled by th e p ro p o rtio n s of groundw ater, surface runoff, and an thropogenic w astew ater th a t are presen t. T herefore, th e co n centrations of any two conservative elem ents in w ater sam ples collected in th e course of a year
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fo rm a triangle o f mixing (S ection 18.4). Surface ru n o ff th at orig in ated as rain o r m eltw a te r is like ly to be dilute an d th e re fo re lies close to th e origin o n such a plot, w hereas th e chem ical com positions o f groundw ater an d w astew ater d e p e n d on the geology of th e drainage basin an d on th e p o p u la tio n density and industrial activities, respectively. A fte r the m ixing triangle has b e e n d efined by d irect analysis of th e p u re co m p o n en ts o r by enclosing th e d a ta points w ithin m ixing o r dilution lines, the p ro p o rtio n s of each o f th e th re e com p o n en ts in any sam ple in th e array can b e d e te r m in ed eith er graphically o r algebraically using eq uations 18.3 an d 18.7 d erived in C h a p te r 18. This in fo rm atio n can b e used to d e lin ea te the ab u n d an ces of each co m p o n en t in a stream as a function o f tim e. M oreover, w hen th e fractional ab u n d an ces of th e co m p o n en ts are m u ltip lied by th e discharge a t th e tim e of collection, th e h y d ro graph of th e stream can be resolved in to its com ponents. In general, o n e expects th a t m eteoric p recip itiatio n is th e d o m in an t c o m p o n e n t w hen a stream is in flood and th a t the g ro u n d w ater com p o n e n t d o m in ates at low flow, p ro v id ed the stream is n o t actually losing w ater. T he a b u n dance of th e a n th ro p o g en ic co m p o n en t m ay vary irregularly d ep en d in g on th e d istrib u tio n o f its sources along th e channel. M oreo v er, th e a n th ro pogenic co m p o n en t m ay be associated w ith the surface runoff, as, for exam ple, in w astew ater d eriv ed from agriculture.



20.2



Chemical Composition of Streams



Few stream s h av e b een studied as th o ro u g h ly and o v er a sufficient n u m b er o f y ears as m ay be nec essary to reliab ly d eterm in e th e ir av erage annual com positions. T h erefo re, in a d eq u a te d a ta m ay have to be included in estim ates of th e c o n tin en tal o r global fluxes of elem en ts tra n sp o rte d by stream s in to th e oceans. T he p ro b lem is com p o u n d e d by th e fact th a t a significant fractio n of th e p re se n t so lu tio n lo ad of stream s is d erived fro m an th ro p o g en ic sources, w hich h av e c o n ta m in a te d th e rivers o f th e w orld.



A re ce n t ree v alu tatio n by B e rn e r and B e rn e r (1987) o f d a ta com piled by M eybeck (1979), L ivingstone (1963), and o th e rs indicates th a t th e c o n centrations of m ost m ajo r ions in average river w ater have been significantly increased by an th ro p o g en ic co n tam in atio n as show n below : Increase, % N a+
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The increases in concentrations of th ese ions in the rivers of the w orld co n stitu te a significant p e rtu r bation of the geochem ical cycles o f th ese elem ents. A listing of the con cen tratio n s o f the m ajor ions in th e largest rivers o f th e w orld in T able 20.1 indicates th at the w ater o f m ost rivers is d o m in a t ed by C a2+ and H C O J. T hese ions originate p ri m arily by dissolution of calcite and plagioclase in rocks exposed to w eath erin g on th e continents. T he only exceptions in Table 20.1 are the C olorado and R io G ra n d e rivers in N o rth A m erica, b o th of which co n tain m ore S 0 4_ th a n H C O j. In addition, all rivers have N a T > K +, C a2+ > M g2+, and m ost have S O 4_ > Cl. The co n cen tratio n s of S i0 2 (actually H 4 S i0 4) range from 2.4 m g /L in th e St. L aw rence R iv e r to 30.4 m g /L in the rivers o f the Philippines. The sum of the co ncentrations of th e m ajor ions in solution, know n as total dissolved solids (T D S), varies from 33 (C ongo) to 881 (R io G ra n d e at Laredo,T exas). O th er rivers hav in g T D S > 300 include th e C olorado (703), the D a n u b e (307), and the R hine (307). The m ajor rivers o f South A m erica and A frica, on th e o th e r h and, have con spicuously low T D S values: A m azon (38), P a ra n a (69), G u y an a (36), O rin o co (34), Z am b eze (58), Congo (Z a ire ) (33), and th e N iger ( 6 6 ). T he aver age T D S of th e rivers o f the w orld is a b o u t 110, w hich reduces to 1 0 0 w hen an th ro p o g en ic p o llu tion is rem o v ed (B ern er and B erner, 1987). T he solute content, expressed as TD S, is used to classi fy w aters as follow s (G orrell, 1953):
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T a b l e 2 0 .1 Average Chem ical Composition of Some of the M ajor Rivers of the World (in m g /L )a River
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: A com pilation by Berner and Berner (1987), based in part on data from M eybeck (1979) and Livingstone
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TDS, m g /L



Fresh






Brackish



1000- 10,000



Saline



10,000- 100,000



Brine



> 100,000



T h e to tal average annual discharge of all stream s is 37,400 km 3/y r (Table 20.1), a b o u t 20% of which is co ntributed by th e A m azo n R iver of South A m erica.T he C ongo (Z aire) R iver in A frica and the Yangtze R iver in C hina contribute 3.3% and 2.8% respectively. Som e o th er w ell-know n rivers, includ ing th e Mississippi in N o rth A m erica, th e M ekong in V ietnam , the D a n u b e in E urope, and the N ile in A frica tog eth er contribute only 3.8% of the total annual discharge. In fact, th e N ile has a discharge of only 83 km 3/y r (0.22% of the w orld’s total), which m akes it o n e o f the sm allest m ajor rivers of the w orld in contrast to its historical an d present im por tance in Egypt. M oreover, d ata com piled by Livingstone (1963) indicate a to tal discharge of only 0.32 km 3/y r for th e entire continent of Australia. T he chem ical com position of surface w aters was used by G ibbs (1970) to classify th em based o n th e ir T D S values and th e ir N a +/( N a + + C a2+) ratios. T he resulting d istribution o f d a ta points for th e w o rld ’s m ajo r rivers can be circum scribed by a “b o o m e ra n g ” show n in Figure 20.1. T he rivers th a t define the lo w er end o f th e b o o m erang are d o m in a te d by m eteo ric p recip itatio n , those in the u p p e r en d are affected p rim arily by ev ap o ratio n an d p recip itatio n of calcite, w hereas the rivers in th e c e n te r of th e b o o m eran g a re influenced by rock w eathering. T he N a +/ ( N a + + C a2+) ratio of w ater in both ends o f th e b o o m eran g tends tow ard a value of 1.0. A t th e low er end, the co n cen tratio n of N a + in rainwater is com m only g reater th an th a t of C a2+, especially in coastal areas, so th a t the N a +/ (N a + + C a2+) ra tio approaches unity. A t th e o th e r e n d o f th e boom erang, evaporative concentration causes p recip itatio n of calcite, which depletes the w ater in C a2+, b u t enriches it in N a + and causes th e N a +/( N a + + C a2+) ratio to increase tow ard



unity. T herefore, rivers in arid regions, saline lakes, and the oceans have high N a +/( N a + + Ca2+) ratios. Som e rep resen tativ e exam ples of each type of w ater are show n in Figure 20.1. The chem ical com position o f river w ater does n o t necessarily reflect unam biguously the g eo chemical processes th a t affected it. F or example, the elevated T D S and N a +/( N a + + C a2+) ratios of the Pecos and R io G ran d e rivers in N ew M exico and Texas (Figure 20.1) are caused prim arily by the inflow of N aC l brines derived from halite deposits ra th e r than by evaporative concentration and p re cipitation of calcite (Feth, 1971; Stallard and E dm ond, 1983). In addition, C a2+ is m ore abundant th an N a + in rain th a t falls in the interiors of conti nents, and the N a+/( N a + + C a2+) ratio of rain w ater in continental areas is th erefore less than one. For exam ple, the N a +/( N a + + Ca2+) ratio of rain in the interior of the U n ited States is only 0.22 (B ern er and B em er, 1987). T herefore, dilution by rain in continental interiors does n o t increase the N a +/( N a + + C a2+) ratio of stream water. T he difficulties of genetic classifications of n atu ral w aters are avoided by a graphical m ethod pro p o sed by P ip er (1944) an d used frequently in hydrogeology (F etter, 1988). T he so-called P iper diagram consists of two eq u ilateral triangles and a diam ond-shaped field o n to which points are pro jected fro m the cation an d anion triangles. The tw o triangles are used to re p re se n t th e chem ical com positions o f w aters expressed in p ercent o f th e m illiequivalents p e r liter of th e cations C a2+, M g2+, an d N a + + K + and of th e anions CU , SO 2 -, and H C O j + C O 2 -. T he triangles also serve to classify w ater b ased on the dom inant cations and anions as show n in Figure 20.2. T he P ip e r diagram is a graphical re p re se n ta tion of th e chem ical com position of w ater in term s o f th e eight m ajo r cations and anions, w hereas th e G ibbs diag ram involves only two cations directly. M oreover, th e P ip er diagram serves to classify w aters w ith o u t genetic im plica tions, w h ereas the G ibbs d iagram presupposes the geochem ical processes th a t affect w aters in differ en t p a rts o f th e boom erang.
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N a+/(N a+ + C a 2*)



Fi g u r e 20.1 Classification of surface waters according to Gibbs (1970). Water in the central part of the “boomerang” is dominated by weathering of silicate minerals. Progressive evaporation and precipitation of calcite increase TDS and enrich the water in N a+ while depleting it in Ca2+. Hence such waters reside in the upper part of the boomerang. Waters in the lower part are dominated by rainwater of coastal areas where N a+ > Ca+. Waters from the Jordan R iver-Dead Sea area of Israel (Livingstone, 1963) illustrate the effect of progressive evaporation but plot outside the boomerang. The Amazon River and its tributaries (Livingstone, 1963; Stallard, 1985) exemplify water with large rainwater components. The chemical composition of the Mississippi River (Meybeck, 1979) is controlled by chemical weathering of rocks, whereas the Rio Grande (Livingstone, 1963) reflects the effects of evaporative concen tration or the influx of NaCl brines. N ote the location of seawater on the diagram (Berner and Berner, 1987).



373



 374



C H E M IC A L C O M P O SITI O N O F S U R F A C E W A TER



Fi g u re 2 0 .2 Piper diagram used to classify water on the basis of its chemical composition. 1. 2. 3. 4.



Ca-rich Mg-rich alkali-rich mixed cations



A. bicarbonate-rich B. sulfate-rich C. chloride-rich D. mixed anions



Data points are from the compositional triangle onto the diamond as shown by the dashed arrows. The waters are from the Dead Sea area: (a) Sea of Galilee; (b) Lake Tiberias; (c) Jordan River at Jericho; (d) Dead Sea, surface water (Livingstone, 1963,Table 51).The composition of the water in this drainage system changes from alkali chloride water (TDS —500 m g/L) to a Mg-chloride brine (TDS —270,000 m g/L). The compositions of water samples are plotted as percent milliequivalent per liter.
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Chemical Composition of Meteoric Precipitation



T he chem ical com position o f rain an d snow is affected by processes th a t are ch aracteristic of the atm osphere: 1. D isso lu tio n o f solid particles th a t serve as cen ters of n u cleatio n fo r rain d ro p s or snow flakes. 2. D issolutio n of th e gases o f th e atm osphere.



3. D ischarge of a n th ro p o g en ic contam inants in to th e atm osphere. T he solid particles (0.1-20 p,m is d iam eter) include m ineral grains derived from soil, volcanic ash, vari ous kinds of com bustion products, an d salts derived from th e surface of th e ocean. H ygroscopic com p ounds such as N aC l, H 2 S 0 4, an d H N 0 3, which absorb w ater fro m th e air and a re very soluble in it, are especially effective in p ro m o tin g condensation. The gases th a t dissolve in rain w ater include C 0 2, S 0 2, and oxides of nitrogen, all o f which not only occur naturally b u t also are released into th e a tm o sp h ere as a resu lt of com bustion of fossil fuel. In the u n polluted atm osphere these gases react with w ater an d m olecular oxygen to form acids th a t cause rain w ater to be natu rally acidic. F or exam ple, C 0 2 gas re a c ts w ith w ater to form carbonic acid, which dissociates to form b icarb o n ate an d h y drogen ions: C 0 2 + H 20 -» H C O 7 + H + [H +][H C Q I] = [C O J



1 0 _ 7 .8



(20.1)



(20.2)



w here th e b rack ets re p re se n t th e activities of ions and fugacities of gases (S ection 9.2). If [ C 0 2] = 3 X 10 - 4 atm , th e p H o f ra in w a te r is 5.68. H ow ever, w here large am o u n ts o f S 0 2 a re released into th e a tm o sp h ere by com bustion o f sulfur-bearing coal o r by ro astin g of sulfide ore, th e p H o f rain w ater m ay b e significantly less th an 5.68. Such acid rain p ro m o tes th e dissolution o f solid p articles in th e atm osphere, w hich affects th e chem ical com position of ra in o r snow. In ad d i tion, th e acidification of surface w a te r an d soil is
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h arm fu l to plan ts an d anim als an d th e re fo re cau s es d e te rio ra tio n o f th e enviro n m en t. T he chemical com position of rainw ater varies betw een wide limits. The data in Table 20.2 and Figure 20.3 indicate th at N a + and C l- are the dom i n a n t ions in coastal areas and in rain over the oceans an d oceanic islands. H ow ever, th e concentrations of these ions decrease rapidly with increasing distance from the coast, w hereas th e concentrations of C a2+and SO 2- m ay rise som ew hat, as illustrated in Figure 20.3 for the A m azon basin of South A m erica. N evertheless, th e average total dissolved solids of rainw ater in the A m azon basin is only 1.3 m g /L com pared to 11.8 m g /L in the coastal areas w orld w ide and 21.2 m g /L in rain over the oceans. Rain in the coastal areas of the U n ited States has T D S = 11.8 m g /L , w hereas in th e interior rain has T D S = 7.0 m g /L on the average. T he chloride ion in rain w ater originates p ri m arily from seaw ater in the form o f N aC l crystals. T herefore, co n cen tratio n ratios of th e elem ents relative to Cl “ can b e used to d eterm in e th e p re s ence o f “excess” am ounts of these elem ents in rain th a t are attrib u ted to th e dissolution o f dust p a rti cles in th e air a n d /o r to an thropogenic pollution. Junge and W erby (1958) studied th e distrib u tio n o f C l- , N a +, K +, C a2+, and S 0 4- in rain w ater in th e U n ite d States and calculated excess am ounts o f th ese elem ents relative to seaw ater b ased on eq u ations of the form: Na



N as + N a x



Cl



CL



(20.3)



w h ere th e subscripts re fe r to th e rain (r), seaw a te r (s), and excess (x). A com pilation of concentration ratios of ions in rainw ater relative to CU in Table 20.3 indicates th at rain over the oceans and in coastal areas of the w orld resem bles seaw ater in its chemical com position. For exam ple, the N a +/C L and K +/C1- ratios of rain over the oceans and in coastal areas differ from sea w ater values of these ratios by a factor of 1.3 o r less. How ever, rain in these areas is som ew hat enriched in Ca2+ and S 0 4- com pared to seaw ater, presum ably because of the dissolution of m ineral particles
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CHEM ICAL C O M PO SIT IO N O F SURFACE WATER



T able 2 0 .2 C h e m ic a l C o m p o s itio n o f M e te o r ic P r e c ip ita tio n (in m g / L ) Region



Na



AT



M g 2~



Ca2~



cr



S O 2-



NO7



n h



;



pH



U nited States C oastal



3.68



0.24



—



0.58



4.83



2.45



—



—



—



Inland



0.40



0.20



0.10



1.4



0.41



3.0



1.20



0.30



—



E urope Coastal Inland U.S.SR.



0.60



1.51



1.09



6.35



1.80



0.45



4.87



0.64



0.20



0.22



0.78



1.27



3.02



1.42



0.28



4.74



1.4



0.6



0.6



1.3



1.6



4.9



0.6



0.7



5.6



2.46



0.37



0.50



1.2



4.43



trace



—



—



—



1.1



0.26



0,36



0.97



1.2



4.5



—



—



—



5.79



0.31



0.47



0.89



11.0



2.44



0.21



0.075



5.0



3.45



0.17



0.45



0.29



6.0



1.45



—



—



—



0.50 0.23 0.21 0.12 0.23



0.020 0.039



0.028 0.056 0.060 0.056 0.008



0.87 0.30 0.41 0.24 0.39



0.64 0.55 0.70 0,56 0.28



0.19



0.035 0.094 0.012



0.036 0.024 0.034 0.012 0.012



0.25 0.18 —



0.002 0.007 0.00 —



0.056



—



4.71 5.32 4.97 5.04 5.31



0.039



0.039



0.020



0.184



0.12



0.18



—



—



5.67



1 1.4



20.1



A u stra lia southeast Japan O ceans and islands of the w orld W orld A verage. coastal (< 1 0 0 km) A m azon R iver 670 km inland 1700 km inland 1930 km inland 2050 km inland 2230 km inland Peru 3000 km from A tlantic O cean



A d a p t e d fr o m a c o m p i l a t i o n by B e r n e r a n d B e r n e r (1987).



derived from soil on islands and coastal areas. The abundance of Mg2+ in rain over the oceans and in coastal areas w orld-wide varies irregularly. The data in Table 20.3 pertaining to rain along the coast and in the interior o f the U nited States indicate significant enrichm ents in all five ions rela tive to seawater. This is especially true o f inland rain, which is enriched in S O 4' by a factor o f 52 with respect to seaw ater,follow ed by Ca2+ (34), K + (23), M g2+ (3.6), and N a + (1.8 ). Rain in the coastal areas is also enriched in these ions, but the enrichm ent factors range only from 5.7 (C a2+) to 1.4 (N a +).T he regional variation o f excess concentrations o f these elem en ts in rain over the U nited States w as also docum ented by M unger and Eisenreich (1983).



20.4



Normative Minerals from Water Compositions



W e n ow return to the d iscussion o f river w ater and restate the ob viou s fact that its ch em ical co m p osition is largely the result o f the m inerals that have d isso lv ed in it. C onsequently, it sh ould be p ossib le to u se the chem ical com p osition o f w ater to identify th ese m inerals and to calcu late their relative abundances. Such a calculation was d em onstrated by G arrels (1967) based in part on preceding w ork o f Feth et al. (1964). B efore w e p roceed with the quantitative ev a l uation o f the chem ical com p osition o f w ater, we recall so m e o f the con clusions p resen ted in earlier
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kinds of environm ents. In C h a p ter 14 we discussed th e oxidation of Fe and show ed the Fe2+ oxidizes to F e3+ in the presence o f m olecular oxygen and subsequently p recipitates as F e (O H )3, w hich is ultim ately converted to F e 2 O s (hem atite). W hen we co n stru cted equations to re p re se n t w eathering reactions, we assum ed th a t th e necessary H + was pro v id ed by the environm ent, b u t w e did n o t con sider w hat reactions actually contribute th e H + ions in m ost n a tu ra l environm ents. In o rd e r to in te rp re t the chem ical com posi tion o f w ater q u antitatively w e now refin e our u n d erstan d in g o f chem ical w eathering reactions: 1. A n y H + req u ired by th e reaction is derived by dissociation o f carbonic acid, w hich is in equilibrium w ith C 0 2 w hose p artial p re s su re m ay exceed th a t of th e atm o sp h ere by a factor o f 10 o r m ore. W here p y rite /m a rcasite are p resen t, H + m ay also o rig in ate by oxidation of th ese m inerals an d by the hydrolysis of F e3+ to form F e (O H )3.



D istance from th e C oast, km Fi g u re 2 0 .3 Variation of the major cations and anions in rainwater of the Amazon basin with distance from the Atlantic Ocean. The data for the Amazon basin in Table 20.2 are from Stallard and Edmond (1981) as compiled by Berner and Berner (1987).



2. N a + and C a2+ ions in w a te r o rig in ate by



th e in co n g ru en t dissolution of plagioclase to form kaolinite. Som e N a + may be c o n trib u te d by discharge o f subsurface brin es th a t previously in te ra c te d with e v a p o rite rocks. C a2+ m ay also be derived by disso lu tio n o f calcite, g y p su m /an h y d rite, or dolom ite.



chapters. F or exam ple, in Section 10.6 and in C h ap ter 12 we show ed th a t th e in c o n g ru en t disso lution of alum inosilicate m inerals com m only results in th e form ation of kaolinite, although o th e r clay m inerals o r gibbsite m ay form in som e



T a b le 2 0 .3 C oncentration R atios of the M ajor Ions in Rainwater



Relative to the Chloride Ion Rainwater



Ion



Seawater^



Oceans



N a+



0.56



0.53 (0.95)



Coastal Worldwide



Coastal U.S



Inland U.S.



0.58 (1.04)



0.76 (1.4)



0.98 (1.8)



K+



0.021



0.028 (1.3)



0.028 (1.3)



0.050 (2.4)



0.49 (23)



Ca2+ Mg2+



0.021



0.081 (3.9)



0.048 (2.3)



0.12 (5.7)



0.71 (34)



0.067



0.043 (0.64)



0.075 (1.1)



0.24 (3.6)



s o 2-



0.14



0.22 (1.6)



0.24 (1.7)



— 0.51 (3.6)



“N um bers in parentheses are enrichm ent factors relative to seawater. so u r c es



: (1) Berner and B ern er (1987), Table 3.6; (2) Table 20.2, this book.



7.3 (52)
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3. Mg2+ and K + are released by w eath erin g of biotite. A d d itio n al M g2+ com es from the solution of ferro m ag n esian m inerals (olivine, pyroxenes, and am p h ib o les) or dolom ite, an d som e K + is re le a se d by Kfeldspar. 4. Silicic acid e n ters th e w ater d u rin g w eath



ering of silicate m inerals, w h ereas q u artz contributes alm ost none. 5. Sulfate ion is produced prim arily by oxida tion of sulfide m inerals and by dissolution of gypsum /anhydrite or oth er sulfate minerals, or it originates from m eteoric precipitation. 6



. C hloride is likew ise c o n trib u te d by m e te oric p recip itatio n , by discharge fo su b su r face brines, an d by fluid inclusions in minerals.



7. B icarb o n ate form s from C 0 2 gas an d by dissolution of calcite and o th e r c a rb o n ate m inerals. 8



. The concentration of Fe2+ in w ater is kept low by the form ation of F e (O H ) 3 except under strongly acid and reducing conditions.



T he p ro p o rtio n s of ions released by the incongruent dissolution of different alum inosili cate m inerals can be d eterm in ed from th e a p p ro p riate equations, assum ing th at k ao lin ite is the stable phase. For albite we obtain: 2 N aA lSijO g + 2 C 0 2 + 3 H 20 -* A l 2 Si2 0 5 ( 0 H ) 4 + 2 N a + + 2 H C O J + 4 S i 0 2 (2 0 .4 )



W e b alan ce this e q u a tio n by assum ing th a t A l is c o n serv ed and th a t H + is p ro v id ed by th e d isso c ia tio n of c arb o n ic acid, w hich p ro d u c e s b o th H + an d H C O j. T h e n u m b e r o f m oles o f H C O J is d e te rm in e d fro m th e re q u ire m e n t fo r electri cal neutrality. In th is case, th e re le a se o f 2 m oles o f N a + req u ires th a t 2 m o les o f H C O J a p p e a r as p ro d u c ts of th e re a c tio n . N o te th a t th e H C O J io n s a re d erived en tire ly fro m C 0 2 in th is case, so th a t the 14C c o n te n t an d th e iso to p ic c o m p o



sitio n s o f C a n d O o f th e b ic a rb o n a te ions d e p e n d on the so u rce o f th e C 0 2 (S ectio n 16.4, 17.4, a n d 17.7). T h e possible sources o f C 0 2 include th e a tm o sp h e re , o x id atio n o f b io g en ic c a rb o n c o m p o u n d s in soil, o x id atio n o f m e th a n e rele ased by b a c te ria o r by h y d ro carb o n s in subsu rface r e s e r voirs, o r d e c a rb o n a tio n re a c tio n s o f c a rb o n a te rocks being h e a te d a t d ep th . N o te also th a t we re p re s e n t silicic acid by “ S i 0 2” b ecause it is co m m o n ly ex p ressed this w ay in ch em ical a n a ly ses o f w ater. T h erefo re, th e in c o n g ru e n t d isso lu tio n o f o n e m ole o f alb ite relea se s o n e m ole of N a +, o n e m ole o f H C O J a n d 2 m oles o f S i 0 2 in to th e w ater. Similarly, the w eathering o f anorthite is re p re se n te d by th e equation: C aA l 2 Si2 0 A l 2 Si2 0 5 ( 0 H



) 4



8



+ 2 C 0 2 + 3 H 20 —»



+ C a2+ + 2 H C O J



(20.5)



w hich in d icates th a t disso lu tio n o f 1 m ole of a n o rth ite releases 1 m ole of C a2+ and 2 m oles of H C O J (b u t no S i 0 2) into so lu tio n . B iotite is a bit m o re co m plicated b ecause o f its variable co m p o sitio n (S ection 13.2b). W e assum e th a t any F e 2+ in th e o c ta h e d ra l layer is oxidized to F e3+ an d subseq u en tly p recip itates as F e (O H )3. T h e re fore, th e Fe re le a se d into so lu to n by b io tite d o es n o t a p p e a r in th e chem ical analysis o f the w ater. In th e case o f th e M g-m ica p h lo g o p ite, the re a c tio n is: 2 K (M g 3 )(A lSi 3 O 1 0 ) (O H ) 2 + 1 4 C 0 2 + 7 H zO -» A l 2 Si2 O s(O H ) 4 + 2 K +



+



6



M g2+



+ 14 H C O J + 4 S iO z



(20.6)



E vidently, 1 m ole of phlo g o p ite releases 1 m ole of K +, 3 m oles of M g2+, 7 m oles o f H C O J , and 2 m oles of S i0 2 in to solution. In biotite, som e o f th e K + m ay be rep laced by N a +, an d th e o c tah ed ral layer m ay co n tain A l3+, Ti4+, F e3+, F e2+, M n2+ as well as M g2+. M oreover, m o re th a n o n e Si4+ in th e te tra h e d ra l layers m ay be rep lace d by A l3+ (G arrels, 1967). H ow ever, for



 2 0 .4



N O R M A TIV E M IN ER A LS FR O M W A TER C O M P O SITI O N S



th e sak e o f simplicity, we sim ulate th e in co ngru e n t dissolution o f biotite by th e equation: 2 K (M g 2 F e 2 +)A lSi 3 O 1 0 (O H ) 2 + 10 C 0 2 + ^ 0 2 + A l 2 Si 2 0 5 ( 0 H



) 4



8



H 20 —>



+ 2 F e (O H ) 3



+ 2 K + + 4 M g2+ + 10 H C O J + 4 S i 0 2



(20.7)



In this exam ple, 1 m ole of b io tite reacts to form 1 m ole of K +, 2 m oles of M g2+, 5 m oles of H C 0 3, an d 2 m oles of S i0 2. N o te th a t \ m ole of m olecu lar oxygen is re q u ire d to act as th e accep to r of th e electrons (oxidizing agen t) released by F e2+. M ag n esiu m is also re le a se d by th e in c o n g ru e n t d isso lu tio n o f o th e r fe rro m a g n esian m in e ra ls such as th e p y ro x e n e s a n d am phiboles. T h e w e a th e rin g o f p ro x en e is re p re s e n te d by th e eq u atio n : 2 C aM g F eA l 2 Si3 0



12



2 A l 2 Si2 0 5 ( 0 H



+ j0



) 4



2



+ 11 H 20 +



8



C 0 2 —¥



+ 2 F e (O H ) 3 + 2 Ca2+



+ 2 M g2+ + 2 S i 0 2 +



8



HCOJ



(20.8)



E ach m ole of this pyroxene releases 1 m ole of Ca2+, 1 m ole of Mg2+, 1 m ole of S i0 2, and 4 m oles of H C 0 3 .The reactions of o th e r m inerals can be w rit ten in th e sam e way, and the nu m b er of m oles o f ions released p er m ole of m ineral are listed in Table 20.4. W e are now read y to exam ine th e chem ical com position of a sam ple of spring w ater from the S ierra N evad a M ou n tain s in C alifornia (G arrels and M ackenzie, 1967), which has reacted with granitic igneous rocks com posed p rim arily of feldspars, biotite, an d quartz. T he analysis o f this w ater in Table 20.5 indicates th a t C a2+ and H C O 3 a re th e d o m in an t ions, th a t th e co n cen tration of N a + > K + and C a2+ > M g2+, T D S = 45.83 m g /L , and S i0 2 = 16.4 m g /L , w hich is unusually high com p ared to river w ater in Table 20.1, We begin by converting the concentrations from milligrams per liter to m icrom oles p e r liter, follow ed by rounding to w hole num bers. N ext, we subtract the m icrom olar quantities of ions in meltw ater derived from local snow (G arrels and M ackenzie, 1967). The concentrations of S O 2- and
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Cl in th e g roundw ater are thereby accounted for as well as 29% of K +, 24% of M g2+, 18% of N a +, and 13% of Ca2+. B efore we can distribute the rem aining am ounts o f th e ions am ong the m inerals from which they originated, we check the solution for electrical neutrality. W e find a small excess of negative charge (Table 20.5), which we correct by reducing H C 0 3 by 2 yumol/L, leaving 308 /im o l/L . N ow w e co n v ert th e 108 yumol o f N a + in one liter o f w a te r into 108 /rm ol o f albite. T herefore, w e re d u c e S i 0 2 in T able 20.5 by 216 ^imol and H C O 7 by 108 yumol, in accordance w ith th e d a ta in T able 20.4. The resulting a m o u n t of albite dis solved in o n e liter o f w a ter is: 108 X 262.15



1000



28.3 mg



(20.9)



N ext, w e assign all o f th e M g2+ to biotite and com bine it w ith 11 /rm ol o f K +, 22 yumol of SiO z, and 55/umol o f H C 0 3 consisten t w ith th e form u la of b io tite w e ad o p ted in e q u atio n 20.7. The Fe2+ of this b io tite was oxidized to Fe3+ and form ed solid F e (O H ) 3 (eq u atio n 20.7). The am o u n t of biotite, calculated as illustrated by equ atio n 20.9 is 4.9 mg p e r liter o f solution. T he re m ain d er of the K + is co n v erted into K -feldspar, w ith p ro p o rtio n a l reductions o f S i0 2 an d H C O j , yielding 2.5 m g of K -feldspar p e r liter o f solution. Finally, we convert C a2+ into 6 8 yumol o f anorthite, which consum es all of th e available H C O j and is equivalent to 18.9 m g o f an o rth ite dissolved in one liter o f w ater. W e are left w ith a resid u e o f 14 yumol o f S i0 2, w hich w e a ttrib u te to th e dissolution of 0 . 8 m g of a m o rp h o u s S i 0 2 and sp eculate th a t it m ay have b ee n p re se n t in th e soil o r saprolite overlying th e granitic bedrock. T he to ta l am o u n t of', m ineral m a tte r o f the granitic b e d ro ck th a t dissolved p e r liter o f w ater is 54.6 mg (excluding the am orphous silica). T herefore, the abundances jof th e m inerals we have considered are albite, 51.8% ; anorthite, 34.6% ; Kfeldspar, 4.6% ; and biotite; 9 .0 % .The com position o f th e plagioclase th a t dissolved expressed by the ab u n d an ce o f albite (A b ), is: Ab =



108 X IQ 2 108 +



6 8



= 61 m ol %



(20.10)
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C H E M IC A L C O M P O SITI O N O F S U R F A C E W A TER T a b l e 2 0 . 4 N um ber of M oles of Ions R eleased into Solution p er M ole of Mineral® in the Presence of C 0 2 Gas Mineral



N a+



K+



M gz+



Ca2+



S i0 2



H COJ



SOI



1



0



0



0



2



1



0



0



0



0



1



0



2



0



Orthoclase,



0



1



0



0



2



1



0



KAlSijOg Biotite,



0



1



2



0



2



5



0



Pyroxene, CaMgFeAl2Si30 12



0



0



1



1



1



4



0



Enstatite,



0



0



1



0



1



2



0



0



0



1



1



2



4



0



0



0



0



1



0



2



0



0



0



1



1



0



4



0



0



0



0



1



0



0



1



0



0



0



0



0



2



Albite, NaAlSi3O g Anorthite, CaAl2Si20 8



K(Mg2Fe)AlSi3O10(O H )2



M gSi03 Diopside, C aM g(Si03)2 Calcite, C aC 03 Dolomite, C aM g(C03)2 Gypsum, C aS04 ■2H 20 Pyrite, FeS2



0



Formula Weights albite biotite (eq. 21.7) K-feldspar anorthite diopside



262.2 448.7 278.3



pyroxene (eq. 20.8) calcite dolomite



184.4



278.1 216.5



anhydrite pyrite



136.1



450.3 100.1



120.0



aNote that aluminosilicates are assumed to dissolve incongruently to kaolinite and that Fe-bearing minerals form Fe(OH)3.



R ecalling the fictitious geochem ist A . O. A lba fro m S ection 8.3 we identify th e plagioclase th at dis solved in the w ater as andesine (A b 5 0 to A b 70). H ow ever, the plagioclase in th e rocks prob ably was m ore N a-rich th a n andesine because an o rth ite is m o re susceptible to dissolution th an albite (Section 19.3). In addition, the ro ck m ay well have co ntained quartz, m agnetite, zircon, and o th e r accessory m inerals th a t resist chem ical w eathering.



T h e re c o n s tru c tio n o f th e m in e ra ls d is so lv ed in a sam p le o f w a te r p ro v id e s a clu e to th e k in d s o f ro c k s w ith w hich th e w a te r has in te ra c te d . In th e w a te r fro m th e S ierra N e v a d a, th e c o in p o sitio n o f th e so lu te is c o n siste n t w ith th e e x p ec ted w e a th e rin g p ro d u c ts o f g ran itic ig n eo u s o r m e ta m o rp h ic ro ck s w h en allo w an ce is m ad e fo r d iffe re n c e s in th e re la tiv e su sc e p ti bilities o f ro c k -fo rm in g silicate m inerals.
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T a b le 2 0 .5 R e c o n s tr u c tio n o f th e M in e r a ls T h a t C o n t r i b u t e d I o n s to a S a m p le o f G r o u n d w a te r f r o m th e S ie r r a N e v a d a M o u n ta in s , C a lif o rn ia N a+



K+



M g2+



Ca2+ S i0 2 h c o 2 s o 2~



cr



mg



Wt.%



51.8



Analysis m g/L /xm ol/L



3.03 132



1.09



0.70



3.11



28



29



78



24



8 20



7 22



10



108



68



108



20



308+ 22



68



Albite, /xmol/L



0



20



22



Biotite, /xmol/L



0



9^



0 J-



K-feldspar, /xmol/L



0



0



Anorthite, /xmol/L



0



Amorph, silica, /xmol/L



0



Snow, /xmol/L Net /xmol/L Electric neutrality, /xeq/L Adjusted /xmol/L



16.4



20.0



1.0



328



10



0.5 14



3



18



10



14



270



310



0



0



273



310308



0



0



68



270 54



200



0



0



28.3



68



32



145



0



0



4.9



9.0



0



68



14



136



0



0



4.6



0



0



0



14



0



0



0



2.5 18.9



0



0



0



0



0



0



0



34.6



0.8 — 54.6a 100



“Excluding the a m o r p h o u s silica. so u r c e



: Garrels and M ackenzie (1967).



B edrock containing significant am o u n ts of sul fide m inerals causes w ater th at interacts w ith it to becom e enriched in sulfate and in certain chalcophile and siderophile elem ents identified in Table 8.2, such as Cu, Co, Ni, Z n, Mo, A g, As, Sb, Se, and Te, which form soluble salts with th e m ost ab u n d an t anions in groundw ater. T he presence of unusual concentrations of these elem ents in w ater sam ples is used in geochem ical prospecting surveys (discussed in C h ap ter 22) to locate deposits of “m ineralized ” rocks below th e surface of th e E arth. In o rd e r to d e m o n stra te th e relatio n sh ip b etw een th e m in eral com p o sitio n o f th e rocks in a w a tersh ed an d th e resu ltin g chem ical com posi tion of w ater, we consid er a w ater sam ple of as yet u n id en tified origin in Table 20.6. T h e w ater conform s to th e n o rm al p a tte rn in th e sense th a t C a2+ and H C O j are d o m in an t, N a + > K +, and C a2+ > M g2+; how ever, T D S = 430 m g /L com p a re d to only 46 m g /L in th e spring w ater from the S ierra N evada, and th e c o n c e n tra tio n of SiO z is low a t 6.0 m g /L . In a d d itio n , th e analysis includes N O j and P 0 4” an d th e p H = 7.7. We co rrect th e analysis for m eteo ric p recip ita tion using th e com position o f average inland rain



in the U nited States in Table 20.2. The co n c en tra tion of H C O j in average inland rain was e stim at ed from e q u atio n 20.2 for [ C 0 2] = 3 X 10_4a tm to be 2 /xm ol/L. A check of the electrical balance am ong th e rem aining ions reveals an excess of 15 /xeq o f negative charge, w hich we co rrect by arbitrarily decreasing H C O j by th at am ount, thereby decreasing its concentration by only 0.3 %. The small am ount o f S i 0 2 in this w ater is assigned to 50 /xmol of albite, and the chloride is com bined with N a + to m ake 1060 /xmol of N aCl. The large am ount of Mg2+ in the w ater suggests the presence of dolom ite, but its am ount is lim ited by H C O j to 1118.5 /xmol, which leaves a residue of 871.5 /xmol of C a2+ and 152.5 /xmol of Mg2+. We com bine th e rem aining C a2+ with SO 2 to m ake 871.5 /xmol of anhydrite (C a S 0 4) and use up the K + as 41 /xmol K 2 S 0 4, which is a com m on ingredient in mixed fertilizers. Similarly, the 58 /xmol of P 0 4~ are attributed to fertilizer in the form of N H 4 H 2 P 0 4, w here the N H j is assum ed to have oxidized to N O j after applicaton. The small am ounts of N a +, Mg 2 +,S 0 4“ ,a n d N O j are now arbitrarily assigned to 29 /xmol N a N 0 3 and 152.5 /xmol of M g S 0 4, although oth e r choices are certainly possible. These
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20.6 R econstruction of M inerals Dissolved in the W ater of an U nidentified Stream



Analysis m g/L



N a+



K+



Mg2+



Ca2+



31



3.4



31



81



Si02 6.0



HCO:



so



2a~



274



101



cr



NOJ



PO\~



6.6



5.5



1275



2021



100



4491



1097



17



87 5



38 1072



4



35



0



2



31



12



19



0



1331



82



1271



1986



100



4489



1066



1060



87



58



Adjusted /xmol/L



1331



82



1271



1990



100



4474



1066



1060



87



58



Albite, /xm ol/L



1281



82



1990



0



4474



1066



1060



87



58



NaCl, /xmol/L



221



82



1271 1271



1990



0



4474



1066



0



87



58



Dolomite, fxm ol/L



221



82



152.5



871.5



0



0



1066



0



87



58



Anhydrite, /xmol/L



221



82



152.5



0



0



0



194.5



0



K2S 0 4, /xmol/L



221



0



152.5



0



0



0



153.5



0



87 87



58 58



NH4H 2P 0 4, /xmol/L



221



0



152.5



0



0



0



153.5



0



0



N a N 0 3, /xmol/L



192 192a



0



152.5



0



0



0



0 0



153.5



0



0 0



29 0



1



0



0



0



/xmol/L Rain, /xmol/L N et /xmol/L



1348



Electrical neutrality, /xeq/L



MgSo4, /xmol/L



7927+



106



58



7942-



0



0



“The apparent excess o f positively charged ions was caused in part by our choice to treat N O , as N H /.



alternatives do n o t affect th e clear evidence th at th e w ater in Table 20.6 originated by dissolution of very different m inerals than th a t in Table 20.5. This p o in t is em p h asized in Table 20.7 in w hich the m icrom olar am o u n ts of the m inerals a re ex pressed in term s of w eight p ercen t. T he resu lts indicate th a t do lo m ite, anhydrite, and h a lite c o n trib u te d 89% of th e so lu te and an a d d i tio n al 3% w as d erived from silicate m inerals re p re se n te d by albite. T he rem ain in g 8 % can be a ttrib u te d to vario u s kinds o f fertilizers, im plying th a t th e w atersh ed of this stre a m is being farm ed. T h e d o m in an t m inerals reflected in the chem ical com position o f th e w ater a re ch aracteristic of e a rb o n a te -e v a p o rite rocks o f m arine origin. Solu b le m inerals like h alite and a n h y d rite m ay b e p re se n t in subsurface, and th e ir ions m ay e n te r th e stream as efflu en t of saline grou n d w ater. T he SiO z m ay h av e b ee n co n trib u te d by w eath ering o f d e trita l silicate m in erals in th e ca rb o n a te ro ck s o r in shale, b y w eath erin g o f volcanic a sh or ig n eo u s rocks, o r b y disso lu tio n o f silicate m in e r als in tra n sp o rte d reg o lith such as till.



In fact, th e w ater sam ple w e have been dis cussing was collected fro m the G re a t M iam i R iver a t W est C a rro llto n is so u th w e ste rn O hio. T he riv e r d rain s m arin e e a rb o n a te -e v a p o rite rocks o f early to m iddle P aleo zo ic age th a t are ov erlain by W isconsinan a n d Illinoian till and T a b l e 2 0 . 7 A bundances of M inerals That Dissolved to Form the W ater Presented in Table 20.6. Mineral



txmol/L



m g /L



albite



50



13.1



halite



1060



61.9



dolomite



1118.5



206.2



anhydrite



871.5



118.6



Weight % 3.0 14.2 47.5 27.3



k 2s o 4



41



7.1



1.6



n h 4h 2p o 4



58



1.5



N aN 03



29



6.7 2.5



M gS 04



152.5



Totals



0.6



18.4



4.2



434.5



99.9



 20.5 o u tw ash d ep o sits d eriv ed fro m th e P re c a m b ria n Shield o f C a n a d a n o rth of O hio. E vidently, th e ch em ical co m p o sitio n o f th e w a ter in th e G re a t M iam i R iv e r does re fle c t th e geology o f its w atersh ed . R eco n stru ctio n s of m inerals are m ost a p p ro p ria te fo r surface w ater w hose chem ical com posi tion has n o t b een a ltered by ion exchange a n d /o r precip itatio n of insoluble com pounds. H ow ever, m ixed w aters th a t have in teracted w ith different kinds o f rocks also prov id e m eaningful in fo rm a tio n a b o u t th e geology of th e w atersh ed from which they originated.



20.5



Evaporative Concentration



Since the chem ical com position of w ater in stream s depen d s on th e m inerals th a t have dis solved in it, we now consider w hether these m in er als can precipitate if the w ater is subjected to evaporative concentration. We already know th a t chem ical w eathering of m ost m inerals is an irreversibe process, and th erefo re we do not expect th at ev ap o rativ e concen tratio n o f w ater can reverse w eathering. W e recall th a t silicate m inerals containing A l and Fe dissolve incongruently. T h erefore, th e ions th a t go into solution rep re se n t only a fraction of th e original minerals. A lth o u g h we can use these ions and m olecules to calculate the am o u n ts of th e m inerals th a t dissolved, the process is n o t reversible unless the ions are able to react w ith th e ap p ro p riate secondary m inerals th at form ed during incongruent dissolution. T he w eathering of sulfide m inerals is com m only accom panied by the oxidation o f S2_ to S 0 4~ and by the p recipitatio n o f som e of th e m etals, so th a t these m inerals also w eath er irreversibly. E ven the c arb o n ate m ineral dolom ite does n o t p recipitate from aqueous solutions, except u n d e r unusual con ditions defined in term s of the salinity and M g /C a ratio o f th e solution (Folk and L and, 1975). O th e r exam ples of th e irreversibility of m ineral dissolu tion reactions occur in the geochem istry of S i0 2 (Section 9.6) and C a S 0 4 (Section 10.1). N evertheless, evaporative concentration is an im p o rtan t process th a t can change not only the
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concentrations o f the dissolved ions and m olecules in n a tu ra l w ater b u t also th e com position o f th e solu te (see Section 18.3). A s a result, evaporative concen tratio n o f surface w ater m ay result in the fo rm atio n of brines of w idely differing chem ical com positions and can lead to the deposition of m inerals th a t m ay form n o nm arine evaporite rocks. T hese rocks m ay be com posed of calcite, dolom ite, anhydrite, and a w ide variety o f o th e r evaporative m inerals of po ten tia l econom ic value. Som e lacustrine c arb o n ate rocks in the G re e n R iv er Form ation of W yom ing and its correlatives in C o lorado and U ta h contain kerogen in sufficient concentrations to w a rra n t calling th em oil shale (E ugster, 1985). T he carb o n ate ions of g ro undw ater dis charged by springs are n o t in equilibrium w ith C 0 2 of th e atm osphere. T herefore, th e activities o f th e carb o n ate ions and th e p H o f spring w ater change rapidly as equilibrium is established after th e w ater is discharged by th e spring. Subsequently, th e activities of all ions m ay increase as a result of the progressive ev ap o ratio n o f w ater, and ulti m ately com pounds m ay p recipitate w hen th e ir ion activity products (IA P ) exceed th e solubility p ro d uct constants (K sp). G arrels and M ackenzie (1967) carried o u t the necessary calculations to m odel the evapo rative co ncen tration of spring w ater from the Sierra N evada M ountains o f C alifornia and concluded th at th e co m pounds m ost likely to form are calcite, gypsum, sepiolite, and am orphous sili ca. A s a result, the w ate r is d ep leted in Ca2+, M g2+, H C O /, S 0 4 , and SiO z (H 4 S i0 4). In addition, it is enriched in N a +, K +, an d C L , and its p H rises to 10 or higher. T he changes in the chem ical com position of spring w ater from th e Sierra N evada M ountains as a result of ev ap o rativ e concen tratio n a re dis played graphically in Figure 20.4 according to G arrels and M ackenzie (1967). Calcite p recip i ta te s first and, as w ater continues to evaporate, th e concentration of C a2+ declines, w hereas th a t of H C O / increases because the original w ater contained m o re H C O / th an C a2+. Sepiolite p re cipitates next after th e concentrations o f M g2+ an d S i0 2 have tripled. D o lo m ite does n o t form u n d e r these conditions because of u n favorable



 C o n ce n tra tio n Fact or Fi g u re 2 0 .4 Evolution of spring water from the Sierra Nevada Mountains, California, as a result of evaporative concentration and the precipitation of calcite, sepiolite, and amorphous silica. Note that calcite precipitation caused by continuing loss of water depletes the water in Ca2+ but enriches it in carbonate ions because the mole ratio Ca2+/( + H C O /) of the spring water is less than one. Similarly, the water is depleted in Mg2+ but enriched in S i0 2 by sepiolite precipitation because the Mg2 +/SiOz ratio is less than one. The concentration of S i0 2 in the brine is ultimately held constant by the precipitation of solid amorphous SiOz. The result of a 1 0 0 0 -fold increase in the concentration of dissolved species caused by loss of water is a Na + K + carbonate + sulfate + chloride brine (adapted from Garrels and Mackenzie, 1967).



 20.5 kinetics, even though th e solution becom es su p er sa tu ra te d w ith resp ect to dolom ite. Progressive ev ap o ratio n and continuing precipitation of sepi olite force M g2+ o u t o f the solution b u t cause the c o n cen tratio n o f SiO z to rise. T h e solution ulti m ately b ecom es su p e rsa tu ra te d w ith respect to am o rp h o u s S i0 2 (co n cen tratio n factor = 10). Subsequently, th e co n cen tratio n of S i0 2 in the solution rem ain s co n stan t in equilibrium w ith solid am o rp h o us S i 0 2 (Section 9.6). In this case the co ncentrations o f N a +, K +, C L , an d SO 2- increase continuously w ith progressive evap o ratio n because th e chlorides, sulfates, and car b o nates o f th e alkali m etals are very soluble in water. G ypsum can n o t form in this case because the w ater was d ep leted in C a2+ by th e precipitation of calcite. T he p H o f th e w ater in th e spring rises ini tially from 6 . 8 to 8 . 2 as th e w ater equilibrates with C 0 2 of th e atm o sp h ere (P Co2 = IO- 3 5 atm ) at 25 °C and stabihzes tem porarily at ab o u t 8.5 while sepio lite precipitates because th at reactio n releases H +: 2 M g2+ + 3 H 4 S i0 4 + n H 20 -» Mg 2 Si3 O g ■n H 20 + 4 H 20 + 4 H +



(20.11)



sepiolite A fte r sepiolite p recip itatio n ceases, th e p H rises an d reaches a value o f a b o u t 1 0 . 1 at a con cen tra tion facto r of 1000. T he increase in th e p H causes th e co n cen tratio n o f C O 2- to rise even m ore rapidly th an th e p rogress o f th e evaporatio n because o f th e dissociation of bicarbonate ion. T he calculation o f G arrels and M ackenzie (1967) are based on fam iliar con cep ts of aqueous geochem istry and lead to p lausible conclusions regarding th e ev o lu tio n o f th e w ater they treated. C o m pounds of N a + an d K + p recip itate only after th e b rines have b eco m e so highly co n cen trated th a t the D e b y e -H ü c k e l th e o ry no longer applies an d th e m o re co m p lete tre a tm e n t of ion in terac tions by P itzer (1973) m u st be used. A lternatively, th e crystallization o f m in erals fro m highly con ce n tra te d b rines m ay b e p re d icte d by m eans of th e a p p ro p ria te te rn a ry p h ase diagram s used by H a rd ie an d E u g ste r (1970). T he results of th e se initial attem p ts to m odel th e evolution of saline lakes d em o n strate th a t
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brines of w idely diverging chem ical com positions can form by progressive e v a p o ratio n o f w ater an d precip itatio n o f com pounds. T h e ev o lu tio n a ry p ath s dep en d on th e o p era tio n o f several geo chem ical divides (S ection 10.1) asso ciated w ith th e p recip itatio n of calcite, gypsum , an d sepiolite. T h e subject was su m m arized by E u g ste r an d H a rd ie (1978), E u g ste r and Jo n es (1979), A lD ro u b i e t al. (1980), an d D re v e r (1982). T he p rin ciples and resulting com p u tatio n al schem es have b e e n u sed to explain th e chem ical com positions of m any saline lakes, including G re a t Salt L ak e in U ta h (S pencer e t al., 1985a,b), L a k e M agadi in K enya (Jones e t al., 1977), L ak e C had in w est central A frica (A l-D ro u b i et al., 1976; E u g ste r and M aglione, 1979), and m any o th e rs included in th e study of H a rd ie an d E u g ste r (1970). T he co n cep t o f a geochem ical divide w as first discussed in Section 10.1 in con n ectio n w ith the precip itatio n o f gypsum . W e now re tu rn to this topic to consider m ore specifically how such a geochem ical divide w orks based on an illustration by D re v e r (1982). W e assum e th a t th e concentra tions of C a2+ and S 0 4_ in a saturated solution of gypsum are such that: (C a2+) = 2 ( S 0 2' )



(20.12)



and th a t th e applicable activity coefficients are b o th eq ual to unity. Since the solubility p ro d u c t co n stan t of gypsum is 10 ~ 4 6 (Table 10.1), th e application o f th e Law o f M ass A ctio n yields: 2 ( S 0 2 “ ) ( S 0 2“) = IO ”



4 6



(20.13)



from which it follow s that: ( S O n = 3.54



X



10 ~ 3 m o l/L



(C a2+) = 7.09



X



IO "



3



m o l/L



W hen one liter o f this solution is e v a p o ra te d until the volum e of the rem aining w a ter is 1 /n , w h ere n is the co n centration factor, x m oles of gypsum are forced to precip itate and th e co n cen tratio n s o f th e ions in equilibrium w ith gypsum a re m odified accordingly: (S O 2“ ) = n[(3.54



X



10“ 3) - x]



(20.14)



(C a 2+) = «[(7 .0 9



X



10“ 3) - x]



(20.15)
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If th e ions re m a in in eq u ilib riu m w ith gypsum , «[(3.54



X



1CT3) - jc]n[(7.09



X



IO"3) - x]



= 1 0 “4 w hich yields th e q u a d ra tic eq uation: n 2[x2 - (10.63



X



I O '3)* + (25.1



X



6



(20.16)'



(c o " ) - 3



IO“ 6)]



= IO “



4 6



C 0 2 + H 2 0 ^ H C 0 3~ + H + '5



K x = IO ’ 7 8 2 (20.18)



atm ,



- n -3 2 [H C O 3 ] = - j g T j 1 0



(20-19)



and l O -n .3 2



(H C O J ) =



(20.20)



Similarly,



H C 0 3“ ^ C O |- + H +



K 2 = IO“103



s t



( 2 0 '2 3 )



(20.17)



T his e q u a tio n was solved fo r x fo r p re se le c ted val u es o f n ranging fro m 1 to lOO.The resu ltin g values o f x w ere th e n u sed to calcu late th e c o n c e n tra tio n s o f C a2+ a n d SO 2- fro m e q u a tio n s 20.14 a n d 20.15. T he results in Figure 20.5 show th a t th e m o lar co n c e n tra tio n o f C a2+ increases, w hereas th a t of S O 4 “ decreases, w ith increasing values of n. In o th e r w ords, as gypsum con tin u es to p recip itate in th e course of ev ap o rativ e co n cen tratio n , th e brine is enriched in C a2+ and d ep le te d in SO 2 -. T he decisive criterio n is th e c a tio n /a n io n ratio o f the solution at the initial p o in t of satu ratio n . T he ion th a t d om inates initially is ultim ately co n cen trated in th e brine, w hereas th e less ab u n d a n t io n is d ep leted . H en ce we can justifiably describe this p h e n o m e n o n as a geochem ical divide. T he com p u tatio n s re q u ire d to p red ict th e chem ical evolution of spring w ater to form brines begin w ith th e eq uilibrium o f th e carb o n ate species in w ater w ith C 0 2 gas o f th e atm osphere. For this p u rp o se we assum e th a t T = 25 °C, P = 1 atm , [ C 0 2] = 10 - 3 5 atm , and [H 2O j = 1.0, fol low ing H a rd ie an d E u g ste r (1970). T h erefore, the b icarb o n ate ion is re la te d to c a rb o n dioxide by:



Since [ C 0 2] = IO - 3



an d th erefo re:



(20.21)



1



2



5



10



20



50



100



C o n c e n t r a t i o n F a c t o r ( n) F i g u r e 2 0 .5 Operation of a geochemical divide caused by the precipitation of gypsum from a satu rated solution as a result of progressive loss of water by evaporation. The concentration of Ca2+ increases and that of S O f decreases because the concentra tion of Ca2+ in the saturated solution before any gypsum precipitated (n = 1 ) was twice that of the SO;;“ concentration. The concentrations of the ions were calculated by solving equation 20.17 for select ed values of n and substituting the resulting values of x into equations 20.14 and 20.15.



 20.5 In a d d itio n , th e d isso ciatio n o f w ater leads to th e relatio n : (O H - ) =



1 0



-14



(20.24)



r ± 1 [H +]



Since th e w a te r m ust m a in ta in electrical n e u tra l ity as th e c a rb o n a te ions eq u ilib riate w ith C 0 2 of th e atm o sp h ere, we h av e th e re q u ire m e n t th a t th e m ajor ions m u st always satisfy th e equation: 2 ( C O H + ( H C 0 3- ) + ( O H - ) = 2 (C a2+) + 2(M g2+) + (N a +) + (K +) —2 ( S O H - (C l- )



(20.25)



N o te th a t all o f the p H -d e p e n d e n t ions are assem bled on th e left side and th a t th e m o lar concen tra tions o f SO 2 -, C l- , an d any o th e r anions n o t re la te d to th e c a rb o n a te e q u ilib ria are m o v ed to th e right side o f th e ele c tric al-n e u tra lity eq u atio n . T he co n c e n tra tio n s o f all o f th e ions on th e right side o f e q u a tio n 20.25 a re k n o w n fro m th e chem ical analysis o f th e w ater. By su b stitu tin g e q u a tions 20.20, 20.23, and 20.24 in to eq u atio n 20.25, we obtain: x i o -21-62



10-1132
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late I from th e analysis of th e w ater an d hence d e te rm in e th e activity coefficients, w hich th en allow us to solve e q u a tio n 20.26 fo r [H +]. W e th en use th a t value to calculate (H CO j"), (C O 2 -), and (O H - ) from equ atio n s 20.20, 20.23, and 20.24, respectively. T hese values are th en used to recalcu la te I an d a new se t of activity coefficients u n til th e [H +] and th e resulting concentrations o f H CO j", C 0 3- , an d O H - , d e te rm in e d by successive ite ra tions, becom e constant. O nly after this co m p u ta tion has been carried o u t are we able to p ro ceed w ith th e calculations of th e effects of ev ap o rativ e concentration. W e begin this process by doubling th e co n cen tratio n s o f all ions. N ext, we re p e a t the calcula tio n s re q u ire d to m ain tain the carb o n a te ions and p H in eq u ilib riu m w ith C 0 2 o f the atm osphere. T h en we calculate the IAJPs of com pounds th a t m ay p recip itate and c o m p are them to th e re sp e c tive AC s>p values. W hen calcite begins to p recip itate from th e w ater, the ions m ust m aintain equilibrium w ith it: C aC O j



: C a2+ + CO?"



=



A



[C a2+] =



(2° '26)



w here



1 0



-



8.34 (20.28)



an d th erefo re:



10"



+ FTT-T + + t „ [ H * ] + r = ,[H *]
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10 - 8.34



(20.29)



[C O 2 -]



S ubstituting e q u atio n 20.22 yields:



A = 2 (C a2+) + 2(M g2+) + (N a +) + (K +) -



2 (S C > 4 - )



- (C l- )



(20.27)



In o rd e r to solve e q u a tio n 20.26 for [H +] we m ust first d ete rm in e th e activity coefficients for C O 2 -, H CO j", an d O H - from th e D eb y e-H ü c k el th eo ry (S ection 10.3) b ased o n th e ionic strength (I) o f th e solution. H ow ever, w e can n o t calculate the ionic stren g th accurately becau se th e concen tratio n s o f th e ions re la te d by th e carb o n ate eq u i libria change as a resu lt o f th e eq u ilib ratio n of the w ater w ith C 0 2 of th e atm osphere. W e are th e re fore co n fro n ted by a dilem m a: in o rd e r to calcu late th e co n cen tratio n s o f th e ca rb o n ate ions and th e p H o f the w ater we m ust kn o w th e ir concen trations. T he im passe is circum vented by m aking a series o f successive approxim ations. W e first calcu
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and (C a2+) =
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(20.31)



E vidently, C a2+ is now a p H -d e p e n d e n t species an d m ust be tra n sfe rre d to th e left side o f th e electrical n e u tra lity e q u a tio n (20.25): 2 ( C 0 2 -) + ( H C O j) + (O H - ) - 2 (C a 2+) = 2(M g2+) + (K +) + (N a +) - 2 ( S 0 2-) - (C l- ) (20.32) O nce again w e m ust d e te rm in e activity coeffi cients from th e D e b y e -H ü c k e l th eo ry by recalcu-
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latin g th e ionic stre n g th o f the solution u n til the H + io n activity in d ica te d by eq u a tio n 20.32 re a c h es a constant value. T he entire calcu latio n m ust b e re p e a te d each tim e th e co n cen tratio n s are d o u b led until a sec o n d salt begins to precip itate. If th a t salt is g y p sum , w e m ust inclu d e it in th e e q u atio n for electrical neutrality: C a S 0 4 • 2 H 20 ^



C a2+ + S O 2“ + 2 H 20



K sp — = 11 00 [SO 2“ ] =



(20.33)
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[Ca2+]



Since Ca2+ is also in equilibrium w ith calcite, it m ust satisfy eq u atio n 20.30: -4.6



1 0



[SO2“ ] =
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1 0 -17.88 5



+ ] 2



[ h +]



- (20.35)



T herefore, e q u a tio n 20.35 expresses th e activ ity of SO ]“ in eq u ilib riu m w ith b o th calcite and gyp su m in a solution th a t is also in eq uilibrium w ith C 0 2 of th e atm o sp h ere. T h e e q u atio n for electrical n eu trality is now w ritten: 2 ( C O H + (H C O 3- ) + (O H - ) - 2(C a2+) + 2 ( S 0 2“) = 2(M g2+) + (N a +) + (K +) - (C l") (20.36) w hich is then solved by ite ra tio n fo r th e [H +] of th e solution. If sepiolite begins to p recip itate after the o n se t of calcite fo rm atio n , it is included in th e cal culation. A ccording to H a rd ie and E u g ster (1970), Mg 2 Si3 O g • rcH20 + 4 H + ^ 2 Mg2+ + 3SiO z(aq ) + (n + 2) H 20



(20.37)



w here K ,n S.JJ = IO188. T herefo re: [Mg2+] =



10 1 8 8 [H ++]1 4 \l/2 [SiO , ] 3 1094[H + 12 [Si0 2P



and



(20.38)



(M g2+) =



10 9 4 [H + ] 2 7 ± 2 [S i0 2 ] 3 / 2



(20.39)



If calcite and sep iolite precip itate to g e th e r, th e e q u atio n fo r electrical n e u tra lity becom es: 2 (C O ]“ ) + (H C O 3- ) + (O H ~ ) - 2 (C a2+) - 2(M g2+) = (N a +) + (K +) - 2 ( S 0 2“ ) - (C l") (20.40) If calcite, sepiolite, and gypsum p re c ip ita te to g eth er, (S O ]“ ) exp ressed by e q u a tio n 20.35 m u st be included am o n g th e p H -d e p e n d e n t species of th e left side o f eq u a tio n 20.40. This p ro c e d u re re q u ire s know ledge o f activi ty coefficients o f th e ions in b rin es fo rm e d by ev ap o rativ e co n cen tratio n . In addition, it is clear th a t th e co m p u tatio n s a re unm anageable w ith o u t th e aid of a computer. In fact, H ard ie and E u g ster (1970) w ro te a co m p u ter pro g ra m to carry o u t the calculations o u tlin ed above and applied it to m o re th an 60 w ater sam ples. T he chem ical ev o lu tio n p red icted by H a rd ie and E u g ste r (1970) fo r average N o rth A m erican riv e r w a te r (L ivingstone, 1963) is illu stra te d in F igure 20.6 by m e a n s o f tw o e q u ila te ra l tr ia n gles sim ilar to th o s e d e v ise d by P ip e r (1944). T he d iag ram show s th a t calcite p re c ip ita te s first, causing th e w ater to b ec o m e d e p le te d in C a 2+ and C O ]“ + H C O 3 • A s a re su lt, th e c o m p o si tio n o f th e w a te r in itially m oves aw ay fro m th e C a2+ and c a rb o n a te c o rn e rs or th e c atio n and a n io n triangles, respectively. Since th e m olar Ca2+/(H C O j + C O ]“ ) ra tio of this w a te r is g reater th a n one, calcite p recip itatio n virtually elim inates c a rb o n a te ions fro m the solution before all of th e C a2+ has b e e n rem oved. The cation p a th th en tu rn s aw ay from th e M g2+ corner because sepiolite precip itates next. A s ev ap o ratio n continues, the c o n c e n tra tio n o f C a2+ rises until gypsum begins to precipitate. C o n tinued precipi tation o f gypsum and sepiolite eventually depletes th e w a te r in C a2+ a n d M g2+, leaving N a + a n d K + as th e p rin c ip a l cations. W h en gypsum p re c ip ita tio n sta rte d , th e m o le ra tio o f C a 2 +/S O ] “ was less th a n one. T h e re fo re , an excess o f S O ]“ rem ain s a fte r C a2+ h as b e e n v irtu ally e lim in a te d



 20.5



C l-



sor



EV A P O R A TIV E C O N C E N TR A TI O N



Na + + K+



389 Ca2+



cor +



hc o;



m82+



Fi g u r e 2 0 .6 Chemical evolution o f average North American river water (Livingstone, 1963) as a result of evap orative concentration according to Hardie and Eugster (1970). Calcite precipitates first, depleting the water in Ca2+ and carbonate ions. Since the molar Ca2+/( C O r + HCO3 ) ratio of the water was initially greater than one, some Ca2+ remains when the carbonate ions are exhausted. Sepiolite precipitates next, causing the composi tion of the water to move away from the Mg2+ corner but not altering the anion composition. The abundance of Ca2+ rises because of the continuing loss of water until gypsum begins to precipitate. Continuing precipitation of sepiolite and gypsum depletes the water in Ca2+ and Mg2+ and enriches it in N a+ and K+. At the end (ionic strength = 5.0) some SOj" remains because the molar S 0 2_/C a 2+ ratio at the onset of gypsum precipitation was greater than one. The final result is Na + K + Cl + S 0 4 brine depleted in Caz+, Mg2+, and carbonate ions (adapt ed from Hardie and Eugster, 1970).



fro m th e solu tio n . T h e en d re s u lt is a N a + K + C l + S 0 4 b rin e d e p le te d in C a2+, M g2+, and c a rb o n a te ions. T he chem ical ev o lu tio n of su rfa c e w a te r as a re su lt o f ev ap o rativ e c o n c e n tra tio n was re p re se n te d by H a rd ie an d E u g ste r (1970) by a flow sheet, as shown in Figure 20.7A. Calcite precipitates first, either depleting the brine in C a 2+ and enriching it in carbonate ions (path I) o r enriching the brine in C a2+ and depleting it in carbonate (path II), d epend ing on the initial m olar C a 2 +/ ( C 0 3 _ + H C O -() ratio. If the w ater takes p ath I, it m a y becom e super saturated with respect to sepiolite as evaporation continues. In that case, all M g2+ m ay be rem oved



(path LA), or all silica may be rem oved (path IIA ), as m ore and m ore w ater evaporates. W ater th at follows paths I and IA becom es d ep lete d in alkaline earths and forms an alkali m e ta l-c a rb o n a te -su lfa te chloride brine exem plified by L ake M agadi in K enya. N o te th a t w ater th at becom es enriched in Ca2+ (path H) m ay also precipitate sepiolite, but this is n o t show n explicitly in the diagram . If the w ater takes either path II or I plus IIA , continued evaporative concentration m ay enrich it in alkaline e arth s to the p o int of gypsum precipitation. A s a result, the w ater m ay evolve into a sulfate-rich and C a-poor brine (path III) o r into a C a + M g-rich b u t sulfate-poor brine (p ath TV). P ath III leads to
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brines that are enriched in alkali m etals, sulfate, an d chloride like G re a t Salt L ake in U tah , w hereas p a th IV produces alkali m e tal-alk alin e e a rth chloride brines exem plified by B ristol D ry L ake in California. T he evolutionary p athw ays in Figure 20.7A d o n o t explain th e origin o f c e rta in M g-rich brines fo u n d in Little M an ito u L ak e in S askatchew an a n d Poison L ak e in W ashington. F o r M g-rich b rin e s to be p ro d u ced , th e fo rm a tio n o f sepiolite m u st be in h ib ited e ith e r by a p rocess th a t rem oves silicic acid fro m th e w a te r o r by a failure o f sepiolite to nu cleate. If M g2+ is n o t rem oved, th e n tw o kinds of M g-rich b rin es m ay form , as suggested in F igure 20.7B. P a th II leads to gyp sum p recipitatio n an d p ro d u ces e ith e r a M g sul fa te (C a-poor) b rin e (p a th III, Poison L a k e ) o r a M g + C a + Cl (su lfate-p o o r) b rin e (p a th IV ). A lternatively, gypsum p re cip itatio n m ay be b y p assed and a Mg + N a + S 0 4 + Cl brine m ay form directly after calcite precipitation (b roken arrow ). The point of this discussion is that a w ide vari ety of brines may form by evaporative concentra-



F i g u r e 2 0 .7 A . Chemical evolution of surface water as a result of precipitation of calcite, sepiolite, and gypsum during evaporative concentration. Calcite precipitates first, and the water becomes depleted in Ca2+ (path I) or enriched in Ca2+ (path II) as evaporation of water continues. Sepiolite may precipitate next, causing the water to become depleted in Mg2+ (path IA ) or enriched in Mg2+ (path IIA). The diagram implies, but does not show explicitly, that water enriched in Ca2+ (path II) may also precipitate sepiolite. Ultimately such waters (paths II and IIA) become supersaturated with respect to gypsum and are then either enriched in sul fate and depleted in Ca2+ (path III) or depleted in sul fate and enriched in Ca2+ (path IV). B. Flowsheet devised to explain the formation of Mg-rich brines. If sepiolite does not form because it does not nucleate or because the concentration of H4S i0 4 is too low, then Mg-rich brines can form by pre cipitation of calcite and gypsum (path II). After gypsum has precipitated, path III leads to Mg sulfate brines, whereas path IV produces Mg + Ca + Cl brines. A Mg sulfate brine may also form directly after removal of Ca2+ by calcite precipitation as indicated by the dashed arrow (adapted from Hardie and Eugster, 1970).



tion o f surface water. T he m echanism depends on the operation of geochemical divides associated with the precipitation of com pounds that deplete the w ater in either the cation o r the anion, depending on their m olar ratio. A s a result of this process, small differences in th e initial chemical com position of surface w ater in neighboring drainage basins may
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 20.5 be am plified to produce brines of quite different chemical compositions. T h e tre a tm e n t of this process by H a rd ie and E u g ste r (1970) was lim ited by th e failu re o f th e D e b y e -H iic k e l th e o ry to account fo r io n in te ra c tions in co n ce n tra ted electrolyte solutions. R e c e n t advances in th e q u an titativ e tre a tm e n t of io n in teractio ns by P itzer (1973,1979, an d 1987) have m ad e it possible to p red ict the solubilities of com p o u n d s in electro ly te solutions h aving ionic stren g th s o f up to 20. Such calculations a re exem
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plified by th e w o rk of H arv ie e t al. (1982,1984), W eare (1987), an d M p ller (1988), w hich p e rm it th e study of b rin e evolution u n d e r a w ide range o f chem ical an d geological conditions. The com putations req u ired to m ak e these kinds of calculations are quite tim e-consum ing and therefo re require the use of com puters. In fact, the study o f the geochem istry of n atu ral w aters is so com plex th at com puter-based m odels are req u ired to carry out th e necessary com putations. Several such program s are listed in Table 20.8.



Com puter Program s for M odeling the Chemical Compositions of Water



T a b le 2 0 .8



Purpose



Name



Reference



WATEQ



chemical equilibria of natural



Truesdell and Jones (1974)



WATEQF



waters chemical equilibria of natural



Plummer et al. (1976)



waters (Fortran IV) EVAPOR



chemical composition of water



Al-Droubi et al. (1976)



and amount of salt precipitated by progressive concentration EQUIL



DISSOL



ionic speciation and degree of saturation with respect to selected minerals and salts incongruent dissolution of



Al-Droubi et al. (1976)



Al-Droubi et al. (1976)



minerals in water and formation of secondary minerals MINEQL



chemical equilibria in aqueous



Westall et al. (1976)



solution ISOTOP



modeling of 13C and 14C in groundwater



Reardon and Fritz (1978)



GEOCHEM



ionic speciation of soil water



Sposito and MattigQd (1980)



PHREEQ



chemical equilibria in aqueous



Parkhurst et al. (1980)



WATEQ2



solution major and trace-element



Ball et al. (1980)



speciation in aqueous solution EQCALC



thermodynamic properties of



Flowers (1985)



SALTNORM



reactions at elevated P and T calculation of normative salts from



Bodine and Jones (1986)



chemical composition of natural water
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T he m ineral deposits th a t form by th e ev ap o ra tio n of w ater in saline lakes an d in isolated m arine basins are im p o rtan t sources o f certain industrial raw m aterial including com pounds of Li, B, N a, Mg, S, Cl, K, an d Ca. In addition, such deposits may contain k erogen, zeolites, an d c er tain clay m inerals th a t have desirable chem ical or physical properties. T he occurrence, com position, an d origin of ev aporite rocks have b een d escribed by Stew art (1963), B raitsch (1971), K irk lan d and E vans (1973), and S onnenfeld (1984).



20.6



Water Quality



T he chemical com position of w ater determ ines its suitability for hum an consum ption, for use in the operation o f household appliances, as drinking w ater for dom estic animals, for irrigation o f agricul tural land, and for its m any uses in the m anufactur ing industry. E ach of these uses requires th e w ater to m eet certain standards th at define its quality. The chemical com position is one of th e principal criteria of th e quality of water. A lso considered are biolog ical oxygen dem and, chem ical oxygen dem and, specific conductance, hardness, alkalinity, presence of harm ful trace m etals and organic com pounds, turbidity, tem p eratu re, and o th e r p ro p erties as req u ired for specific uses (H em , 1985). Biological oxygen demand (BO D ) is the weight of oxygen consumed per unit volume of sample by the oxidation of organic matter in the water when oxygenated water is added. Total organic carbon (TOC) includes all forms of organic matter such as live microorganisms, sus pended particles, and dissolved molecules. It is determined by measuring the amount of C 0 2 produced by burning of the dry residue of the water sample. Chemical oxygen demand (C O D ) is a measure of the amount of oxidizable organic matter in a water sample that reacts with a strong oxidizing agent. The amount of oxidizing agent consumed by the reaction, expressed in equivalents of oxy gen, is the COD of the sample.



Total dissolved solids (TDS) is determined either by weighing the residue after evaporating a known weight of the water or by summing the concentrations of ions and molecules based on a complete chemical analysis. Specific conductance reflects the concentration of ions in a water sample and is therefore related to TDS. However, the relationship is only empir ical and does not hold for complex solutions like seawater. Alkalinity is defined as the ability of a water sam ple to react with H + ions and is based primarily on the presence of carbonate and bicarbonate ions. The determination is made by titration and depends on the pH of the solution because of its effect on the distribution of carbonate species (Section 10.4). Hardness is expressed in terms of the concentra tions of Ca2+ and Mg2+ because these ions react with soap to form insoluble compounds and pre cipitate as carbonates and sulfates when the water is heated. The hardness is the sum of the milliequivalent weights of Ca2+ and Mg2+ per liter, which is then converted to milligrams of C aC 03 per liter:



> 2(Ca ) 2(M


mol. wt. C a C O ,



(20.41)



where (Ca2+) and (Mg2+) are the concentrations in mg/L. The hardness has no geochemical signif icance but helps to evaluate the quality of water for domestic use. Acidity is the capacity of water to react with hydroxyl ions and reflects the presence of H +, Fe2+, and HSOJ ions. It may be expressed as the equivalent concentration of H + or H2S 0 4.



T he q u ality o f w ater fo r h u m a n co n su m p tion n o t only is affected by th e c o n c e n tra tio n s of th e m ajor ions b u t d ep en d s also on th e p re s ence of trace a m o u n ts o f o th e r m etals, n onm etals, and o rg an ic com pounds, m an y o f w hich beco m e toxic ab o v e c e rta in levels. T h ese trace



 2 0 .6 e le m e n ts a n d c o m p o u n d s m ay d issolve in the w a te r as a re su lt o f chem ical w e a th e rin g of ro ck s a n d m in erals (S alo m o n s an d F ö rstn e r, 1984). T h ey m ay also b e re le a se d in to th e h y d ro logic cycle by h u m a n activities, in w hich case th e y a re called contam inants. W h en th e c o n cen tra tio n o f a c o n ta m in a n t is larg e e n o u g h to m a k e th e w a te r u n fit fo r use, th e c o n ta m in a n t is classified as a p ollutant. T he c o n tam in atio n o f su rface w ater in lakes an d stream s takes m an y form s, m ost o f which d e g ra d e its quality. F o r exam ple, B e e to n (1965) d o c u m e n te d a 36% in crease o f T D S in L ak e O n ta rio and L ak e E rie fro m 1900 to 1960. The increase was caused by discharges o f various kinds o f w astew aters, dum ping o f solid w aste in to th e lakes, an d d ep o sitio n of particles from th e air. In ad d itio n d e fo re sta tio n , farm ing, and co n stru ctio n projects in crease th e rate of e ro sion, w hich in tu rn in creases th e am o u n t of sedi m e n t in suspension an d accelerates chem ical w eathering. T he in tro d u ctio n o f n u trie n ts such as P, N, and K by agricultural an d u rb a n ru n o ff stim ulates grow th of plants, especially algae, an d o th e r u n i cellular organism s. T h e su b seq u en t decay of organic m a tte r in th e w a te r consum es dissolved oxygen an d th e lack o f sufficient oxygen m ay u lti m ately kill fish an d o th e r organism s in th e w ater. T h e process leading to this condition is called eutrophication. L ak es a n d stream s affected by this process are d e g ra d ed b ecau se o f the u n p leas a n t o d o r th a t em an ates fro m th e w ater, because of th e accum ulation o f d e a d fish an d algal slim e on th e beaches, an d b ecau se th ese cond itio n s d etract fro m the re c re atio n al use o f th e w ate r bodies. T he consequences o f th e co n tam in atio n of th e en v iro n m en t w ere b ro u g h t to o u r atte n tio n by R achel L. C arso n th ro u g h h e r p o p u la r books (C arson, 1951,1962). A lth o u g h h e r w arnings ini tially w ent u n h ee d ed , o th e rs eventually to o k up th e cause o f environm ental science and helped us to b ecom e aw are th a t o u r activities are changing th e w orld in ways w e h a d n o t an tic ip a te d (T urk et al., 1972). T he grow ing p u blic co n ce rn a b o u t th e possible d e te rio ra tio n o f th e en v iro n m en t is
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3 93



expressed in m an y form s including th e annual p u b lication of th e State o f the W orld by the W orld W atch In stitute o f W ashington, D.C. (B row n e t al., 1988). The E n v iro n m e n ta l P ro tectio n A gency (E P A ) of th e U n ites S tates g overnm ent now sets an d enforces sta n d a rd s fo r the purity o f drinking w ater th a t cover n o t only m etals and n o n m etals an d th e ir ions b u t also organic com pounds used as pesticides, in d u strial solvents, fuels, dyes, etc. (U.S. E n v iro n m e n ta l P ro te c tio n Agency, 1975,1976). T he a u th o rity o f th e E P A to set stan d ard s fo r th e q uality o f d rin k in g w a te r is b ased o n th e Safe D rin k in g W ate r A c t (U.S. P ublic Law 93523). T h e m a x im u m co n ta m in a n t levels (m cl) esta b lish e d by th e E P A a re b ased on th e k n ow n toxicity to h u m a n s o f e le m e n ts an d co m p o u n d s a t a daily ra te o f c o n su m p tio n of 2 L /d a y p e r p e rs o n an d in clu d e a p p ro p ria te safety factors. In a d d itio n , th e E P A has specified analytical p r o ced u res fo r th e d e te rm in a tio n o f each c o n ta m i n an t. T he C ongress h a s fu rth e r d irected each sta te to set sta n d a rd s fo r th e q u a lity o f w a te r in lakes, stream s, a n d b o d ies of seaw ater (P u b lic L aw 92-500, S ectio n 302). T h ese sta n d a rd s are in te n d e d to p ro te c t re c re a tio n a l users o f such w a te r bodies, th e anim als th a t live in o r on th e m , and th e p e rso n s w ho h u n t and fish th ese w aters. T he co n su m ers o f fish, shellfish, and w aterfow l m ay b e “at ris k ” b ecause of th e p h e n o m e n o n o f bioaccum ulation o f toxic e lem en ts an d com p o u n d s in th e fo o d chain. T he w aterqu a lity sta n d a rd s fo r surface w a te r are su p p o sed to ta k e this p h e n o m e n o n in to c o n sid eratio n , b a se d o n w h a t is called th e “latest scientific k n o w led g e.” V irtually all elem ents becom e toxic o r d e tri m e n ta l to h u m a n h ealth at som e level o f intake, especially in cases o f p ro lo n g ed exposure. T herefore, th e perm issible co ncentrations o f th e m o st toxic elem en ts in drin k in g w ater listed in Table 20.9 have b e e n set a t conservative levels. A m o n g th e m o st toxic elem en ts and com pounds in drinking w a te r a re arsenic, cadm ium , ch ro m i um , lead, m anganese, m ercury, silver, selenium ; th e ch lorinated h y d ro carbons endrin, lindane, and tox aphen e; th e chlorophenoxys 2,4-D an d
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Acceptable concentration, m g /L



0.05



Barium



1.0



Cadmium



0.01



Chromium Copper Iron Lead



0.05 1.0 0.3 0.05



Manganese Mercury



0.05



Silver



0.05



Zinc



5



Fluoride



2.0



Chloride pH



Nitrate (as N) Selenium



Sulfide



0.002



250 6.5-8.5



10



0.01



0.002



Sulfate



250



TDS



500



Sources o f contamination



herbicide used on land and water barite (B a S 0 4) and witherite (B aC 03) mine tailings and industrial effluents industrial effluents aquatic herbicide minerals of Fe industrial effluents and uses minerals of Mn minerals of Hg, antifungal agent, combustion of coal and petroleum, mining and smelting of Hg bactericide natural occurrence natural occurrence, industrial effluent industrial effluent natural occurrence NaCl brines acid rain, mine drainage, industrial effluent farm runoff natural occurrence, fertilizer, combustion of coal and paper oxidation of organic matter oxidation of sulfides, oilfield brines, brine lakes evaporative concentration, discharge of brines



 2 0 .7



Table 2 0 .9



Chlorinated hydrocarbons Endrin Lindane Methoxychlor Toxaphene Chlorophenoxys 2,4-D 2,4,5-TP (Silvex) Radioactivity Ra Gross alpha Gross beta



Acceptable concentration, m g /L



Sources o f contamination pesticides



0.0002 0.004 0.1 0.005 herbicides 0.1 0.01 5 pCi/L 15 pCi/L 4 millirem/yr



: U.S. E nvironm ental P rotection A gen cy (1986).



2,4,5-TP (Silvex); an d the radioactivity in term s o f R a a n d em itters of a and ß rad iatio n . T he d isp e r sion o f Pb is discussed in C h a p te r 25. T hese elem en ts an d co m p o u n d s a re p re se n t in w a te r partly o r en tire ly b ecau se th e y a re re le a se d into th e e n v iro n m e n t by th e activities o f th e h u m a n p o p u la tio n a n d are th e re fo re classi fied as anthropogenic contam inants. H o w ever, virtu ally all e lem en ts an d m any co m p o u n d s also o ccur n atu rally as a c o n seq u en ce o f chem ical w eath erin g o f rocks o r as a re su lt of chem ical re a ctio n s in n a tu re . T h ese natural contam inants m ay c o n stitu te a n a tu ra l h a z a rd to h u m an s and o th e r life fo rm s living in a re a s w h e re th e y a re p re se n t.



20.7



3 95



(c o n t in u e d )



Element or com pound



so u r c e



S U M M A RY



Summary



In o rd e r to assess the ra te o f m o vem ent o f ele m en ts and com p o u n d s from th e co n tin en ts into th e oceans, we n eed to k n o w th e av erage chem ical com positions o f th e w o rld ’s m ajor rivers an d th eir to ta l an n u al discharge. This info rm atio n is n o t easy to o b tain because stream s a re com plex sys



tem s w hose chem ical com positions vary as a func tio n of b o th tim e and space. M oreover, th e ch em ical lo ad o f stream s tak es m any form s th a t n eed to be considered in selecting a p p ro p ria te m ethods o f sam pling and analysis. T he in fo rm atio n avail able fo r m any o f th e m a jo r rivers is n o t as good as we w ould like it to be. T he chem ical com position of surface w ater varies b ecau se of geological factors an d because o f th e discharge of dom estic, ag ricultural, and industrial w astew aters. Several d ifferen t schem es have b e e n devised to classify su rface w aters based on th e ir chem ical com position. H ow ever, genetic classifications a re tro u b led by th e p ro b lem th a t th e chem ical com position o f surface w ater can n o t b e a ttrib u te d to a u n ique source. T h e ch em ical co m p o sitio n of ra in w a te r on th e c o n tin e n ts d e p e n d s o n the a b u n d a n c e of salts deriv ed fro m seaw ater, w hich d e crea ses w ith d istance fro m th e coast; th e d isso lu tio n of m in e ra l p a rtic le s in th e a tm o sp h e re ; a n d th e p re se n c e o f a n th ro p o g e n ic co n tam in an ts. In g e n eral, ra in in th e in te rio r o f th e U n ite d S tates is strongly e n ric h e d in K +, C a2+, and S O ^ re la tiv e to C l- in se a w a te r and slightly en ric h ed in N a + an d M g2+.
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C H E M IC A L C O M P O SITI O N O F S U R F A C E W A TER



T he chem ical com position o f su rface w ater can be used to calculate th e ab u n d an ces o f th e rock-form ing m inerals th a t dissolved in it. T he results are instructive because th ey p ro v id e in fo r m atio n about th e geology o f th e w a te rsh e d and a b o u t th e agricultural an d in d u strial activity on it. W hen w a te r a t the surface of th e E a r th e v ap orates, the con cen tratio n s of ions in crease until salts begin to precip itate. T he rem o v al o f ions by p recipitation causes m ajo r changes in th e ch em i cal com position o f th e evolving brines. In m ost cases, calcium c a rb o n a te is th e first co m p o u n d to precipitate, follow ed by sepiolite an d som etim es by gypsum, dep en d in g o n th e chem ical com p o si tio n o f the brine and th e ex ten t o f ev ap o rative concentration. T he p recip itatio n o f a co m p o u n d as a resu lt o f progressive ev a p o ra tiv e c o n c e n tra tio n co n sti tu te s a geochem ical divide. If th e in itia l m o lar ra tio of the catio n and an io n o f a p a rtic u la r salt in th e w ater was greater th a n th e ra tio in th a t com pound, th e n the w ater ultim ately becom es enriched in th e cation and is d ep le te d in the anion, and vice versa. T he occu rren ce o f geo chem ical divides during ev ap o rativ e co n c e n tra tio n explains why brines of widely differing chem ical com positions can form from seem ingly



sim ilar surface w aters. T he m inerals p re c ip ita te d in saline lakes m ay accum ulate to form valuable n o n m arin e ev ap o rite deposits containing salts o f Li, B, N a, K, C a, Mg, and o th e r elem ents. T he co m p u tatio n s necessary to p red ict th e chem ical evolution o f brin es d u ring evaporative c o n cen tratio n are virtually un m an ag eab le w ith o u t the aid o f com puters. T he sam e is tru e o f cal culations to d ete rm in e th e ionic speciation of n a tu ra l w aters, th e com p o sitio n o f salts they c o n tain, and th e ion activity coefficients fo r elec trolyte solutions w hose ionic stren g th exceeds th e ran g e at w hich th e D e b y e -H ü c k e l th eo ry applies. T he q u ality o f w ater is ex p ressed in term s of certain d efin ed p a ra m e te rs and by th e c o n c e n tra tions of toxic elem en ts o r com pounds w hose p re s ence m ay co n stitu te a h ealth hazard to hum ans, dom estic anim als, and wildlife. T he toxic elem ents and com pounds m ay have n a tu ra l a n d /o r a n th ro pogenic sources. T he n a tu ra l sources o f m any tra c e elem ents are rocks th a t co n tain m inerals of th ese elem ents, som e o f which have econom ic value. T herefore, in the n ex t c h a p te r we discuss the presence o f th ese m etals in w ater, soil, v eg eta tion, and atm o sp h eric o r soil gases and how they m ay be used to discover m ineral deposits.



Problems 1. Calculate the total amount of Ca2+ transported annually to the oceans from North America based on the data in Table 20.1. Express the result in grams per year. 2. Write an equation for the chemical weathering of hornblende to kaolinite and ions, including HCOJ. The formula for hornblende is:



(C ai. 7 gNa0 2 gK0 1 2 )(T i 0 1 6 M g 3 32Feo 60FeQ 96 A1014) X Si6 (Si 1 0 4 A l 0 g6)O 22,24(OF[)157 Assume that Ti forms solid Ti(OH)4 and that Fe forms Fe(OH)3 (Garrels, 1967).



3. Calculate the abundances of minerals that reacted with water from theTsurukabato area of Japan to give it the following chemical composition (Takamatsu et al., 1981): N a+ = 7.2 m g/L, K+ = 0.77 m g/L, Ca2+ = 13.2 mg/L, Mg2+ = 0.79 m g/L, S i0 2 = 15.5 m g/L, CL = 6.5 m g/L, SO2' = 10.4 m g/L, HCOJ = 33.6 m g/L. Use an appropriate analysis of rainwater from Table 20.2. What kinds of rocks interacted with this water? 4. Calculate the variations of the concentrations of Ca2+ and S 0 4~ as a result of progressive precipitation of gypsum during evaporative concentration of a solu



 REFERE N C ES tion saturated with respect to gypsum in which initially (Ca2+) = 3(SC>4_). Plot the results for a range of con centration factors from 1 to 100. 5. What should be the pH of the water in Problem 3 after it has equilibrated with [C 0 2] = 3 X IO-4 atm?



397



6. A t what value of the enrichment factor n does the water in Problem 3 first reach saturation with respect to calcite as a result of evaporative concentration? 7. Calculate the “hardness” of the water in Problem 3.
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 21 C h e m ical W eathering of M ineral Deposits M in eral deposits of all kinds are distinguished from ordinary rocks by th e fact th a t th ey con tain certain valuable m inerals in uncom m on co n cen trations. W hen th ese kinds o f rocks are exposed to chem ical w eathering, th e elem en ts they co n tain can be dispersed by geological and geo chem ical processes. T he p resen ce of som e of th ese elem ents in surface w ater o r soil can con stitu te a h ealth hazard. O n th e o th e r hand, their dispersal p a tte rn s in soil o r surface w ater can also b e used to locate th e rocks from w hich they originated. M any geochem ists are engaged in the search for m ineral deposits by m eans of g eo chem ical surveys because th e m etals o r com p o u n d s th at can b e reco v ered from th em a re of vital im portance to society (C h a p te r 1). In this chap ter, we w ant to apply all of the re le v a n t inform atio n available to us to consider th e dispersal o f a few selected m etals an d to o u t line how such know ledge is used to search for m in eral deposits. T he principles o f geochem ical exploration will th en lead us to consider q u e s tions regarding th e p re se n t an d fu tu re availabili ty o f m ineral resources.



21.1



Metallic Mineral Deposits



T he term m ineral deposit is app lied to rocks th at co n tain m inerals th a t eith er have useful intrinsic physical o r chem ical p ro p e rtie s or from w hich met?sls can b e ex tracted by a p p ro p ria te m e tallu r gical procedures. Such rocks m ay be igneous, sed im entary, o r m etam o rp h ic in origin. In addition, som e m in eral deposits form by filling of fractures
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or cavities w ithin the h o st rock, by rep lacem en t o f th e original m inerals, o r by th e accum ulation of chem ical w eathering products (P ark and M acD iarm id, 1970; Cox an d Singer, 1986; B arnes, 1988; D e n n e n , 1989). T he dispersal of elem en ts from m in eral deposits d ep ends prim arily on the solubility of th eir m inerals u n d e r the conditions th a t can occur at the surface of the E a rth and at shallow depth. Since we have already considered th e sol ubility of the com m on rock-form ing silicate and oxide m inerals in C h ap ters 12 and 19, we co n cen tra te o u r a tte n tio n in this c h a p te r o n th e sulfides. C onsequently, we will discuss th e geochem ical p ro p e rtie s of th e chalcophile elem ents id entified in Figure 8.3 (including Cu, Z n, A g, Hg, Pb, As, an d Sb) as well as som e siderophile elem en ts (Fe, Co, Ni, and M o), which also form sulfide m in er als. T he elem ents we have ju st listed are im p o r ta n t industrial m etals th a t a re reco v ered by m ining th eir ore deposits and by sm elting th eir o re m inerals. In this connection, an ore deposit is defined as a volum e o f rock containing o n e o r m o re ore m inerals in sufficient c o n cen tratio n th a t o n e or several m etals can be reco v ered from it at a p r o f it. Evidently, th e distinction b etw een a m etallic m ineral deposit and an ore deposit is based partly on econom ic considerations, such as th e p rice of th e m etals to b e recovered, th e cost o f th e m ining o p e ra tio n , a n d th e initial in vestm ent o f funds n e e d e d to b ring th e m ine in to p ro d u ctio n . E ach of th ese factors d ep ends on a m u ltitu d e o f o th e r geological, g eographical, econom ic, legal, an d
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even political circum stances th a t d eterm in e w h eth er a m in eral d ep o sit can b e m in ed p ro f itably (H arris, 1984). T he geologic aspects th a t m ust be co n sidered in th e ev aluation of a m ineral d ep o sit include: 1. T he am o u n t of o re in th e deposit. 2. T he co n cen tratio n s of reco v erab le m etals. 3. The dep th of th e orebody below the surface. 4. T he shap e of th e orebody. 5. T he hard n ess of th e surro u n d in g rocks. 6



. T he availability o f w ater a t th e site.



7. T he presen ce of elem ents w hose release m ay be harm ful to the enviro n m en t. 8



. T he disposal of w aste rock and necessary tre a tm e n t of w ater.



T hese geological factors affect th e choice o f the m ining m eth o d to be used an d h en ce th e invest m e n t of capital re q u ire d to bring a m ine in to p ro duction. The m ining m eth o d th a t is chosen also plays a role in determ in in g th e cost of o p eratin g th e m ine an d hence th e pro fit m argin. T he chem ical w eathering o f sulfide m inerals is accom panied by th e o xidation o f the sulfide ions to sulfate or to native sulfur. In additio n , som e m etals (Fe, Cu, Hg, As, etc.) also change oxi dation state. H ence, we are co n cerned h e re with o x id atio n -red u ctio n reactio n s p resen ted in C h ap ter 14. In Section 14.1 we co nsidered th e oxidation of p y rite o r m arcasite to solid ferric hydroxide and sulfate ions, w hereas in Section 14.5 we con structed stability diagram s fo r th e oxides, c a rb o n ate, and sulfides of Fe in co o rd in ates of E h an d p H (Figures 14.5-14.11).



21.2



Oxidation of Iron Sulfides and the Role of Bacteria



We now resum e th e discussion o f th e o x id ation of p y rite because it is com m only associated w ith sul fides of o th e r m etals in m in eral deposits h o ste d in igneous, sedim entary, an d m etam o rp h ic rocks. In
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addition, pyrite occurs in m any h y d ro th e rm a l vein deposits form ed over a w ide ran g e o f te m peratu res, it occurs in coal and associated c a r bonaceo u s shale, and it is a com m on accessory m in eral in c arb o n ate rocks (lim estone and dolom ite), w hich m ay be q u a rrie d as building stone, for ro a d construction, o r for m etallurgical applications. T he o x id atio n o f p y rite to solid ferric h y d ro x ide can b e subdivided into a series of steps (Stum m an d M organ, 1981): FeS 2 + \ 0



+ H 20



2



F e2+ + 2 S O 2" + 2 H + (21 .1)



F e 2+ + \ 0 2 + H + -» F e 3+ + f H 20



(21.2)



F e 3+ + 3 H 20 -a F e (O H ) 3 + 3 H + (21.3) FeS 2 + l{ 0



2



+ I H 20 -» F e (O H ) 3 + 2 SO 2" + 4H+



(21.4)



E q u a tio n 21.4, which is eq uivalent to e q u a tion 14.13, illustrates several im p o rta n t points regarding th e oxidation o f pyrite: 1. Ferric hydroxide is an insoluble base, w hich m eans th a t p yrite is u ltim ately co n v erted to lim onite by th e tran sfo rm atio n of ferric hydroxide: 2 F e (O H ) 3 -» F e 2 0 3 • 3H zO lim onite



(21.5)



T he lim onite m ay accum ulate to form a special type of saprolite know n as gossan. 2. T he oxidation of Fe2+ to Fe3+ is a slow process having a half-tim e of — 1 0 0 0 days at p H = 3 (Stum m and M organ, 1981). T herefore, Fe2+ m ay be transported by the m ovem ent of w ater before precipitation of ferric hydroxide takes place. This m eans th at gossans may be displaced from the m ineralized rocks in which the pyrite resides. How ever, in spite o f the slowness of the oxidation of Fe2+, iron is g e n e ra lly ^ o i a m obile elem ent except in acidic enviro n m ents with low 0 2 fugacities (E h < + 0.6 V, Figure 14.6).
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3. The oxid atio n o f p y rite re le a se s H + into the en v iro n m en t and causes acidification of surface w aters. 4. The sulfate ion goes in to so lu tio n and serves as a m essenger th a t th e w a te r in which it occurs has in te ra c te d w ith sulfide m inerals. T he oxidation of py rite can also ta k e place in th e absence of 0 2 by th e actio n o f F e 3+, w hich serves as th e electro n accep to r (oxidizing agent): F eS 2 + 14 F e 3+ +



8



H 20 ->



15 F e 2+ + 2 S O 2“ + 16 H +



(21.6)



This reactio n is fast a n d releases ad d itio n al H + in to th e environ m en t (Stum m an d M org an , 1981). T he F e3+ req u ired for this re a c tio n is p ro v id ed by th e oxidation of Fe2+ an d by th e dissolution of solid F e(O H )3. T he d eco m p o sitio n o f p y rite is also acceler a te d by the activity of th e b ac teriu m Thiobacillus ferroo xid a n s and o th ers th a t oxidize F e 2+ to F e3+ an d th ereb y p ro m o te reactio n 21.6 (E hrlich, 1981, ch. 12; also Section 19.7). Thiobacillus is a ro d -sh ap ed m icroorganism th a t feed s o n F e2+ an d C 0 2 in acid environm ents. It is th e b est kn o w n of a g roup of b a c te ria th a t in te ra c t w ith Fe in a variety of ways: (1) en zym atic o xidation of F e2+ to Fe3+; (2) n o n en zy m atic o xidation of F e2+ to F e3+ by localized changes in E h , o r p H , or b o th ; (3) a d so rp tio n o f F e (O H ) 3 o n cell walls; (4) synthesis of o rganic c h elato rs fo r F e 3+ th a t p re v e n t its p recip itatio n and in crease its m obili ty; and (5) enzym atic an d n o n en zy m atic reduc tion of Fe3+ by B acillus p o ly m y x a a n d o th e rs discussed by E h rlich (1981). B acteria co n trib u te to th e d ep o sitio n o f ochre and o th er v arieties of F e oxides and hydroxides th a t form in pipes an d channels draining w ater logged soils as well as in sw am ps an d m arshes. Such places ap p e ar to b e th e h a b ita t o f Gallionella ferruginea (Section 19.7), w hich thrives in n e u tra l environm ents (p H = 6 -7 ) containing F e2+ and C 0 2. This b a c te riu m has also b e e n id en tified in a bay o f th e G re e k islan d P a la e a K am en i, w h ere F e oxide is p re se n tly a c c u m u la t



ing (P u ch elt e t al., 1973). A n o th e r ex am p le of b a c te ria l Fe o x id atio n is th e d e p o sitio n o f Fe oxides in th e P ine B a rre n s on th e coastal p lain of s o u th e rn N ew Jersey, w hich C re ra r e t al. (1979) a ttrib u te d to th e o x id a tio n o f F e2+ by T h io b a cillus ferro o xid a n s an d o th e r species. O n e of th e se is M etallogenium , w hich occurs a b u n d a n t ly in acid m ine w aters a t p H > 3.5. In m o re acidic w aters Thiobacillus ferro o xid a n s an d o th e rs b eco m e d o m in a n t, including S u lfo lo b u s fe r rooxidans, w hich can a tta c k sulfide m in erals like chalcopyrite (C u F e2) and m o lyb d en ite (M o S 2) by oxidizing th e sulfide io n s (B rierley an d M urr, 1973). W hen pyrite and o th e r sulfide m inerals are in co n tact w ith sulfate-rich solutions as a resu lt of evaporatio n o f w ater or for o th e r reasons, m in erals o f the alunite group m ay precipitate. Ironbearing species of th at group are called jarosite and have th e general form ula M +F e 3 + ( 0 H ) 6 ( S 0 4 ) 2 w here th e place o f the m etal ion M + m ay be taken by K +, N a +, N H 4, o r A g +. Jarosite can also accom m o d ate Pb2+ (plum bojarosite) in th e form PbFe 6 ( 0 H ) 1 2 ( S 0 4)4. T he solubility p ro d u ct con stant o f potassium jaro site can be calculated from the dissolution reaction: K F e 3 ( 0 H ) 6 ( S 0 4 ) 2 -» K + + 3 F e3+ +



6



OH“ + 2 SO ^



(21.7)



AG°r = + 140.596 kcal (A p p en d ix B ) K sp = 10 -



10307



T he m in eral ran g es in color from brig h t yellow to brow n and occurs n e a r h o t springs and fum aroles aro u n d volcanic craters and as an a ltera tio n p ro d uct of sulfide m inerals w here it m ay form from F e (O H )3: K + + 3 F e (O H ) 3 + 2 S O ^ + 3 H + -» K F e 3 ( 0 H ) 6 ( S 0 4 ) 2 + 3 H zO



(21.8)



T herefore, ja ro site m ay occur in gossans to g eth e r w ith th e insoluble w eathering pro d u cts o f o th e r m etals th a t m ay b e associated w ith Fe in a p a rtic u lar m in eral d eposit.
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Eh-pH Diagram for Copper Minerals



T he oxidation of sulfide m in erals at or n e a r the surface of th e E a rth d e p e n d s o n th e E h and the p H o f th e en v iro n m en t (C h a p te r 14). T he p H is co n tro lled largely by th e p rese n ce of pyrite or o th e r iro n -b earin g sulfides b ecau se th e form atio n of insoluble F e (O H ) 3 causes th e release of H +. T h e E h is effectively co n tro lled by th e availability o f m o lecu lar 0 2, which is th e principal, b u t n o t the only, oxidizing ag en t at th e su rface of th e E arth . T h e o xidation of sulfide m inerals ultim ately d ep en d s o n th e availability o f w a te r at th e site of w eath erin g and h ence on clim atic and hydrologic conditions. C o p p e r is com m only associated w ith Fe in m in eral deposits w h ere it occurs eith e r as th e p u re sulfides chalcocite (C u 2 S) o r covellite (CuS) and as m ixed sulfides: chalcopyrite (C uFeS 2), bornite (C u 5 FeS4), cubanite (C u 2 F e 4 S6), an d o th er ra re m inerals. In additio n , C u sulfides m ay coexist w ith sulfides of o th e r m etals, including Ni, Co, Zn, Pb, M o, A g, As, an d Sb and m ay also be com bined with th em in sulfide m inerals: stro m eyrite (A g, C u) 2 S, carro llite (C uS ■C o 2 S3), enargite (3C u2S • A s 2 S5),b o u rn o n ite (2PbS • C u2S • Sb 2 S3), an d m any others. T he dissolution o f chalcocite can be expressed by th e equations: C u2S -» 2 C u + + S2“ S2“ + 2 0



2



-» SO 2“



2 C u + + 5 0 2 + 2 H + -> 2 C u2+ + H 20 C u2S



+ | 0 2 + 2 H + -» 2 C u2+ + S O f



(21.9) (21.10) (21.11) + H 20



(21.12) T he p roducts of these reactio n s a re Cu2+ and SO 2“ , b o th o f w hich go in to so lu tio n and are th e re fo re m obile in th e p resen ce o f w ater. T he oxidation of C u + to C u2+ by m olecular oxygen consum es H + an d is fav o red in acid en v iron m ents, which can resu lt fro m th e oxidation of coexisting pyrite. T he oxidation o f chalcocite a n d covellite can b e depicted in co o rd in ates o f E h an d p H by th e
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p ro ced u res p rese n ted in C h ap te r 14. W e consider first a very sim ple system com posed o f only Cu, 0 2, and H 20 in which Cu app ears as th e native metal, as cuprite (C u 2 0 ) , and as tenorite (C uO ). W e begin w ith th e m ost red u ced fo rm o f copper, which is th e native m etal, and w rite an electro d e h alf-reactio n fo r th e o xidation of m etallic C u to te n o rite (C u 2 0 ) , which contains C u +: 2 C u + H 20 -» C u20 + 2 H + + 2 e “



(21.13)



F rom A p p en d ix B, AG°r = -3 5 .1 - (-5 6 .6 8 7 ) = + 21.587 kcal an d therefore, 91 SR7



E° =



2 X 23.06



= + 0-468 V



(21.14) v ’



H ence: 0 0591 E h = 0.468 + - L-^— log [H +



] 2



(21.15)



and E h = 0.468 - 0.0591pH



(21.16)



This line is th e locus o f p oints w hose co o rd in ates are th e E h and p H g en erated by th e e le c tro d e in e q u a tio n 21.13. W hen th e E h and p H a re im posed on the electro d e by th e environm ent, e q u a tio n 21.13 can be used to predict w hich phase is stable. If th e p o in t rep resen tin g an en v iro n m en t in th e E h -p H p lan e lies to th e left o f th e line re p re se n te d by e q u a tio n 21.16, an excess o f H + for the p articu lar E h is p re se n t in th e en v iro n m en t an d th e refo re m etallic Cu is stable. T h erefore, eq u atio n 21.16 is a b o u n d ary betw een m etallic Cu and cuprite on the E h -p H diagram in Figure 21.1A. T he E h -p H equation for the c u p rite-ten o rite b oundary is derived similarly: C u20 + H zO -+ 2 C uO + A G°r =



2 H + + 2 e"



(21.17)



+ 30.387 kcal E ° = + 0 .6 5 9 V E h = 0.659 - 0.0591pH



(21.18)



N ext, we consider th e solubility of native C u to form C u +: Cu -> Cu+ + e “



(21.19)
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pH
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F i g u r e 21.1 A . Eh-pH diagram for metallic Cu and its oxides cuprite (Cu20 ) and tenorite (CuO).The solids dis solve in add solutions to form Cu2+, which is more abundant than Cu+.The solubility boundaries are at [Cu2+] = 1 X 10“6 m ol/L.The diagram is based on equations 21.16 (Cu-Cu20 ) , 21.18 (Cu20-C u O ), and 21.24 (Cu-Cu2+).The solu bilities of Cu20 and CuO are the subject of Problems 1 and 2. The standard free energies are compiled in Appendix B. B . Eh-pH diagram for Cu superimposed on the Eh-pH diagram for S. The dashed lines indicate the distribution of S species taken from Figure 14.10. The sulfides of Cu that can form in this system are shown in C. C . The stability fields of chalcocite (Cu2S) and covellite (CuS) in a system containing 2S = 1 X 10-1 m ol/L . The boundaries are defined by equations 21.27,21.29,21.31, and 21.33 for chalcocite and by equations 21.35,21.37, and 21.39 for covellite. The sulfates of Cu are soluble and occur naturally only under arid climatic conditions. D . When the fugacity of C 0 2 > 1 X 10 -3 00 atm, tenorite becomes unstable with respect to malachite (equa tion 21.40), which takes its place on the Eh-pH diagram. Malachite dissolves to form Cu2+ in accordance with equation 21.42.



 2 1.3 AG°r = + 11.95 kcal E h = 0.518 +



E ° = 0.518 V log [C u +]



(21.20)



I f [ C u +] = 10 - 6 m o l/L is ta k e n as th e lim iting sol ubility of m etallic C u an d its co m pounds in g e o logic settings (S ection 14.4), E h = 0.518 + 0.0591(—6) = 0.163



(21.21)



T h e o xidation of m etallic C u to C u2+ is re p re se n t ed by th e e lectro d e half-reaction: C u -» C u2+ + 2 e AG°Ä = + 15.66 kcal



E ° = + 0.340 V



E h = 0.340 +



2 C u + H 2 S° -» C u2S + 2 H + + 2 e " AG°r = -1 3 .9 4 kcal



(21.23)



If [Cu2+] = IO “ 6 m o l/L , 0 0591 E h = 0.340 + - L-^— ( - 6 ) = + 0.163 (21.24) E vidently, m etallic Cu dissolves to form alm ost equ al co n cen tratio n s o f C u + a n d C u2+ at E h = 0.163 V. In fact, [C u 2 +] /[ C u +] = 1.0 at E h = 0.161 V. T h erefo re, at E h = 0.163 V the co n cen tratio n of C u2+ is g re a te r th a n th a t o f C u +. C onsequently, we con clu d e th a t m etallic C u as well as cu p rite and te n o rite dissolve to form C u2+ ra th e r th a n C u + as show n in F igure 21.1 A (see also Problem s 1-3). T h e sam e diagram was d erived by G arrels an d C h rist (1965) an d by B rookins (1988). The stability lim its o f th e sulfides chalcocite (C u 2 S) and covellite (C uS ) can be ad d ed to Figure 21.1 A by adding S to th e system such th a t 2 S = 10 “ 1 m o l/L , w hich is sufficient for n ative S to p recip itate (S ection 14.5d). In o rd e r to d e te r m ine th e speciation o f S in th e E h - p H plane, th e lines governing th e d istrib u tio n o f d ifferen t form s o f S (Table 14.5) have b e e n su p erim p o sed in Figure 21. IB o n th e C u - 0 2 - H 20 system . It becom es a p p a re n t th a t n ativ e c o p p er is associat e d w ith n ativ e S, H 2 S°, H S ” , an d S O 2- in d ifferen t p a rts of its E h - p H stability field, w h ereas cuprite, ten o rite an d C u2+ lie in th e S O 2- field. T h erefore, th e E h -p H b ou n d aries fo r th e C u sulfides m u st b e based o n reactio n s involving native Cu



(21.25)



E ° = -0 .3 0 2 V



E h = - 0 .3 0 2 - 0.0591 p H -



0 0591



log [H 2 S°] (21.26)



W h en [H 2 S°] = 10 _ 1 m o l/L , w e obtain: E h = - 0 .2 7 2 - 0.0591pH



log [Cu2+]
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because it is th e only fo rm o f C u considered in F igure 21.1A th a t sh ares its stability field with re d u c e d form s o f S. In th e C u + H 2 S° field a rea c tio n should occur to form chalcocite (C u 2 S). T h e applicable e le c tro d e reactio n is:



(21.22)



an d hence, 0 0591
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(21.27)



B ecause this e q u atio n plots below th e low er sta bility lim it o f w a te r H 2 = 1 atm ), C u and H 2 S° c an n o t coexist w ith w ater and C u2S is th e stable p h a se in th e field lab eled C u + H 2 S°. T he rea ctio n betw een m etallic C u and H S - in aq u eo u s solution yields th e electrode: 2 C u + H S - -» Cu2S + H + + 2 e AG°r = -2 3 .5 3 kcal



(21.28)



E ° = -0 .5 1 0 V



E h = -0 .4 8 0 - 0.0296pH ([H S - ] = 1 X 10 - 1 m o l/L )



(21.29)



This line also lies below th e low er stability lim it of w ater; th u s chalcocite is stab le in th e C u + H S field as well. T he b o u n d ary betw een chalcocite and native C u m ay lie in th e C u + S O 2- field, in w hich case th e e lec tro d e h alf-reaction is: C u2S + 4 H zO -> 2 C u + SO;;- + AG°r = + 69.648 kcal



8



H + + 6 e(21.30)



E ° = + 0.503 V



E h = 0.493 - 0.0788pH ([SO 2 -] = 1 X 10 - 1 m o l/L )



(21.31)



T he solubility lim it of C u2S w ith resp ect to [Cu2+] = 10 - 6 m o l/L is given by: C u2S + 4 H 20 -» 2 C u2+ + SO;;- +



8



H + + 10 e -



(21.32)
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AG°r = +100.968 kcal



E ° = + 0.438 V



E h = 0.361 - 0.0473pH ( [ S O M = 1 x 10" m o l/L ), ([C u2+] = 1



X



10“ 6 m o l/L )



(21.33)



T he stability field of chalcocite d elin eated by th e se equations is o u tlin ed in F igure 21.1C. Finally, we consid er electro d e half-reactions based on th e conversion o f chalcocite (C u 2 S) to covellite (CuS) an d H 2 S°, H S - , an d S O f . In the H 2S field we obtain: C u2S + H 2S -> 2 CuS + 2 H + + 2 e AG°r = + 1 .6 6 kcal



(21.34)



E ° + 0.0360 V



E h = 0.00645 - 0.0591 pH ([H 2 S°] = 1



X



10 - 1 m o l/L )



A t p H > 7.0 w here H S species:



(21.35)



is th e d o m in an t S



C u2S + H S - -+ 2 CuS + H + + 2 e AG°r = - 7 .9 3 kcal



(21.36)



E ° = -0 .1 7 2 V



E h = -0 .1 4 2 - 0.0296pH ([H S - ] =



1



x 10- 1 m o l/L )



(21.37)



W h en SO2- is th e d o m in an t ion, th e b o u ndary b etw een chalcocite and covellite is d efined by the equation: 2 CuS + 4 H 20 -+ C u2S + SO^- + A G°r = + 54.048 kcal



8



H + + 6 e(21.38)



E ° = +0.391 V



E h = 0.381 - 0.0788pH ([SO 2 -] = 1



X



10 - 1 m o l/L )



(21.39)



E q u atio n s 21.35, 21.37, an d 21.39 outline th e sta bility field o f covellite in Figure 21.1C, which includes th e E h - p H reg io n in w hich n ative S is d o m in an t in system s having a to tal S co n ten t of 1 X 10-1 m o l/L .



T h e sulfates of C u are q u ite soluble and occur n a tu ra lly only u n d e r arid clim atic conditions. T h erefo re, th e oxides o f Cu are stab le in th e p re s ence of w ater u n d er oxidizing conditions in sys tem s containing insufficient c a rb o n a te ions to p rec ip ita te th e Cu carb o n ate s m alachite (C u C 0 3 ■ C u (O H )2) and azurite (2 C u C 0 3 • C u (O H )2). T he larg est deposit of C u sulfates occurs in th e o re body o f th e C huquicam ata M ine in th e A tacam a D e se rt o f Chile, which fo rm ed by oxidation of enarg ite, bornite, chalcopyrite, and o th e r sulfide m inerals. T he C u-sulfate m inerals in the oxidized ore include an tle rite ( C u S 0 4 • 2 C u (O H )2), b ro c h a n tite ( C u S 0 4 • 3 C u (O H )2), krö h n k ite (N a 2 C u ( S 0 4 ) 2 ■2H 2 0 ) , ch alcan th ite ( C u S 0 4 • 5H zO ), atacam ite (C u 2 C l(O H )3), and several o th ers described by Jarrell (1944). A n E h -p H d ia gram fo r som e Cu m inerals including b ro ch an tite was co n stru cted by H e m (1977). We co m p lete th e d ev elo p m en t o f th e E h -p H d iag ram for C u by adding C 0 2 to th e system . T he c a rb o n a te s m alachite an d azurite should now b e stable d epending on th e fugacity of C O ,, as show n in F igure 12.10. Since m alachite co n tains divalent C u an d req u ires a low er fugacity o f C O z th an azurite, it should displace te n o rite (C u O ) from its stability field in Figure 21.I A by the reaction: 2 C uO + C 0 2 + H 20 -> C u C 0 3 • C u (O H ) 2 (21.40) AG°r = -4 .0 9 9 kcal



K = 10 3



00



T herefore, te n o rite can coexist in equilibrium w ith m alachite only when: [ C O j = IO- 3 0 0 atm



(21.41)



P artial p ressures o f C 0 2 o f this m ag n itu d e do occur in soil gases, indicating th a t m alachite is sta ble w ith resp ect to te n o rite in such environm ents. The solubility o f m alachite w ith resp ect to C u2+ is given by: C u C 0 3 • C u (O H ) 2 + 4 H + + 2 Cu2+ + C 0 2 + 3 H 20 AG°r = -1 6 .5 5 5 kcal



(21.42)



K = 10 1 2 1 3 7
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T h erefo re, th e activity of C u2+ = 10 6 m o l/L at p H = 6.78, if [C O J = 1 X 1(T 3 0 0 atm . T he E h -p H diagram s in Figure 21.1 indicate th a t th e sulfides o f Cu, as well as th e n ativ e ele m en t, are unstable u n d er oxidizing conditions at th e surface of th e E a rth and fo rm insoluble oxides or c a rb o n ates a t p H > 6 .8 . In ad d itio n, the oxides and c a rb o n ates becom e increasingly so lu ble w ith increasing acidity of th e enviro n m ent, a n d C u becom es m obile in en v iro n m en ts w here p H < 6 .8 . Since th e o x id atio n of pyrite, w hich is com m only associated w ith C u sulfide m inerals, acidifies th e env iro n m en t, th e presence o f pyrite enhances the m o bility o f C u2+ ions at the site o f weathering. T herefo re, C u2+ ions m ay be rem oved fro m th e site o f w eath erin g by th e m o v em en t of acidic groundw aters, b u t m ay p rec ip ita te else w h ere to form oxides or c a rb o n ates as th e p H of th e solution increases. T he p H o f acid g ro u n dw a te r rises because of h ydrolysis reactio n s w ith sili cate an d carb o n ate m inerals th a t consum e H + to fo rm silicic an d carbonic acid, respectively.



21.4



Supergene Enrichment of Fe-Cu Sulfide Deposits



Som e o f th e larg est o re d ep o sits o f C u and A g w ere significantly en rich ed as a resu lt o f chem i cal w eath erin g by a p ro cess called supergene enrichm ent (G arrels, 1954). Such dep o sits typical ly include m in eralized b reccia pipes, granitic stocks, or irre g u la r veinlets form ing stockw orks. Igneo u s rock s o f gran itic co m p o sitio n in th e form of sm all p lu to n s o r stocks, w hich co n tain dissem in a te d C u sulfide m inerals, are kn o w n as p o r p h y ry co p p er deposits. Such dep o sits are th e so u rce o f m o st o f th e Cu (a n d M o) m ined in the so u th w estern U n ite d States. In a d d itio n , A g was reco v ered fro m su p erg en e en ric h m e n t depo sits in a belt ex ten d in g fro m th e w estern U n ited S tates th ro u g h M exico to so u th e rn C hile (P ark an d M acD iarm id, 1970). T he su p erg en e e n ric h m e n t o f d issem in ated C u dep o sits d e p e n d s o n th e co m m o n association of C u sulfides w ith p yrite a n d o th e r F e-b earin g
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sulfides such as ch alco p y rite o r b o rn ite . T he oxi d a tio n o f p y rite and o th e r F e -b ea rin g sulfides cre a te s a localized acid e n v iro n m e n t (e q u a tions 21.1-21.4). C onsequently, C u2+ rem ain s in so lu tio n an d is carried d o w n w ard to th e w ater table. T he C u2+ ions m ay p re c ip ita te as oxides or c a rb o n a te s if th e p H increases sufficiently as a re su lt o f hydrolysis o f c a rb o n a te o r silicate ions in th e c o u n try rock. H o w ev er, u n d e r id eal co n d i tions, th e C u2+ is tra n sp o rte d to th e w a ter tab le w h ere it is re d u c e d to C u + an d com es in co n tact w ith Fe sulfides o f th e u n w e a th e re d ro ck called th e protore. W h en p y rite is ex p osed to a solution having a larg e C u +/ F e 2+ ratio, eq u ilib riu m is re e sta b lish e d by th e precipitaiton o f C u sulfide an d dissolution o f Fe sulfide. In o th e r w ords, p y rite is re p la c e d by, o r c o n v e rte d into, chal cocite. A s a resu lt, th e ro ck below th e w a te r tab le is significantly e n rich ed in C u d eriv ed fro m the C u sulfide m in erals above th e w a te r table. This process has resu lte d in th e e n rich m e n t of C u and A g deposits b u t rarely th o se o f P b and Z n because the la tte r elem ents form insoluble c a r b o n a te an d su lfate m inerals th a t p recip itate in th e zone o f oxidation. T h erefore, su p erg en e en rich m e n t o f an F e - C u - P b - Z n sulfide dep o sit m ay cause differentiation o f th e deposit in to an Fe-rich gossan, P b - Z n carb o n ates o r sulfates in the zone o f oxidation, an d Cu sulfides below th e p re se n t o r fo rm er w ater table. In addition, the C u c a rb o n ates m alachite and azurite m ay occur w ith cerussite ( P b C 0 3) an d sm ithsonite ( Z n C 0 3) an d a ttra c t th e a tte n tio n o f prospectors by th e ir brilliant color. T he effectiveness o f su p erg en e e n rich m en t d ep en d s o n th e occu rren ce of fav o rab le geologic, hydrologic, and clim atic conditions: 1. T he p re sen c e o f p y rite o r o th e r Fe sulfides in th e p ro tore. 2. Sufficient porosity and p erm eab ility o f th e p ro to re to allow m o v em en t o f solutions. 3. A slow ra te of erosion to p ro v id e th e tim e re q u ire d fo r the process to ru n to co m p le tion. 4. A d eep w ater ta b le th a t d eterm in es th e



volum e o f p ro to re exposed to oxidation.
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5. A low ra te of an n u al p recip itatio n , which provides th e w ater re q u ire d for the reac tions and fo r tra n sp o rt o f ions, b u t keeps the w ater tab le low and p rev e n ts flushing o f ions re lea se d by w eathering. 6



. L ow to p o g rap h ic relief, w hich affects the ra te of e ro sio n an d controls th e hydraulic g rad ien t o f th e grou n d w ater.



T h e ideal cond itio n s include a sem iarid clim ate, a d eep or decreasin g w ater table, low to p o g raphic relief, an d low h y d rau lic g rad ien ts in rocks h a v ing good p o ro sity and perm eability. Such co n d i tions exist in th e so u th w este rn U n ite d S tates and h ave caused significant su p erg en e e n rich m en t of p o rp h y ry c o p p er depo sits a t M iam i, A rizo n a (P e te rso n , 1962); Ely, N ev ad a (B a u e r e t al., 1966); an d B ingham C anyon, U ta h (S tringham , 1953). Figure 21.2 is a schem atic and idealized cross section of a p o rp h y ry -C u d e p o sit th a t was m odified by o x id atio n o f sulfides an d sup erg en e e n rich m en t.
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Replacement of Pyrite by Chalcocite



T he reactions of p yrite an d C u -F e sulfides in the oxidized zone above th e w ater table are e m b o d ied in the E h -p H diagram s fo r Fe (Figure 14.11) and Cu (Figure 21.1C). T h erefo re, we consider n ex t reactions th a t occur w hen w ater containing C u2+ in solution p erco lates fro m th e acid an d oxi dizing en v iro n m en t close to th e surface to the w ater table w here conditions are less acid and fre qu en tly reducing. T he m igration of the solution is m a rk e d on th e com b in ed F e -C u E h -p H diagram in F igure 21.3. A t poin t P in Figure 21.3, p yrite and chalcocite are unstable. Pyrite is transform ed into hem atite and S O |_ + H + ions (equation 21.4), w hereas chalcocite is oxidized to C u2+ + SO 4 - in solution: 2 C u2S + 5 0



2



Fi g u re 2 1 .2 Schematic and hypothetical representa tion of oxidation and supergene enrichment of a lowgrade mineral deposit containing disseminated sulfides of Fe, Cu, and other metals. As a result of oxidation of Cu sulfide in an acid environment caused by the oxida tion of pyrite to solid Fe(OH)3, Cu2+ ions are trans ported from the zone of oxidation to the water table. Secondary oxides and carbonates may be precipitated on the way. The Cu2+ ions that reach the water table “displace” Fe2+ from pyrite, chalcopyrite or bornite, thereby converting them to chalcocite (Cu2S). As a result, the low-grade protore is significantly enriched in Cu and may be converted into Cu ore that is minable at a profit (adapted from Batemen, 1950, p. 245).



+ 4 H + ->



4 C u2+ + 2 SO 2- + 2 H 20



(21.43)



N o te th a t the dissolution an d oxidation o f chal cocite a re fav ored in acid enviro n m en ts created



by th e oxidation o f pyrite. T h erefore, the re a c tions at p o in t P fo rm a solution containing C u2+, SC>4 _, H +, and a sm all am o u n t o f Fe2+ th a t is in equilibrium w ith h e m a tite (o r ferric hydroxide).
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d ep leted in 0 2. T he p H begins to rise slowly with d ep th because H + ions in th e solution are con sum ed by hydrolysis o f alum inosilicate m inerals th a t are co n v erted to k ao lin ite or o th e r clay m in erals. F or exam ple, th e re a c tio n of m icrocline to fo rm kaolin ite consum es H + ions by th e reaction: 2 K A lSi 3 O g + 9 H 20 + 2 H + + A l 2 Si2 0 5 (O H ) 4 + 2 K + + 4 H 4 S i 0 4



Fi g u re 2 1 .3 Combined Eh-pH diagram for Fe and Cu with ES = 1 x IO-1 m ol/L , based on Figures 14.11 and 21.ID, and simplified in the area where native S precipitates. Point P represents a near-surface envi ronment in which both pyrite and chalcocite are unstable. Iron is precipitated as Fe20 3, whereas Cu2+ and SO2- are transported in solution to the water table. As a result, the ions enter an environment rep resented by point Q where both chalcocite and pyrite are stable. Equilibrium is established by reactions that cause pyrite to dissolve and chalcocite to precipitate, thereby enriching the rock in Cu. The water table is assumed to be a major discontinuity in the Eh and pH conditions such that the environmental conditions change rapidly between points 2 and 3 on the migra tion path.



T he activity o f F e2+ in eq u ilib riu m w ith h em atite d ep ends on th e E h and p H o f th e en v iro n m en t a t p o in t P in accordance w ith e q u atio n 14.89: E h = 0.65 - 0.177pH



0.05916 log [Fe2+] (21.44)



Since at P we have p H = 2.75 an d E h = +0.95 V, w e o b tain [Fe2+] = IO“ 1 3 3 0 m o l/L . T he solution p erco lates dow nw ard, th ereb y enterin g en v ironm ents th a t are progressively



(21.45)



A t p o in t 1 along th e p a th in Figure 21.3, the activity o f Fe2+ in equilibrium w ith h e m a tite has increased from IO - 1 3 3 0 m o l/L at p o in t P to 1 X IO - 6 m o l/L . C onsequently, the solution is able to dissolve a sm all a m o u n t of h e m a tite as it m oves fro m p o in t P to p o in t 1 and to tran sp o rt F e 2+ ions dow nw ard. T h e activities o f C u2+ and S O 2- are n o t directly affected by th e dissolution o f hem atite, w hich continues as the solution p e r colates in to en v iro n m en ts having decreasing E h and increasing p H values. A t p o in t 2 along th e p ath , C u2+ is co n v erted into C u + by the electro d e reaction: C u + -> C u2+ + tsG°R = + 3.71 kcal



(21.46)



E ° = + 0.161 V



™ 0.0591, [Cu2+ E h = 0.161 -I — log [C u+]



(21.47)



T h e re fo re , [Cu2+] = [C u+] w hen th e E h = +0.161 V. A t p o in t 2 on th e solubility b o u n d a ry of chalcocite, C u2+ is still th e d o m in a n t Cu ion, b u t its activity is now lim ited by eq u a tio n 21.33. If [SO 2“ ] = 1 X 10 “ 1 m o l/L , th e n [C u2+] = 1 X 10 ” 6 m o l/L . T he activity o f F e2+ at p o in t 2 (E h = + 0.190 V, p H = 3.8) in eq uilib riu m w ith h e m a tite has in c re a se d by a b o u t 1 0 o rd e rs of m ag n itu d e to [Fe2+] = 10 ” 3 5 9 m o l/L since th e so lu tio n le ft th e original site o f w eath erin g at p o in t P. T h e re fo re, th e a m o u n t of hem atite dis solved betw een p o in t P an d p o in t 2 in Figure 21.3 is approxim ately: ( l 0 - 3 59 _



10



133°) X



159.69



2 X



10“ 2 g / L (2 1 .4 8 )
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provided th a t eq u ilib riu m was m ain tain ed . This explains why th e F e-rich gossan in F igure 21.2 is un d erlain by a leached zone, w hich is d ep le ted in F e and in which alum inosilicate m inerals are a lte re d to k ao lin ite an d o th e r clay m inerals. We assume th a t p o in t 2 is close to th e w ater table and th a t the E h - p H conditions now change so rapidly with depth th a t chem ical equilibria b etw een ions and solids are n o t m aintained. Consequently, th e solution approaches th e environm ent re p re sented by point Q in Figure 21.3 after it en ters the zone of saturation below th e w ater table. A t p o in t 3 alo n g th e ro u te , SO 2- is c o n v e rt ed to H 2 S°, w hich is n o w th e d o m in a n t S species. In ad d itio n , p y rite a n d c h a lc o c ite in th e p r o to re a re stab le in th is e n v iro n m e n t, b u t m ay b e o u t o f e q u ilib riu m w ith F e 2+ and C u + in th e s o lu tio n . P oint Q re p re s e n ts th e E h - p H co n d itio n s o f th e e n v iro n m e n t in th e z o n e o f s a tu ra tio n w h e re p y rite an d c h alco cite o f th e p r o to r e re a c t to achieve e q u ilib riu m w ith F e 2+, C u +, an d H 2 S°. T he activity of F e2+ in equilibrium w ith p y rite at E h = - 0 .2 V an d p H = 5.0 (p o in t Q, Figure 21.3) in a system in w hich H 2 S° = 1 X K T 1 m o l/L is d erivable fro m e q u a tio n 14.134: E h = -0 .1 4 8 + If [H 2 S°] = 1



X



0.0591



[H +r log[Fe 2 -][h 2 s T



(21.49)



10 “ 1 m o l/L ,



E h = -0 .0 8 8 9 - 0.1182pH - 0.029 55 log [Fe2+] (21.50) T herefore, at p o in t Q in eq uilibrium w ith pyrite: [Fe2+] = IO“



1624



m o l/L



(21.51)



T he solubility o f chalcocite w ith resp ect to C u + is given by: C u2S + 2 H +^ 2 C u + + H 2 S° A G°r = + 37.84 kcal



(21.52)



K = l( T 2 7 -7 4 2



T herefore, a t equilibrium : [C u+]2[H2s°] = 1()_27 742



[H+]2



(21.53)



and at p H = 5.0 and [H 2 S°] = 1 [C u+] =



X



10 “ 1 m o l/L :



/TO- 2 7 -7 4 2 x i o - 1 0 0 \V 2 lO -io



= K T 1 8 3 7 m o l/L



(21.54)



Evidently, th e [C u +]/[F e 2+] ra tio o f a solution in equilibrium w ith both chalcocite and pyrite at p o in t Q in Figure 21.3 is: [Cu [Fe



2 + 1



=



1 0



,-18.37



= IO'



2 1 3



= 7.41 x 1(T 3 (21.55)



In o th e r w ords, pyrite is a b o u t 270 tim es as solu ble as chalcocite, if we include th e fact th a t each m ole of chalcocite produces two m oles o f C u +. E q u atio n 21.55 explains why pyrite can be rep laced by chalcocite during su p erg en e en rich m ent. If the [C u +]/[F e 2+] ratio o f a solution at po in t Q in F igure 21.3 is greater than 7.41 X 10~3, chalcocite m ust precipitate and pyrite m ust dis solve in o rd e r to establish equilibrium betw een th e solids and th e ir ions. H ence, pyrite is replaced by chalcocite a n d th e Cu ions, d erived by o x id a tion of chalcocite at p o in t P, a re thus p recip itated at p o int Q The C u co n centration o f the p ro to re is thereby increased significantly. The process we have o u tlin ed does not include the fo rm atio n o f carb o n a te o r oxide m in erals of C u because the p a th P Q does not e n te r th eir stability fields in Figure 21.3. In reality, the physical and chem ical conditions to w hich a solu tion, form ed by oxidation o f sulfides o f Fe and Cu, is exposed as it percolates dow nw ard m ay vary widely. A s a result, ten o rite, cuprite, native Cu, m alachite, azurite, and th e Cu silicate chrysocolla (C u S i0 3 ■2 H 2 0 ) m ay precip itate u n d e r a p p ro p ria te conditions, th e re b y p rev en tin g som e of the C u ions fro m reaching the w ater table. In addition, the solution m ay p recip itate h e m a tite (o r lim onite), jaro site, or pyrite, as w ell as covel lite and native S, depending on en v ironm ental conditions. Evidently, th e o u tco m e o f this process depends o n th e geologic, hydrologic, and clim atic factors (listed in Section 21.3), w hich m ay be highly site-specific.
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O XID A TI O N O F O RE M IN ER A LS O F O T H ER M ETALS



Oxidation of Ore Minerals of Other Metals



We conclude from th e foregoing discussion th a t the supergene enrichm ent o f low -grade Cu deposits occurs because chalcocite is less soluble than pyrite u n d e r the reducing conditions th a t prevail in the zone o f saturatio n below th e w ater table. We can calculate th e solubilities of th e sulfides of o th er m etals th a t may coexist w ith p yrite and thereby predict w hether supergene enrichm ent is possible fo r them . T he results in Table 21.1 are o rd ered in term s o f decreasing activities of m e tal ions in equi librium with th eir sulfides a t th e conditions re p re sented by point Q in Figure 21.3, namely, E h = - 0 .2 V, p H = 5.0, S S = [H 2 S] = 1 X 10 - 1 m o l/L , T = 25 °C, and P = 1.0 atm .T h e solubilities of the sulfides included in Table 21.1 ran g e over 44 orders o f m agnitude from 7.46 X 10 4 7 m o l/L for cinnabar (H gS) to 3.97 X 10 - 3 m o l/L for alaband ite (M nS ).T he sulfides o f H g, A g, Cu, and C d are less soluble th an p y rite and th e re fo re could replace it un d er favorable conditions. T he sulfides of Pb, Z n , Ni, Co, an d M n are m ore soluble th an pyrite in th e specified en v iro n m en t an d th erefo re could replace it only w hen th e [m etal io n ]/[F e 2+] activity ratio in the solution exceeds th e equilibrium value. T he listing of m etals in Table 21.1 resem bles the



Schürm ann series, w hich was derived exp erim en tally m ore th a n 1 0 0 years ago on the basis o f the affinity of m etals for sulfur (Schürm ann, 1888). T h e geo ch em ical p ro p e rtie s o f A g, H g, M o, a n d U a re illu stra te d by m eans o f th e ir E h - p H d iag ram s in F ig u re 21.4. Silver sulfide d e p o sits c o n ta in in g a rg e n tite (A g 2 S), a re o x id ized u n d e r n e a r-su rfac e co n d itio n s, an d th e re su ltin g A g + ions m ay b e re d u c e d to nativ e A g o r m ay re p la c e m etals w hose su lfid es a re m ore soluble th a n a rg e n tite. T h e re fo re , su p e rg e n e e n ric h m e n t has sig nificantly in c re a se d th e v alu e o f th e m an y A g d e p o sits in th e C o rd ille ra n ran g es of N o rth , C e n tra l, an d S o u th A m e ric a (P a rk an d M acD iarm id , 1970). In contrast to th e sulfides of Cu an d Ag, ore deposits of H g containing H gS (cinnabar) are not significantly enriched as a result of oxidation. For exam ple, a t the M t. Jackson m ine in Sonom a County, California, secondary cinnabar apparently did n o t form by replacem ent of pyrite and is n o t econom ically im p o rtan t (Tunnel, 1970). The aq u e ous geochem istry of H g is affected by th e stability of com plex ions such as H gC l^- and H gS2 -, that significantly increase the am ount of this elem ent th a t can occur in solution (K rauskopf, 1951). C onsequently, cinnabar deposits form by precipi tatio n from aqueous solutions a t low tem p eratu re



T a b le 2 1 .1 L is tin g o f th e A c tiv itie s o f M e ta l I o n s in E q u ilib r iu m w ith T h e ir S u lfid e s ( E h = - 0 . 2 0 V , p H = 5.0, E S = [H 2 S°] = 1 X 1 0 - 1 m o l / L , T = 25 °C , a n d P = 1.0 a tm .) Metal



Mineral



Activity o f the ion, m ol/L



Hg Ag Cu



cinnabar (HgS)



[Hg2+] = 7.46 X 1(T47



argentite (A g2S)



[A g+] = 9.53 X IO“20



chalcocite (Cu2S)



[Cu+] = 4.27 X 10“15



Cd Fe



greenockite (CdS)



[Cd+] = 1.14 x IO“18



pyrite (FeS2)



[Fe2+] = 5.75 x IO“17



Pb Zn



galena (PbS)



[Pb2+] = 2.42 X 10-17



sphalerite (ZnS)



[Zn2+] = 2.37 X IO“14



Ni



millerite (NiS)



[Ni2+] = 8.80 X 10-u



cobaltite (CoS) alabandite (MnS)



[Co2+] = 7.80 X IO-10



Co Mn
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[Mn2+] = 3.97 X 10' 3
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PH



PH Fi g u r e 2 1 .4 A. Eh-pH diagram for metallic A g and its sulfide argentite in a system containing ES = IO-3 m ol/L at 25 °C and 1 atm. The solubility boundary is drawn at [A g+] = IO-8 m ol/L. B. Eh-pH diagram for metallic Hg, the sulfide cinnabar and the oxide montroydite in a system containing ES = IO-3 m ol/L at 25 °C and 1 atm. The solubility boundaries are drawn at [Hg2+] and [Hg 2 ] = 10-8 m ol/L. C. Eh-pH diagram for molybdenite (MoS2) and ilsemannite (Mo30 8) in a system containing ES = IO-3 m ol/L at 25°C and 1 atm.The solubility boundaries are drawn at [ M o 0 2 + ] , [HM0 O 4], and [MoO2-] = IO-8 m ol/L. D. Eh-pH diagram for uraninite ( U 0 2), the uranyl ion (U O 2-), and its carbonate complexes in a system con taining EC = IO-3 m ol/L and ES = IO-3 m ol/L at 25 °C and 1 atm. The solubility boundaries are at IO-6 m ol/L of the respective ions and molecules (after Brookins, 1988).



 2 1 .7 (epitherm al) and thereby becom e sep arated from the sulfides o f Fe, Cu, Mo, and o th e r m etals th at are d eposited at higher tem peratures (hypotherm al-m esotherm al). M olybdenum is an im p o rtan t elem en t th at occurs as the sulfide m olybdenite (M oS2) and is com m only associated with C u sulfides. M oly b denum is a m em b er of the C r group (group VIB, Figure 8.3), which also includes W and U. These elem ents m ay be oxidized to th e + 6 state and then com bine w ith O to form oxy ions. M olybdenite dis solves u n d er oxidizing conditions to form the bim olybdate (H M 0 O 4 ) ion, w hich gives way to the m olybdate (M 0 O 4 - ) ion at a p H above ~ 1 0 (B rookins, 1988). In addition, M o form s M o 0 2 ions u n d er strongly acidic conditions in which M o has a valence of + 5. C onsequently, M o ions released by the oxidation o f m olybdenite ten d to b e dispersed, b u t m ay be rep recip itated under reducing conditions with secondary U minerals. T he m obility of M o und er oxidizing conditions m akes it useful in geochem ical exploration surveys as an indicator of both C u -M o and secondary U deposits. T he bim olybdate ion reacts w ith Pb2+ to form th e m ineral w ulfenite (P b M o 0 4), which is m uch less soluble th an the m olybdates of other m etals (L andergren and M anheim , 1978). The aqueous geochem istry o f U and its deposits has been studied intensively because of the im portance of this elem ent as a source of en er gy and as an explosive based o n induced fission of 235U (R ich e t al., 1977). A ll aspects o f th e geo chem istry and technology of U are th e subject m at ter of the scientific jou rn al Uranium. T he elem ent form s com plex ions with O, hydroxyl, carbonate, phosphate, and o th e r ions u n d er oxidizing condi tions w here U assum es a valence of + 6 (Langm uir, 1978). T herefore, U is m obile u n d er oxidizing con ditions b u t can b e precipitated in th e tetravalent state as uraninite ( U 0 2), coffinite (U S i0 4), and a few o th er com pounds n o t all of w hich have m iner al nam es. In addition, the uranyl ion (U O 2) forms a very large n u m b er of insoluble oxides, carbon ates, sulfates, phosphates, arsenates, vanadates, sili cates, and m olybdates, including rutherfordine ( U 0 2 C 0 3), autunite (C a ( U 0 2 ) 2 ( P 0 4 ) 2 ■8-12H 2 0 ) ,
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and carnotite (K 2 ( U 0 2 ) 2 ( V 0 4 ) 2 ■1 -3 H 2 0 ) (R ogers and A dam s, 1969).



21.7



Geochemical Exploration



W hen certain kinds of m in eral deposits w eather, ions m ay b e released in to th e am b ien t g ro u n d w a te r o r sap ro lite in u n u su al co ncentrations. The resulting geochem ical anom alies can be detected by analyzing system atically collected sam ples of w ater, soil, colluvium , o r plants. O n ce g eochem i cal anom alies h av e b een located, they b eco m e th e targ ets fo r m o re d etailed e x p lo ra tio n based on geological, geophysical, an d ad d itio n al g eochem i cal m ethods. The ultim ate objective is to discover th e sources of th e geochem ical anom alies and to d eterm in e th e econom ic p o te n tia l o f th e m ineral deposits. T h erefore, geochem ical ex p lo ratio n is one o f th e techniques geologists use in th eir quest to discover new o re deposits (C h a p te r 1). G eochem ical prospecting re q u ire s an u n d e r standing o f the geological processes th a t apply to th e fo rm atio n o f m ineral deposits and th a t com e in to play during th eir ev entual a lte ratio n a t the surface o f th e E a rth . In addition, in fo rm atio n is req u ired regarding the chem ical p ro p ertie s o f the elem ents and how th ese p ro p e rtie s affect the m igration an d dispersion of selected elem ents u n d e r a given set o f en v ironm ental circum stances. G eochem ical exploration is th e principal occu pation o f a large num ber of geologists and geo chem ists w orking in the m ineral industry. They have organized several professional societies, hold national and international symposia, and publish the results of their research in specialized journals, including the Journal o f G eochem ical Exploration, M ineralium Deposita, and E conom ic Geology. The principles of geochem ical exploration have been sum m arized in m any textbooks and m ono graphs, e.g. H aw kes and W ebb (1962), B rooks (1972), Levinson (1974), F letcher (1981), Boyle (1982), H ow arth (1982), G ovett (1983), D avy and M azzucchelli (1984), T horn to n and H ow arth (1986), and W ignall and de G eoffrey (1987). In addition, the Proceedings o f the International



 414



C H E M IC A L W E A T H ERI N G O F M IN ER A L D EP O SITS



Geochemical E xploration Sym posia have been reprinted from th e Journal o f G eochemical Exploration u n d er th e general title: G eochem ical E xploration . . . published annually by Elsevier Science Publishers in A m sterdam . G eochem ical m eth o d s o f ex p lo ratio n are a p p ro p ria te in areas w h ere th e b ed ro ck is n o t exposed becau se o f th e accu m u latio n of w e a th e r ing p roducts or b ecause o f th e p resen ce of alluvial sed im en t o r till. In a d d itio n , th ese m eth o d s can be used in areas th a t a re inaccessible becau se of rugged topography, heavy vegetatio n , o r the absence of a d e q u a te roads. Such conditions p re vail in m any areas o f th e w orld, including som e p a rts of A frica, S o u th A m erica, A sia, A ustralia, an d A ntarctica. G eochem ical surveys are relativ e ly inexpensive an d can b e a d a p te d to achieve spe cific objectives u n d e r a given set o f circum stances. B efore any w o rk is d o n e in th e field, available sources o f in fo rm atio n should be thoroughly studied to d ete rm in e th e b ed ro ck geology and o v erb u rd en of th e a re a to be investigated, as well as its vegetation and clim ate, ro ads and se ttle m ents, existing m ines an d sm elters, legal re q u ire m en ts to o b tain perm its, an d th e availability of housing, food, an d fuel. Such p relim inary w ork is necessary n o t only because th e study area m ay be in a rem o te location in a foreign country, b u t also because th e m ost a p p ro p ria te m eth o d of collect ing and analyzing sam ples m ust be selected. T he p relim in ary study o f th e geology o f the a re a to be surveyed will suggest w hat kinds of d epo sits m ay b e p re se n t an d w hat m inerals they m ay contain. For exam ple, low -C a gran ites are en rich ed in Sn, H g, Li, and Be, w hereas Fe, Co, Ni, an d C r a re associated w ith ultram afic rocks. S ed im en tary rocks m ay co n tain fossil fuels as w ell as d eposits o f Fe, M n, P, U, an d m ore ra re ly Cu, Pb, o r Z n. A ll o f th e in fo rm atio n g ath e re d by geochem ists a b o u t th e chem ical com positions of d ifferen t kinds o f rocks finds d irect p ractical ap p licatio n w hen it beco m es n ecessary to p red ict th e com p o sitio n o f p o te n tia l m in eral d ep o sits in a n area. A fte r th e m etals to be search ed for have b een identified, th e solubility o f th e m inerals in



w hich they occur and the p ro p e rtie s o f th eir ions an d m olecules th a t form d u rin g dissolution of th ese m inerals need to be review ed. A ccording to in form ation in C h a p ter 19, som e m inerals resist chem ical w eathering and a re ultim ately co ncen tra te d in deposits o f sand an d gravel. T he valu able m inerals in this category include A u, Pt group m etals, diam onds, rutile, various ph o sp h ate m inerals, m agnetite, co ru n d u m , and others. The m obility o f som e elem ents is lim ited by th e fo r m atio n o f secondary m inerals an d the ex te n t to which th e ir ions m ay be a d so rb e d on clay m in e r als, oxide and hydroxide particles o r grain c o a t ings, and organic m atter. The geochem ical p ro p e rtie s o f the elem ents to b e included in a survey m u st also be considered in choosing a p p ro p ria te m e th o d s of sam pling and analysis. In addition, th e geochem ist planning a survey m ust consider th e objectives and b u d getary lim itations w hen deciding w hat kinds of sam ples to collect. In general, a w ide variety of m aterials can be collected for study: 1. R ock sam ples from ou tcro p s o r boulders em b ed d ed in the regolith. 2. Soil in bulk o r from specific horizons in which the elem ents of in te re st m ay be con cen trated . 3. Stream o r lake w ater. 4. S edim ent carried in suspension in the w ater o r from the b o tto m of stream s o r lakes. 5. O rganic m a tte r in stream s or lakes includ ing molluscs, fish, larvae, and aquatic p lan ts in bulk, o r selectively. 6



. W ater from springs and w a te r wells.



7. L and plants, including leaves, pine needles, twigs, seeds, o r soil hum us. 8. S elected land anim als, th e ir feces, an d solid body p arts such as antlers, bones, o r hair. 9. Soil gases and air. E ach of th e se is a p p ro p ria te fo r certain elem ents, re p resen ts a d ifferen t p a rt o f th e environm ent, and can b e collected in ways th a t reflect the scope o f th e survey to be u n d e rta k en .



 2 1 .7 G eo ch em ical m e th o d s of ex p lo ratio n m ay be u sed to ev alu ate th e reso u rce p o te n tia l o f an area in a p relim in a ry manner. In this case, w a te r a n d /o r sed im en t sam ples can b e co llected from stream s in existing drainag e basins. M etal ions m ay e n te r a stre a m th ro u g h its trib u ta rie s o r as efflu en t from th e gro u n d w ater. T herefo re, sam ples sh o u ld be ta k e n a t th e co nfluence of each trib u ta ry and along th e m ain stream . A lternatively, p relim inary surveys m ay be carried o u t by sam pling soil along th e existing netw o rk o f roads. In b o th cases, th e objective is to identify areas th a t w a rra n t m ore d e ta ile d investigation. F o r a detailed survey, sam ples are collected at re g u la r intervals e ith er b ased on surv ey ed lines or by re fe re n ce to to p o g rap h ic m aps o r aerial p h o to g rap h s o f th e area. T he spacing o f sam pling sites m u st reflect th e size of th e d ep o sit being searched for. Sam ples m ay consist o f soil, v eg etatio n , o r soil gases, as a p p ro p riate fo r the elem en ts being sought. If th e b ed ro ck is well exposed, ro ck sam ples can also be tak en . T he sam ples collected in th e field should be analyzed w hile th e survey is still in p rogress so th a t the sam pling can be e x te n d e d b ased o n th e initial results. T h e analysis of th e sam ples should b e d one by experts, b u t th e p re tre a tm e n t o f th e sam ples re q u ires careful co n sid eratio n by th e geochem ists in charge o f th e survey. F or exam ple, soil sam ples m ay b e collected selectively from th e A , B, or C horizons, they m ay be analyzed by co m p lete dis so lu tio n o f th e b u lk sam ple o r of a selected grainsize fraction, or th ey m ay be leached w ith acids o r o th e r solvents to selectively ex tract elem en ts th a t a re ad so rb ed o r exist in secondary acid-soluble com pounds. In som e cases, certain m inerals m ay b e selectively co n c e n tra ted prior to analysis based on differences in specific gravity, m agnetic suscep tibility, or electrical conductivity. W h atev er p re tre a tm e n t p ro ced u re an d analytical m eth o d is chosen, m ust be applied uniform ly to all sam ples in o rd e r to generate an internally consistent d a ta set. T h e interp retatio n of th e results of a system atic geochem ical survey usually starts w ith the p re p a ra tion of a co ntoured m ap fo r each of the elem ents included in th e survey. In the ideal case, such a m ap
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describes a geochem ical landscape within which m ay occur geochem ical anomalies. A n anom aly is an area o n th e co ntoured geochem ical m ap in which the concentration o f a selected elem ent is consis tently and significantly above th e background based on system atically collected and analyzed sam ples of a certain kind. Therefore, the background m ust be defined for each elem ent included in the survey. T h e geochem ical b a c k g ro u n d d e p e n d s on th e lithologic co m p o sitio n o f th e b e d ro c k in the study a re a an d th e re fo re m ay c h an g e a t geologi cal contacts. This p rin cip le has b e en u sed in g eo logic m ap p in g o f area s w h ere b e d ro c k is covered by o v e rb u rd e n th a t fo rm e d in place. C ertain k inds o f igneous o r se d im e n ta ry ro ck s m ay give rise to high geochem ical b a c k g ro u n d s in surficial dep o sits b ecau se th e ro ck s a re e n ric h e d in c e r ta in elem ents. F o r exam ple, c arb o n a ceo u s shales and p h o sp h a te rocks co m m o nly p ro d u c e high g eo chem ical b a c k g ro u n d s in sa p ro lite o r soil fo rm ed from th em . U ltra m afic igneous rocks and ce rta in syenites also give rise to high b ack g ro u n d values o f elem en ts th a t a re c o n c e n tra te d in them (T able 4.5). T h erefo re, such e le v a te d local b a c k g ro u n d s m u st b e d istinguished fro m th e so m e w h at low er reg io n al b ack g ro u n d . In ad d itio n , the range o f ra n d o m v ariatio n s o f th e c o n c e n tra tio n s of e le m e n ts in th e b a c k g ro u n d m ust be know n. L arg e geochem ical an o m alies h av e resu lted fro m th e dispersal o f co n ta m in a n ts re le a se d as a co nsequence o f h u m an activity. S om e com m on sources o f such an th ro p o g en ic c o n tam in atio n of th e e n v iro n m e n t include: 1. E fflu e n t from piles o f w aste rock o r tailings po n d s associated w ith m ining operations. 2. P articles d ep o sited fro m plum es o f sm oke a n d gases e m itte d by sm elters. 3. E fflu e n t from chem ical o r m an u factu rin g plants. 4. L e a c h a te from



m unicipal landfills an d effluent from se w a g e -tre atm e n t facilities.



T he geochem ical anom alies th a t can b e a ttrib u te d to a n th ro p o g e n ic causes m u st b e id entified an d re m o v e d fro m fu rth e r c o n sid eratio n . T he
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rem aining natural anom alies becom e targets for fu rth er evaluation. N atural geochem ical anom alies can be classi fied on the basis o f th eir form atio n into clastic, hydrom orphic, and biogenic dispersion patterns. H ow ever, all three processes o f dispersal m ay contribute to the form ation o f a p articu lar geo



chem ical anom aly (H aw k es and W ebb, 1962). Clastic dispersion patterns result p rim arily from the m ovem ent o f solid particles under the in flu ence of g ravity or by entrainm ent in m oving w ater or ice. H yd ro m o rp h ic dispersal is caused by the transport o f ions and m olecules in solution and their ultim ate deposition b y adsorption on solid particles or by p recipitation of com pounds. Biogenic patterns result from the absorption of ions by plant roots, the accum ulation of m etals in lea f litter and soil humus, or from the dispersal of elem ents in the m etabolic products of anim als. The contrast betw een an anom aly in the con centration of a p articu lar elem ent in soil samples and the local background or threshold depends on the geochem ical properties of the elem ent and the environm ental conditions in the soil. H igh contrast between anom alies and the background result from the follow in g conditions occurring singly or in com bination: 1. Shallow depth of chem ical w eathering.



2. Incom plete soil developm ent. 3. Basic conditions (p H > 7 ).



4. Presence of carbonates and/or F e oxides. 5. Presence of clay m inerals and other adsorb ers of ions. 6



. Low rain fall.



7. Poor drainage. 8



. R ap id erosion.



Conversely, the opposite conditions prom ote the



m ob ility of ions and result in low contrast



betw een anom alies and the lo cal background. D ifferences in the geochem ical properties of m etals occurring together in a deposit m ay affect the contrast o f the anom alies th ey cause in soil. In general, metals whose com pounds are soluble are m o re m obile under a given set o f environm ental



conditions than m etals w hose com pounds are insoluble. Such m etals therefore form large, but low-contrast, anom alies com pared to the m ore insoluble m etals w ith w hom they m ay be associat ed in the deposit. F o r exam ple, when Cu, Z n , and P b occur together in a m ineral deposit, the con trast o f the resulting anom alies in soil m ay be Pb > Z n > C u, regardless of th eir abundances in the deposit. Sim ilarly, w hen C u and M o occur together, the contrast of the C u anom aly is com m only greater than that of M o because the latter is m ore m obile under oxidizing conditions than



Cu. H o w ever, M o is dispersed m ore widely in a low-contrast anom aly that can be found m ore easily by a geochem ical survey than the high-contrast m ore localized C u anom aly. Therefore, M o acts as a p a th fin d er fo r deposits that contain both C u and M o.



In general, pathfinders are elem ents that are m ore easily detected in geochem ical surveys than the valuable m etals w ith w hich they are com m on ly associated in d ifferen t kinds of m ineral deposits. The list of pathfinders in Table 21.2 includes not only M o, but also S 0 4, A s, Hg, Se, and A g. O ne of the m ost im portant aspects of the eval uation of geochem ical anom alies is to discover their sources, w hich, in m any cases, are not exposed to direct observation. The first step toward that objective is to recognize the process by w hich an anom aly was produced. In general, the sources of clastic dispersal patterns are located upslope of the anomaly, whereas the sources of hydrom orphic patterns lie upstream or in the up-gradient d irec tion of the w ater table. Consequently, the sources of geochem ical anom alies are com m only not lo cat ed in the rocks that underlie them. This insight is help fu l in planning the evalu a tion of geochem ical anom alies by m eans of m ore detailed geochem ical surveys, by geophysical methods, and u ltim ately by core d rilling . I f the further exploration o f a deposit yield s positive results, a thorough d rillin g program is undertaken to determ ine its volum e and tenor, w hich m ust be known in order to determ ine w hether the deposit can be m ined at a p ro fit. M ost natural geochem i cal anom alies do n o t result in the discovery o f a



 2 1 .8



Table 21.2



PR O D U C T I O N A N D C O N S U M PTI O N O F M I N ER A L RES O U R C ES



417



P a th fin d e rs o f th e O re D e p o s its fro m W h ic h T h e y



O rig in a te



Pathfinder



so2Mo As Hg Se Ag so u r c e



Samples taken



Type o f mineral deposit



water water, sediment, soil soil, sediment soil soil soil



all sulfide deposits porphyry Cu deposits Au-bearing veins Pb-Zn-Ag deposits hydrothermal sulfide deposits (epithermal) Au-Ag deposits



: H aw kes and W ebb (1962).



m inable deposit because the volum e o f m in eral ized rock, or the concentrations of m etals, or both, are in sufficient to w arran t the expense o f bringing the deposit into production. H o w ever, some large but low-grade deposits m ay u ltim ately becom e m inable if the m arket value o f the m etals it con tains rises or if large-scale surface m ining m eth ods are adopted.



21.8



Production and Consumption of Mineral Resources



A t the start of the 20th century, when the population of the E a rth was 1. 6 b illion, the natural resources of the w orld appeared to be inexhaustible. A s we approach the end of this century, the situation has changed dram atically. The w orld population is rapidly approaching 6 . 0 b illion, and serious ques tions have been raised about the future availab ility o f adequate natural resources. A larm in g predic tions have been m ade about the decline of living standards based on extrapolations of present rates of consum ption of natural resources. These con cerns are based in part on our instinctive urge to assure the survival of the hum an species on E arth , not just fo r another century, but for all time. O re deposits, in the present sense o f the term , are rocks whose chem ical com position differs g reatly from that of the average continental crust.



C onsequently, such rocks are re la tiv e ly rare and th eir total volum e, in that part o f the crust that is accessible to us, is small. In addition, m etallic and no nm etallic deposits are nonrenewable. These facts com bine to confront geologists w ith the challenging task of finding new deposits to replace those that have been m ined out and thereby to assure an adequate supply of all kinds o f natural resources fo r the future. The lim ited volum e and the nonrenew able character of m etallic and nonm etallic m ineral deposits affect the w ay in w hich the rate of p ro duction can vary as a function of tim e. T he rates of production of all m ineral com m odities have increased w ith tim e since the m iddle o f the 19th century. W h e n these rates are projected into the future, the total am ount produced increases and approaches infinity, w hich is obviously inconsis tent w ith reality. Therefore, the rates o f produc tion o f m ineral com m odities cannot continue to increase indefinitely, but even tu ally m ust reach a peak and m ust then decline. In spite o f short-term fluctuations, a p lo t of annual production versus tim e m ust form a bell-shaped curve, som etim es irre ve re n tly called H u b b e rt’s pim ple after M . K in g H ub b ert, who first drew attention to these essential facts of m ineral econom ics (H u b b ert, 1969; 1973). H ub bert was concerned p rim arily w ith the pro duction of fossil fuels at a tim e when the energy sup p ly of the U n ited States had becom e a m atter of
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growing concern. H e prefaced one o f his papers w ith a quotation from Jam es B . C ab ell (1926, p. 129). The optimist proclaims that we live in the best of all possible worlds; and the pessimist fears that this is true. H u b b ert (1969) estim ated that the to tal am ount of petroleum that w ill u ltim ately be produced in the U n ited States (excluding A la s k a ) is about 165 X 109 barrels and used this result to predict



the com plete cycle o f petroleum production in the U n ited States. Fig u re 21.5 shows that 8 0 % o f a ll recoverable petroleum w ill be consum ed in 65 years betw een 1934 and 1999 and that the highest production rate occurred around 1970. The decline of the rate o f petroleum production in the U n ite d States was slowed tem p orarily by the discovery o f o il on the N o rth Slope of A lask a in 1968 and m ay be furth er slowed by im prove m ents in the efficien cy of o il recovery, w hich p resently is less than 5 0 % . H o w ever, H u b b e rt’s



Time, calendar years Fi g u re 2 1 .5 Forecast of petroleum production in the United States and its continental shelf excluding Alaska based on the estimate that the total amount of recoverable petroleum in the United States is 165 X 109 barrels (bbl). Therefore, the annual production rate must reach a peak and subsequently decline so that the area under the curve equals the total amount of available petroleum. Adding the expected produc tion in Alaska raises the total amount of recoverable petroleum to about 190 X 109 bbl, which slows the rate of decline, but does not alter the forecast significantly.The shape of the annual production curve indicates that the United States w ill consume 80% of the available petroleum in 65 years and that by the year 2000 only 10% of the original amount will remain. The dashed line rising from the bell-shaped curve indicates the increase of the production rate based on an annual growth rate of 5.68%, which occurred between 1935 and 1955. This rate of growth cannot be sustained because it allows the total amount of petroleum to approach infinity (based on Hubbert, 1969).
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m odel predicts the ultim ate exhaustion o f this and other nonrenew able natural resources. T he im plications o f the requirem ent that the rates of production o f a ll nonrenew able m ineral com m odities m ust u ltim ately decline has given rise to a new genre o f books on m ineral econom ics. Som e o f these have quite alarm ing titles, as, fo r exam ple, A fflu e n c e in Jeopardy (P a rk , 1968), E a rth b o u n d (P a rk , 1975), and A t the Crossroads (C am eron , 1986). H o w ever, the basic facts regarding production and consum ption of metals, nonm etallic m inerals, and fossil fuels can be found in the M inerals Y ea rb o o k published annu a lly in three volum es by the U .S. B u re au o f M ines. In addition, the B u re a u issues annual sum m aries of production and consum ption o f nonfuel m iner al com m odities (B u re a u o f M ines, 1988).



A n im portant aspect o f m ineral econom ics is the extent to w hich the dem and fo r m ineral com m odities can be m et by dom estic sources. Sin ce no country is en tirely self-sufficient, trade w ith other nations is required. C onsequently, m ineral eco nom ics affects foreign p o licy as nations develop alliances w ith trading partners w ho can provide the raw m aterials needed fo r in dustrial d evelop ment. The position o f the U n ite d States in this regard is shown in T able 21.3, w hich indicates that in 1987 m ore than 5 0 % o f the dem and fo r 24 com m odities was m et by im ports from other coun tries. In addition to the 37 m etals and industrial m inerals listed in Table 21.3, the U n ite d States also im ported significant am ounts of andalusite, Sb, B i, G a , G e, I, ilm enite, H g, R e , rutile, and V. The im ports originated from 50 countries, 11 of which contributed 5 o r m ore com m odities. The list is led by Canada (24 com m odities), M exico (16), R ep u b lic of South A fric a (13), A u stralia (9 ), B raz il (9 ), C hina (9 ), U n ite d Kingdom ( 6 ), Spain ( 6 ), Jap an (5 ), B elg iu m (5 ), and Peru (5 ). The value o f im ports o f m ineral com m odities in 1987 was $4 b illio n fo r ores and raw m aterials and $33 b illio n for m etals and processed compounds. Exports from the U n ite d States in 1987 of raw m aterials, metals, and processed com pounds were valued at $24 b illion, w hich resulted in a trade imbalance of about $13 b illio n (B u re a u of M ines, 1988).
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The consum ption of m etals and industrial m in erals has increased throughout most o f the 2 0 th cen tury follow ing the rise o f the w o rld ’s population and increases in per capita consum ption (P a rk , 1968). H ow ever, between 1964 and 1985 the annual rates



of production of most m etals and industrial m iner als in Table 21.4 declined in spite of the continuing growth of the population (Fig ure 19.6).The changes in production rates take the form of progressively sm aller gains ( A l, C r, Fe, N i, cem ent, phosphate, and potash), as w ell as actual reductions in the amounts produced, especially in the period 1981-1985 (C o,



M o, Sn ,H g , W , barite, fluorite, ilm enite/rutile, baux ite, and salt). Such declines in the am ounts of these com m odities m ay represent short-term fluctuations that w ill reverse in the future. Som e evidence of such fluctuations can be seen in the production rates o f Cu, Pb, M n , Hg, W , barite, and feldspar. Nevertheless, fluctuations in the production of m et als and industrial m inerals are p artly driven by prices and reflect the state of the balance between supply and demand. Such short-term fluctuations are a property of the w orld m ineral econom y and do not provide a reliab le basis for predicting the avail ability o f m ineral resources in the distant future. E v e n the rational analysis of the petroleum production in the U n ite d States by H ub b ert (1969) cannot be used to predict the future availab ility of metals because the d efinition o f what constitutes an ore deposit has changed and is continuing to do so. In the past, the nonferrous m etals w ere typ ical ly recovered from high-grade deposits m ined by underground methods. M ost of the richest deposits have been m ined out or are becom ing unprofitable because the cost of underground m ining has increased, whereas the prices o f m etals fluctuate and w ere depressed in the 1980s because o f over production. Consequently, the industry has con centrated on m ining low-grade deposits at shallow depth that can be recovered by less expensive open-pit methods. The trend tow ard large-scale m ining o f low-grade deposits began in 1907 when D. C. Jackling and R . C. G em m ell began open-pit m ining of the porphyry-copper deposit in Bingham C anyon in U tah (Skinn er, 1987). A s a result o f the decrease in the m inim um teno r o f ore deposits, the v o lu m e o f ore availab le
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Table 213



Im p o rts o f M in e r a l C o m m o d itie s to th e U n ite d S ta te s in 1987 E x p re s s e d as



P e rc e n t o f A p p a re n t C o n s u m p tio n



Commodity Arsenic Niobium Graphite Manganese Mica Celestite Yttrium Gem stones Bauxite Tantalum Diamond (industrial) Fluorite Platinum group metals Cobalt Tungsten Chromium Nickel Tin Potassium salts Zinc Cadmium Barite Silver Asbestos Gypsum Silica Fe ore Copper Aluminum Cement Iron + steel Lead Salt (NaCl) Beryllium Titanium Nitrogen Sulfur so u r c e



:



Bureau of Mines (1988).



Imports, % 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0



99 97 92 89 8 8 8 8 86



80 75 74 73 72 69 6 6



63 57 51 37 33 28 25 24 2 0



19 15 12 11 8



7 6



Sources Sweden, Canada, Mexico Brazil, Canada, Thailand, Nigeria Mexico, China, Brazil, Madagaskar S. Africa, France, Gabon, Brazil India, Belgium, Japan, France Mexico, Spain, China Australia Belgium, Luxembourg, Israel, India, S. Africa Australia, Guinea, Jamaica, Suriname Thailand, Brazil, Australia, Canada S. Africa, United Kingdom, Ireland, Belgium, Luxembourg Mexico, S. Africa, Spain, Italy, China S. Africa, United Kingdom, Russia Zaire, Zambia, Canada, Norway China, Canada, Bolivia, Portugal S. Africa, Zimbabwe, Turkey, Yugoslavia Canada, Australia, Norway, Botswana Brazil, Thailand, Indonesia, Bolivia Canada, Israel, Germany, Russia Canada, Mexico, Peru, Australia Canada, Australia, Mexico, Geimany China, Morocco, India Canada, Mexico, United Kingdom, Peru Canada, S. Africa Canada, Mexico, Spain Brazil, Canada, Norway, Venezuela Canada, Brazil, Venezuela, Liberia Canada, Chile, Peru, Zaire, Zambia, Mexico Canada, Japan, Venezuela, Brazil Canada, Mexico, Spain Europe, Japan, Canada, Rep. Korea Canada, Mexico, Peru, Australia, Honduras Canada, Mexico, Bahamas, Chile, Spain Brazil, China, Switzerland, S. Africa Japan, Russia Canada, Russia, Trinidad and Tobago, Mexico Canada, Mexico



 2 1 .9



Table 21.4



A n n u a l G ro w th R a te s o f



P ro d u c tio n o f S e le c te d M in e r a l C o m m o d itie s in P e rc e n t p e r Y e a r



Commodity



1964-1973



1973-1980



1981-1985



Metals



Al Cr Fe (steel) Co Cu Pb Mn Mo Ni Sn Hg W



8 .1 2



5.21 5.37 5.96 4.87 3.87 3.36 7.74 6.5



3.45 5.17 0.24 0.87 1 .0 1



3.43



0.13 -1.85 4.2 2.36 0.48 -5.13 5.23



3.96 5.99 4.26 6.55 4.27 9.73 6.24 5.13 6.26



7.33 3.44 3.12 0.29 2.91 4.25 4.88 0.91 4.01



2 .2 1 0 .8 8



0.28 1 .8 6



0.24 -0.14 4.33 0.53



so u r c e
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rocks aided by bacteria that decom pose sulfide m inerals and thereby increase th eir solu b ility in aqueous solutions. T he long-range outlook fo r the a va ilab ility of m etals and in d u strial m inerals depends m ore on the cost and availability of the energy required for m ining and processing o f ore than on the volum e of m inable rocks. The m ineral resources of the E a rth becom e ve ry large if m etals and in dustrial com pounds can be recovered from certain kinds of sedim entary rocks such as carbonaceous shale, phosphorite, or carbonate rocks o f m arine and nonm arine origin.



1 .0 0



-2.07 1.42 -3.58 -1.39 -0.29



Industrial Minerals



Barite Cement Feldspar Fluorite Ilmenite/rutile Bauxite Phosphate Salt Potash (K20 eq.)



S U M M A RY



-5.27 1.92 4.11 -1.24 -1.64 -0.05 1.64 -0.13 1.13



: Cam eron (1986), Table 6.2; B ureau o f M ines (1985).



fo r m ining has increased and continues to grow. Therefore, predictions based on the ore reserves availab le at one tim e m ust be revised later when large am ounts o f previo u sly unprofitable deposits are reclassified as ore. M in in g technology has changed g reatly during the 2 0 th century and is lik e ly to continue to develop m ethods that are re la tive ly inexpensive, can recover groups o f m et als from low-grade deposits, and do not a lte r the environm ent irreversib ly. Such m ethods m ay include solution mining o f a rtific ia lly fractured



21.9



Summary



The p rin cip les o f geochem istry and the accum u lated in fo rm ation about the properties o f the e le m ents and th eir com pounds are applied in the



search fo r ore deposits from w hich m etals can be extracted at a p rofit. The applicable principles concern the oxidation-reduction reactions that occur during the chem ical w eathering o f sulfide m inerals of the transition m etals, including those of Fe, C u, Pb, Z n , H g, A g , and M o. The oxidation of p yrite and the subsequent form ation of solid F e (O H 3) causes acid ification that enhances the so lu b ility o f the com pounds of other m etals. The process is g reatly accelerated by the m etabolic activities o f certain b acteria, some of w hich can also attack sulfide m inerals. C opper is com m only associated w ith Fe eith er in the form of discrete sulfide m inerals, such as chalcocite and p yrite, o r in m ixed com pounds, such as chalcopyrite, bornite, or cubanite. U n d e r acidic and oxidizing conditions, these m in erals dissolve to form solutions o f C u 2+ and S O 2-, w hich p erco late dow nw ard tow ards the w ater table. I f the solutions encounter basic en viro n ments, th ey m ay p recip itate C u oxides (cu p rite or ten o rite) o r the carbonates (m alach ite o r azurite). H o w ever, if the C u2+ ions reach the reducing environm ent b elow the w ater table, they are reduced to C u + and m ay replace F e 2+ in p yrite. A s a result o f the form ation o f secondary chalcocite
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by replacem ent of p yrite, the concentration of C u in the rock is increased. This process o f supergene enrichm ent has played an im portant ro le in the form ation o f m inable deposits o f C u and A g . In principle, one can rank the sulfides of d ifferen t m etals in term s o f increasing solu b ility and predict, on that basis, that the ions of one m etal can replace the ions o f anoth er in a m ineral that is more soluble. T he effective



anthropogenic origin and m ost of the natural anom alies do not actually result in the discovery of m inable deposits because eith er the tenor o r the volum e o f the deposit, o r both, are in sufficient to w arran t the expense o f bringing it into production. The consum ption o f m ineral resources has increased historically in step w ith the growing population of the w orld. H ow ever, the average annual rates of production o f some im portant m etals and industrial m inerals decreased in the second h a lf of the 2 0 th century and some have



hydrologic gradients and erosion rates are low,



actually becom e negative. The shortages that m ay occur in the future m ay spur production, thereby



ness of supergene enrichm ent is enhanced w hen the w ater table is low, the rocks are perm eable,



and carbonate rocks are absent. Supergene enrich m ent is ineffective for Pb and Z n , because these m etals form insoluble sulfates and carbonates, and fo r M o because its ions rem ain in solution over a w ide range o f environm ental conditions. The m obility of ions released by oxidation of sulfide deposits determ ines th eir dispersion and hence the contrast of the geochem ical anom aly they form in surficial deposits. G eochem ical exploration, w hich is based on this phenom enon, is an effective and w id ely practiced technique for locating m ineral deposits. H o w ever, some o f the anom alies id entified by such surveys m ay be of



contributing to the fluctuations in supply and dem and that are characteristic of the m ining econ om y o f the w orld. The trend appears to be tow ard m ining of low-grade near-surface deposits that can be w orked by open-pit m ethods and by leaching m etals from rocks either on the surface or below it. A s a result of the changing d efinition o f what constitutes a m inable deposit, the volum e of ore reserves is expanding. The ultim ate lim itatio n on the production o f natural m ineral resources is the cost o f the necessary energy.



Problems 1. Derive the Eh-pH equation for the dissolution of cuprite (Cu2 0 ) to Cu2+. 2. Derive the Eh-pH equation for the dissolution of tenorite (CuO) to Cu2+. 3. Calculate the ration of [Cu2 +]/[Cu+] in an aque ous solution at Eh = +0.80 V. 4. Derive an Eh-pH diagram for sphalerite (ZnS) and zincite (ZnO) and their ions Zn2+ and ZnO2- in a system at 25 °C and 1 atm, where 2S = 10 3 mol/L (i.e., native S does not occur). Draw the solubility limits at activities of 10 s mol/L (see Brookins, 1988, p. 55). 5. Calculate the solubility of molybdenite (MoS2) dissolving to form H M o0 4 at Eh = —0.20 V, pH = 5.0, 2S = 10“ 1 mol/L, 25 °C at 1 atm.



6 . Calculate the solubility of wulfenite (PbM o04) in pure water at pH = 7 and express it in terms of [Pb2+] at equilibrium (check Figure 2 1 .4 C ).



7. If the system is open to the atmosphere ([C 02] = 3 x 10- 4 atm), would cerussite (PbCOj) replace wulfenite assuming pH = 7.0 and [H M o04] as calculated in Problem 6 ? 8 . If the activity ratio [Ag+]/[Pb2+] = 10_z in con tact with galena, how many moles of Ag2S will form per liter of solution before equilibrium is restored? (Assume that the data in Table 21.1 apply.)



9. Consider whether supergene enrichment of Cd can occur by replacement of Zn in sphalerite in systems having 2S = IO“ 3 mol/L, if pH = 5.0, Eh = -0.20 V, 25°C and 1 atm (consult Brookins, 1988).
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 22 Geochemical Cycles The geochem ical processes on the surface of the E a rth w ork like a m achine through w hich m atter is cycled continuously (Sectio n 4.3).The plum bing system of the m achine consists of several reser voirs of d ifferent volum es connected by pipes through w hich m atter moves from one reservoir to another. A ll chem ical elem ents are continually being processed by this geochem ical machine. H ow ever, the volum es of the reservoirs and the period of tim e a p articular elem ent resides in each reservoir depend on the geochem ical properties of the elem ent. Therefore, each elem ent has a characteristic geochem ical cycle that reflects its particular set of geochem ical properties. The geo chem ical cycles of the elem ents have influenced the environm ent on the surface of the E a rth and have, in turn, been affected by changes that have occurred on that surface. The most recent pertur bation of geochem ical cycles has been caused by human activities (Stum m , 1977). The rock cycle in Figure 22.1 illustrates how the m ajor rock types are related to each other by geological and geochem ical processes. F o r exam ple, chem ical and m echanical w eathering convert igneous rocks into sedim ent and ions in solution that are transported to the oceans w here they are deposited (Sectio ns 4.3 and 4.4). The resulting layers of sedim ent are lith ified into sedim entary rocks that m ay be altered to m etam orphic rocks or m ay be p a rtia lly m elted to form magma from w hich new igneous rocks crystallize. Since the rock cycle has operated throughout the history of the E a rth , we can assume that it has achieved a



steady state. Consequently, the chem ical com po sitions of the conduits through w hich the ele



m ents pass and the reservoirs in w hich they reside fo r varyin g periods of tim e should have rem ained constant. This generalization is helpful because it im plies that the chem ical com position of sedim entary rocks, averaged over sufficiently long in tervals of geologic tim e, is constant and that the chem ical com position of seaw ater has likew ise been constant. The chem ical com position of seaw ater and sedim entary rocks is, how ever, affected by long term changes such as the evolution o f life and the related changes in the chem ical com position of the atm osphere (H o lla n d , 1984). The reservoirs also respond to orogenies on continents, volcanic a ctivity in subduction zones and along m idocean ridges, and to the resulting chem ical as w ell as isotopic exchange betw een seaw ater and basalt (W o le ry and Sleep, 1988). M oreover, the geo chem ical d ifferen tiatio n o f the m antle and con ti nen tal crust in the course of geologic tim e has allow ed differences to develop in the isotopic abundances o f stable, radiogenic daughters of long-lived rad io active parents (Sectio n 16.3). Consequently, the isotopic com positions o f the n o n vo latile elem ents C a, Sr, N d, H f, Os, and Pb in the oceans and in clastic sedim entary rocks have changed over geologic tim e in response to v a ria tions in the inputs from the continental crust and the m antle of the E a rth (Fau re, 1986). Som e im portant contributions to the lite ra ture on geochem ical cycles include the books by G arrels and M acken zie (1971), G arrels et al. (1975), Salom ons and Fö rstn er (1984), B e rn e r and B e rn e r (1987), G reg o r et al. (1988), and Lerm an and M eyb eck (1988).
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Fi g u re 22.1 The rock cycle consisting of igneous, sedimentary, and metamorphic rocks. The arrows indicate the geological and geochemical processes that cause the required transformations of matter.



22.1



The Principle of Mass Balance



If the geochem ical cycles of the elem ents are in a steady state, the total mass o f a n o n vo latile ele m ent released by w eathering o f igneous rocks must be equal to its mass in sedim entary rocks and in the oceans. This postulate is expressed by the equation (D re v e r et al., 1988): MigCjg = ATed 2



where



fljC ;ed + M SWC 'W (22.1)



Afjg = mass of all igneous rocks in the con tinental crust that have weathered Cjg = concentration of element i in igneous rocks of the crust Msed = mass of all sedimentary rocks in existence at the present time, including sediment in the oceans Cjed = concentration of element i in sedi mentary rocks and sediment in the oceans



A/sw = mass of water in the oceans Cjw = concentration of element i in sea water a- = mass fractions of different kinds of sedimentary rocks and sediment in the oceans E q u atio n 22.1 neglects groundw ater, surface w ater, and ice sheets because together they consti tute o n ly 2.75% of the w ater in the hydrosphere (T ab le 4.6) and because the concentrations of m ost elem ents they contain are lo w com pared to seaw ater (T ab le 4.7). The equation does include the clay m inerals, oxides, and hydroxides that form during incongruent dissolution o f alu m i no silicate m inerals because they are u ltim ately in corp orated in to sedim entary rocks. T he equa tion can be expanded to include saprolite, till, and so il on the continents and sedim ent in sus pension in rivers, lakes, and in the oceans, if desired.



 22.1 The masses of the various reservoirs have been estim ated as follow s: = =



=



2.5 ± 0.4 X 1024g (Li, 1972; Ronov and Yaroshevsky, 1976) 0.88 Msed, where Msed includes volatile elements and compounds degassed from the interior of the Earth, such as HzO, C 0 2, and the noble gases (Li, 1972) 1.4 x 102 4 g (Sverdrup et al., 1942)



T H E PRI N C IPLE O F M ASS B A L A N C E



tion about the chem ical com position of terrestrial rocks sum m arized in C hap ter 4. In order to assess the state o f the mass b al



ance of the elem ents, it is convenient to evaluate each side o f equation 22.3 separately and then to form the ratio o f the results. I f the right side of equation 22.3 is represented by C s, a perfect b al ance is indicated w hen the ratio:



c. 0.88 C,



The mass o f sedim ent in the oceans is about 0.12 X 102 4 g (D re v e r et al., 1988) distributed in approxim ately equal proportions between pelag ic clay (deep-sea sedim ent) and calcareous ooze. The abundances o f the different kinds o f sedi m entary rocks have been estim ated in various ways w ith som ewhat different results (Sections 4.2 and 4.3). G arrels and M ackenzie (1971) estim ated the proportions of shale/sandstone/carbonates/evaporites to be 74 :1 1 :1 5 : 2. These p ro portions in dicate that the mass fractions (« j) are: ash (sh ale) = 0.725



ass (sandstone) = 0.108



acc (carb o n ate) = 0.147 aev (e vap o rite ) =



0 .0 2 0



D re ve r et al. (1988) treated oceanic pelagic (o p ) and oceanic carbonate (o c) separately and adjust ed the mass fractions in equation 2 2 . 1 accordingly:



+ 0.024C‘c) + M swC jw



(22.4)



1 .0 0



C|g = 0.35Cj,asall + 0.65q rarate



(22.2)



0.88C|g = 0.702Cjh + 0.108C‘S + 0.122Cic + 0 .0 2 C ;V + 0.024C op (22.3)



This equation can be used to calculate the chem ical com position of seawater or to assess the geochem ical balance o f in dividual elem ents by substituting appropriate estim ates of the concentrations in the different kinds of rocks and in seawater. In doing so, we m ake use of all of the accum ulated inform a



(22.5)



The necessary data fo r the assessment of the M g balance based on Table 4.5 (ro ck s) and Table 4.7 (seaw ater) are: %



Since M sed = M - J 0.88 = 2.5 ± 0.4 X 10 2 4 g, we d ivide equation 2 2 . 2 by M sed:



+ 0 .2 4 C L + 0 .5 6 C L



=



H o w ever, because o f the uncertainties in the m ag nitudes of the concentrations and mass fractions in equation 22.3, w e can be satisfied w ith values betw een 0.8 and 1.30, as suggested by D re v e r et al. (1988). The state of the mass balance fo r M g can be evaluated by using data from Table 4.5. Fo r this purpose we estim ate the average M g concentration of igneous rocks by com bining low-Ca and high-Ca granites in equal proportions to obtain an average value for granite and by defining C\ as follows:



M ig C jg = M sed(0.702C 'h + 0.108C(S + 0.122C‘c + 0.02C ‘V + 0.024C‘p
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£-Mg



1.95



/'"’ Mg



^ sli



1.50



/ °M g



u ss



0.70



£M g



4.70



% ev



("M g op £Mg



Based on these data, C ™ g 1.716%, and the ratio:



4.70 (?) 2.10 4.70 (?)



1.645%, 0.88C ^g



("M g



1.645



0.88CMg



1.716



= 0.96



(22.6)



w h ich confirm s the mass balance fo r this elem ent. The result fo r C a does not w ork out this w ell. U sin g the data listed below from Tables 4.5 and 4.7 w e find excess C a in sedim entary rocks and seawater:
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/ /o



0



/-»Ca ig /-■Ca C sh /—Ca ^ ss



c cc Ca



3.51 2 .2 1



3.91 30.23



c?a 0.88C|ga



0



/—Ca ev /—Ca



30.23 2.90 30.23



op



/-»Ca oc



S ta te o f th e G e o c h e m ic a l M a s s



o n th e re q u ire m e n t th a t th e a m o u n t su p p lie d b y w e a th e rin g o f ig n e o u s ro c k s is e q u a l to th e a m o u n ts in s e d im e n ta ry ro ck s a n d in th e o ce a n s.)



7.061 3.088



2.3



The C a im balance can be resolved either by ques tioning the valid ity of the data used in the calcula



tion or by postulating the existence of additional sources fo r C a that are not represented in equa tion 22.3, such as: 1. Leachin g of C a from volcanogenic sedi m ent (G a rre ls and M ackenzie, 1971).



2. Pre fe re n tial exchange of M g 2+ and N a + in



seaw ater w ith C a2+ in basalt in convecting hydrotherm al systems along m idocean ridges (W o le ry and Sleep, 1976; Edm ond et al., 1979), follow ed by p recipitation of the C a as calcite.



These and oth er suggestions w ere evaluated by D re v e r et al. (1988) w ith o u t resolving the dilem m a. N everth eless, 43 elem ents listed in T able 22.1 have accep tab le mass balances, w hereas 18 elem ents do not. T h e balance ratios o f these elem ents range fro m —1.5 fo r U to 151 fo r C l. E v id e n tly , there is m uch m ore C l in the oceans and in sedim entary rocks than can be accounted fo r by w eath erin g o f igneous rocks in the crust.



22.2



T a b le 2 2 .1



B a la n c e fo r th e C h e m ic a l E le m e n ts (B a s e d



Mass Balance for Major Elements in the Ocean



The ocean plays an im portant ro le in the opera tion of geochem ical cycles because both solid p ar



ticles and ions/m olecules pass through it. In Sectio n 4.4, we calculated the m ean oceanic resi dence tim es (M O R T , Table 4.7) of the elem ents and discussed the im portance o f solid particles in selectively rem oving the ions o f some elem ents



Element



Balance ratioa



A. Satisfactory balance Be 1.26 F 1.24 Na 0.84 Mg 1 .0 2 Al 0.91 0.94 Si P 0.81 K 0.96 Sc 0.81 Ti 0.87 V 0 .8 8 Cr 1.18 Mn 1.27 Fe 0.94 Co 0.90 Ni 1.24 Cu 1 .0 2 Zn 1.25 Ga 1.06 Ge 1.13 Rb 1 .2 0 Sr 1.15 B. Unsatisfactory balance Li 2 .1 2 B 11.9 S 16.5 Cl 151 Ca 2 .1 As 6 .1 Se 1 0 .1 Br 12.7 Mo 2.34



Element Y Zr Nb Pd Ag Cd In Ba La Ce Nd Sm Eu Tb Yb Hf Ta W Au Tl Th



Sn Sb Te I Cs Hg Pb Bi U



Balance ratio 1.05 1.07 0.81 ~ 1



0.92 1.29 0.91 1 .0 2 1 .0 1



1.13 1.24 0.97 1.25 1 .0 0 1 .1 1 1 .0 2



0.99 1.26 0.98 1.17 1.05



2.44 6.28 10.4 7.52 1.79 15.1 1.55 8.5 1.47



aThe balance ratio is defined in eq u ation 22.4. A value b etw een 0.80 and 1.30 im plies a satisfactory m ass balance, w hereas a valu e > 1 .3 0 im plies an im balance b etw een the m ass o f an elem en t in sedim entary rocks (including the oceans) and crustal ign eou s rocks that have w eathered. so u r c e



: D rever e t al. (1988).
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from seawater. W e now retu rn to this subject in order to assess the mass balance o f elem ents entering and leaving the oceans by considering the relevant inputs and outputs of both m ajor and trace elem ents.



The major elements enter the oceans p rim arily b y discharge of rive r w ater and to som e extent by ion exchange reactions betw een seaw ater and sus pended sedim ent, and betw een seaw ater and hot basalt along m idocean ridges. The input of m ajor elem ents to the ocean by rivers has been evaluated by M eybeck (1979) based on estim ates o f the aver age chem ical com positions and discharges o f the rivers of the w orld (Sectio n s 20.1 and 20.2 and Table 20.1). The am ounts o f each elem ent dis charged into the oceans as a result o f chem ical w eathering o f rocks on the continents m ust be reduced by subtracting cyclic m arine salts and anthropogenic contam inants as shown in Table 22.2. N o te that anthropogenic contam ina tion contributes —3 0 % o f the N a +, C l-, and S O 4 and from 7 to 1 0 % of the M g 2+, C a 2+, and K + dis solved in rivers at the present tim e (Sectio n 20.2). In addition, m arine salts represent an addition al 3 2 % of the C l- and 2 0 % o f N a + dissolved in rivers, w hich m eans that o n ly —40-50% of the C land N a + in solution in riv e r w ater was released by chem ical w eathering. If the ocean is in a steady state, the inputs must be equal to the outputs fo r each elem ent. The p rin cip al outputs of m ajor elem ents from the ocean include: 1. B u ria l of pore w ater.



2. Io n exchange reactions and w ater-rock interactions.



3. Diagenesis.



4. C hem ical precipitates o f carbonates, sul



fides, oxides, phosphates, silica, sulfates, and chlorides.



Each



year a certain



am ount o f seaw ater is



rem oved from the oceans because it occupies p ore spaces in sedim ent. T h e p orosity o f the sedi m ent decreases as a result o f com paction and therefore cannot be stated precisely. D re v e r et al. (1988) adopted a valu e o f 3 0 % , but considered
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T a b l e 2 2 . 2 In p u ts o f M a jo r E le m e n ts in S o lu tio n in R iv e r W a te r T h a t E n t e r th e O c e a n s E a c h Y e a r in U n its o f 10 1 2 m o l/ y r B a s e d o n a T o ta l D is c h a rg e o f



37.4 x 1015



L/yr



Ion or compound



Total flux



Marine salt



N a+ K+ Mg2+ Ca2+



11.7 1.36 5.59 13.7 8.69 4.49 33.4 6.47



2.39 0.05 0.29 0.05 2.82 0.16



cr s o 2HCOJ H 4 S i0 4 so u r c e



—



—



Anthropogenic contaminant 3.39 0.13 0.41 1.18 2.63 1.29 1.64 —



Net flux 5.91 1.17 4.85 12.36 3.27 3.07 32.09 6.47



: D rever et al. (1988); M eybeck (1979).



that it could range up to 5 0 % . Io n exchange of suspended clay m inerals entering the oceans is re la tiv e ly unim portant fo r the m ajor elem ents and involves p rim arily N a + replacing C a2+ on adsorption sites. H o w ever, w ater-rock in teractio n m ay be a source fo r some elem ents and a sink for others. C hem ical reactions betw een m ineral p ar ticles in the sedim ent and trapped seaw ater (d ia genesis) also release som e ions w h ile consum ing others. A n evalu atio n by Sayles (1979) indicated that K + and M g 2+ are consum ed, w hereas N a +, C a 2+, and H C O J are released by diagenetic reac tions. Seaw ater is close to being saturated w ith respect to several types of com pounds' (listed above), w hich m ay p recip itate from it under favorab le p hysical/chem ical conditions o r as a result o f b iolo g ical activity.



The q u an titative estim ates o f outputs from the oceans in T ab le 22.3 (D re v e r et al., 1988) can be com pared to the inputs by rivers to test the balance fo r each m ajor elem ent. F o r exam ple, N a + is rem oved from seaw ater by b u ria l o f p ore w ater and b y io n exchange reactions, but is added by d iag en etic reactions in the sedim ent. T he sum o f the inputs and outputs fo r N a + is +5.9 ± 2.4 X 101 2 m o l/yr, w h ere the u n certain ty is the sum o f the errors o f the estim ated fluxes in
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Ion or compound



River*3 input



Na+ K+ Mg2" Ca2" cr s o 2HCOj H4 SiQ4



+5.91 +1.17 +4.85 + 12.36 +3.27 +3.07 +32.09 +6.47



Burial, pore water -0.96 ± - 0 .0 2 ± -0.09 ± - 0 .0 2 ± -1.07 ± -0.06 ± — —



0.64 0 .0 1



0.04 0 .0 1



0.71 0.04



Ion exchange —1.53 ± - 0 .2 0 ± -0 .32 ± -0.96 ± — — -0.42 ± -



0.06 0.08 0.08 0.10



0.16



Diagenetic reactions



Precipitates



+2.5 ± -0 .9 ± -2 .3 ± +3.6 ± — — +4.7 ± —



— -0 .2 6 ± -1 2 .5 ± — -0 .6 0 ± -2 4 .2 ± -7 .0 ±



Net balance



—



1.7 0.5 1.6 3.0



4.0



0 .0 2



1.8 ? 3.6 0.09



+5.9 +0.05 + 1.9 +4.5 +2.2 +2.4 +11.6 -0 .5



± ± ± ± ±



2.4 6



1.7 4.9 0.7



± 7.8 ± 0.09



"A plus sign indicates gain by and a m inus sign m eans loss from the ocean. bFrom Table 22.2. so u r c e



: D rever et al. (1988).



Table 22.3. E v id e n tly , m ore N a + appears to be entering the ocean than is leavin g it, w hich m ay indicate either th at the estim ates o f the input or output fluxes are in co rrect or that the ocean is not in a steady state w ith respect to N a +; that is, the N a + concentration o f seaw ater is increasing. Sim ila r positive im balances exist fo r C a2+, C l- , H C O 3 , SO 2-, and M g 2+, w hereas K + and H 4 S i0 4 appear to be in balance. The excess C a2'1 ' in the ocean is p artly m atched by an excess of S 0 4-, whereas the N a + excess correlates w ith the excess in C l-. Therefore, we m ay conclude that the concentra tions of these elem ents in seaw ater are rising in preparation fo r the next episode o f deposition of C a S 0 4 and N a C l in m arine evaporite basins. The last such episode occurred ~5.5 X 106 y r ago w hen the M ed iterranean basin was isolated from the A tlan tic O cean (H sü , 1983). H o w ever, the im balances fo r N a + and C a2+ persist even after allowances are m ade fo r the future p recipitation o f gypsum and halite. This d ifficulty serves as a rem inder that the estim ates of inputs and outputs in Table 22.3 do not include the interactions of seaw ater w ith hot basalt along m idocean ridges. A cco rd in g to stud ies cited by D re v e r et al. (1988), these reactions in vo lve the conversion o f an orth ite (C a A l 2 S i 2 0 8)



to talc (M g 3 S i4 O from seaw ater: 6



10



(O H )2) by the uptake of M g 2+



M g 2+ + 4 C a A l 2 S i2 O g + 4 H zO -+ 2 M g 3 S i 4 O 1 0 (O H



) 2



+ 4 A12 0



3



+ 4 C a 2+ + 4 H +



(22.8)



Com plex in teractio ns of fayalite (F e 2 S i0 4) w ith S 0 4- and M g 2+ form sepiolite (M g 2 S i 3 0 6 ( 0 H ) 4), pyrite, am orphous silica, and m agnetite: 2M g2+ + 2 SO ;;- + 11 F e 2 S i0 4 + 2 H 20 -> M g 2 S i3 0 6 ( 0 H +



8



) 4



+ FeS2



S i0 2 + 7 F e 3 0



4



(22.9)



In ad d ition , N a + replaces C a 2+ and K + as a resu lt o f the a lb itiz a tio n of C a-plagioclase and K -feldspar, re sp e ctive ly: 2 N a + + C a A l 2 S i2Og + 4 S i0 2 —> C a2+ + 2 N a A lS i 3 O s



(22.10)



and: N a + + K A lS i 3 0



8



-> K + + N a A lS i 3 O g (22.11)



These reactions reduce the concentrations o f M g 2+, S 0 4- , and N a + in seaw ater and increase the concentrations o f C a2+ and K +. H o w ever, the
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C a2+ released by this process precipitates as cal cite in fractures and cavities in the basalt and does not rem ain in seawater. M o reo ver, the fluxes of the m ajor elem ents leaving and entering the ocean as a result o f w ater-rock interactions have not been quantified. Therefore, we can say only that these reactions p rob ably rem ove N a +, M g 2+, and S O 2“ from the oceans and that som e K + m ay be released. H o w ever, w ater-rock interaction does not help to explain the apparent excess of C a2+ in the oceans. T h e attem pt to balance inputs and outputs of



m ajor elem ents in the oceans is o n ly p artly suc cessful. This could m ean that the ocean is not in a steady state and that the com position o f seaw ater is changing due to n atu ral causes and probably has done so in the geologic past. The im balances discussed above becom e larger w hen anthro pogenic contam ination o f rivers is included. Fo r exam ple, the riverin e N a + flux to the ocean at the present time is not 5.91 X 1012 m o l/yr (T ab le 22.2) but is actually 9.30 X 101 2 m o l/yr when the anthropogenic input of 3.39 X 101 2 m o l/yr is added to the n atu ral flux. H o w ever, anthro pogenic contam ination has a negligible effect on the concentrations o f the m ajor elements in the ocean. F o r exam ple, D re v e r et al (1988) reported that it w ould take 300 X 106 yr before the anthro pogenic input o f S O 2“ (1.29 X 101 2 m o l/yr) w ould saturate seawater w ith respect to gypsum, assum ing that the concentration of C a2+ in the ocean rem ains constant. T he ocean resists change because it is a very large reservoir of the m ajor ele ments com pared to the annual inputs by rivers.



22.3



Mass Balance for Trace Elements in the Ocean



Trace elem ents in solution in riv e r w ater and adsorbed on suspended p articles are generally deposited in estuaries and on the continental shelves or accum ulate in deep-sea clay (Sections 4.3 and 4.4). Therefore, the annual riverin e input of a trace elem ent to the oceans must be equal to the output of that elem ent associated w ith m arine
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muds. T he annual input o f trace elem ent i by rivers can be represented by: input; = M spC ‘p + M rwC )w



where



(22.12)



M sp = mass of suspended sediment trans ported annually by rivers into the ocean Mn, = mass of river water entering the ocean annually C' = concentration of element i in suspended particles C)w = concentration of element i in river water



T h e output from the oceans is given by: output; = M dsC'ds + M shC ’h



where



(22.13)



M ds = mass of deep-sea clay deposited annually Msb = mass of mud deposited annually in estuaries and on continental shelves Cds = concentration of element i in deepsea clay C‘h = concentration of element i in shelf sediment (shale)



T he mass o f sedim ent deposited near shore each year is equal to the input by rivers in the form of suspended p articles and dissolved ions m inus the mass o f deep-sea clay: M sh = M sp + M m 2



Q w - M ds (22.14)



T he term 2 C }W in equation 22.14 is the sum o f the concentrations o f all ions in rive r w ater, excluding C a2+ and H C O J, after reducing the con centra tions by the am ount o f recycled m arine chloride. D re v e r et al. (1988) excluded C a2+ and H C O J because they p recip itate as calcite in the ocean and because calcite concentrates on ly a few o f the trace elem ents. B y substituting equation 22.14 in equa tion 22.13 and b y letting input; = output;, we obtain the com plete mass balance equation (D re v e r et al., 1988): M spC lp + M rw C ™ = M 


+ ( m sp +



2



Cjw - Mds) c j h (22.15)
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The masses of sedim ent entering and leaving the ocean annually have been estim ated and can be specified as follow s:



D is c h a rg e o f R iv e r s (in S o lu tio n an d in



M sp



S u s p e n d e d P a rtic le s ) an d L e a v in g th e



= 18 ± 3 X IO ' 5 g/yr (H o lem an , 1968; M eyb eck, 1979)



M ds



= 1.1 ± 0.4 x 1015 g/yr



(G a rre ls and M ackenzie, 1971) = 0-92 X 1015 g/yr (D re v e r et al., 1988) Substituting these values into equation 22.15 yields: (18 X 10l5 ) C 'p + (33 X 10I8 )C [W 1 0



I 5 ) Q S + [(18 x IO ’5)



+ (0.92 x 1015) - (1.1 x 1015 )]C jh



(22.16)



w hich reduces to:



Cjp +



(1.8 X 103 )C [W = 0 .0 6 Q S + 0.99Cjh (22.17)



w here the concentrations are expressed in parts per m illion. W e now define the input (M jn) as:



M\n = C jp + (1.8 X 1 0 3)c;.w



(22.18)



and the output M'oal as: M 'u, = 0 .0 6 Q S + 0.99Cjh



(22.19)



If the ocean is in a steady state w ith respect to a p articular elem ent, the ratio o f its output and input functions m ust be: M' ^



= 1.00



O c e a n b y D e p o s itio n o f S e d im e n t (a s S h a le an d D e e p - S e a C la y )



Output/input



Element



Output/input



A. Satisfactory Balance (Output ~ Input)



= 33 ± 3 X 101S g/yr



= ( 1 .1 x



(E q u a t io n 22.20) E n te rin g th e O c e a n b y



Element



(K u et al., 1968)



Mrw S C



T a b l e 2 2 . 4 M a s s B a la n c e o f E le m e n ts



( 22 .20 )



in



A s before, w e accept values of this ratio betw een 0.80 and 1.30 as evidence o f a satisfactory balance between output and input and use this criterio n to



classify the elem ents. D ata assem bled from the literature by D re v e r et al. (1988) in dicate that 30 elem ents id entified in Table 22.4A have satisfactory input-output b al ances. Lith iu m , As, and R b , whose output/input



Li B Mg Al Si K Caa Sc Ti V Cr Mn Fe Co Ni



2.26 1.3 0.83 0.89 0.97 1.14 1 .0 2



0.78 0 .8 6



0.79 0.93 1 .2



1.05 1 .2



0.89



Ga As Rb Sr Mo Cs Ba La Ce Nd Sm Eu Lu Th U



0.80 1.58 1.43 1.07 1 .0



0.89 1 .1



0.96 0.93 1.14 1.13 1.13 1.27 0.90 1 .0 2



B. Unsatisfactory Balance (Input > Output)



Na P S Cl Cu Zn Br



0.65 0 .6 6



0.37 0 .1 0



0.53 0.27 0 .2 0



Ag Cd Sb I Au Hg Pb



0 .1 1



0.29 0.25 0.30 0.026 0.52 0.16



C. Not Classified (Nonvolatile)



Be F Ge Zr Nb Ru Rh



Pd In Te Pr Gd Tb Dy



Ho Er Tm Yb Hf Ta W



Re Os Ir Pr Tl



“O ceanic carbonate included by adding 0.08 C ‘oc to the right side o f equation 22.17 (D rever et al., 1988). so u r c e



: D rever et al. (1988).



 22.4 ratios (equation 2 2 .2 0 ) are actu ally greater than 1.30 are, nevertheless, included in this group. A sec ond group of 14 elem ents are out of balance because their inputs to the ocean are significantly greater than their outputs. A large num ber of ele ments are not listed at all, eith er because they are vo latile or because the inform ation necessary for an evaluation is lacking. Table 22.4 contains 26 unclassified no nvolatile elem ents w ithout in clu d ing the noble gases, C, H , N, O, and the rad ioactive elem ents in the decay chains o f U and Th: Po, A t, Fr, R a , A c, and Pa. The apparent im balance o f the inputs and outputs of elem ents in Table 22.4B m ay be caused by inaccurate an alytical data or by the existence of outputs that are not included in equation 22.17. D re v e r et al. (1988) considered the possible rem oval o f these elem ents from the ocean by w ater-rock interactions in the hyd rotherm al sys tems along m idocean ridges. H o w ever, they con cluded that on ly a sm all fractio n o f the excess can be rem oved in this way. A n o th er possibility is that the apparent excess in the riverin e in p u t m ay be caused by the recycling of m arine aerosols. In other words, elem ents are rem oved from the ocean in aerosols, are washed out of the atm osphere by rain or snow deposited on the continents, and are then returned to the oceans in solution in riv e r w ater. A d d itio n al sources of the excess riverin e input of some of the Table 22.4B elem ents m ay be vo lcan ic gases, exha lations by plants, and anthropogenic contam ina tion. D re v e r et al. (1988) concluded that the



apparent excess of C l, B r, I, N a, C d, and H g can be accounted fo r by recycling o f m arine aerosols. H o w ever, the apparent excess in the riverin e input of N a and C l m ay also be an indication, already suggested by the data in Table 22.3, that these elem ents as w e ll as B r, I, and S are actually accum ulating in the ocean. Therefore, the mass balance on the basis of p articu late fluxes through the ocean (eq uation 22.17) confirm s conclusions regarding these elem ents based on the rock cycle (equation 22.3; i.e., w eathered igneous rocks = sedim entary rocks + seaw ater). M o reo ver, these elem ents a ll have long oceanic residence tim es expressed in years (T ab le 4.7):



T H E C Y C LES O F C - H - O - N Na S Cl Br I



2 .0



5.0 6.3 7.8 


X



1 0 8



X



1 0 8



X



1 0



X



1 0



X
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as expected, if they are accum ulating in the ocean. A lth o u g h H g and C d m ay be supplied to the rivers by m arin e aerosols, the excess m ay also orig in ate from exhalations by volcanoes and plants on the continents. In this case, th ey should have been accum ulating in the ocean because the know n outputs are unable to rem ove them com pletely. H o w ever, th eir short oceanic re si dence tim es (C d , 7.9 X 104 y r; H g, 7.9 X 103 yr, T able 4.7), in d icate that the apparent excess input is p rob ab ly caused by anthropogenic cont am ination or by bad data. The other elem ents o f Table 22.4B (P, C u, Z n , A g , Sb, A u , and P b ) are not explainable by recy cling of m arine aerosols o r by natural em issions by volcanoes and plants. M o reo ver, on ly Sb and A u have long oceanic residence tim es of 1.3 X 105 y r and 1.6 X 106 yr, respectively. D re v e r et al. (1988) concluded that the apparent excess of the riverin e inputs of a ll o f these elem ents is caused eith er by anthropogenic contam ination of stream s or by inaccurate data.



22.4



The Cycles of C-H-O-N



The geochem ical cycles of the vo latile elem ents, including C-H-O-N and the noble gases, cannot be represented adequately in term s of solids and ions in solution because these elem ents occur in the gas phase and together constitute the atm o sphere, the biosphere, and the hydrosphere o f the E a rth . The geochem ical cycles of these elem ents are therefore of param ount im portance because they create the environm ent in w hich we live and o f w hich w e are an integral part. The C-H-O-N elem ents dom inate the exo genic cycle, w hich operates on the surface o f the



E a rth . T h eir p rin cip al reservoirs and the processes that m ove them from one reservoir to another are
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depicted in Fig ure 22.2 by boxes and arrows, respectively. T he resulting “ plum bing system” shows that the exogenic cycle is connected to the endogenic cycle, w hich operates in the interior o f the E arth and involves m agm a, igneous rocks, sedim entary rocks, and m etam orphic rocks



(W o le ry and Sleep, 1976). The p rin cip al connec tion between the cycles occurs in sedim ent and soil because both are the result o f w eathering of endogenic rocks and also in teract w ith the b io sphere, the hydrosphere, and the atm osphere. A d d itio n al connections take the form of w aterrock interactions along m idocean ridges and the exhalation of vo lcan ic gases. The n o n vo la tile elem ents tend to reside p re fe re n tia lly in the reservo irs o f the endogenic cycle, w hereas the v o la tile and the w ater-soluble elem ents occupy reservoirs in the exogenic cycle. H o w ever, a ll elem ents occur in a ll o f the a v a il able reservoirs even though th eir residence tim es m ay be short and th eir con centrations m ay be low. W e have alread y considered parts of this geo chem ical m achine by evaluating the rates at w hich no nvolatile elem ents enter and leave the ocean and by calculating th eir m ean oceanic resi dence times (T ab le 4.7). W e have also specified the volum es of the reservoirs of the hydrologic cycle (Table 4.6) and m ade an in ven to ry o f the com position o f the atm osphere (Table 4.8). The geochem ical cycles of C-H-O-N are in ter connected because these elem ents form com pounds involving two or m ore of the elem ents in



Fi g u re 2 2 .2 Interactions between the exogenic and endogenic cycles of the elements. The boxes are reser voirs in which elements reside for varying periods of time depending on their geochemical properties. The arrows are processes that move elements from one reservoir to another. The two cycles are connected pri marily through sediment and soil, which interact directly with the atmosphere, the biosphere, and the hydro sphere. Other connections take the form of subduction and partial melting of sedimentary rocks or their meta morphic descendents and the exchange of elements between hot basalt and seawater. The mantle of the Earth is the ultimate source of all matter in the two cycles except for a small amount derived from the solar system as meteorites, interplanetary dust, and the solar wind. Some of the processes that make the geochemical cycles work are reversible as indicated by double arrows, whereas others are unidirectional and are irreversible.



 2 2 .4 this group, such as H 2 0 , C 0 2, C H 4, C H 2 0 , and N 0 2. These elem ents also occur in m inerals and therefore participate in the endogenic cycle. Fo r



example, O is the m ost abundant chem ical elem ent in the rocks of the continental crust (Table 4.3), whereas C occurs in m antle-derived kim berlites as diam ond.



a. The Carb o n C y cle The geochem istry o f C is dom inated by the reduc tion of C in C 0 2 during photosynthesis and by its eventual reoxid atio n to C 0 2, some o f w hich m ay react w ith w ater to form b icarbonate ions and hence C a C 0 3. T h e m ovem ent o f C through the endogenic and exogenic cycles can be traced in Fig ure 22.3. The am ounts of C in the reservoirs and the m agnitudes of the fluxes are listed in Table 22.5. Red uced C enters the crust from the m antle by the intrusion o f m agm a and resides in igneous rocks or is exhaled through volcanoes d irectly into the atm osphere p rim arily as C 0 2.The C 0 2 of the atm osphere dissolves in the w ater of the hydrosphere and also enters the biosphere by photosynthesis and by absorption of carbonate ions through p lan t roots. The hydrosphere and biosphere in Fig u re 22.3 are each divided into oceanic and con tinental reservoirs. T he bicarbon ate ions o f the hydrosphere are incorporated into sedim ent in the form of C a C 0 3, w hereas a frac tion of the biospheric C is deposited as organic m atter in sedim ent and soil. Sedim ent com posed p rim arily of C a C 0 3 form s limestone, whereas sedim ent com posed o f p lant debris form s coal. In addition, the organic m atter in shale m ay alter to kerogen from w h ich petroleum and natural gas m ay form . O nce it has entered the endogenic cycle, the C in sedim entary rocks m ay be transform ed into anthracite or graphite by therm al m etam orphism o f its sedim entary host, whereas lim estones m ay recrystallize to form m arble. Som e C in sedim en tary rocks m ay be incorporated in to magma dur ing p artial m elting and thus enters igneous rocks of the crust. In addition, C m ay retu rn to the m an tle by subduction o f sedim entary and volcanic rocks.
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T he pathw ays o f C in the exogenic cycle are



reversible, w hereas those of the endogenic cycle are g en erally unidirectional and irreversible. O nce



C has becom e enclosed in sedim entary, igneous, or m etam orp hic rocks, it can retu rn to the exo genic cycle o n ly as a result of w eathering of its host, by venting o f m agm a through volcanoes, or b y d ecarbonation reactions o f carbonate rocks at elevated tem peratures. If the geochem ical m achine in Figure 22.3 is in a steady state, the am ounts of C in the various reservoirs and the fluxes betw een them are in va ri ant w ith respect to tim e, w ith the exception o f the long-term changes discussed before. Therefore, the present m agnitudes o f these reservoirs and fluxes can p rovide a valid description of how the C-cycle w orks at the present tim e and how it has w orked in the not-too-distant geologic past. The data listed in Table 22.5 indicate that sedim ent in the oceans and on the continents, and the sedi m entary rocks derived from them , together form the largest reservo ir w ith 7643 X 1018 m oles of C. The ocean contains only 3.3 X 101 8 moles o f C, whereas the oceanic and continental biospheres together contain even less at —0.39 X 101 8 m oles of C .T h e atm osphere, w ith only 0.058 x 101 8 m oles of C , nevertheless plays an im portant ro le in the C-cycle because it allow s C to pass between the hydrosphere and the biosphere. Therefore, it acts m ore as a conduit of C than as a reservoir and is the point of entry of C released into the atm os phere by volcanoes and by the com bustion o f fossil fuel by humans. The fluxes o f C between the atm osphere and the ocean are very large (~8000 X 1012 m o l/yr), w hich favors the establishm ent of a steady state. Sim ilarly, the fluxes between the atm osphere and the continental biosphere ( —4800 X 1012 m o l/yr) and betw een the ocean and the m arine biom ass (-3100 X 101 2 m o l/yr) are quite large and likew ise perm it C to m ove freely am ong these reservoirs. A s a result, changes in the C-content of one reser vo ir are rap id ly transm itted to the others. Fo r exam ple, a reduction of the continental biomass releases C into the atm osphere as a result of bacte ria l degradation o f organic m atter. Consequently, the C-content o f the atm osphere rises tem porarily
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Fi g u re 2 2 .3 Geochemical cycle for carbon.The boxes identify the major reservoirs, and the arrows are the fluxes of C moving between them annually. The magnitudes of the C-reservoirs and fluxes are stated in Table 22.5. C, = inorganic C (carbonate and C 0 2), C 0 = organic C (hydrocarbons, carbohy drates, etc.), C = native C (diamond and graphite). A ll other elements circulate through the exogenic and endogenic cycles in a similar way as C, except that the amounts in the reservoirs and the fluxes of other elements may be very different from those of C (adapted from Holser et al., 1988).



 22.4 T a b l e 2 2 . 5 R e s e rv o irs an d F lu x e s o f th e N a tu r a l C a rb o n C y c le 3



Reservoir



Flux Amount, mol



Name Atmosphere



Hydrosphere (ocean)



Hydrosphere (continent) Biosphere (ocean) Biosphere (continent) Sediment/soil (ocean) Sediment/soil (continent)



Metamorphic and igneous rocks Volcanoes Mantle



58 X 1015Q



3.3 x 1018C;



2 x 1012CD 130 X 1015C0



260 X 101S C0 1290 x 1018Q



63 x 1018CG



5170 X 1018Cj



From



To



?



?



8000 C



atmosphere atmosphere atmosphere ocean ocean ocean ocean



ocean biosphere (cont.) sed. and soil (cont.) atmosphere biosphere (ocean) sediment (ocean) sediment (cont.)



hydrosphere (cont.)



ocean



biosphere (ocean) biosphere (ocean) biosphere (ocean) biosphere (cont.) biosphere (cont.) sediment (ocean) sediment (ocean) sediment (ocean) sediment (cont.)



ocean sediment (ocean) sediment (cont.) hydrosphere (cont.) atmosphere mantle volcanoes met. and igneous rocks hydrosphere (cont.)



sediment (cont.) sediment (cont.) met. and igneous rocks



volcanoes met. and igneous rocks hydrosphere (cont.)



3C ?



volcanoes mantle



atmosphere hydrosphere (ocean)



3C



4800 C 35 C



8042 C 3100 C



5C



46 C



8 C0 86 C



18 C 3



1120 x 1018C0



?



Amount, 10n m ol/yr



3090 C 5



0.2 C0 10C 3



10C 3



4790 C



5C 0.2 CQ 0.02 Cj



86 Q



8C3



?



6C



aC; m eans inorganic C in carbonate or carbon dioxide; CQm eans organic carbon. so u r c e



; H olser et al. (1988).



until some of the excess is transferred to the ocean. C arbon dioxide entering the ocean form s bicarbonate ions, w hich m ay cause C a C 0 3 to p re cipitate. Therefore, a fraction o f the C released by the continental biosphere is put in storage as C a C O s in m arine sedim ent. This C could be retrieved by dissolution of carbonate sedim ent in the ocean in response to a decrease in the atm os pheric C-content.



The rap id exchange o f C am ong the exogenic reservoirs stabilizes the C-cycle by preventing excessive concentrations from building up in any one o f the m ajor reservoirs. T his fact m ay m oder ate the release o f C 0 2 into the atm osphere by com bustion o f fossil fu el and m ay reduce the severity o f the resulting changes in the atm os p heric circu latio n and clim atic conditions o f the w orld.
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b. T h e W a t e r C y c l e H ydrogen and O are com bined in the m olecules of w ater in the hydrologic cycle, w hich operates p rim arily on the surface o f the E a rth (Sectio n 4.4). In addition, O is the most abundant elem ent in the continental crust (4 5 .5 % ) and m antle o f the E a rth (4 4 .1 % in p yrolite, Table 4.2). W a te r not only



m akes up the hydrosphere but also occurs in com m on m inerals, including am phiboles, micas, clay m inerals, and in the oxides, sulfates, and carbon ates of some of the abundant elem ents in the crust (N a , M g, A l, C a, M n , Fe, etc.). In this section we consider only the w ater in the exogenic cycle of the hydrosphere. The presence of w ater on the surface of the E a rth is an essential prerequisite to life, and its m ovem ent perm its transport o f sedi m ent and ions produced by chem ical reactions that can occur on ly in its presence. The history o f the atm osphere and oceans of the E a rth has been discussed by m any authors including R u b e y (1951) w hose w ork was a m ile stone in the solution of the problem of th eir o ri gin. M o st of the proposed m odels fo r the form ation of the atm osphere and oceans have been based on the abundances of the noble gases in the atm osphere, including p articu larly A r, w hich has a radiogenic isotope ( 4 0 A r ) that form s by decay of 40K (Sectio n 16.3a). Im p o rtan t co n tri butions to the history of outgassing of the E a rth are by D am on and K u lp (1958), T urekian (1959, 1974,) Fanale (1971), H am ano and O zim a (1978), Fish er (1978), H a rt and H o g an (1978), Schwartzm an (1978), and H o lla n d (1984). The continuing quest fo r understanding indicates that the history of the oceans and atm osphere o f the E a rth is one of the m ost fundam ental questions in the E a rth Sciences. W a te r was an o rig inal constituent of the p lan etesim als as w ater of hyd ration o f certain m inerals and as ice. W a te r was p robably also contributed to the E a rth by im pacting com ets or the so-called com etesim als (Sectio n 2.2). M o st o f the w ater and other vo latiles w ere in itia lly in the in te rio r o f the E a rth and m ay have been dissolved in a m agm a ocean during the early m olten stage o f the E a rth . M o st evidence supports the conclusion that the vo latile elem ents and com pounds w ere out-



gassed very early in the history of the E a rth . A m odel by H o llan d (1984) indicates that about two thirds of the atm osphere was released at the tim e of accretion or very soon thereafter. A b o u t 3 0 % of the w ater was subsequently consum ed by chem ical w eathering and now resides in the continental crust. N evertheless, H olland (1984) concluded that large bodies of w ater existed on the surface of the E a rth m ore than ~ 4 b illio n years ago. This conclusion is strongly supported by the presence of (3.7 X 109 )-year-old sedim entary rocks, in clud ing chem ically precipitated carbonate rocks, at Isua in G reen lan d (Schidlow ski et al., 1979; A p p el, 1990; Baadsgaard et al., 1986). The geochem ical cycle of w ater therefore started m ore than 4 X 109 years ago w ith the release of w ater during cooling and crystallization of the m antle and later by the form ation and sub



sequent upw ard m ovem ent of magma. Som e w ater was trapped in igneous rocks, but m ost o f it was in itia lly discharged into the atm osphere by volcanic activity. Outgassing o f the E a rth has con tinued to the Present, but at a greatly dim inished rate, as indicated by the discharge of p rim ord ial 3H e by subm arine volcanic activity (K u rz et al., 1982). The m ovem ent of w ater through the exogenic and endogenic cycle at the present time is outlined in Figure 22.4. Volcanoes still discharge w ater vapor, but almost all of it now originates from groundwater and by dehydration of crustal rocks. A sm all fraction of w ater in the upper atm osphere (4.8 X IO - 4 km 3 /yr, W alker, 1977) dissociates into its constituent gases and the H 2 subsequently escapes into space.The biosphere occupies a central place in the hydrologic cycle because it depends on the presence of w ater for its existence and because it receives and discharges w ater to the other reser voirs on the surface of the E arth . Figure 22.4 does not show that w ater contained in crustal rocks m ay be released during chem ical weathering and that w ater m ay also return to the m antle by the subduction of w et sedim ent and hydrated volcanic rocks. The ocean is by fa r the largest reservoir, con taining 95.25% of a ll the w ater in the hydrosphere (Tables 4.3 and 22.6). G lacie rs and con tinental ice sheets m ake up 2 .0 5 % , w hereas groundw ater



 Space



t H=



Fi g u re 2 2 . 4 Geochemical cycle of hydrogen and oxygen in the form of H 2 0 . The water on the surface of the Earth was outgassed from the mantle by volcanic activity in Early Archean time. Since then, most of it has been circulating through the reservoirs of the hydrologic cycle. The biosphere occupies a central position in the cycle of water because it communicates with all other surface reservoirs and because it depends on water for its exis tence. Water enters the endogenic cycle via sedimentary rocks and may be stored in hydrous minerals of metamorphic and igneous rocks. Volcanoes continue to vent groundwater and water derived from sedimentary, igneous, and metamorphic rocks back into the atmosphere. The diagram does not show that water may return to the mantle by subduction of crustal rocks and that water in these rocks may be released into the hydrologic cycle by chemical weathering.
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(shallow and deep), lakes, and rivers together contain only —0.70% o f the w ater on the surface of the E arth . The actual volum e o f fresh w ater that is available fo r dom estic, ag ricultural, and industrial use is about 9.86 X 106 km 3. D ata cited by B e rn e r and B e rn e r (1987) in d i cate that the hydrologic cycle is driven largely by solar energy (0.5 cal cm - 2 m in-1, 99.98%), w ith much smaller contributions by heat flow from the interior of the E a rth (0.9 X 10-4 cal cm - 2 m in-1, 0.018%), and from tides (0.9 X 10-5 cal cm - 2 m in-1, 0.0012%). The am ount of heat received by the E a rth from the Sun must be equal to heat losses in order to m aintain the therm al balance. According to Berner and B e rn e r (1987), —30% of the solar energy received by the E a rth is reflected back into space as short-wave radiation (A < 4 p m ). The rem ainder is absorbed by the surface (51%) and by the atmosphere (w ater vapor, dust, ozone, C O z, 16%; clouds, 3%). The am ount of heat absorbed by the atmosphere depends on its chem ical com posi tion, including prim arily the concentrations of C 0 2, H 2 0 , C H 4, and certain fluorocarbon gases used as



refrigerants and propellants in aerosol cans. (See C hapter 23.) The input of energy from the Sun causes water to evaporate from the surface of the ocean. Som e o f that w ater is returned to the ocean by direct pre cip itatio n. H o w ever, the data in Table 22.6 in d i cate a net flux of 37,400 km 3/yr o f w ater from the oceans to the continents in the form o f atm o spheric w ater vapor. This am ount o f w ater must re tu rn to the oceans an n u a lly in o rd e r to b al ance the cycle. The atm osphere over the con ti nents also receives 72,900 km 3/yr o f w ater by evap oratio n from the continents, so that the total am ount of p recip itatio n over the continents is 110,300 km 3 /yr. Som e o f this w ater is stored tem p o ra rily in the p olar ice sheets or glaciers and as groundw ater. H o w ever, —6 % of the retu rn flow to the oceans is by discharge o f groundw ater d ire ctly into the ocean (B e rn e r and B e rn e r, 1987, T able 2.2). The ocean acts as a giant heat reservo ir that m oderates tem perature fluctuations o f the atm os phere. Therefore, the clim ate of the E a rth , both



T a b l e 2 2 . 6 V o lu m e s an d F lu x e s o f W a te r W it h in th e H y d ro lo g ie C y c le



Reservoir Amount, 106 km 3



Name Ocean Ice sheets, glaciers Groundwater (750-4000 m) Groundwater (


: Berner



Flux



1370 29 5.3



Amount, km 3/yr



From



To



ocean atmosphere ocean



423,100 385,700 37,400



4.2



continents



atmosphere ocean continents (water vapor) atmosphere



0.125 0.065 0.013



atmosphere continents whole Earth



continents ocean atmosphere



110,300 37,400 496,000



atmosphere



whole Earth



496,000



0.0017 0.0006 1408.7



and Berner (1987).



72,900



 2 2 .4 g lob ally and locally, depends on com plex in te rac tions betw een the atm osphere and the oceans.



These interactions include feedback m echanism s, w hich m ay am plify sm all random perturbations into m ajor events that affect global w eather p at terns. These events are v irtu a lly im possible to p re d ict because they result from the chaotic b eh avio r o f the ocean-atm osphere system .



c. The Nitro gen C y cl e N itrogen is strongly concentrated in the atm o sphere, w hich contains 78.084 volum e % (Table 4.8) or 2.82 X IO 2 0 moles o f nitrogen as N 2 (g ) and much sm aller amounts ( ~ 1 0 1 2 m oles) o f six other m olec ular species: N H 3, N H , N zO, N O , N O z, and H N 0 3 (Table 22.7). The biosphere in the oceans and on the continents contains 6.40 X 101 6 and 5.52 X 1016 moles of N, respectively. In addition, the oceans contain 2.40 X 1016 moles of N in dissolved organic



com pounds but only 1.57 X 1 0 6 moles of N as dis solved N 2. Sedim ent and sedim entary rocks are a m ajor sink for N containing 14.2 X 1 0 18 moles of inorganic N and 57.2 X 101 8 m oles of N in organic compounds. N itro g en is an im p o rtan t elem ent in the b io sphere and its geochem ical cycle (D e lw ich e , 1970) reflects the m etab o lic activ ity o f b acteria (Se ctio n 19.7). In addition, the com bustion o f fos sil fu el at high tem peratures causes atm ospheric N 2 to be converted to oxides, including N O z, w hich is a toxic constituent of urban smog. A tm osp heric N 2 is also used to m ake fertiliz er containing N O J or N O J. H o w ever, the rem oval of N 2 from the atm osphere by this process does not threaten to reduce the atm ospheric reservo ir appreciably. The geochem ical cycle, outlined in Fig ure 22.5, starts w ith the “ fixation” o f atm ospheric N 2 by bac teria, including A zotobacter: 2 N2 +



6



H 20 —>4 N H 3 (organism ) + 3 0



C o m p o u n d s in th e M a jo r E x o g e n ic



Amount, m ol N



Reservoir Atmosphere N, nh3 NH n 2o NO no2 HNO 3 Biosphere Continents Ocean Hydrosphere (oceans) Dissolved N2 Dissolved organic Sediment Inorganic N Organic N so u r c e



:



Residence time



2



( 22 .21 )



T a b l e 2 2 . 7 In v e n to ry o f N itro g e n R e s e rv o irs
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T h e N H 3 is released follow in g the death of the organism . Subsequent hydrolysis o f N H 3 p ro duces N H 4 : 4 N H 3 + 4 H 20



4 NH7 + 4 O H "



(22.22) 2.82 x 1.83 x 0.29 X 91 x 0.22 X 0.22 X small 5.52 6.40



X X



zo 1012 1012 1012 1012 1012



1 0



44 X 106yr 3-4 mo 2-3 wk 12-13 yr (?) 1 mo (?) 1 - 2 mo 2-3 wk



1016 1016



1.57 x 106 (N) 2.40 x 1016 (N) 14.2 57.2



Garrels et al. (1975).



X X



1018 1018



T h e N H j is oxidized to N O J and N O j by n itrify ing b acteria ( N itro so m o n a s and N itrobacter ): 4NHJ +



6



0



2



4NOJ +



4NOJ + 20



2



8



H + + 4 H 20 (22.23)



4NOJ



(22.24)



T h e N O J and N O J as w e ll as N H J are assim ilat ed by plants through th eir roots and are in corp o rated into cell m aterial as the am ino rad ical N H 2. H o w ever, N O J m ay also be reduced to N 2 by de n itrifying b acteria (e.g., P seu d o m o n a s ): 4 N O J + 2 H 20 - > 2 N 2 + 5 0 2 + 4 O H " (22.25)



400 X 106 yr



T his process is a form of anaerobic resp iration from w hich b acteria d erive 0 2. T he b iolo g ical cycling o f N 2 is augm ented by



abiologic processes in the troposphere (< 17 km
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Fi g u r e 2 2 .5 Exogenic cycle of nitrogen. The N 2 of the atmosphere is fixed by bacteria as NH3, which hydrolyzes to N H j, and is converted to NOj and N O 3 by nitrification. Nitrite and nitrate ions are assimilated by plants through their roots and are incorporated into plant tissue as NH2. Nitrogen is also fixed by the conversion of N 2 to NO) during lightning discharge. Some of the nitrogen is incorporated into sediment in the form of organic matter and as NH 4 , which substitutes for K+ in clay minerals and mica. Nitrogen returns to the atmosphere by decay of organic matter, which releases NH 3 and NH 4 , and by the action of denitrifying bacteria in the soil, which convert NO) to N 2 (adapted from Walker and Drever, 1988).



above the eq uator), w hich are in itiated by the fo r m ation of nitric oxide (N O ) during lightning dis charge. The N O is subsequently converted to



N O 3 by photochem ical reactions and is rem oved from the atm osphere in rain o r snow. The nitrate produced by lightning in the atm osphere is assim ilated by plants and thus enters the biosphere. A small fractio n o f N in plant tissue enters the endogenic cycle w hen organic m aterial is deposited in sedim entary basins and is u ltim ately buried and incorporated into sedim entary rocks by diagenesis and lith ificatio n . In addition, N m ay be present in sedim entary rocks as N H 4 , w hich replaces K + in clay m inerals and m ica in accor dance with G old sch m id t’s rules (Sectio n 8.1). The concentration o f N in sedim entary rocks (200-4000 ppm ), results p rim arily from the pres



ence of organic m atter. Igneous and m etam orphic rocks contain even less N (1-20 ppm ), presum ably in m ica m inerals (W lo tz k a, 1972). The return flow o f N from the biosphere to the atm osphere takes place during decay of organ ic m atter, which releases N H 3. The fluxes of N H 3 to the atm osphere are about 5.4 X 1012 m ol/yr from the continental biosphere and 2.9 X 1012 m o l/yr from the oceans (G a rre ls et al., 1975). The concentration o f N H 3 in the atm osphere is about 6 ppb, w hich gives a total N H 3 in ventory of 1.83 X 101 2 moles. The N H 3 is hydrolyzed to N H 4 , w hich is rapidly rem oved from the atm osphere. O nce the atm ospheric N H 4 has entered the soil, it m ay be converted to N 0 2 and N 0 3 by nitrifyin g bacteria (equations 22.23 and 22.24), or it is assim ilated by plants.
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The release of n itric oxide (N O ) in to the atm osphere by high-tem perature com bustion o f fossil fuel has undesirable environ m ental conse quences because N O reduces the ozone concen tration of the stratosphere located betw een 17 and 50 km above the surface of the E a rth at the equator (C h ap ter 23).



accum ulation o f p yrite in the sedim ent depends not on ly on the a v a ila b ility of H S but also on the ava ila b ility o f F e 2+. W h e n the supply of F e 2+ is inadequate to p recip itate a ll o f the sulfide that is produced, the bacteria m ay m anufacture native S, as th ey seem to do in the caprock o f salt domes. The ratio of organic C to p yrite S in m arine



22.5



tend to have sim ilar C / S ratios (R a isw e ll and B e rn e r, 1986). This relationship presum ably arises because the rate o f p yrite production depends on



The Sulfur Cycle



The geochem istry of S on the surface of the E a rth is dom inated by the activity of the anaerobic bacteria Desulfovibrio desulfuricans, w hich reduce sulfate to sulfide or, m ore rarely, to native S (Sectio n 17.9). These bacteria occur w idely in m arine as w ell as lacustrine sedim ent and m ay also occur in the overlying w ater colum n, provided conditions are suffi cien tly anoxic (E h < +0.100 V ), as in the B la c k Sea and in the w ater o f the C arioca Trench (H o ls e r et al., 1988). In order to survive, the bacte ria requ ire a food supply, w hich th ey d erive from the organic m atter that is deposited w ith the sedi ment. The bacteria p refer sim ple hydrocarbons and short-chain carboxylic acids and m ay enter into sym biotic relationships w ith ferm entative bacteria that break down com plex organic m ole cules into edible form . The S-reducing bacteria can tolerate a wide range o f p H conditions and salt concentrations and are not poisoned by the sulfide th ey excrete. The reduction of sulfate takes place p rim arily a few centim eters below the sedim ent-w ater interface, but m ay continue to a depth of several meters. The sulfate is supplied by seaw ater trapped in the pores of m arine sedim ent and by diffusion from the overlying w ater colum n. In lacustrine environm ents the sulfate originates by dissolution o f m arine evaporite deposits and by oxidation of sulfide m inerals in the drainage basin.



The sulfide ions produced b y the bacteria p recipitate as iro n sulfide, w hich recrystallizes to pyrite. The necessary F e is d erived from Fe-oxide coatings o f d etrital m ineral particles, w hich release F e 3+ that must be reduced to F e 2+ by oxi dation of organic carbon o r sulfide. Therefore, the



shales o f d ifferen t ages has varied w ith tim e, but shales from a p articu lar period o f geologic tim e



the supply of edible C-compounds, w hich m ake up a certain fraction of the total organic m atter in the sedim ent (G o ld h a b er and K a p lan , 1974). A s a result, the am ount of S in p yrite and the am ount of residual inedible C in m arine shale are correlated. U n a ltered and unm etam orphosed m arine shales of C am brian and O rd o vician age have significant ly lo w er average C /S ratios (0.5 ± 0.1) than shales of D evo n ian to T ertiary age (1.8 ± 0.5), presum ably because of the absence of vascular land plants in early Paleozoic time. V ascu lar plants produce lignin and therefore are a m ajor source of re frac to ry C in shale of post-O rdovician age. M arin e sedim ent of H olocen e age has a m ean C / S ratio of



2.8 ± 0 .2 .



T he preanthropogenic S cycle depicted in Fig u re 22.6 has m any reservoirs whose S contents are listed in Table 22.8. W e start the cycle w ith the b acterial reduction of sulfate in the ocean and in



b odies o f fresh w ater. The reduced S is deposited as p yrite in m arine and nonm arine shales. In addi tion, sulfate salts m ay be p recipitated ep isod ically in m arine and nonm arine evap orite basins. The S sequestered in sedim entary rocks returns to the hydrosphere in the form o f dissolved sulfate when the sedim entary rocks are exposed to chem ical w eathering. Su lfu r from the m antle m ay enter the hydros phere as a result o f alteration of basalt in the ocean, as a result o f chem ical w eathering of m afic igneous rocks, and by the em ission o f S 0 2 by vo l canoes. H ow ever, the S discharged by volcanoes is p artly derived from sedim entary rocks as w ell as from igneous and m etam orphic rocks o f the crust.



 444



G E O C H E M IC A L C Y C LES



Fig u re 2 2 .6 The natural geochemical cycle of sulfur.The exogenic cycle of S is dominated by the reduction of dissolved sulfate to sulfide by anaerobic bacteria (Desulfovibrio) living just below the sediment-water interface in the oceans and in bodies of fresh water. The sulfide is precipitated as pyrite in the presence of an adequate supply of Fe2+. In addition, sulfate salts may form in marine and continental evaporite basins. The return flow of the S from sedimentary rocks to the hydrosphere takes place by chemical weathering. In the endogenic cycle, S from the mantle is brought into the crust by basalt and other mafic rocks from which it may be released by weathering and by alteration of basalt on the floor of the ocean. A third outlet for S from the interior of the Earth is by volcanic activity that may release a mixture of S derived partly from the mantle and partly from igneous, sedi mentary, and metamorphic rocks of the continental and oceanic crust. The S released by volcanic activity may enter the hydrosphere directly or may enter the atmosphere first and be subsequently removed as sulfate in meteoric precipitation. The igneous and metamorphic rocks contain S derived primarily from oceanic or continental sediment with contributions from the mantle via volcanic rocks of basaltic composition. Anthropogenic effects on the S cycle are not shown here.
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Table 22.8 Principal Reservoirs of Sulfur in the Endogenic and Exogenic Cycles Principal form



Reservoir



Moles o f S



Ocean Atmosphere Fresh water Sediment Oceanic Continental, reduced Continental, oxidized, evaporite Oceanic basalt, altered Mafic rocks, unaltered Igneous and metamorphic rocks



40 x 1018 56 X 109 40 x 1015



sulfate



X 1018 1018 X 1018



sulfide sulfide sulfate



25 X 1018 106 x 1 0 18 430 X 1018



sulfide sulfide sulfide



so u r c e



8



145 192



X



so2 sulfate



: H olser et al. (1988).



Figure 22.6 does not show that even seawater or continental brines m ay contribute part of the S that is recycled by volcanic activity. V olcan ic emissions o f S m ay contain H 2 S, but it is rap idly oxidized dur ing the eruption and enters the atm osphere as S 0 2. The atm osphere contains S derived p rim arily by vo lcan ic activity, by exhalation from the bio sphere, and by recycling of sulfates from the sur face w ater of the ocean, from surficial salt deposits, and from brine lakes. Su lfu r com pounds of volcanic or biogenic origin are oxidized by reac tions w ith 0 2 and H zO in the atm osphere to form sulfuric acid. The resulting acidification o f rain and snow is a natural phenom enon that com m only fo l lows large volcanic eruptions. E vid e n ce fo r this process is preserved in the ice sheets o f A n tarctica and G reen lan d in the form o f layers of ice con taining tephra o verlain by ice containing excess sulfate. E vid e n tly, the S em itted b y m ajor volcanic eruptions rem ains in the atm osphere som ewhat longer than the tephra, w hich are deposited dow n w ind from th eir source (P a la is and K yle, 1988). T he S cycle has been significantly disturbed by the em ission of S 0 2 into the atm osphere from coal-burning electric pow er plants and by roasting
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o f sulfide ores. In addition, m ining operations and construction projects cause exposure of sulfidebearing rocks, w hich accelerates chem ical w eath ering and causes localized release of H 2 S 0 4 into streams, lakes, and groundw ater (Sections 14.5d and 2 1 .2 ). The isotope com position o f S processed by b acteria is altered because o f the p referential enrichm ent o f the m etabolic H 2S in 32S (Sectio n 17.9). A s a result, sedim entary sulfide deposits m ay be v a ria b ly enriched in 3 2 S, whereas m arine sulfate deposits are enriched in 34S and



depleted in 3 2 S. The S34S values o f m arine sulfate deposits have varied system atically throughout geologic tim e (Fig u re 17.6) in response to secular variatio ns in the isotope com positions o f the inputs and outputs o f S to and from the ocean. T he m odels that h ave been proposed to account fo r the observed variatio n o f the 8 34S valu e of m arine sulfate deposits w ere review ed by H o lser et al. (1988). W e focus attention here on the possi b ility that the alteratio n of the isotope com posi tion o f S by b acteria can be used to detect the first appearance o f S-reducing b acteria on the E a rth in E a r ly A rch ea n tim e. M easurem ent by M onster et al. (1979) in d i cate that sulfide m inerals in d ifferent facies o f the banded iron form ation at Isua in G reenland have an average 


1979; Cam eron, 1983).
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Summary



G eological and geochem ical processes have been operating on the surface o f the E a rth throughout geologic tim e. T herefore, we m ay assume that these processes are in a steady state such that the chem ical com positions o f the m ajor reservoirs have rem ained constant except fo r long-term changes caused by the evo lu tio n o f life, convec tion in the m antle, and the decay o f long-lived rad ioactive nuclides to stable daughters. The assum ptions can be tested by equating the mass o f an elem ent released by chem ical w eathering of igneous rocks w ith the sum o f its masses in sedim entary rocks and in the ocean at the present tim e. The resulting mass-balance equation can be evaluated fo r each elem ent using its average concentrations in the three p rin cip al reservoirs. The results yie ld satisfactory balances fo r m any elem ents w ith some notable exceptions, including S, C l, C a, H g, and 14 other elem ents. A ll of these elem ents have higher concentrations in the oceans and in sedim entary rocks than can be accounted fo r by the mass of igneous rocks that



has weathered. A n other kind of balance involves a com parison of the mass of an elem ent entering the ocean annu ally and its rate of rem oval from the ocean. The annual inputs by rivers must be corrected for recy cling of m arine salts, which are transported to the continents as atm ospheric aerosols, and for anthro pogenic contam ination of river water. Outputs from the ocean take the form of burial o f pore water, ion exchange reactions, diagenesis and precipitation of salts all of w hich are difficult to evaluate quantita tively. Nevertheless, satisfactory input-output bal ances can be dem onstrated fo r 30 elements, whereas 14 elements have larger inputs than outputs. The group of elem ents w ith unsatisfactory oceanic input-output balances includes some of the same elem ents that have unsatisfactory mass balances (w eathered granite = sedim entary rocks + oceans): S, C l, H g, as w ell as N a, P, Cd, and Pb. These results suggest that the concentra tions of N a, C l, and S in seaw ater are actually



increasing at the present tim e. The excess inputs



o f other elem ents m ay only be apparent because they m ay be caused by recycling o f m arine salt (H g and C d ), by anthropogenic contam ination of rive r water, or by bad data. The geochem ical balances of the vo la tile ele m ents (C-H -O -N and noble gases) cannot be evaluated in term s o f th eir concentrations in rocks or w ater alone because significant p rop or tions of these elem ents reside in the atm osphere and in the b iosp here.T h eir com plete geochem ical cycles include both an endogenic (m agm a, igneous, sedim entary, and m etam orphic ro cks) and an exogenic (atm osphere, biosphere, ocean, sedim ent/soil) subcycle. I f the am ounts o f an ele m ent in a ll o f the availab le reservoirs and the fluxes betw een them are know n, then it is possible to describe the com plete geochem ical cycle of that elem ent and to calculate residence tim es in each reservoir. Such com plete descriptions of geochem ical cycles are d ifficu lt to achieve p artly because of the com plex interactions am ong reservoirs and p artly because of anthropogenic in terventio n in the natural operation of the geo chem ical cycles of m any elem ents. N evertheless, even q u alitative descriptions o f the circulation o f an elem ent am ong its exogenic and endogenic reservoirs prom ote understanding o f the in terac tions am ong the reservoirs. The discussion o f the exogenic cycles o f the C-H-O-N group of elem ents leads to im portant questions about the C 0 2 content o f the atm o sphere, the history o f outgassing of the E a rth , and the role o f bacteria in the global circulation o f N. T he exogenic cycle of S is likew ise dom inated by the b acterial reduction of sulfate to sulfide, w h ich is accom panied by significant fractionation o f the stable isotopes o f S. A study of the isotope com position of S in p yrite in rocks of A rch ea n age indicates that b acterial reduction o f sulfate p o st dates photosynthesis because the bacteria req u ire sulfate ions that could not form u n til after green plants had begun to release 0 2 into solution in standing bodies o f w ater on the surface o f the E a rth .
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Problems 1. Check equation 22.9 for proper exchange of elec trons and material balance. 2. Determine whether this reaction can be in equi librium in seawater at 25 °C and 1 atm pressure (use data from Table 4.7 and Appendix B).



3. Calculate the total amount of N a+ in the ocean (Table 4.7), mass of seawater = 1.4 x 1024 g).



6 . Calculate a mass balance for K using data from Tables 4.5 and 4.7. Assume that average granitic rocks consist of 35 % basalt and 65 % granite and that granite is the average of high-Ca and low-Ca granite.



7. Calculate the output/input ratio for Fe entering and leaving the ocean using equations 22.18 and 22.19 and the following data (Drever et al., 1988):



ppm



4. How long would it take to increase the concen



tration of Na+ in seawater by 10% based on the pre sent anthropogenic flux (Table 22.2), assuming that the increase was not counteracted by increases in the output? 5. Calculate the average residence time of water (liquid equivalent) in the atmosphere based on data in Table 22.6.



48,000 0.0388 65,000 47,272



pesp Fe™ Feds Fesh



8 . Draw the endogenic and exogenic cycles of P including its major reservoirs and pathways.
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 23 Chemistry of the Atmosphere U n til recently, the atm osphere of the E a rth has not received the attention from geochem ists it



deserves, even though our very lives depend on the a v a ila b ility o f oxygen in the air we breathe. O u r com placency about the atm osphere was shattered by the p ub lication of a paper by Farm an et al. (1985) in w hich they reported a drastic decline in the ozone ( 0 3) content o f the stratosphere in the austral spring (O cto b er to N o vem b er) at H a ile y B a y in A n tarctica. This dis co very raised w orld w ide concern because ozone contributes sig nificantly to the absorption of u ltravio let light, w hich can cause skin cancer in hum ans and m ay have other harm ful biological effects. A n o th e r danger signal is the steady increase o f the carbon dioxide (C 0 2) concentration of the atm osphere recorded continuously since 1958 at the M au n a L o a observatory in H a w a ii (K e e lin g et al., 1982). Ic e cores collected at Sip le Statio n in A n ta rc tic a (F rie d li et al., 1986) extended this geochronological record to about 1750 a . d . and dem onstrate that the concentra tion o f carbon dioxide in the atm osphere has been rising at an accelerating rate from about 275 ppm v (p arts p er m illio n by vo lu m e) in 1750 a . d . to about 350 ppm v in 1988. Increases have also been recorded in the concentrations of m ethane (C H 4) (K h a lil and Rasm ussen, 1987), carbon m onoxide (C O ) (Z a n d e r et al., 1989), and nitrous oxide ( N O j (Pearm an et al., 1986). These gases, as w e ll as w ater vap or and ozone, absorb in frared rad iatio n (A > 750 nanom eters)



em itted by the surface of the E a rth , thus causing the atm osphere to heat up in the so-called greenhouse effect. A th ird reason fo r the rising in terest in the atm osphere o f the E a rth is the exp loration o f the ea rth lik e planets and the satellites o f the gaseous planets o f the solar system . The atm o spheres of Venus and M ars are d ifferen t from that o f E a rth in com position, tem perature, and density, w hereas M e rcu ry and the M o o n lack atm ospheres altog eth er (excluding ve ry sm all concentrations of H e on the form er, Le w is and Prin n , 1983, p. 121). The exploration o f the solar system has therefore focused atten tion on the evo lu tio n o f p lan etary atm ospheres (L e w is and Prin n , 1983; C ham berlain and H u n ten , 1987) and on the orig in of the atm osphere of E a rth (H o lla n d , 1979,1984; H o lla n d et al., 1986). O u r increased aw areness o f the p lace o f the E a rth in the solar system has added urgency to the study of im pacts by m eteoroids, asteroids, and com ets on the E a rth .T h e energy released by such events cause catastrophic tem p orary changes in the atm osphere, including an increase in the dust content, global fire storm s, and acid rain (P rin n and Fegley, 1987). T he traum atic effect on the biosphere of such sudden en viro n m ental changes m ay have been responsible fo r large-scale extinctions of species that w ere unable to cope w ith the en viro n m en tal conse quences of these celestial accidents. (S ilv e r and Schultz, 1982; A lv a re z et al., 1984; Fassett and Rig b y, 1987).
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C H E M ISTRY O F T H E A T M O SP H ERE



The growing realization of the im portance of atm ospheric processes is reflected in the p ub lica tion of monographs on the chem istry o f the atm osphere (W arn eck , 1988) and o f in terd iscip li n ary textbooks concerned w ith clim ate change on the E a rth (G ra e d e l and C rutzen, 1993).



23.1



Structure and Composition



The vertical structure of the atm osphere in Fig ure 23.1 is based on the observed variation of the temperature as a function of altitude above sea level and consists of the troposphere ( 0 - 1 2 km ), stratos phere (12-50 km ), mesosphere (50-100 km ), and



Temperature (°C) Fi g u re 23.1 The structure of the atmosphere based on the variation of the temperature (°C) with altitude (km) above the surface of the Earth. Note that the boundaries between the major units are placed at or close to reversals in the temperature gradient and that the altitude scale is logarithmic rather than linear. [Modified from Graedel and Crutzen (1993) who adapted it from Chameides and Davis (1982).]



the therm osphere (100 to >1000 km ). The bound aries between these atm ospheric shells are called the tropopause, stratopause, etc. The chem ical com positions of the troposphere and the stratos phere affect the clim ate and hence the living con ditions on the surface o f the E a rth in ways to be discussed in this chapter. T he tem p erature in the troposphere decreases w ith altitu d e from 288.15 K (1 5 .0 °C ) at the surface to 216.65 K (- 5 6 .5 °C ) at the tropopause (12 km ) (A n o n ym o u s, 1976). The tem p erature in the stratosp here actu a lly increas es w ith altitu d e and reaches 270.65 K ( —2.5 °C ) at the stratopause 50 km above the surface o f the E a rth . In the o verlyin g m esosphere the tem p era ture decreases again to 186.87 K (- 8 6 .2 8 °C ), but rises in the therm osp here to valu es in excess of 373.15 K (1 0 0 °C ). H o w e v e r, the therm os phere contains very little heat because o f its low density. The pressure o f the atm osphere decreases w ith altitud e from 1 0 1 0 m illib ars (m b ar) at the surface to 194 m bar at 12 km (tro po pause), to 0.800 m bar at 50 km (stratop au se), and to 0.00184 m bar at 90 km (m esopause). Therefore, the pressure range o f the stratosphere (194 to 0.800 m b ar) includes the atm ospheric pressure on the surface of M ars of about 8 m bar. The atm ospheric pressure can also be ex pressed as the “ num ber density” in terms of the num ber of m olecules per cubic centim eter of space. The num ber density of the atm osphere decreas



es from 2.55 X 1019 m olecules/cm 3 at the surface to 6.49 x 1 0 1 8 m olecules/cm 3 at the tropopause (12 km ) and to 2.14 X 101 6 m olecules/cm 3 at the stratopause (50 km ). In other words, the num ber of m olecules in a cubic centim eter of space 50 km above the surface o f the E a rth is about 1200 times sm aller than at the surface o f the Ea rth . The low er num ber density of the stratosphere reduces the fre quency of m olecular collisions and hence affects the rates of chem ical reactions. The chem ical com position o f the atm osphere can be described in term s o f o n ly 1 0 constituents listed in Table 23.1. (S e e also Table 4.8.) The data indicate that N 2 and 0 2 m ake up 99.0% o f the atm osphere follow ed by the noble gases at
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Chemical Com position of Dry Air at the Surface in R em ote Continental Areas T a b le 2 3 .1



Constituent



Nitrogen Oxygen Argon Carbon dioxide Neon Helium Methane Krypton Hydrogen Ozone so u r c e



Symbol or formula n2



o2



Ar



co2 Ne He ch4 Kr h2



o3



Concentration, %



78.1 20.9 0.93 0.035 0.0018 0.0005 0.00017 0 .0 0 0 1 1



0.00005 0.000001-0.000004



: G raedel and Crutzen (1993).



0.932% and C O z w ith 0.035% . These gases together am ount to 99.967% of the atm osphere, leaving only 0.0326% fo r m ethane, hydrogen, and ozone. The com pounds in the atm osphere p artici pate in chem ical reactions w hen m olecules are energized or b roken up by u ltravio let rad iatio n from the Sun. Therefore, chem ical reactions in the stratosphere reduce the am ount of u ltravio let rad iatio n that reaches the surface of the E a rth and thus protect the biosphere from the harm ful effects o f this rad iation.



23.2



Ultraviolet Radiation



The Sun em its electrom agnetic radiation having a wide range of wavelengths (A ) consistent w ith its surface tem perature of 5780 K . The peak intensity occurs at A ~ 500 nanom eters (nm ; ln m = l ( T 9 m ). The w avelength spectrum o f solar radiation con sists o f three types of radiation:



ultraviolet, A < 400 nm visible light, A = 400 to 750 nm infrared, A > 750 nm



U LTR A V I O LET R A D IA TI O N
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The energy ( E ) transm itted b y electrom agnetic ra d iatio n is re lated to its w aveleng th through the equation:



E = hv



(23.1)



w here h is P la n c k ’s constant (6.626 X IO “ 3 4 Js ) and v is the frequency, equal to c/A, w here c is the speed o f light (2.998 X 108 m /s). Therefore, the energy o f electrom agnetic rad iatio n o f w ave length A, stated in C h ap ter 5 equation 5.16, is:



U ltra v io le t rad iatio n is fu rth er subdivided into U V-A (400-320 n m ), UV-B(320-290 nm ), and U V - C (< 2 9 0 n m ).T h e m ost energetic u ltra v i olet ligh t (U V - C ) is absorbed p rim arily by N 2 0(20-100 nm ), 0 2 (80-210 nm ), and 0 3 (o zon e) (200-290 nm ). The presence of these m olecules in the stratosphere therefore prevents U V - C from reaching the surface o f the E a rth . T he efficien cy w ith w hich m olecules absorb u ltravio let rad iatio n is expressed by the absorp tion cross section, defined as a quan titative m ea sure o f the absorption o f u ltravio let light at a specified w avelength by atom s or m olecules in the atm osphere. O zone plays an im portant ro le in absorbing U V - C because its absorption cross sec tion fo r u ltra vio le t light (Fig u re 23.2) rises to a m axim um at A = 250 nm (H a rtle y band) and then declines to low values above A = 290 nm. The decrease o f the absorption cross section o f ozone for w avelengths betw een 290 and 320 nm causes



the m agnitude o f the U V - B flux received by the surface o f the E a rth to increase w ith increasing w avelength by a factor o f about 104. Sin ce the least energetic form of u ltra vio le t light (U V - A ) is not sig nificantly absorbed by the atm osphere,



m ost in cident U V - A reaches the surface. The biosphere has evo lved a toleran ce fo r U V - A , but the sen sitivity o f D N A increases ra p id ly w ith decreasing w avelength of U V - B . Therefore, the reduction o f the ozone concentration in the stratosphere increases the exposure of the b io sphere to the harm ful effects o f U V - B . R esearch results sum m arized by G rae d e l and C rutzen (1993, p. 262) in dicate that m any plants
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CN



increases the U V - B flux at the surface of the E a rth by 2 % w hich raises the incidence of basal-cell car cinom as by 4 % and the occurrence of squamous cell carcinom as by 6 % . In addition, exposure to U V - B also causes the m ore dangerous m elanom a skin cancers.



23.3



Ozone in the Stratosphere



W h e n m o lecular 0 2 in the stratosphere absorbs U V - C , it dissociates into tw o atom s o f O :



Fi g u re 23.2 Efficiency of absorption of the most



energetic ultraviolet light (UV-C) by ozone expressed here as the absorption cross section. The diagram demonstrates that the ozone of the stratosphere helps to shield the surface of the Earth from UV-C. The effi ciency of ozone as an absorber of UV-B (290-320 nm) is much less than for the more damaging UV-C. [Modified from Graedel and Crutzen (1993) who reproduced it from Brasseur and Solomon (1986).]



0



+ hv -» O + O



2



w here h v is the energy o f the U V rad iatio n having A < 240 nm. E a c h o f the tw o free oxygen atoms then reacts w ith d iatom ic oxygen m olecules to form ozone ( 0 3): 0



2



+ 0 + M -> 03 + M



and weakens the im m une system. A ccording to G raed el and C rutzen (1993, p. 262), a 1 % reduc tion in the concentration of stratospheric ozone



(23.4)



resulting in a net transform ation of: 30



are adversely affected by exposure to U V - B , showing reductions in the size of leaves, in the length of shoots, and in the rate of photosynthesis. F o r example, a 2 5 % reduction in the concentra tion of stratospheric ozone is projected to cause a 5 0 % reduction in soybean yields. Sin ce planktonic organisms in the oceans are likew ise sensitive to U V - B , they live at a depth below the surface that perm its only long-wave U V rad iatio n needed fo r photosynthesis to penetrate. A n increase in the U V - B flux m ay force p lan kton to liv e at greater depth, thereb y causing a reduction o f the food supply fo r organism s higher in the food chain, including invertebrates, fish, and whales. W h eth er the increase in U V - B rad iatio n caused by the present ozone d ep letion of the stratos phere over A n ta rctica has affected plankton in the Southern O cean is not yet know n. Exposure of unprotected humans to U V - B causes cancer, increases the occurrence of cataracts,



(23.3)



2



+ h v -» 2 0



3



(23.5)



Reaction 23.4 requires the presence of a m ole cule (M ), such as N 2 or 0 2, that absorbs the energy liberated by this reaction and disperses it by collisions w ith other molecules in the surrounding space. T he ozone produced by this process absorbs U V - C m ost effe ctive ly at A — 250 nm (H a rtle y band). A s a result, the ozone dissociates: 0



3



+ hv —>0



2



+ O



(23.6)



follow ed by: 0 + 0 3^ 2 0



2



(23.7)



fo r a net change of: 20



3



-» 3 0



2



(23.8)



The process ou tlined above is m odified by the cat alytic destruction o f ozone in the stratosphere caused by the presence of certain trace con stituents, sym bolized by X • and X O •, w here X = N O , H O , o r C l. F o r exam ple, N zO em itted by soil b acteria passes through the troposphere w ith a residence tim e o f 150-200 years. O n ce it reaches



 2 3 .4 the stratosphere, the N zO m olecules are decom posed into N O by several processes, including: N 20 + O C D ) -a 2 N O



(23.9)



w here 0 ( lD ) is an oxygen atom that has been energized by u ltravio let radiation. The N O rad ical then reacts w ith ozone in a sequence of steps that transform it in to diatom ic oxygen” 1. 2



NO- + 0



.



0



3.



3



3



- > N 0 2- + 0



2



+ h v -h> N O • + 3 0



2



4. 2 0



3



(23.10)



The net result (step 4) is the same as that of reactions (23.6-23.8). A lth o u g h the catalysts list ed above (N O , H O , and C l) are present in the stratosphere in very sm all concentrations under natural conditions, the destruction of ozone in the stratosphere is accelerated when the concentra tions o f these catalysts are increased as a result of anthropogenic activities. F o r exam ple, N O m ay be injected into the stratosphere by high-flying a ir craft or by nuclear explosions in the atm osphere. In addition, the catalytic destruction of ozone in the stratosphere is linked to the release of ch lo ro fluorocarbon gases used in refrigerators and as propellants in aerosol spray cans. These com pounds, exem plified by CFC1 3 and C F 2 C12, are very stable and are not soluble in w ater. The socalled “ C F C s ” are not rem oved from the tropos phere by m eteoric precipitation, but rise to altitudes of about 25 km in the stratosphere w here they are decom posed b y U V - C in reations such as: 2 CFC1 3 + hv + | 0



2



(23.11)



The C l acts as a catalyst in the destruction of ozone by the sequence o f reactions:



1. Cl- + 03->CIO- + o2 .



3.



0



3



+ h v —» O +



C IO • + O



0



2



Cl • + 0



thereb y causing the conversion of 2 0 3 into 3 0 2 (M o lin a and R o w lan d , 1974). T h e cata lytic “ ozone k ille rs ” m ay be n eu tral ized in reactions such as: H O - + N 0 2 + M -a H N 0 3 + M



(23.13)



C IO • + N 0



(23.14)



2



+ M -a C 1 0 N 0 2 + M



w here C 1 0 N 0 2 is a m olecule of cho rin e nitrate. H o w ever, these com pounds are short-lived reser



C h lo rin e is supplied to the stratosphere by sea spray, vo lcan ic eruptions, and in the form of m ethyl chloride gas (C H 3 C1) released by sea weed. A cco rd in g to G rae d e l and C rutzen (1993, p. 143), the C l concentration of the stratosphere has increased by a factor of five, from 0 . 6 to about 3 ppbv (parts p er b illio n by volum e), as a conse quence of anthropogenic em issions of C F C s and other Cl-bearing industrial gases. The increase in the C l concentration o f the stratosphere caused by the release of C F C gases has contributed to a decrease of the ozone concentration o f the atm os phere, especially over A n tarctica.



23.4



Ozone Hole Above Antarctica



The abundance o f ozone in a colum n o f a ir having a diam eter o f 1 . 0 cm 2 varies seasonally and w ith latitude. In the eq uato rial region o f the E a rth , the ozone content o f the atm osphere is about 250 D obson units (D U ), w here: 1 D U = 2.69 X 101 6 m olecules of 0 3 /cm 2



+ H zO ->



2 C O z + 2 H F + 6C1



2
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voirs o f H O • and C IO • because the H N 0 3 and C 1 0 N 0 2 m olecules are decom posed by u ltravio let rad iation.



2



+ h v —> O + O z



O + N 0 2 -a N O • + 0



O Z O N E H O LE A B O V E A N T A R C TIC A



2



(23.12)



The D U is defined b y the statem ent that 100 D U corresponds to a la ye r o f ozone 10 mm th ick at a pressure o f 1 . 0 atm osphere and a tem p erature o f 0 °C . The am ount o f ozone in the p o lar regions varies seasonally. In the A rc tic the range is from about 300 D U in the early fa ll up to about 460 D U in the spring. In the A n ta rctic the ozone levels in the spring reach only about 400 D U under natural
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conditions. H o w ever, the m easurem ents by Farm an et al. (1958) shown in Fig ure 23.3 dem on



strated that the average ozone concentration in O ctober over H a ile y B ay, A n tarctica, declined from about 330 D U in 1957 to about 200 D u in 1984. The m onthly average ozone content for O ctober has continued to decline since then and fe ll to just over 120 D U in 1989.



The cause for this alarm ing phenom enon was ultim ately deduced from the follow in g observa tions: (1 ) D ire c t m easurem ents by a high-flying



E R - 2 plane on Septem ber 21, 1987 (A n d erso n et al., 1989), dem onstrated a strong an tico rrela tion between the concentrations of C IO and 0 3 in the stratosphere over A n ta rctica at latitudes greater than about 70°S ; (2 ) a b alloon launched from M cM u rd o on O ctob er 27, 1987, detected a significant decrease in the ozone p ro file in the lo w er stratosphere betw een altitudes of about 1 2 and 21 km (H o fm an n et al., 1989); (3 ) balloon



launches dem onstrated a



2 0



-degree increase in



the tem perature at 2 1 km in the stratosphere over M cM u rd o betw een August 29 and O ctober 27, 1987. These d irect observations indicated that the reduced ozone concentrations in A n tarctica occur in the e a rly austral spring (Sep tem b er-O cto b er), coincide w ith elevated concentrations of C IO , and are associated w ith an increase in the tem pera ture of the lo w er stratosphere. These are the p rin cip al clues that w ere used to explain the developm ent o f the ozone hole over A n tarctica. D u rin g the austral w in ter m onths (Ju n e Sep tem b er), the atm osphere over A n tarctica is isolated from the global circu latio n by the polar vortex and the stratosphere receives no direct sunlight. A s a result, the tem perature of the stratosphere over A n ta rctica declines to —80 °C . This perm its the form atio n of ice crystals com posed o f a m ixture of w ater and n itric acid. The absence o f U V rad iatio n caused by the absence of solar rad iatio n retards the reactions that produce and destroy ozone in the stratosphere. U n d er these conditions, chlorine nitrate (C 1 0 N 0 2) is incorporated into the ice crystals and is adsorbed on th eir surfaces w here it reacts w ith H C 1 to form C l2 and H N 0 3: ice



C 1 0 N 0 2 + H C l -h> C l2 + H N O 3 (23.15) The C l2 m olecules are released into the air of the stratosphere, w hereas the H N 0 3 rem ains in the ice crystals. W h en sunlight returns to A n tarctica in the early spring, the ice crystals sublim e and the chlorine m olecules are dissociated by U V (A < 450 nm ), thus releasing the C l catalyst: C l2 + hv-^ 2 ClYear



Fi g u re 2 3 .3 Average ozone concentrations of the stratosphere during the month of October over Hailey Bay, Antarctica, from 1957 to 1989. The data show that the average ozone concentrations for October at this site declined from 330 D U in 1957 to about 120 D U in 1989, or about 64% in 33 years. [Modified from Graedel and Crutzen (1993) who adapted it from Farman et al. (1985).]



(23.16)



Consequently, the return of the Sun to A n tarctica triggers rapid catalytic destruction o f ozone b y the C l •stored in the stratosphere. H o w ever, as the stratosphere warm s up, the circum polar circu lation breaks dow n and the ozone-depleted air over A n tarctica mixes w ith ozone-rich a ir at lo w er latitudes. This phenom enon causes the “ ozone h o le” to spread to populated areas in the southern hem isphere u n til norm al transport
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processes in the stratosphere restore the global d istrib ution of ozone. T h e potential hazard to the biosphere of increased exposure to U V - B caused by the largescale destruction of ozone by C F C s was consid ered in 1987 by an in tern atio n al conference in M o n treal (G ra e d e l and Crutzen, 1993, p. 372). T he p rotocol arising from that conference called fo r a vo lu n tary 5 0 % reduction in the m anufacture of C F C s by 1998. This recom m endation was strengthened at a subsequent conference in 1990 in Lo n d o n by specifying m axim um allow ab le p ro duction of C F C s re lative to 1986: 8 0 % by 1993; 5 0 % by 1995; 1 5 % by 1997; and 0 % by 2000. In addition, the production of m ethylchloroform ( C H 3 C C I 3 ) and carbon tetrachlorid e (CC14) is to end in 2005. A lth ou g h the production o f C FC s in E u ro p e and N o rth A m erica has been reduced, the targets have not been m et by som e m ajor indus tria l nations. M o d el calculations by B rü h l and Crutzen (1988) predict a significant 2 8 % reduction of stratospheric ozone (re la tiv e to 1965) in the southern hem isphere by the year 2030 even if the production targets of Lo nd on are actu ally re al ized. H o w ever, if C F C production continues at 1974 levels, the ozone depletion o f the southern hem isphere w ill reach 4 8 % of the 1965 level in 2030. I f the recom m endations fo r reduced produc tion o f C F C s are not im plem ented and production rises above 1974 levels, the ozone depletion w ill be g reater than 4 8 % and the resulting health hazard to hum ans m ay becom e quite serious. F o r this reason, C icerone et al. (1991) consid ered the feasib ility of reducing the chlorine con tent o f the stratosphere over A n tarctica by injecting ethane (C 2 H 6) and propane (C 3 H 8).These gases react w ith C l •to form H C l, thus sequestering it and preventing the destruction of ozone: C l • + C 2 H 6 -» H C l + C 2 H 5



(23.17)



C l ■ + C 3 H 8 -» H C l + C 3 H 7



(23.18)



U n fo rtu n ately, a fleet



of high-flying



aircraft



w ould be required to disperse about 50,000 tons of the hydrocarbons annually. In addition, the gas must be dispersed w id ely w ith in the atm osphere



45 5



encom passed by the p o lar vortex w hose position and in teg rity vary unpredictably. It is probably b etter to stop production o f chlorine-bearing gases w orld w ide than to attem pt to repair the atm osphere. H o w ever, even in the u n lik ely event that production of these gases is actually stopped in 2005, ozone depletion in the southern hem i sphere w ill continue fo r m any decades un til the atm osphere gradually cleans itse lf up. Ozone depletion by C F C s is, of course, a w orld-wide phenom enon that is aggravated in the Southern H em isp here because of the isolation of A n ta rctica during the w in ter m onths by the p olar vortex. In the N o rth ern H em isphere the problem is not as severe because the A rc tic region does not develop a p o lar vortex. Consequently, the ozone content of the stratosphere in the A rc tic is reduced by on ly 1 0 - 2 0 % of norm al levels when the sun returns at the end of the w inter.



23.5



Infrared Radiation and the Greenhouse Effect



N in e ty percent o f the sunlight reaching the E a rth is in the visib le (A 400-750 nm ) and in frared (A > 750 nm ) part o f the spectrum . T he rad iatio n that reaches the surface is converted into heat and causes the surface to em it in frared radiation con sistent w ith its tem perature. This rad iatio n is not sufficien tly energetic to break chem ical bonds, but it is absorbed by m olecules of the air and increases th eir vib ratio n al and rotation al ener



gies. The excess energy is transform ed into kin etic energy and results in an increase in the frequency of m olecular collisions (h ea t). T he p rin cip al con stituents of the atm osphere, 0 2 and N 2, are not efficien t absorbers of in frared rad iation. Instead, m inor constituents including H zO , C O z and 0 3 are p rim arily responsible fo r absorption o f in frared



rad iatio n em itted from the surface of the E a rth . The rad iatio n budget of the E a rth indicates that alm ost 3 0 % of the incom ing solar rad iation is reflected back in to space, approxim ately 2 5 % is absorbed by the atm osphere, and the rest (ab ou t 4 7 % ) is absorbed at the surface. M ost o f that ra d i ation is consum ed as latent heat of evap oration of
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w ater and is released back into the atm osphere when water vap or condenses in the troposphere. In addition, some o f the secondary infrared ra d ia tion is absorbed by H zO and C 0 2. The recycling of solar energy betw een the surface o f the E a rth



and its atm osphere increases the tem perature of the surface quite sig nificantly com pared to w hat it w ould be w ithout this natural greenhouse effect. Certain trace constituents o f the atm osphere ( 0 2, N 2 0, C H 4j C F C I 3 , etc.) play a sensitive ro le in the heat budget o f the atm osphere because they absorb infrared rad iatio n in the w avelength band 8000-12,000 nm w here H zO and C 0 2 are not effective. Therefore, these trace gases trap some of the infrared rad iatio n that w ould otherw ise escape and thereby enhance the greenhouse warm ing of the atm osphere. The effective rad iatio n tem perature of the E a rth (T E) depends on the am ount of solar ener gy the Earth receives from the Sun ( E s) and the am ount of energy em itted by the E a rth as infrared radiation. This balance is expressed by the equation: ^



(1



- a) = aT A E



(23.19)



where E t = 1380 W m - 2 (solar constant) is the solar energy received by the E a rth at the average Sun -Earth distance in units of watts per square m eter; a = 0.28 (p lan etary albedo) is the fraction of solar radiation reflected into space; cr = 5.67 X 10- 8 W m - 2 K - 4 (Stefan-Boltzm ann constant); and the factor 1/4 is the ratio of the planetary disk to its surface area, required because the solar radiation is intercepted by the area of the disk. Substituting the appropriate values into equation 23.19: 1^ 8 0



—



(1 - 0.28) = 5.67 X 10-8T l



yields:



T e = 257 K or —1 6 °C The recycling of infrared radiation em itted by the surface o f the E a rth can be taken into account by means o f the effective atm ospheric infrared transmission factor,/ = 0.61; that is, only about 61 % o f the secondary infrared radiation actually escapes



from the E arth . Therefore, equation 23.19 is m odi fied to include the infrared transm ission factor: ^



(1 - a ) = f a T A s



(23.20)



w here Ts is the tem perature of the E a r th ’s surface as before. The result is:



Ts = 291 K or 18 °C w hich is close to the observed global tem perature o f about 15 °C . This calcu latio n dem onstrates the im portance of the greenhouse effect of the natu r



al atm osphere, w hich increases the average global surface tem perature o f the E a rth by 34°C com pared to w hat it w ould otherw ise be.



The b en eficial effects o f energy recycling in the atm osphere are am plified by increases in the concentrations of the so-called greenhouse gases. These gases have d ifferen t heating powers depending p artly on th eir concentrations in the natural atm osphere. Fo r exam ple, an increase in the concentration of m ethane from 0 to 2 ppm v adds about the same am ount of heat to the atm o sphere as an increase in the C 0 2 content from 275 to 375 ppmv. The reason is that C 0 2 is already absorbing m ost of the in frared rad iatio n in its spectral region because o f its high natural con centration. Therefore, the heating pow er o f the greenhouse gas (called rad iative forcing ) can be expressed in term s of the reduction o f the am ount o f in frared rad iatio n leaving the E a rth caused by a unit increase in the concentration of the gas in the atm osphere. A com parison by H oughton et al. (1990) o f atm ospheric heating by greenhouse gases indicates that the effect of C FC s, C H 4, N zO, and stratospheric w ater vap or has been rising and n early equalled the heating caused by C 0 2 in the decade of the 1980s. The clim atic consequences o f the release of d ifferen t greenhouse gases into the atm osphere depend not o n ly on th eir concentration and hence on th eir rad iative forcing but also on th eir re si dence tim e in the atm osphere. Therefore, the global w arm ing potential (G W P ) of a greenhouse gas is com puted by including its atm ospheric life tim e and by com paring the resulting heating fu n c tion to that o f C 0 2. H oughton et al. (1990) listed
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values of the global w arm ing p otentials per kg of the p rin cip al greenhouse gases re la tiv e to C 0 2:



Greenhouse gas



GWP



co2



1 21



4



c h



n 2o



CFCs



290



Temperature increase, °C by 2050 A . D . by 2100 A . D . 3.75 2.75 1.75



p erature of about 1 °C , and the end of the last ice age about 15,000 years ago was accom panied by an increase in the average global tem perature of about 3 °C . H o w ever, the w arm ing at the end of the last ice age occurred gradu ally over a period of m any centuries, whereas the expected global w arm ing caused by the release o f greenhouse gases w ill take o n ly a few decades.



3000-8000



The global w arm ing p oten tial o f 1 kg o f C H 4 caus es 2 1 tim es as m uch absorption o f in frared ra d ia tion as the release of 1 kg o f C O z. T he heating potentials o f the C F C s are ob viou sly very large com pared to that of C 0 2 because th eir concentra tion in the natural atm osphere is zero, because they absorb in frared rad iatio n in the w avelength band betw een 8000 and 12,000 nm w here C 0 2 is ineffective, and because they have long atm o spheric residence times. The global w arm ing potentials o f greenhouse gases help to q uan tify the effect these gases have on the average global tem perature. Pred ictio n s of the increase in the surface tem perature to be expected during the 2 1 st century vary depending on the assumed rate of release o f greenhouse gases, on the uptake o f the resulting heat by the oceans, and on other factors such as changes in the planetary albedo caused by increased cloudiness, etc. N evertheless, v irtu a lly a ll m odels p red ict an increase in the average global surface tem perature during the 21st century (H oug hton et al., 1990):



High estimate Best estimate Low estimate
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6.25 4.25 3.00



E v e n the low est estim ate p red icts an increase of 1.75 °C in the average glob al tem p erature by the year 2050. Changes in the surface tem perature o f the E a rth have certain ly occurred in the past. Fo r exam ple, the L ittle Ic e A g e (1450-1890) was caused by a decrease in the average global tem



23.6



Prediction of the Future Global Climate



T he geological record contains clear evidence that the global clim ate has changed significantly during the E a r th ’s history as a result o f both ter restrial and extraterrestrial factors. The extrater restrial causes o f global clim ate change include: 1. The variation of the lum inosity of the Sun in the past 4.5 X 109 years (G rae d el et al., 1991).



2. Pe rio d ic changes in the celestial m echan



ics of the E a rth (M ila n k o v itc h th eo ry) that affect the am ount of sunlight it receives (B e rg e r, 1988).



T he terrestrial causes of clim ate change include: 1. The chem ical evolu tion o f the atm osphere.



2. The am ount of dust em itted by volcanic eruptions and m eteoroid im pacts.



3. Changes in the circulation pattern of the oceans.



4. Changes in the albedo caused by the fo r m ation o f continental ice sheets.



5. A n thro p o gen ic



em issions



of C 0 2



and



other gases. H o w ever, even though the average global tem p erature has undoubtedly changed sig nificantly in the course o f geologic tim e, life on the E a rth has continued w ithout in terru ption since its first recorded presence about 3.5 X 109 years ago. T he ex traterrestrial factors affecting the average global tem perature (so lar lum inosity and celestial m echanics) w ill continue to do so in the future. V o lcan ic eruptions and in freq uent m eteoroid im pacts w ill also continue to cause
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short-tern catastrophic clim ate perturbations. A n evaluatio i by Lam b (1977) of the effects of orbital changes (n the am ount o f solar rad iation reaching the top cf the atm osphere of the E a rth suggests that episodic decreases in the w in ter tem peratures w ill occir during the next several tens of thou sands of years. T he effectiveness of celestial mechanics to cause global tem perature fluctua tions w s clearly dem onstrated by P re ll and Kutzbacf (1987). Therefore, the orbital param e ters are lk e ly to cause a decrease in the average global tenperature w ith m inim a at 5 and 22 kyr



after the present (A P ), leading to continental glaciatioi at about 50 k yr A P (B e rg e r, 1987). H owever, the clim ate predictions based on M ila n k o 'itch theory (celestial m echanics) must



be m odiied to include the anthropogenic em is sion o f g-eenhouse gases. C ontinued com bustion o f fossil u el, deforestation, and other factors m ay increaseconcentrations of C 0 2 and other green house gases in the atm osphere by up to a factor of four in the next 1000 years or less. B ro e ck e r (1987) ii his book How to B u ild a Habitable Planet predicted that in the next 5000 years glob al tem ptrature could rise by about 4.5 °C above norm al values, but w ould then decline as p red ict ed by M lan k o vitch theory. Theextent of global w arm ing depends signif ican tly >n the response of the C-cycle (S e c tion 22.4 Fig ure 22.3) to the release of greenhouse gases. II the increase in the concentration of atm ospheric C 0 2 stim ulates the grow th o f m arine organisns, the increase in the oceanic biom ass w ill re s ilt in the b u ria l o f a p o rtio n of the c a r bon in narin e sedim ent, thus taking it out of cir culation for long periods o f geologic tim e. T h erefo e, the anthropogenic greenhouse w arm ing o f tie E a rth m ay be a short-lived episode on the geobgical tim e scale, producing an “ anthro pogenic sup erin terg lacial” epoch to be follow ed by the next glaciation m andated by celestial m echancs (B ro e ck e r, 1987). H o w ever, this longrange prediction provides little com fort to hum answho must cope w ith the effects of global w arm inj and increased sea le v e l in the next sev eral cenuries.



23.7



Summary and Prognosis for the Future



The atm osphere of the E a rth is composed p rim arily



o f N 2 and 0 2 w ith m inor concentrations of A r, C 0 2, N e, H e, C H 4, K r, H 2, and 0 3. The structure of the atm osphere consists of the troposphere ( 0 - 1 0 km ), stratosphere (10-50 km ), mesosphere (50-100 km ), and the therm osphere (100-1000 km ).T he pressure o f the atm osphere decreases exponentially from 1 . 0 atm osphere at sea level to 1 0 “ 4 atm ospheres close to 70 km above the surface of the E arth . The tem



perature in the troposphere decreases w ith increas ing altitude and reaches about - 5 0 °C at the tropopause located at an altitude of 1 0 km at the equator. Subsequently, the tem perature rises in the stratosphere, decreases in the mesosphere, but rises again in the thermosphere. The gases o f the atm osphere absorb u ltravio let radiation and thereby protect the surface of the E a rth from it. T he w avelength spectrum of u ltra v i olet radiation includes U V - C (A < 290 nm ), U V - B (290-320 nm ), and U V - A (320-400 n m ).T h e most energetic form o f u ltravio let radiation (U V - C ) is absorbed by N 2 0 , 0 2, and 0 3 in the stratosphere. H ow ever, U V - B does reach the surface and can cause biological damage unless precautions are taken to lim it exposures. Ozone plays an im portant role in reducing the fluxes o f U V - C and U V - B that reach the sur face of E a rth . O zone is produced in the strato sphere when U V - C breaks the bond o f O z m olecules. The resulting oxygen atoms then react w ith 0 2 to form ozone ( 0 3). U n d e r natural con di tions the in ven to ry o f 0 3 in the stratosphere is m aintained in a steady state by the production and destruction of this m olecule. The introduction into the atm osphere of Cl-bearing anthropogenic gases (C F C s and others) has resulted in an acceleration of the destructive reactions causing the ozone content of the strato sphere to decline. The effect is especially severe over A n tarctica during the spring (Septem ber-O ctober) because of the com bination of factors related to the geographic location and atm ospheric circulation during the austral winter.



 REFERE N CES The reduction in the ozone content of the stratosphere over A n ta rctica (ozone h o le) has caused an increase in the U V - B flux to that



region, and this increase endangers all life form s that are exposed to it. T he increase in the flux of U V - B also raises concerns about the increased risk to life on a global scale.



The release of excess am ounts of C 0 2, C H 4, and certain other gases (e.g., C F C s ) has increased the ab ility of the atm osphere to absorb infrared rad iatio n (A > 750 nm ) em itted by rocks and soil on the surface o f the E a rth . T he expected increase



in the average annual global tem perature w ill change w eather patterns and m ay increase the frequency and severity o f storms. G lo b a l warm ing m ay also lead to an increase in sea level caused by
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the recession o f glaciers and p o lar ice sheets and by an increase in the tem perature of seawater. Ex istin g m odels a ll p red ict an increase in the average annual global tem perature, but d iffer in the effect that the increase in tem perature w ill have on the albedo of the E a rth and the response o f the p o lar ice sheets. Long-range predictions suggest that global w arm ing w ill be a re la tive ly short-lived phenom e non on a tim e scale of 1 0 4 years because the excess C in the atm osphere w ill be buried in m arine sed



im ent. Subsequently, changes in the celestial m echanics o f the E a rth w ill cause cooling, leading to another ice age at about 50,000 years after the present.



Problems 1. Given that 100 Dobson units (DU) correspond to a layer of ozone 1 mm thick at atmospheric pressure and 0°C, demonstrate that 1 D U = 2.69 x 1016 mole cules of 0 3 cm-2. 2. Calculate the number density of air at 1 atm and 0°C assuming that it is composed of N2 = 78.15%, 0 2 = 20.95%. Express the result in molecules per cm3. (Answer: 2.66 x 1019 molecules/cm3) 3. Using equation 23.2, calculate the energy of a photon of ultraviolet light (UV-C) having a wavelength of 250 nm (= 250 x 10- 9 m). (Answer: 7.94 X 1CT18 J)



4. Use equation 23.19 to calculate the effective radi ation temperature of the Earth if the albedo of the Earth increases by 10% to 0.31, assuming that the solar constant remains 1380 W it T 2. (Answer: -18.6°C)



5. Explain why the average annual global tempera ture at the surface of the Earth is significantly higher than the radiation temperature. 6 . How will the atmosphere infrared transmission fac tor ( /) change when anthropogenic emissions of green house gases cause an increase in global temperatures?
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 24 Environmental Geochemistry: Disposal of Radioactive Waste W e now retu rn to the id ea that geochem ists have a ro le to p lay in the struggle o f the hum an race to survive on the E a rth . A lth o u g h w e have succeed ed in con trolling the en viron m en t on a lo cal scale, w e cannot escape the fact th at the cap acity o f the E a rth to support the hum an p op ulation is lim ited. M o reo ver, our efforts to im prove the q u ality of life w o rld w ide have unexpectedly caused the environm ent to d eterio rate in w ays that threaten the very q u ality o f life w e seek to im prove. This dilem m a can be avoided o n ly by prudent m an agem ent o f a ll o f the E a r th ’s resources based on an understanding o f the n atu ral processes that m ake the E a rth “ an abode fitted fo r life.”



24.1



The Big Picture



L ife on the E a rth has alw ays been hazardous because o f the occurrence o f vio len t geological events, including vo lcan ic eruptions, earthquakes, floods, and landslides. In ad d ition , w e are exposed to geochemical hazards associated w ith the io niz ing rad iatio n em itted by n a tu ra lly occurring longlived radionuclides, by the unstable daughters of U and Th, and by cosm ogenic radionuclides including tritium , 1 0 B e , and 14C (Faure, 1986). O th er natural geochem ical hazards consist of anom alous concentrations o f certain elem ents whose presence o r absence in our d iet can cause m edical problem s (C an n o n , 1974). In addition, our in d ivid u al su rvival is endangered by toxins



generated by b acteria and by certain plants and anim als o f the biosphere. W e even face danger from outer space in the form of m eteorite im pacts, u ltra v io le t rad iatio n, and cosm ic rays. A ll o f these hazards are a n atu ral prop erty o f the environm ent on the surface o f the E a rth and u lti m ately con trol our life expectancy. Som e of these natural hazards can be m inim ized by a judicious choice o f life style and habitat. H o w ever, all form s of life are exposed to these n atu ral risks and have adapted them selves to survive as long as possible. The subject o f this chapter, concerns new anthro pogenic hazards that threaten not on ly the hum an population but could affect the entire biosphere on the surface o f the E a rth . G eologists and geochem ists have studied the natural hazards o f life fo r m any years and have attem pted to in fo rm the p ub lic b y pointing out that the loss o f life and p ro p erty resulting from natural disasters was p red ictab le and could have been and th erefore should have been avoided in m any cases. In e vita b ly, the subject m atter of en vi



ronm ental geology and environ m ental geochem istry has been presented in the form of case studies o f n atu ral disasters in the hope that the ho rror stories o f the past w ill not be repeated in the future. In ad d itio n to the n a tu ra l geological and geochem ical hazards, w e now face threats that are a d irect consequence o f our ow n actions. These threats w ere not anticipated in m any cases because w e believed that the cap acity of the E a rth
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to provide the resources w e require and to absorb our waste products is virtu ally unlim ited. W e have begun to realize o n ly recently that nonrenew able natural resources are lim ited (Sectio n 21.8) and that the im proper disposal of w aste products can cause a deterioration o f the environm ent in w hich we live. Instead o f presenting the evidence fo r these newly recognized threats in another series o f horror stories, we attem pt here to integrate them into a big picture. W e begin by asserting that a ll hum an beings have a right to live and are therefore entitled to



have access to the natural resources required to provide the necessities o f life: food, w ater, air, hous ing, tools and utensils, transportation, and energy. The consum ption of natural resources inevitab ly



creates waste products, w hich m ust be disposed of in such a way that they do not threaten the quality o f life of future generations. Therefore, the prob lem to be addressed includes both the supply of natural resources and the disposal of the resulting waste products. The severity of the problem we face is increased by the rapid increase of the popu lation during the 2 0 th century, by the uneven d istri bution of natural resources, and by the need to transport food products and m ineral com m odities to population centers. A ll of these activities require the use of energy, w hich also m ust be provided from natural sources, resulting in additional waste products that aggravate the potential for en viron m ental degradation. The ro le of geochem ists in this form idable task centers increasingly on evalua tions of the environm ental consequences arising both from the exploitation o f natural resources and from the disposal o f waste products.



W e have already considered some aspects of the production o f food (Sectio n 19.8), w ater (Sectio n 20.6), and m ineral resources (S e c tion 21.8). These can be treated as global abstrac tions but are expressed d irectly at the local level w here they affect the q u ality o f life o f the people and the environm ent in w hich they live. In this chapter we d raw attention to problem s of waste disposal, w hich can also be treated on a global scale as w ell as at the lo cal level. W e select fo r dis cussion the consequences o f energy production by induced fission of 235U because the resulting



w aste products rem ain harm ful to life fo r very long periods o f tim e. The uncontrolled dispersal o f rad io active isotopes on the surface of the E a rth , and the safe disposal o f n u clear waste have becom e im portant problem s that req u ire the attention of geochem ists throughout the w orld.



24.2



High-Level Radioactive Waste



N u clear pow er reactors generate heat by m eans of a con trolled chain reaction based on the fission of 235U by therm al neutrons (Sectio n 16.1c). The resulting fission-product nuclides accum ulate in the fu el rods o f nuclear reactors together w ith transuranium elem ents, including plutonium (P u ), neptunium (N p ), am ericium (A m ), and curium (C m ), w hich are produced by neutron-capture reactions starting w ith 238U and 2 3 5 U . The fuel rods o f nuclear reactors therefore becom e highly rad ioactive as a result of the decay of the fission products, of the transuranium elem ents, and of th eir unstable daughters. T he activity of spent fuel elem ents decreases slow ly w ith tim e and reaches the level of U ore only after 10,000-100,000 years, depending on w hether or not the fuel elem ents are reprocessed. The rad ioactive wastes generated by nu clear pow er reactors not on ly are highly radiotoxic but also release significant am ounts of heat. F o r these reasons, such wastes must be isolat ed in repositories designed to contain them safely un til the rate o f decay has dim inished to levels encountered in U ore. T he rate o f decay o f a rad io active nuclide is expressed in the becquerel (B q ), defined as one disintegration per second (d is/s). A lte rn a tive ly , the rate o f decay m ay be stated in curies (C i), w here 1 C i = 3.70 X 1010 B q . The decay rates encountered in nuclear w aste are o f the ord er of terabecquerels (1 T B q = 101 2 B q ) and petabecquerels (1 P B q = 1015 B q ). T h e exposure to ionizing rad iatio n (a-, ß-, y-, and x-rays) is m easured in term s o f the energy that is released when the rad iatio n interacts w ith a u n it w eight o f the absorber such as b iolo g ical



 2 4.2 tissues. The basic un it of m easurem ent o f the radi ation dose is called the gray (G y ), w hich is equal to 1 J/ k g or to 100 rad (rad iatio n absorbed dose). O n e rad is the am ount of rad iatio n requ ired to



lib erate 1 X 10~ 5 J of energy p er gram o f absorb ing m aterial (R ox b u rg h , 1987, p. 18). In order to m ake the rad iatio n dose relevan t to humans, the rem (roentgen eq uivalent m an) is defined as one rad of x-rays or y-rays. T he sievert (S v ) is defined as



rem. A ll form s of ionizing rad iatio n are harm ful, but the am ount o f tissue dam age depends on the in tensity and energy o f the rad iatio n, on the dis tance betw een the source of the rad iatio n and the 1 0 0



object being irrad iated , on the shielding provided by the m atter betw een the source and the object, on the d uration o f the exposure, on the type of rad iatio n, and on the tissue that is irradiated . The natural, whole-body, background rad iatio n from rocks, cosm ic rays, and atm ospheric gases is —0 . 1 rem p er year, depending on the com posi tion o f the rocks, the elevatio n of the site, and other circum stances. A n th ro p o g en ic sources of rad iatio n, such as m edical or dental x-rays, just about double the average exposure to 0 . 2 rem per year, although w ide variatio n s occur here as w ell, depending on the circum stances. The physiologi cal effects of full-body irrad iation s described in Table 24.1 req u ire much larger doses than are provided by the natural environm ent. H ow ever,



Physiological Effects of W holeBody Irradiation T a b le 2 4 .1



Effects



Dose, rem 0-25 25-100 1 0 0 - 2 0 0



2 0 0 ^ 1 0 0



>600 so u r c e



: Roxburgh



reduction of white blood cells nausea, fatigue, changes in blood nausea, vomiting, fatigue, susceptible to infection due to low count of white blood cells; death possible fatal in 50% of cases, especially without treatment; damage to bone marrow and spleen fatal, even with treatment (1987).
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high-level rad io active waste from nuclear reac tors can adm inister large doses o f ionizing rad ia tion in a short tim e that severely affect tissues, the digestive system , and the nervous system. A s a result, a d eficien cy of w h ite blood cells (leu ko p e n ia ) occurs, follow ed by hem orrhaging, fever, vom iting, and death. The rad ioactive waste generated in the course of the fuel cycle is indicated in Fig ure 24.1. The waste rock and m ineral residues produced during the m ining and extraction of U from the ore are com m only stored at the m ine in tailings ponds and piles o f waste rock (Brookins, 1984, ch. 10). The m ine tailings are radioactive because of the pres ence o f the unstable daughters o f U and Th, includ ing the isotopes of the noble gas radon (R n ). In addition, the m ine tailings m ay contain pyrite and other m inerals that create an environm ental haz



ard w hen they react with w ater and oxygen (Sections 14.1 and 21.2). C hem ical w eathering of m ine tailings m ay also release p otentially toxic ele m ents into the local groundw ater including M o, Se, and A s. The environm ental hazards o f m ine tailings of any kind are m agnified when such sites are later used to construct housing developm ents and shop ping malls. The most dangerous high-level waste (H L W ) in the U -fuel cycle is produced during the in itial fab rication of the fuel elem ents, during thensubsequent reprocessing after use in a reactor, and by discarding the spent fuel elem ents w ithout reprocessing them. W h en the U fuel of a nuclear reactor has been depleted in 2 3 5 U , the fuel rods are rem oved from the core of the reactor and are stored at the reactor site fo r up to five years in order to allow the inten sity of the rad io activity to decrease. Subsequently, the fuel elem ents m ay be reprocessed to recover the U and P u they contain. Fo r this purpose, the U fuel is separated from the m etal containers into w hich it is packed and is then dissolved in n itric acid. The U and P u are separated from this solution by solvent extractions w ith trib u tyl phosphate (T B P ) and odorless kerosene (O K ). The residual n itric acid solution contains 99.9% of the non vo latile fission products, 0.1 % of the U , < 1 % o f the Pu, and most of the other transuranium elem ents that form in the reactor by neutron capture and
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Fi g u re 2 4.1 Nuclear fuel cycle starting with the mining and milling of U-ore leading to the fabrication of fuel elements and their use in nuclear power reactors. In the United States the spent fuel is stored at the reactor site for up to five years in order to allow the short-lived fission-product nuclides and some of the transuranium ele ments to decay. Subsequently, the spent fuel may be reprocessed or discarded. Radioactive waste prod ucts arise during the initial mining and milling of U-ore, during the reprocessing of spent fuel elements, and by discarding spent fuel without reprocessing. The spent fuel and high-level waste remain radiotoxic for more than 1 0 , 0 0 0 years.



/3-decay (Roxburgh, 1987). The heat liberated by the decay of these radionuclides is used to rem ove excess w ater by boiling. A fte r further cooling, the residue is converted into a borosilicate glass, which is poured into steel containers fo r ultim ate dispos al in a geological repository. The U recovered in this process can be reused after some additional enrichm ent of the rem aining 2 3 5 U . The 239Pu p ro duced from 238U during the operation of the reac tor is itself fissionable and is used in nuclear



weapons (Blasew itz et al., 1983). The volum e of H L W produced by reprocess ing one m etric ton ( 1 t = 1 0 3 kg) of spent fuel is about 5 m3, according to an estim ate by the N u clear En erg y A g en cy (N E A ) o f the O rg ani zation fo r Econo m ic C ooperation and D evelo p ment (O E C D ) (Anonym ous, 1984). To put it another way, the generation of 1 G W (1 G W = 109 W ) of electric pow er (G W e ) produces 6 m 3 of H L W in vitrified form and —50 m 3 of additional highly radioactive waste containing high concen trations o f alpha em itters. The N E A has estim ated that the nuclear generating capacity of the w orld in



the year 2000 w ill be 600 G W e , w hich w ill result in the discharge o f about 15,000 m etric tons of spent fuel annually. If half of that is reprocessed, it would result in 750 m 3 of H L W p er year worldwide. According to data cited by Roxburgh (1987, Table 1.9), the total am ount o f H L W in the U n ited States by the year 2000 w ill have a volum e of 10,500 m 3 with an activity o f 126,000 m egacuries (M C i) or 4662 X 1018 B q . V arious other form s of radioactive waste ( radwaste) w ill have a volum e of 2.28 X 106 m 3 and a total activity of 1980 M C i, which is equivalent to 73.26 X 1018 B q and w ill raise the total accum ulated rad ioactivity in the U nited States alone to 4735 x 1018 B q . The rad io ch em ical com position of the fis sion products in H L W can be predicted from the isotopic abundance of 235U in the fuel, from the energy spectrum o f the neutrons in the reactor,



from possible neutron-capture reactions o f p rod uct nuclides, and from the decay tim e since the fuel was rem oved from the reactor. The results o f such a calculation are listed in Table 24.2 fo r a reactor that operated fo r one year at one M W e
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List of Fission-Product Nuclides and Their A ctivities in Terabecquerels (1 T B q = 1012 Bq) at D ifferent Times A fter R em oval from a R eactor That Operated for O ne Year at One MWe T a b le 2 4 .2



Radionuclide Kr 89Sr 90Sr 85



90^3 91 y



95Zr «N ba HB r u



,03mRu 106 Ru u,6 Rha 1 3 'I



l33Xe l37C s



l3 7 mBaa l40Ba l4 0 Laa 141Ce 143Pr 144Ce 144pr a



147Nd l4 7 Pma



t= 0 7.07 1413.40 52.91 52.91 1809.30 1820.40 1783.40 1143.30 1143.30 80.66 80.66 932.40 2046.10 39.96 38.11 1912.90 1912.90 1768.60 1676.10 987.90 987.90 806.60 181.30



t = 100 days 6.92 381.10 52.54 52.54 536.50 629.00 1061.90 219.04 219.04 66.60 66.60 0.15 0



39.59 37.74 8.51 9.99 175.38 10.73 769.60 769.60 1.48 177.60



/ = 5 years 4.88 0



44.40 44.40 0 0 0 0 0



2.59 2.59 0 0



35.89 34.04 0 0 0 0



9.99 9.99 0



50.32



“D aughter o f a fission-product nuclide. so u r c e



: Roxburgh (1987) after Pentreath (1980).



(Roxbu rg h, 1987, after Pen treath , 1980).T he data indicate that the a ctivity and hence the rad iotoxi city of the p rin cip al fission-product nuclides and th eir daughters decrease rap id ly w ith tim e. A fte r a “ cooling tim e” of 1 0 0 days, the to tal activity of the radionuclides decreases to about 2 3 % of its orig inal value and is fu rth er reduced to 0.84% of its in itia l value in 5 years w hen its activity is about 190 T B q .



46 5



T he p rin cip al rad ionuclid es rem aining in H L W after a cooling period o f 5 years are iso topes o f som e o f the rare earth elem ents (Pm , Pr, and C e ), platinum group m etals (R u and R h ), the alk alin e earths (S r and B a ),p lu s K r, Y , and Cs. In addition, spent unreprocessed fuel (S U R F ) con tains isotopes o f the actinide elem ents, including sp ecifically 239P u (T 1 / 2 = 2.44 X 104 y r), 240Pu ( r i / 2 = 6.54 X 103 y r), 2 4 1 A m (T l/2 = 433 y r), 237N p (T 1 / 2 = 2.14 X 10s y r), 238U (T 1 / 2 =



4.47 X 109 y r), and resid ual 235U (T ^ z = 7.04 X 10s y r). A ll o f these nuclides have long half-lives and give rise to series o f unstable daughters whose decay augm ents the a ctivity of th eir parents. A s a result, S U R F not on ly contains m ore ra d io activity than H L W but also rem ains active longer than reprocessed H L W (Roxburgh, 1987). This p oin t is illu strated in Fig ure 24.2, w hich shows that the fission-product nuclides of H L W and S U R F decay to less than one T B q in 1000 years, w hereas the actinides of S U R F req u ire m ore than 1 0 0 , 0 0 0 years to decay to the sam e level o f activity. T he ra d io activity of H L W , S U R F , and o f the cladding hulls of spent nu clear fu el elem ents releases very substantial am ounts o f heat fo r about 1 0 , 0 0 0 years after they w ere rem oved from a p o w er reactor. The heat output decreases w ith tim e, as shown in Fig ure 24.3; but even after 100,000 years, H L W produces ~ 1 W / m e tric ton of n u clear fuel, w hereas S U R F gives o ff about six tim es that m uch heat. A n even m ore graphic illu s tration of the therm al energy produced by S U R F is to note that the spent fuel rem oved annually from the Pickerin g A pow er reactor in C anada produces the same am ount of heat as the com bus tion of 25 m illion barrels o f o il (B arn e s, 1979).



24.3



Geological Disposal of Radioactive Waste



The radwaste that is accum ulating at nuclear reac tors is a threat to all life forms for m ore than 1 0 , 0 0 0 years after its rem oval from the reactor. Therefore, this m aterial must be isolated from the biosphere in
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log Time, in years



log Time, in years



Fi g u re 2 4 .2 Decay rate of reprocessed high-level waste (HLW) and spent unre processed fuel (SURF) in units of terabecquerels (1 TBq = 1012 dis/s) and time in years. The data pertain to a pres surized water reactor generating 33 GW day tonne - 1 (l GW = 109 W) after five years of cooling and are normalized to one metric tonne of heavy metal in the original fuel elements. The fission-product nuclides in both HLW and SURF decay to 100,000 years to decay to that level of activity (plotted from data listed in Roxburgh, 1987).



Fi g u re 2 4 .3 Heat output from spent un reprocessed fuel (SURF), high-level waste (HLW), and cladding hulls as a function of time. The data pertain to a pressurized water reactor with a fuel consumption of 33 GW day tonne- 1 followed by a 5-year cooling period. The thermal energy is expressed in watts per metric tonne of heavy metal in the original fuel elements. Note that SURF generates significantly more heat and does so for a longer period of time than HLW because of the presence of U and certain transuranium elements and their unstable daughters (data from Roxburgh, 1987).



such a way that all accidental contact w ith it is p re vented (Blo m ke, 1976; Chapm an and M cK in ley,



repositories w ith in certain kinds o f rocks that can tolerate the heat generated by the rad io activity and



1987). In general, this can be achieved b y storing the m aterial in appropriately designed underground



are sufficiently im perm eable to prevent the conta m ination of groundw ater by radionuclides.
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T he design and construction o f underground



dental o r m alicious in trusion can be p re vented b y the depth o f the repository b elow the surface. T he m igration of certain rad ionu clid es by d iffusion o r advection by groundw ater can be m inim ized by the use o f m u ltip le barriers. A n y fu tu re m ovem ent o f rad ionu clid es out o f the repo sito ry can be p red icted from the know n properties of the nuclides, the hyd rolog ic conditions in the host rock, and the m in eral and chem i cal com position and ion-exchange p roper ties o f the rocks.



nuclear-waste repositories have been techn ically feasib le fo r m any years. N evertheless, construc tion o f such facilities has been d elayed fo r a num b er o f reasons: 1. The need to m ake detailed evaluations of proposed sites to determ ine the hydrologic conditions as w ell as the geochem ical and structural stability of the rocks at these sites. 2. R elu ctan ce by people livin g near proposed repositories to perm it th e ir construction because o f p otential hazards resulting from accidents during transport o f radwaste to the site or from unforeseen prob lem s w ith its containm ent w ith in the



2. U nd erg roun d



G eo lo g ical repositories of n u clear waste have the follow in g desirable attributes:



1. T hey are safe because the host rock (if p rop erly chosen) can absorb the rad iatio n and dissipate the heat, and because acci



repositories



requ ire



maintenance after th ey are filled



no



and sealed. T his is im portant because the tim e req u ired to detoxify rad io active waste is longer than the rise and fa ll of most hum an civilization s in the past.



repository. T he social and p o litical resistance to the siting of repositories has given rise to the N IM B Y com plex (n o t in m y back yard ). F e w people w ant th eir area to becom e the dum ping ground o f other peo p le ’s radwaste. A t the present tim e, each country w ith a significant nu clear industry is planning to build repositories fo r waste created w ith in its own borders. These repositories w ill be constructed w ith in d ifferen t kinds o f rocks, w ill be based on a variety of designs, and w ill use d ifferen t packag ing methods. The construction of a large num ber o f radw aste repositories all o ver the w orld m ay increase the p ro b ab ility o f accidents but m ay also reduce the severity of th eir consequences. M o reo ver, shorter transport distances from reac tors to the national o r regional disposal facilities m ay reduce the risk o f accidents en route. U nderground storage o f n u clear waste p ro vides a num ber o f im portant advantages com pared to other disposal m ethods that have been considered, such as deposition in deep-sea trench es, b u rial in continental ice sheets, and injection into the Sun (A n onym ous, 1981, 1983, 1984).
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3. G eo lo g ical



repositories



o ffer flexibility



and convenience in site selection and con struction because repositories can be con structed w ith in d ifferen t kinds of rocks, including g ranitic rocks, evaporites, shale, tuff, or basalt. Therefore, m ost nations w ishing to build a rep o sito ry can do so w ith in th eir borders, and the repositories can be located so as to m inim ize transport distances from reactor sites.



4.



The construction o f underground reposito ries is feasible based on well-established m ethods o f m ining engineering. The cost o f b uilding such in stallations does not add sig n ifican tly to the p rice o f ele ctricity gen erated b y nu clear p ow er reactors.



5. The rad io active w aste is retrievable even though underground geological reposito ries are designed to contain the waste products in defin itely. Se v e ra l countries have m ade substantial progress tow ard the construction o f underground reposito ries o f nu clear w aste in d ifferen t kinds o f rocks: the Fed era l R e p u b lic o f G erm an y in salt; C anada, Fin lan d , Fran ce, Sw eden, and U n ite d Kingdom , g ranitic rocks; B elg iu m and Ita ly , clay; and the U n ite d States, tu ff basalt, and salt deposits.
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The safety o f underground nuclear reposito ries during the tim e in terval in the future when the waste m aterial rem ains toxic m ust be predicted by modeling. The v alid ity of such predictions depends on factual in form ation about the com position of the waste m aterial and about the local and region al geologic environm ent of the site. The specific properties of the host rock to be evaluated include (Fried , 1979; B a rn e y et al., 1984;Tsang, 1987): 1. The presence and m ovem ent of gases, water, and brin e w ith in the host rock at the site and in the surrounding area as w ell as above and below the repository. 2. The response o f the host rock to the input of heat from the radw aste and the effect of the tem perature increase on its m echani cal and hyd rolog ic properties. 3. The b ehavior o f radionuclides w ithin the host rock and th eir m igration routes.



4.



The degradation of the packaging of the radwaste and of the barriers designed to contain radionuclides.



5. R isk of disruption o f the repository by geological events such as earthquakes, m ovem ent along faults, vo lcan ic eruptions, form ation of con tinental ice sheets, subsi dence, or sea-level rise. The role of geochem ists in this enterprise is to obtain the in fo rm ation that is needed to predict the future safety o f each proposed nuclear waste



repository. The necessary in form ation is p artly site-specific, but also requires lab o rato ry studies of basic properties and investigations o f natural analogs in w hich the m ovem ent o f radionuclides in the geologic past can be observed. The future safety o f a p articu lar nuclear-waste repository depends not on ly on its geologic setting and on geochem ical processes but also on its design and on the com plem entarity o f various design features.These include the packaging of the waste m aterial, the depth o f the repo sito ry and the spacing of waste packages, use o f buffers around in dividual packages, and b ackfillin g o f tunnels after the waste packages have been em placed.



The packaging of nuclear waste m ust allow it to be transported and stored safely p rio r to being placed in its fin a l repository. In addition, the form of packaging m ust contribute to the long-term con



tainm ent o f radionuclides by being m echanically strong and chem ically stable. Canisters containing vitrified H L W w ill probably have overpacks that w ill enhance safety during transport, w ill assure their physical integrity fo r 1 0 0 0 years or more, and w ill retard the release o f radionuclides in com bina tion w ith clay (b enton ite) buffers placed around each canister.



T he estim ated release rates o f radionuclides from repositories containing several thousand canisters after 105 years are listed in Table 24.3 (A nonym ous, 1984). M o st of the rem aining activ ity is due to isotopes of Pu whose solub ility in w ater is su fficien tly low ( —2.4 ppm ) that only a sm all fraction ( —2 X 10-6) escapes annually. The



dilution of the radionuclides released by reposito



ries in the am bient groundw ater is expected to reduce th eir environ m ental im pact. The am ount o f 239Pu that can be m aintained in the hum an body w ithout significant in ju ry is 0.13 gig whose decay rate is 0.008 ju,Ci or —300 B q .



24.4



Geochemistry of Plutonium



Plutonium and m any other transuranium elements, some of which are shown in Figure 24.4, originally existed in the solar nebula, but subsequently decayed because all o f their isotopes are radioac tive and have short half-lives com pared to the age of the E arth . O n ly 238U (7 j / 2 = 4.47 X 109 y r) and 235U (T ]/2 = 7.04 X 108 y r) have survived to the present time, whereas 244Pu (T 1 / 2 = 8.3 X 1 0 7 y r) did not and 234U (T 1 / 2 = 2.44 X 105 y r) occurs only because it is a short-lived daughter o f 2 3 8 U .The/ormer presence of 244P u in m eteorites was confirm ed by A lexander et al. (1971) by the presence of fissiogenic xenon. H ow ever, a search by W eth erill et al. (1964) for 247Cm (T xjl = 1.54 X 107 y r) in the rare-earth concentrate o f terrestrial euxenite ( R E E niobate and titan ate) failed to confirm the pres
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T a b l e 2 4 . 3 Estim ated R ates of Leaching of R adioactive Isotopes of Actinide Elem ents from Repositories Containing Several Thousand Canisters o f High-Level Waste (HLW) and Spent U nreprocessed Fuel (SU R F ) A fter 105 Years



Activity released per year



Nuclide



Solubility, ppm 485 2.4 0.007 0.024 2.4



238u 242P u b 237N b c 230rp jjd 239pu



Leach rate,“fraction/yr --------------------------------------------H LW SURF 1.4 1.3



X



1 0 '4



X



1 0 ^ 6



1 .2



X



1 0 “ 9



1.3 1.3



X



IO“ IO“



X



5 6



3.1 2.3 1.45



X



1 0 " 7



X X



IO“ IO“



1 .6 8



X



1 0 ~ 7



2 .3 X



1 0 ~ 6



HLW, Ci/3000 canister



SURF, Ci/7000 canister



129 3,940



948 29,500 16 1,470 464,000



6



2 .1



9



196 61,900



“F low o f water assum ed to be lim ited by diffusion through a b en ton ite buffer. T a b le 7a o f A n on ym ou s (1984) lists 237Pu for HLW, which m ay be a m isprint b ecau se this isotop e has a half-life of only 45.6 days. ‘R educing conditions. dD au gh ter o f 238U. so ur c e



: A n on ym ou s (1984).



ence of this isotope. A ll of the other isotopes of Np, Pu, A m , and Cm in Fig ure 24.4 have shorter halflives than 244P u and 2 4 7 Cm . Nevertheless, several of these do occur in sm all concentrations in terrestri al environm ents. The presence of 239P u (T 1 / 2 = 2.44 X 104 y r) in U m inerals was orig inally predicted by G oldschm idt (1942) based on the neutron capture of 238U follow ed by /3-decay of the resulting 239U and 2 3 9 Np. Subsequently, Seaborg and Perlm an (1948) and G arn e r et al. (1948) actually detected 239P u in pitchblende and carnotite. This and other isotopes of Np, Pu , A m , and Cm form not only in U m inerals but also in nuclear reactors and during the explosion o f nuclear fission devices. Consequently, the isotopes occupying the shaded squares in Fig ure 24.4 occur in radwaste and spent unreprocessed U -fuel and have been dispersed all over the E a rth by fallo u t resulting from testing of nuclear weapons in the atm osphere and by the burnup of radioisotope therm oelectric generators (R T G s ) fueled w ith 238P u and used in satellites and space probes. These anthropogenic sources now contribute m ore transuranium isotopes to the



environm ent than the natural neutron-capture reactions (H a rle y, 1980). T he discharge o f various radionuclides into the environ m ent by fallo u t from nuclear weapons tests and by reprocessing plants m ay be used to date m arin e and lacustrine sedim ent (Stanners and A sto n , 1984) as w ell as ice in G reen lan d and A n ta rctica (K o id e et al., 1985). T he P u isotopes that have been id entified in n atural m aterials include 238P u (T 1 / 2 = 87.8 y r), 239Pu



(T 1 / 2 = 2.44 X 104



y r),



240P u



(T ]/2 =



6.54 X 1 0 3 y r), 241P u ( T 1 / 2 = 15 y r), and 242P u (T 1 / 2 = 3.87 X 1 0 5 y r).T h e atomic ratios o f P u iso topes in fallo u t from nuclear weapons tests are: 240



Pu / 239P u = 0.18 ± 0.01



241



Pu / 239P u = 0.009 ± 0.002



242



Pu / 239P u = 0.004 ± 0.001



w hereas the activity ratio (in the rad iolo gical sense) o f 2 4 0 P u / 239P u released by weapons tests is -0.67 (Sh o lk o vitz , 1983). The concentrations o f P u are usually d eter m ined by separating and purifying the elem ent
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plutonium (Pu), americium (Am), and curium (Cm). Although all of the isotopes of these elements are radioactive, those that are shaded occur in spent unreprocessed fuel elements (SURF) as a result of sequential neutron capture and /3-decay starting with 238U and The isotope 234U occurs because it is a daughter of 2 38 U.The neutron-capture reactions take place during the operation of nuclear reactors as well as during the explosion of nuclear fission devices. In addition, isotopes of Np and Pu form in U-rich rocks as a result of the neutron flux maintained by spon taneous fission of B8 U, by (a, n) reactions, and by cosmic-ray neutrons.
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 2 4 .4 ch em ically and by m easuring the rate of em ission o f a-particles by the isotopes o f Pu . U nfortu n ately, th e a-particles em itted by 240P u and 239P u have sim ilar energies and cannot be resolved b y this technique. Therefore, the tw o isotopes are d eter m ined together and the results are reported as 240,239pu A lte rn a tively, both the isotope com posi tio n and the concentration of P u in natural sam ples can be determ ined by mass spectrom etry. H o w ever, this technique is tim e consum ing and is therefore not used fo r studies o f P u concentra



tions requiring large num bers of analyses. T he occurrence o f P u in nature im plies that



short-lived 238N p {T ]/2 = 2.12 d ), 239N p (T l/2 = 2.35 d ), 240N p (T 1 / 2 = 65 m ), and 241N p (T l/Z = 16.0 m ) m ust also be present because th ey are in term ediate products during the neutron-captu re reactions that produce the P u isotopes. H o w ever, they a ll decay rap id ly as soon as the process stops, w hereas 237N p (7 j / 2 = 2.14 X 106 y r), 2 3 9 Pu , 2 4 0 Pu , and 242P u persist fo r tens o f thou sands of years because o f th eir long half-lives. The 2 4 1 Pu , form ed b y 2 4 0 P u (n , y ) 2 4 1 Pu , decays b y /3-emission to 2 4 1 A m (T 1 / 2 = 433 y r), w hich occurs in fallo u t and radw aste and is now w id ely distributed a ll o ver the E a rth (Livin g sto n and



B o w en , 1976; K o id e et al., 1980; D a y and Cross, 1981). A m ericiu m is strongly adsorbed onto the surfaces o f particles including crystals o f calcite and aragonite (Shanbhag and M orse, 1982). The eq u ilib riu m constant (K d = A m in so lid /A m in solu tio n ) fo r calcite is > 1 0 5 and the adsorption appears to be irreversib le. H en ce , 2 4 1 A m is scav enged rap id ly from seaw ater and is incorporated into the sedim ent. 2 4 1 Am decays b y a-em ission to 237N p (7 j / 2 =



2.14 x 106 y r), w hich grows in and becom es one o f the dom inant radionuclides in old radwaste.



The 2 4 1 A m (T 1 / 2 = 433 y r) m ay also capture a neutron to form 242A m (7 \ / 2 = 16.02 h ), w hich decays by /3-emission to 242C m (T l/2 = 163 d ). This isotope em its an a-particle as it decays to 238P u ( T 1 / 2 = 87.8 y r). This sequence o f events therefore contributes to the presence o f 2 4 2 A m , 2 4 3 Cm , 2 3 7 N p, and 238P u in fallo u t and in radw aste from n u clear reactors. Fig ure 24.4 indicates that a m ultitude of other radionuclides m ay form both
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b y neutron capture and by subsequent decay depending on the m agnitude o f the neutron flux, the d uration o f the irra d iatio n , and the tim e elapsed since the irra d iatio n ended. The natural neutron flux o f U-bearing rocks also causes the form ation of other rad ioactive iso topes including 3 H , 1 4 C, 3 6 C1,3 7 A r, a n d 3 9 A r, w here as induced fission o f 235U in rocks produces 8 1 K r, 8 5 K r, and 129I (A n d rew s et al., 1989). The m agni tude of the neutron flux in d ifferen t kinds o f rocks depends on the con centrations o f U and T h in the rocks because the neutrons arise p rim arily by spontaneous fission o f 238U and by (a , n ) reactions. Cosm ic-ray neutrons also contribute to the neu tron flux, depending on the depth below the sur face, and are m ost effective in the atm osphere. The



neutron flux in rocks is affected b y th eir neutronabsorbing capacity, w hich arises from the presence o f O, F, N a, A l, Si, K , and M g. T he neutron fluxes in d ifferent kinds o f rocks in Table 24.4 range from 4.07 X 10- 4 n cm - 2 s_ 1 in the U -rich Strip a granite in Sw eden to 4.5 X 10- 8 n cm - 2 s_ 1 in the salts form ed by evaporating seawater. The geochem istry o f P u in the oceans and on the continents was review ed and rein terp reted by Sh o lk o vitz (1983) based on the volum inous lite ra ture that has accum ulated on this subject. B o w e n et al. (1980) estim ated that m ore than 400 k C i of 239P u and 240P u have been released by nu clear weapons tests in the form o f about 3900 kg of 239P u and 700 kg o f 2 4 0 Pu . A b o u t 70 k C i o f the total am ount o f P u rem ained close to the test sites, including the B ik in i and E n iw e to k atolls in the P a cific O cean, w h ich contain ~2.7 k C i o f P u in lagoonal sedim ent (N o sh k in and W ong, 1979) in addition to ~ 2 k C i in sedim ent in the surrounding ocean (H . D . Livin g sto n in Sh o lkovitz, 1983). In addition to its dispersion in fallout, P u has been injected into the E a rth ’s surface en viro n m ent as a result o f accidents. These include the burnup over the In d ia n O cean o f the S N A P - 9 A navigational satellite, w hich contained an R T G fueled w ith 1 kg (17 k C i) of 238P u in A p r il o f 1964 (H a rd y et al., 1973), the crash o f a B-52 bom ber at Thule, G reen lan d , w hich released weapons-grade Pu (H arle y, 1980), and the explosion o f the nuclear reactor in C hernob yl, U k rain e, on A p ril 6,1986.
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E N V IR O N M E N T A L G E O C H E M ISTRY: D ISP O S A L O F R A D I O A C TIV E W A STE T a b l e 2 4 . 4 Calculated N eutron Flux in Rocks of Various Compositions



Rock type Granite, Stripa, Sweden Ultramafic Basalt Granite Clay, shale Sandstone Carbonates Evaporite“



u, ppm 44.1 0 .0 0 1 1 .0



3.5 3.2 0.45 2 .2 0 .1



Th, ppm 33.0 0.004 4.0 18.0 1 1 .0



1.7 1.7 


5



Production n cm ~ 3 y~ { 217.1 0.004 1 0 .2



36.7 17.6 2 .0



5.45 1 .0 2



Absorption cross section, cm2/g 0.0065 0.0044 0.0073 0.0069 0.0098 0.0061 0.0039 0.3260



Neutron flux, n cm~2 s~* 4.07 1.0 1.6 6.4 3.0 4.6 2.0 4.5



10“ 4 X 10 ' 8 X 10“ 5 X 10~ 5 x 10" 5 X 10“ 6 X 10 " 5 x 10” 8



X



aSalts form ed by evaporation o f seawater. so u r c e



: Andrew s et al. (1989).



O th er point sources of Pu and other radionuclides in the oceans are the reprocessing facilities at W indscale, U n ited Kingdom (A sto n and Stanners, 1981; Livin g ston et al., 1982), at La H a g u e near Cherbourg, France (M u rra y et al., 1979), at Savannah, G eo rg ia (H ayes and Sackett, 1987), as w ell as dum ping sites o f low -level radwaste, espe cia lly in the northeastern A tla n tic O cean (N eed ier and Tem pleton, 1981). O n e reason fo r concern about the release of P u into the oceans is the pos sib ility that it can be rem obilized from sedim ent after burial. Plu to n iu m can exist in fou r oxidation states (+ 3, +4, +5, and + 6 ), it form s com plex ions w ith both organic and in org an ic ligands, and it can form co llo id al suspensions (C levelan d , 1979). A s a result, P u is a mobile elem ent under a w ide range o f environm ental conditions and is there fore able to enter the food chain in the oceans. C onsequently, fish and other kinds of seafood m ay becom e contam inated w ith Pu. N osh kin and W ong (1979) reported that the concentration of P u (239P u and 2 4 0 P u ) in the w ater o f the lagoons of the B ik in i and E n iw e to k atolls ranges betw een 14 X IO - 1 5 and 114 X 1CT15 C i/ L , w hereas that of the open ocean lies betw een 0.3 X IO " 1 5 and 0.5 X 10“ 1 5 C i/ L . T he P u in the



lagoonal w ater constitutes only 0 .0 8 % of the Pu in the upper 60 cm of sedim ent in the lagoons. N osh kin and W ong (1979) therefore predicted that it w ill take betw een 400 and 500 years for all of the P u in the sedim ent to be released into the lagoons and hence in to the open ocean. P lu tonium is also being released by sedim ent deposited west of the islands that contains closein fallout. W h e n P u first enters the ocean, it is rap id ly scavenged by adsorption on biogenic particles. H o w ever, as the p articles sink they decom pose, thereb y releasing the adsorbed Pu , w hich goes into solution in deep w ater. T he P u rem ains in solution until it is readsorbed onto another p a rti cle that m ay carry it all the w ay to the bottom of the ocean. In addition, P u m ay be carried dow n w ard rap id ly on large particles and m ay be released from them w h ile still in the w ater co l um n, at the sedim ent-w ater interface, or after b u rial (Sh o lk o vitz, 1983; B o w e n et al., 1980). E vid e n tly, the geochem istry o f P u in the oceans in vo lves com plex processes reflectin g not on ly the chem ical properties o f the elem ent but also the b iological p ro d u ctivity of the w ater and the input o f sedim ent particles, both o f w hich va ry reg io n ally w ith in the ocean.
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Eh-pH Diagrams for



groundw ater under norm al p H conditions (p H >3



Neptunium and Plutonium



T h e geochem ical properties of the transuranium elem ents can be presented in the form of E h - p H diagram s (B ro o k in s, 1988). The m o b ility o f these elem ents, indicated by these diagram s, depends on w hether the hydroxide or oxide is assum ed to be the stable phase. F o r exam ple, N p m ay form N p (O H )4, N p O (O H )2, o r N p 0 2, all o f w h ich con tain N p 4+. Sim ilarly, P u m ay exist as P u (O H ) 4 or P u 0 2. T he solid hydroxides transform sponta neously in to the oxides w hen the w ater/ro ck ratio is reduced after in itia l p recipitation o f the hydroxide. In the case of Pu , the transform ation is represented by the reaction:



P u(O H ) 4 (s) -» P u 0 2 (s ) + 2 H 2 0 (1 )
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(24.1)



A G °* = -11.08 kcal H en ce, P u 0 2 is the stable phase in the standard state, although m etastable P u (O H ) 4 m ay in itia l ly p recip itate from aqueous solution. W h e n car b onate ions are present, the transuranium elem ents can form solid carbonates such as N p (C 0 3) 2, P u 2 ( C 0 3) 3, and A m 2 ( C 0 3) 3, as w e ll as com plex carbo nate ions P u 0 2 ( 0 H ) C 0 3_ and N p 0 2 ( 0 H ) 2 C 0 3” . The transform ation of N p (O H ) 4 to N p O (O H ) 2 and ultim ately to N p O z is accom panied by a dra m atic decrease in the solubility and hence in the m obility of this elem ent at 25 °C under conditions that p revail at the surface of the E a rth or at shal lo w depth. The E h - p H diagram s of B ro o k in s (1988) in Figure 24.5 illustrates the progressive expansion of the stability fields of the solid phases N p (O H )4, N p O (O H )2, and N p 0 2, respectively. A t p H values between 2 and 10 in Figure 24.5A, three ions [N p 0 2 , N p (O H )/ , and N p 3+] have eq u ilib ri um activities > 1 0 - 6 m o l/ L in contact w ith N p (O H )4. W h en N p O (O H ) 2 is the solid, only N p O j has equilibrium activities o f that m agnitude (Fig ure 24.5B). The solub ility o f N p O z to form N p 0 2 is furth er restricted to environm ents having p H 0.753 V (Fig ure 24.5C). Consequently, N p is n o t expected to be m obile in



but < 7). The m o bility of N p in the oceans (p H ~ 8.2) predicted from E h - p H diagram s depends on the solid phase that actu ally form s in this environm ent. If N p (O H ) 4 is present (Fig u re 24.5A ), N p can have activities >10 - 6 m o l/ L both as N p (O H )j and as N p 0 2 depending on the E h . H o w ever, if N p O z is present (F ig u re 24.5C ), then N p 0 2 , N p (O H )j, and N p 0 2 ( 0 H ) 2 C 0 3_ a ll h ave eq u ilib riu m



activities < 10 - 6 m o l/ L and N p is expected to rem ain im m ob ile in the ocean and in m arine sed im ent. The solub ility of the solids P u (O H ) 4 and P u 2 (C 0 3 ) 3 w ith respect to P u 3+ and P u (O H )/ is depicted in Fig ure 24.6A, based on Brookins (1988).The ions P u 0 2 and P u 4+ are dom inant only at p H < 2 and E h > +1.0 V and therefore are rarely im portant in natural environm ents. W h en P u 0 2 is the stable phase, only P u 3+ can have activ ities >10 - 6 m o l/ L at p H < 5.5 in systems re p re sented by Fig u re 24.6B. Consequently, P u m ay be m obile in acidic groundw aters under reducing as w e ll as oxidizing conditions. A s in the case o f Np, the m o b ility of P u in the oceans depends on w hether solid P u (O H ) 4 or P u 0 2 is actually p re sent. In reality, the geochem istry of Pu in the oceans is m ore com plicated than it appears to be, based on the E h - p H diagram s in Figure 24.6, because P u occurs in four oxidation states: P u 3+, P u 4+, P u 5+, and P u 6+. N elson and L o ve tt (1978) reported that the ratio (P u 5+ + Pb 6 +)/ (P u 3+ + P u 4+) of dis solved 239’ 240P u in the Irish Se a (d erived larg ely fro m the W in d scale reprocessing p lan t) ranges from about 2.4 to 12, w hereas P u adsorbed on suspended p articles has lo w er values o f this ra tio betw een 0 and 0.4. E v id e n tly , P u 5+ and P u 6+ are concentrated in the a q u eo u s phase, w hereas P u 3+ and P u 4+ d om inate on su sp en d ed particles. H o w e ve r, the op p osite appears to ap p ly to som e lakes in ce n tral N o rth A m erica and C anad a w h ere the (+ 5 , + 6 )/ (+ 3 , + 4 ) Pu ra tio is 
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E N V IR O N M E N T A L G E O C H E M ISTRY: D ISP O S A L O F R A D I O A C TIV E W A STE Fi g u re 2 4 .5 A . Eh-pH diagram for Np based on Np(OH ) 4 as the solid phase in the presence of HzO and containing S(carbonate) = 10- 3 mol/L. The solu bility boundaries are drawn at activities of IO- 6 mol/L of the ionic species, including N p 02, Np(OH)j, and Np3+. In addition, Np4+ is the dominant ion at pH 0.147 V but is not shown here. B . Eh-pH diagram for Np based on NpO(OH ) 2 as the solid phase in the presence of H20 and containing S(carbonate) = KT3 mol/L. Evidently, NpO(OH ) 2 is less soluble than Np(OH)4, and N p 0 2 is the only ion that can have activities >10 - 6 mol/L in equilibrium with NpO(OH ) 2 between pH 2 and pH 10. C . Eh-pH diagram for Np based on N p 0 2 as the solid phase in the presence of H20 and containing S (carbonate) = IO- 3 mol/L. The Eh-pH conditions in which N p 0 2 can have an activity > 10 - 6 mol/L in equilibrium with N p 0 2 are further reduced. The equi librium activity of the oxyhydroxycarbonate complex (Np 0 2 ( 0 H)2 C0 3 ~) is 


PH dom inan t in the w ater o f som e N o rth A m e rica n lakes. A c tu a lly , P u 5+ and P u 6+ also dom inate in L a k e M ich ig a n and C le a r L a k e , w h ich h ave (+ 5 , + 6 )/ (+ 3 , + 4) P u ra tio s b etw een 4 and 6 lik e the Iris h Sea.



PH Sh o lk o vitz (1983) review ed evidence that P u 4+ form s strong com plexes w ith dissolved organic com pounds, w hereas P u 6+ form s carbon ate com plexes (A sto n , 1980). Therefore, the con centration o f dissolved P u and the d istrib ution o f
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Eh-p H D IA G R A M S F O R N EPT U N IU M A N D PL U T O N IU M



Fi g u r e 24.6 A. Eh-pH diagram for Pu based on the presence of Pu(OH ) 4 and Pu2 (C 0 3 ) 3 in a system in which S(carbonate) = IO- 3 mol/L. The solubility boundaries are drawn at ion activities of IO- 6 mol/L. B. Eh-pH diagram for Pu based on the presence of PuOz in a system in which S(carbonate) = IO- 3 mol/L. Note that P u0 2 is much less soluble than Pu(OH)4, but that Pu3+ can have activities > 10 - 6 mol/L in acidic environments. That the geochemistry of Pu is strongly affected by ion exchange equilibria is not apparent from these Eh-pH diagrams.
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its oxidation states m ay depend on the abun dances o f dissolved organic com pounds (fu lv ic acids) of lo w m o lecular w eight (5000-10,000), on the carbonate content, and hence on the alkalini ty o f the w ater. Som e o f the P u in seaw ater is associated w ith suspended p articles and can be rem oved from it by 0.45-p,m filters. Sh o lk o vitz (1983) estim ated that from 5 to 2 0 % o f P u in the open ocean occurs in p articu late form . N elson and L o v e tt (1978) reported that the d istrib ution coefficients (so lid /liq u id ) o f “ redu ced ” (+ 3 , + 4) P u in the Irish Sea are consistently larger than those o f “ oxi dized” (+ 5 , + 6 ) Pu . In fact, the values o f K d fo r reduced p articu late P u are fro m 21 tim es to 1000 tim es larger than the values o f K dfo r oxidized p ar ticulate Pu . E v id e n tly , the p articles suspended in the w ater o f the Iris h Sea p referen tia lly scavenge reduced P u fro m seaw ater and thereb y concen trate the oxidized form s in the aqueous phase. H o w ever, the nu m erical values o f K d are probably variab le because they depend on the character of the p articles (in org an ic, biogenic, and living organism s), on th eir com position (m in eralo g y and organic m atter co n ten t), and on th eir size d istrib u tion. In addition, because the abundance o f sus pended p articles varies reg io n ally w ith in the ocean, the fractio n o f adsorbed P u also varies. Sho lkovitz (1983) expressed the fraction of adsorbed P u as a function o f the concentration of suspended p articles in a system in w hich ATd(P u 3+, P u 4+) = 25 X 105 k g /L, whereas ATd(P u 5+, P u 6+) = 0.15 X 105 k g /L. T he resulting graph in Fig u re 24.7 illustrates that —9 5 % o f the “ reduced” P u is adsorbed w hen the suspended load is 10 m g/L, whereas on ly —1 0 % o f the “ oxidized” P u is adsorbed under these conditions. Consequently, the ratio of “ oxidized” to “ reduced” P u in solution does depend on the concentration o f suspended particles and on their characteristic properties, w hich determ ine th eir ab ility to adsorb P u ions. The preceding discussion m akes clear that E h - p H diagram s are incomplete representations o f the geochem istry of P u in the ocean as w ell as in lakes and rivers. Presum ably, ion exchange phe nom ena also affect the geochem ical properties of
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E N V IR O N M E N T A L G E O C H E M ISTRY: D ISP O S A L O F R A D I O A C TIV E W A STE F o r exam ple, the therm al gradient around a canister o f H L W in a subsurface repository m ay cause silicate m inerals to break down in its vic in i ty releasing silicic acid in to the pore flu id which m ay transport it aw ay from the canister to areas o f lo w er tem perature w here the silicic acid p re cipitates as am orphous silica, thereby reducing the p erm eab ility o f the rocks. U n d e r the same set o f circum stances, carbonates and sulfates, whose solub ilities decrease w ith increasing tem perature, m ay be deposited on the ou ter w alls o f the canis ter, thereby creating an ad d ition al b arrier to the



Su sp e n d e d P a r t icles, m g / L Fi g u re 2 4 .7 Fraction of Pu ions that are adsorbed onto suspended particles depending on their oxidation states, the concentration of suspended particles, and the values of the distribution constants (K d) of the Pu3+,Pu4+ (reduced) and Pu;i+,Pu6+ (oxidized) Pu. The graph illustrates the phenomenon that reduced Pu is scavenged more effectively than oxidized Pu and that the ratio of oxidized to reduced Pu remaining in solution can vary widely depending on the concentra tion of suspended particles and their compositions, which determine the magnitude of the distribution constants (adapted from Sholkovitz, 1983, Figure 9).



P u ions in solution in groundw ater. In addition, the study o f dissolution, transport, and deposition o f long-lived radionuclides, such as the isotopes of Pu , Np, and A m , in underground repositories must be coupled to other processes occurring at the same tim e. The coupling of therm al, hydrological, m echanical, and chem ical processes in predicting the long-term behavior o f nuclear-waste reposito ries was the topic o f an in ternational conference in 1985 in Berkeley, C alifo rnia. The Proceedings of this conference w ere edited by Tsang (1987). It contains a paper by Langm uir (1987) in w hich he discussed the difficulties o f predicting the outcom e of geochem ical processes in waste repositories because of the lack of sufficient therm odynam ic and kinetic data at elevated tem perature and pres sure. In addition, even geochem ical processes are



coupled.



m ovem ent o f radionuclides. Therefore, the escape



of rad ionu clid es from a canister of H L W is affect ed by geochem ical processes that change the chem ical com position and m echanical properties o f the rocks surrounding the canister. The cou pling o f the process that m ay change the geo chem ical environm ent around an aging H L W



rep o sito ry m akes it m ore d ifficu lt to predict the release o f radionuclides and to evaluate its future safety. C onsequently, such evaluations are not to tally reliab le and need to be confirm ed by exam ining natural repositories of rad ioactive e le ments such as ore deposits o f U in the form of veins o r as m ineral cem ents in sandstone (B ro o k in s, 1984).



24.6



Analog Studies: The Natural Reactors at Oklo, Gabon



O n Septem ber 25, 1972, the form er chairm an of the Fren ch H ig h Com m ission fo r A to m ic Energy, D r. Fran cis Pe rrin , reported to the French A cad em y of Sciences th at a uranium deposit in W est A fric a had undergone a chain reaction based on induced fission of 235U (Sectio n 16.1c). T he deposit at O klo, G abon, had been put into produc tion in the sum m er of 1970 and the U concentrate from the open-pit m ine was shipped to Pierrelatte,



France, fo r enrichm ent in 235U p rio r to its use as reactor fuel. H o w ever, isotope analyses revealed that the U from O k lo was variab ly depleted in 235U



and that the abundance o f 235U in some batches o f U concentrate was only 0.440 atom % com pared to 0.720 atom % in norm al terrestrial U . T he
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A N A L O G ST U D IES: T H E N A T U R A L RE A C T O RS A T O K L O , G A B O N



results also suggested that the abundance o f 235U decreased w ith increasing U content o f the ore. In ad d ition , analyses by N e u illy et al. (1972) at the Fren ch atom ic center in C adarach indicated that N d , Sm , E u , and C e in the ore have anom alous iso tope com positions. The scientists w ho had p a rtici pated in these discoveries therefore concluded that 235U in the orebodies at O k lo had fissioned in self-sustaining chain reactions w ith groundw ater acting as the moderator of neutrons em itted by each fission event. The chain reaction p robably operated in term itten tly because the reaction m ay have stopped w hen the rising tem perature of the U -rich rocks caused the w ater to be converted to steam (Su lliva n , 1972). T h e d iscovery that natural chain reactions had occurred at O k lo was not e n tire ly unexpect ed. Six teen years earlie r, K u ro d a (1956) had dem onstrated that 2 1 0 0 m illio n years ago a mass o f p itchblende a few feet in d iam eter could have sustained a chain reaction in the presence of w a te r because at that tim e the isotop ic abun dance o f 235U was 4 .0 % com pared to 0.720% at the present tim e. D r. K u ro d a concluded th at “ The effect o f such an event could have been a sudden ele va tio n o f the tem perature, fo llo w ed by a com p lete d estruction o f the critica l assem blage.” A s a h isto rical footnote let it be record ed that D r. K u ro d a obtained the analysis o f the pitchblende (fro m Johanngeorgenstadt, G e rm an y) out of F. W . C la rk e ’s book, The Data o f Geochemistry (see C h ap ter 1). T h e unique n atu ral reactors at the O k lo m ine p rovid e an op p ortu nity to study the m igra tio n o f fission-product nuclides in a n atu ral set ting. C onsequently, the deposit has been studied in te n sive ly to determ ine its origin, to ascertain the conditions that perm itted the occurrence of chain reactions, and to evaluate the m o b ility of long-lived rad ionuclid es produced as fission products and by neutron capture (B ro o k in s, 1978a,b; de L a e te r et al., 1980; Lo ss et al., 1984). T he in itia l results w ere sum m arized b y N aud et (1974) and other Fren ch investigators in the Ju n e



issue (N o . 193) o f the Bulletin d ’lnform ations Scientifiques et Techniques o f the Com missariat ä VEnergie Atomique. L a te r, the In te rn a tio n a l



477



A to m ic E n e rg y A g e n cy in V ie n n a issued tw o rep o rts on the O k lo reactors ( IA E A , 1975,1978). In ad d itio n , K u ro d a (1982) includ ed a descrip tio n o f the n a tu ra l fission reactors at O k lo in his b ook on n u clear processes in nature. T h e U ore at the O k lo m ine occurs in sand stones o f the Precam b rian F ra n c e v illia n Series. T he U m inerals w ere in itia lly deposited syngenetically, but w ere subsequently rem obilized during stru ctu ral deform atio n of the host rocks and redeposited in sm all bodies containing b etw een 50 and 7 0 % U . T he age o f the U ore is 2.05 X 109 years based on the U - P b m ethod (G a n ca rz , 1978). A s a resu lt o f the dissolution and rep recip itatio n , the rem ob ilized U was not o n ly con centrated but was also p u rified o f cer tain elem ents (V , Se, M o , and F e ) that could act as re acto r poisons by absorbing neutrons. T he ore at the O k lo m ine is com posed of pitchblende (com plex U-oxides, am orphous or cryp to crystallin e), w ith im purities o f ch lorite and illite . Q uartz is ra re in the ore but com m on in the surrounding rocks. T he ore also contains sm all am ounts o f p yrite, hem atite, barite, chalcopyrite, and other m inerals. B ro o k in s (1984) pointed out that the presence of both p yrite and hem atite fixes the range o f E h and p H conditions that existed in the ore at the tim e the chain reactions occurred (see Sectio n 14.5d, Fig u re 14.11). A t the tim e o f form atio n o f the enriched ore bodies at O k lo , the abundance of 235U w as 3 .2 % , w h ich is w ith in the range o f m odern reacto r fuel. H o w ever, in ord er fo r a chain reaction to start based on induced fission o f 2 3 5 U , groundw ater m ust have been present in sufficient am ounts to reduce the k in etic energies o f neutrons to perm it them to be absorbed by n u clei of 2 3 5 U , causing it to fission in to com plem entary pairs o f fissionp roduct nuclides that subsequently decayed to stable daughters. A b o u t 1 7 % o f the tim e, the absorption o f a slow neutron by 235U leads to the form ation o f 236U (F ig u re 24.4), w h ich then



decays by a-em ission to long-lived 2 3 2 Th. Som e of the 236U atom s form ed from 235U m ay capture another neutron to form 2 3 7 U , w hich decays by a long series o f a- and /3-emissions to stable 2 0 9 B i. Therefore, it is significant that T h and B i occur in
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th e richest U o re a t O k lo b u t n o t elsew h ere in the d eposit (C ow an, 1976). Studies by m any in v estigators have d e m o n stra te d th a t th e stab le d au g h ters o f a b o u t 30 fis sion-product nuclides a re p re se n t in th e n a tu ra l reacto rs a t O k lo in ju st a b o u t th e expected am ounts an d p ro p o rtio n s. This n o t only confirm s th e occurrence o f chain reactio n s b u t also indi cates th a t th e fission-product nuclides in m ost cases did n o t m ig rate o u t of th e volum e of ro ck in w hich they w ere form ed. A m o n g th e im m obile elem ents a re th e R E E s (La, Ce, Pr, N d, E u , Sm, an d G d) and th e P t group elem en ts (R u, R h , and P d), as well as Y, Z r, N b,T h, an d B i.T h e R E E s and Pt-group elem en ts include th e long-lived rad io n u clides th at m ay survive in aging repositories of nuclear w aste. E vidently, these poten tially d an g er ous radionuclides did n o t m igrate at O klo. In addi tion, the tran su ran iu m elem ents N p, Pu, A m , and C m w ere n o t m obile in th e o reb o d ies w hile the chain reactions w ere in p rogress o r afterw ard (B rookins, 1984). T he elem en ts th a t a p p e a r to h av e b ee n only partially re ta in e d in th e reacto rs at O k lo include Mo, Ag, I, K r, an d Xe. In ad d itio n , R b, Cs, Sr, Cd, and Pb w ere e ith e r lost com p letely o r show evi dence of local m ig ratio n (C ow an, 1976). The chain reactio n s w ithin th e O klo o re b o d ies w ere b ased prim arily o n in d u ced fission o f th e 235U in th e U ore. H ow ever, th e indigenous 235U was au g m en ted by 235U p ro d u c e d by decay of 2 3 9 Pu. T he chain reactio n s w ere also b ased to som e ex ten t o n induced fission o f 239P u itself and on fission o f 238U caused by fa s t neutrons. A lto g eth er, six tons of 235U w e re con su m ed and 15.000 m egaw att-years o f energ y w ere released by th e chain reactio n s th a t o ccu rred fo r a t least 500.000 years (C ow an, 1976; B rookins, 1984). D uring th e p erio d th e chain reactio n s w ere occurring, th e te m p e ra tu re s w ithin th e reactors p ro b ab ly ex ceed ed 400 °C, b u t th e rock s did n o t m elt an d th e d ep o sit did n o t explode. The reason is th a t th e chain reactio n s w ere co n tro lled by th e w ater c o n te n t o f th e ore, w hich m u st h av e ranged from 12 to 15% to p e rm it in d u ced fission o f 235U to occur. W h en th e te m p e ra tu re rose, th e w ater c o n te n t o f th e rocks was re d u ced , th e flux o f slow



n e u tro n s was th e re fo re decreased, an d th e chain reactio n s stopped. T he evidence fo r relativ ely low te m p e ra tu res in th e rea cto r zones is su p p o rte d by th e fact th a t B o nhom m e et al. (1965) o b ta in e d a R b - S r w hole-rock isochron d a te o f 1.85 ± 0.1 G a fo r sed im entary rocks th a t overlie th e U deposits a t O klo. M oreover, th ey re p o rte d a K - A r d a te of 1.8 ± 0.1 G a fo r con cen trates o f th e l M d poly m o rp h o f illite from th ese rocks (S ections 16.3a, 16.3b, 13.2b.3, and 13.6). T he lM d p o ly m o rp h of illite does n o t re ta in radiogenic 40A r above —125 °C and is converted into the 2M p o ly m o rp h b e tw ee n 150 and 250 °C. T h erefore, th e survival of th e lM d p o ly m o rp h in th e im m ed iate vicinity of th e reacto rs indicates th a t the chain reactio n s did n o t g en e ra te high te m p e ra tu re s in th e su rro u n d ing rocks. In addition, these rocks could n o t have b ee n bu ried m ore th an a few h u n d re d m eters w ith o u t destroying th e lM d illite. H ow ev er, th e d e p th of the U o re at the tim e th e n a tu ra l re a c to rs w ere op eratin g is n o t know n precisely. The relevance of the n a tu ra l reactors a t O klo to th e evaluation of the safety o f geological rep o si tories of HLW is th at the long-lived radionuclides of the R E E s, the P t-group metals, and th e tra n su ra nium elem ents w ere quantitatively re ta in e d in rocks that have widely varying perm eabilities and are also strongly join ted and fractured. B ecause of these properties, the O klo site w ould n o t have been selected for the construction of a nuclear w aste repository. T herefore, the evidence derived from studies of th e n atu ral reactors at O klo indicates th a t rocks having low perm eability and high th e r m al stability should retain radw aste even b e tte r th an th e rocks at Oklo.
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Reactor Accidents: Chernobyl, Ukraine



T h e energy lib e ra te d by ind u ced n u clear fission is very large com pared to th a t o f co n ventional e n e r gy sources, such as the com bustion of fossil fuel o r chem ical explosives, including trin itro to lu e n e (T N T ). N evertheless, the process can b e c o n tro lle d by m o d u latin g th e flux of th erm al n e u tro n s in th e
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core of the reactor. H ow ever, if fo r any reaso n the process goes o u t of control, th e te m p e ra tu re in the re a cto r core can increase very rapidly, causing an explosion o f th e core and leading to th e dispersal of radionuclides. A lth o u g h th e design o f n u clear re a c to rs is supp o sed to p re v e n t such occurrences, several accidents h av e tak en p lace since 1942, w hen th e first re a c to r was built by E n rico F erm i an d his associates in a squash co u rt in the b a se m en t o f the foo tb all stad iu m o f T he U niversity of C hicago. T h e m ost rec en t re ac to r accident occu rred o n A p ril 26,1986, in C hernobyl, U k raine. T he events lead in g u p to th is accid en t w ere describ ed by B aier (1989) an d A n sp au g h e t al. (1988). A ccording to these sources, th e C h ern o b y l N u clear P ow er S tatio n n e a r th e city of K iev o p e r a te d fo u r p o w er reacto rs o f th e “R B M K ty p e ” in which each fuel ro d is co n ta in e d w ithin a p ip e th ro u g h w hich w a te r is p u m p ed a t high p ressure. T he fuel assem blies w ere em b e d d e d in g raphite, which serv ed as th e m o d erato r. R e a c to r No. 4 at C hern o b y l h a d 1659 fuel assem blies, each o f which c o n tain ed 114.7 kg o f U. T he fuel elem en ts h ad b e e n in th e re a c to r fo r 610 days o n av erage and h a d th e re fo re accu m u lated m o re th a n 2 0 0 d ifferen t fission-product n uclides including 90Sr ( r i / 2 = 29 yr) an d ,37Cs (T 1 / 2 = 30.1 yr). T he p ow er o u tp u t o f th e re a c to r was c o n tro lled by m eans o f 2 1 1 rods com p o sed o f n e u tro n abso rb ers th a t could be in se rte d in to th e core to sto p th e chain reaction. U n d e r n o rm al o p eratin g conditions, 30 co n tro l ro d s h a d to be in place in th e core o f re a c to r No. 4 in o rd e r to k eep th e chain reactio n u n d e r control. H ow ever, o n th e day b e fo re th e accident th e o p e ra to rs had red u ced pow er to d ete rm in e w h e th e r th e h e a t in th e g raphite core o f th e re a c to r was sufficient to ru n th e m ain electrical g en erato r. W hile this e x p erim en t w as in progress, th e d e m a n d for elec tricity in th e transm ission lines fed by th e g e n e ra to r suddenly increased. T h erefo re, th e o p e ra to rs a tte m p te d to bring th e re ac to r b ack to full p o w er by w ithdraw ing all b u t eight o f th e co n tro l rods, in violation o f m a n d a to ry o p e ra tin g p rocedures. C onsequently, th e energy o u tp u t ro se w ithin th re e seconds fro m 200 to 530 m egaw atts. In th e n ex t fractio n o f a second th e re a c to r w ent o u t o f
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control. A s th e core te m p e ra tu re increased by 3000 °C, Z r in th e fuel elem ents re a c te d with w ater to fo rm oxides, th e re b y releasin g H 2 gas, w hich re a c te d explosively w ith 0 2 an d b u rst the steel hou sin g co n tain in g th e 2500 to n s of g rap h ite o f th e re a c to r core. T he initial explosion caused a large-scale release o f fission-product nuclides, including p a rts o f th e fuel elem ents, and resulted in th e u ltim ate com bustion of 250 to n s of graphite. A fte r th e in itial explosive re lease o f ra d io n u clides, th e te m p e ra tu re o f th e re a c to r core c o n tin u e d to rise fo r sev eral days as a re su lt of decay of radionuclides an d b ecau se th e cooling system had b een d e stro y e d in th e explosion. T h e re le a se of radionuclides, w hich h a d decreased drastically after th e explosion, increased with th e rising te m p e ra tu re an d alm o st eq u aled th e in itial ra te nine days earlier. T he seco n d ary release consisted p ri m arily o f th e isotopes o f volatile elem ents, includ ing all o f th e n o b le gases, 131I (T 1 / 2 = 8.041 d), 134Cs ( r 1/2 = 2.06 yr), and 137Cs (7 \/2 = 30.1 yr), b u t only sm all am o u n ts of non v o latile ra d io n u clides such as 89Sr (T 1 / 2 = 50.59 d), 90Sr (T 1 / 2 = 29 yr), 141C e {T 1/2 = 32.53 d), 144C e ( r 1/2 = 284.44 d) an d th e P u iso to p es 238P u (T 1 / 2 = 87.8 yr), 239Pu ( r i/2 = 2.439 x 104 yr), and 240P u (T 1 / 2 = 6.54 X 103 yr). T he re le a se w as te rm in a te d nine days after th e accid en t by co rrectiv e m easures. T he p lu m e o f radionuclides em itted from C hernobyl m oved n o rthw est and reach ed Sw eden and Finland, w here it was quickly d etected . Subsequently, th e p lu m e changed d irectio n sev er al times, resulting in th e deposition o f fallout over w estern R u ssia an d m o st o f E u ro p e. T h e to tal am o u n t o f 137Cs dispersed over th e land areas of the n o rth e rn h em isp h e re was ab o u t 10 X 10 1 6 Bq, of w hich w estern R ussia an d E u ro p e receiv ed 79% and e a ste rn R ussia and A sia 20% , w hereas th e fallout over C an ad a and th e U n ite d States am o u n ted to 2.5 X 10 1 4 and 2.8 X 10 1 4 B q, re sp e c tively, o r a b o u t 0.5% o f th e to tal. In ad d itio n to th e fo rm er S oviet U nion, th e countries th a t w ere h ard e st hit by th e fallout from th e accident are identified in Table 24.5. A s a d irec t co n sequence of th e accident, 31 p erso n s in U k ra in e died, 237 suffered acu te ra d i atio n sickness, an d m o re th a n 1 0 0 , 0 0 0 persons had
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EN VIRO N M EN T A L GEOCHEM ISTRY: DISPO SAL O F RADIOACTIVE W ASTE T a b l e 2 4 . 5 Fallout of 137Cs and C onsequent Individual R adiation D ose of Persons in Selected Countries in O rder of the A rrival of the Plume A fter the R eactor Accident in Chernobyl, U kraine, on A pril 26,1986



Country



Time o f plume arrival, hr



Finland Norway Sweden Poland Romania East Germany Switzerland Austria Bulgaria Czechoslovakia France Luxembourg West Germany Hungary Italy United States Canada



66 78 78 78 90 102 114 114 132 132 132 132 156 156 156 372 372



Total™ Cs deposition, Bq 1.9 1.1 3.4 9.2 6.7 5.8 2.0 1.1 2.7 5.9 8.3 3.8 1.6 7.9 1.9 2.8 2.5



X X X X X X X X X X X X X X X X X



1015 1015 1015 1015 1015 1014 IO'4 10!S 1015 1014 10'4 1012 1015 1014 1015 IO14 1014



50-year external dose, Gray/person 4.3 2.1 5.8 2.2 2.1 4.0 3.7 9.5 1.8 3.5 1.1 1.1 4.9 6.3 4.7 2.4 2.0



X X X X X X X X X X X X X X X X X



10~4 10“4 IO“4 IO“3 IO“3 IO“4 10"4 10”4 10~3 IO“4 10“4 IO“4 10~4 IO“4 10~4 10“6 IO’ 6



s o u r c e : Anspaugh et al. (1988).



to be relocated. In addition, b etw een 1988 and 1998 the risk of leukem ia m ay d ouble in th e p o p u lation living within 30 km of C hernobyl (A nspaugh et al., 1988). A lth o u g h th e cloud of radionuclides released by th e accident contam inated m ost of the n o rthern hem isphere inhabited b y ab o u t 3 billion people, no cases of acute rad iatio n sickness w ere rep o rted outside of the fo rm er Soviet U nion. N evertheless, th e lifetim e expectation of fatal radi ogenic cancer increased from 0 to 0.2% in E u ro p e and from 0 to 0.003% in the n o rth e rn hem isphere (A nspaugh et al., 1988). T he econom ic and social dam age caused by this accident is very large. By extrapolating initial estim ates by th e fo rm er Soviet U nion, th e total dam age m ay am o u n t to $15 billion, of w hich 90% occurred w ithin th e b o rd ers of th e fo rm er Soviet U nion. In addition, th e accident has h eightened concern ab o u t th e safety of n u clear reacto rs and



has reinforced the conviction th a t fossil fuels are a safer source of energy than nuclear reactors. U nfortunately, the release of C 0 2, S 0 2, and oxides of N caused by th e com bustion of fossil fuel also has far-reaching enviro n m en tal consequences that m anifest them selves in th e form o f urb an smog, acid rain, and clim ate change on a global scale. A d ecade a fte r th e explosion of th e nuclear re a c to r in C hernobyl, U k rain e, th e dam age to the h ealth of the p o p u latio n an d to th e econom y o f the region co ntinues to increase. E stim ates now place the to tal am o u n t o f rad io activ e m aterials released by the explosion at a b o u t 90 m illion Curies. T he econom ic im pact of this catastrophe is beyond reckoning because th e expenses for rem e dial activities, such as the relocation of the inhabi tants of the area around C hernobyl and their continuing m edical care, as w ell as the stabilization of th e explosion site, are still rising. T he failure of
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th e Soviet governm ent to act decisively to evacuate th e po p u latio n and to notify governm ents of neigh borin g countries ultim ately co n trib u ted to th e dis in teg ratio n of th e Soviet U n io n (Shcherbak, 1996). T h e fire fighters w ho w ere called u p o n to extinguish th e fire w ere exp o sed to high doses of g am m a ra d ia tio n ranging fro m a b o u t 1 0 0 to m ore th a n 100,000 rem . A s a resu lt o f this exposure, 187 p erso n s h ad to b e h ospitalized an d 31 of them died. Subsequently, a b o u t 400,000 w o rk ers participated in the constructio n of a p ro tectiv e con tain m en t building (th e “sarcophag us”) an d in the burial of c o n tam in ated m aterials. In this g ro u p a b o u t 30,000 perso n s becam e ill an d 5,000 a re to o sick to work. T he sym ptom s of th e so-called C hernobyl syndrom e include fatigue, apathy, an d a decrease in th e n u m b e r of w hite b lo o d cells. A s a result, th e re is an increase in th e occu rren ce of m alignant tum ors, leukem ia, and severe cardiac conditions, as well as a w eakening o f th e im m u n e system lead ing to an increase in com m on infections such as bronchitis, tonsillitis, and pneum onia. A lth o u g h 131I has a relativ ely sh o rt half-life of 8 days, this iso to p e is especially dangerous b ecau se it is c o n c e n tra ted in th e thyroid gland. A ccording to S h ch erb ak (1996), a b o u t 4000 chil d ren received doses u p to 2 0 0 0 rem s to th e ir th y roid glands and a larg er n u m b e r received m ore th a n 200 rems. T hese ex p o su res initially caused inflam m ation of th e ir thy ro id s th a t in som e cases has led to th y roid cancer. A s a result, the inci d en ce o f thyroid cancers am o n g children and a d o lescents in th e U k ra in e has in creased from about five p e r y ear b efo re the accid en t to an average of 43 cases p e r y ear in 1995. T he only effective tre a t m e n t is to surgically rem o v e th e thyroid gland, th e re b y m aking th e p a tie n ts d e p e n d e n t on su p p lem en tal thyroid h o rm o n es fo r the re st o f th eir lives. T h e ex p erien ce o f H iro sh im a and N agasaki suggests th a t th e p o p u la tio n affected by th e acci d e n t a t C herno b y l will c o n tin u e to experience an ab n o rm ally high ra te o f m edical problem s for m any years to come. T h e re a c to r building still contains several tens o f th o u san d s o f tons o f rad io activ e m aterial w ith a decay rate o f ab o u t 20 m illion curies. In a d d itio n , radio activ e m aterials, including trees
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th a t a b so rb e d rad io n u clid es from th e atm o s phere, have b e e n b u rie d in a b o u t 800 clay-lined pits w ithin an a re a of a b o u t 190,000 sq u are kilo m eters c e n te re d o n C hernobyl. N evertheless, se d im en t su sp en d ed in th e D n ie p e r R iver and its trib u ta ry th e P rip y at R iv er has b eco m e co n tam i n a te d w ith 9 0 S r , 1 3 7 Cs, an d Pu.
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Summary



T he co n su m p tio n o f n a tu ra l reso u rces and th e disposal o f th e resulting w aste g e n e ra te d by th e w o rld ’s grow ing p o p u latio n are th re ate n in g to alter the e n v iro n m e n t in ways th a t m ay be h a rm ful. The n ee d fo r increasing am o u n ts o f energy p u ts an a d d ed b u rd e n on th e en v iro n m en t because b o th th e co m b u stio n o f fossil fuel and c o n trolled fission o f U g e n e ra te w aste products th a t can adversely affect the quality of life on the E a rth in th e future. T he w aste p ro d u cts of n u clear reacto rs co n sist of rad io activ e fission p ro d u cts and of the u n stab le iso to p es of th e tra n su ra n iu m elem ents N p, Pu, A m , and Cm. T he decay o f these ra d io n u clides, w hich is accom panied by the em ission of a-particles, /3-particles, and y-rays, m akes them lethal to all life form s fo r th o u san d s of years. In fact, high-level w aste (H LW ) and sp en t u n re processed fuel (S U R F ) rem ain harm ful to life for m ore th a n 1 0 0 , 0 0 0 years an d m u st th e re fo re be isolated in subsurface repositories. T he co n stru ctio n o f such rep o sito ries is tech nically feasible b u t has b e e n d elay ed by th e n eed for th o ro u g h studies of th e p ro p o sed sites and by the reluctance o f p eo p le living n e a r p ro p o sed rep o sito ry sites to p e rm it th e sto rag e o f nuclear w aste in th e ir n eig h b o rh o o d . N evertheless, co u n tries th a t have a n u clear-pow er in d u stry are p ro ceeding to w ard th e co n stru ctio n o f nuclear-w aste repositories involving d ifferen t kinds of rocks. T he ev alu atio n of th e lon g -term safety o f these repositories d e p e n d s partly o n th e ir ability to re ta in long-lived rad io activ e isoto p es of th e tran su ran iu m elem ents, including N p an d Pu. T hese tw o elem ents, as w ell as A m an d Cm, have b een dispersed over th e surface o f th e E a rth
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as fallout from nu clear-w eapons tests an d b y co n tro lled discharge from fu el-reprocessing plants. A lthough the chem ical p ro p e rtie s of th e se e le m en ts can be p red icted fro m E h - p H diagram s, th e ir behavior in th e n a tu ra l e n v iro n m e n t is strongly modified by th e fo rm a tio n o f co m plex ions and by the ad so rp tio n of th e ir ions o n o rg a n ic an d inorganic particles. F or exam ple, th e d istrib u tio n of Pu in the oceans a n d in lak es is c o n tro lled by the m agnitude of th e flux o f su sp e n d e d p a rti cles, by the com position and size d istrib u tio n of th e particles, and by th e ir ability to a d so rb P u in th e low er oxidation states ( + 3 an d + 4 ). Because of th e com plex in te ra c tio n o f g e o chem ical. hydrologic, therm al, an d m echan ical processes in the rocks su rro u n d in g aging nuclearw aste repositories, m odel calculations, in te n d e d to evaluate their fu tu re safety, m u st b e te ste d by th e study of n atu ral analogs. O n e of th e best o pportunities to d o so is p ro v id e d by th e highg rade U orebodies at O klo, G a b o n , in w hich chain reactions based on induced fission o f 235U occu rred —2 X 109 yr ago. C arefu l studies o f these n atu ral reactors since th eir discovery in 1972 has indicated that N p and P u, an d m any o th e r e le m en ts having long-lived rad io iso to p es, did n o t



m ig rate o u t of th e U o re in w hich th e y w ere form ed, even th o u g h the p ro p e rtie s of th e rocks are fa r from ideal. T h e energy released by n u c le a r fission is very large co m p ared to com bustion o f fossil fuel. T h erefo re, n u clear reacto rs po se an in h e re n t d a n g e r becau se accidents n o t only m ay lib e ra te large am o u n ts o f energy b u t also can release radionuclides in to th e enviro n m en t. T h e m ost recen t re ac to r accident occurred o n A p ril 26,1986, at C hernobyl, U kraine. A s a d irect conseq u en ce of this accident, 31 persons w ere killed, 237 suffered acute rad iatio n sickness, m ore th a n 1 0 0 , 0 0 0 p eo p le from th e surrounding area h a d to be relocated, and th e risk of leukem ia and th yro id can cer in th e affected p o p ulation was increased significantly. In addition, 137Cs and o th e r fission pro d u cts w ere sp read over the w estern reg io n o f th e fo r m er S oviet U nion an d E u ro p e , u ltim ately affect ing 3 billion p eo p le in th e e n tire n o rth e rn h em isphere. A lth o u g h no cases o f acute rad ia tio n poisoning w ere re p o rte d o u tsid e th e fo rm e r Soviet U nion, severe p ro p e rty loss and social dam age did result, especially in Scandinavia, which w as th e first region to receive fallo u t fro m th e plum e em anating from C hernobyl.



Problems 1. Calculate the activity ratio (i.e., the ratio of the decay rates) of Pu having an atomic ratio 24(,P u/B9Pu = 0.18. The half-lives are 6.54 X 103 yr for 240Pu and 2.44 x 104 yr for 239Pu. 2. Calculate the weight in grams of 238Pu (T 1/2 = 8.78 yr) that produces a decay rate of 17 kCi. 3. Calculate the disintegration rate of 1.0 g of 238U (T|/2 = 4.47 X 109 yr) and express the results in becquerels and in picocuries. 4. Between 1957 and 1978, 14 kCi of 239-240Pu was released from the Windscale reprocessing plant. If the atomic 240Pu/239Pu ratio was 0.18, estimate the weight of the released Pu in grams. The masses of the isotopes are 239Pu : 239.052 18 amu, 240Pu : 240.053 83. The halflives are given in Problem 1.



5. Convert 1.0 pCi (10 12 Ci) into the corresponding decay rate in disintegrations per minute (dpm). 6. Calculate the activity in picocuries of 1 kg of brine from Mono Lake, California, whose Pu concentration is 4.4 dpm/kg. 7. Calculate the concentration of Pu in seawater in parts per million by weight, given that the concentration of 239Pu + 240Pu is 0.4 fCi/L (1 femtocurie = 10’ 15 Ci). Assume that the density of seawater is 1.03 and that the atomic ratio 240P u /239Pu = 0.18.



8. Construct an Eh-pH diagram for Am in a system containing 10-3 m o l/L of carbonate ions at 25 °C. Include stability fields for the solids A m 2(C 0 3)3, A m 0 2, and A m (O H )3 and for the ions Am 3+ and A m (O H )5 . Draw the solubility boundaries at 10“8 m ol/L.



 REFERENCES 9. Write a brief essay on the mobility of Am in nat ural environments and. suggest a method of retarding the m ovement of A m ions out of a nuclear-waste repository.



483



10. Calculate the activity of 241Am 3+ in fC i/L of a solution that is in equilibrium with solid Am 2(C 0 3)3 at pH = 7.0. Assume that the activity coefficient (y) of A m 3+ in the solution is equal to 0.75.
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 25 Effect of Environmental Lead on Human Health L ead occurs n atu rally in all kinds o f rocks in a w ide ran g e o f co ncentrations. It is released during chem ical w eath erin g o f m inerals a n d is p resen t in soil, w ater, an d air. L e a d is ab so rb ed by plants from soil an d th u s e n te rs th e fo o d chain. H ow ever, since P b is toxic to m ost plants, its concen tration in plants is g enerally low. Similarly, surface w ater and g roundw ater h a v e low P b concentrations because m ost co m p o u n d s of P b (e.g., P b C 0 3 and P b S 0 4) have low solubilities. T herefore, food, w ater, and air u n d er n a tu ra l environm ental conditions are n o t a source o f P b co ntam ination of hum ans. H o w ev er, th e m ining and sm elting o f Pb and its use in h o u se h o ld im plem ents h av e co n tam i n ated th e surface o f th e E arth an d jeo p ard ized th e h e a lth o f hu m an s, dom estic anim als, an d even wildlife. T he d isp ersal o f large q u a n titie s o f lead alkyls by th e co m b u stio n of lead ed gasoline has b ecom e th e m o st pervasive form o f P b co n tam i nation. T h e re su ltin g h e a lth effects in h um ans are difficult to reco g n ize because all h u m an s alive today carry an excessive b u rd e n o f a n th ro pogenic Pb. T he co n ta m in a tio n of soil an d d u st in m e tro politan areas an d n e a r sm elters o f P b-bearin g ores was d e m o n stra te d by W arren (1972). H is d ata in T able 25.1 re v e a l th a t Pb, Cu, an d Z n have been strongly en rich ed in such sam ples from m etro p o litan are as (e.g., V ancouver, L iverpool, and N ew Y ork), fro m m ining or sm elting centers in C anada (e.g., Trail, Sudbury, an d N o ran d a), and from in d u strial sites (e.g., V ancouver and T oronto). C o n tam in a tio n of the soil w ith N i was d etected only a t S udbury and N o ra n d a w here N i-bearing o re was m ined.



L e a d is a n eu ro to x in and associates w ith the alkaline e a rth s in the hum an body. C onsequently, Pb is sto re d in bones to g eth er w ith C a, Sr, and Ba. T he biogeochem istry of Pb and its effects on hu m an h e a lth w ere sum m arized in a tw o-volum e set o f b o o k s ed ite d by N riagu (1978). T h e occur rence o f P b a n d o th e r trace m etals in th e envi ro n m e n t w as also tre a te d by C annon an d H o p p s (1971), T h o rn to n (1983), Salom ons and F ö rstn e r (1984), a n d F u g e et al. (1996). The bio g eo ch em istry o f tra c e m etals in aquatic organism s w as the subject o f a b o o k ed ited by Tessier an d T urner (1995). T h e co n tam in atio n of even th e m ost rem o te sites o n the E a rth with P b since th e onset of th e in d u stria l revolution in th e m iddle o f the 19th c e n tu ry w as thoroughly d o c u m e n te d by C. C. P a tte rs o n and his co llaborators at the C alifornia In stitu te of Technology (P a tte rso n , 1981). A se t o f papers in h o n o r of D r. P a tte rs o n ’s re tire m e n t w as published in 1994 in G eochim ica et C osm ochim ica Acta, 58(15).



25.1



Isotope Composition of Environmental Lead



The stu d y o f P b in the environm ent n o t only is based o n th e co ncentrations of this e le m e n t in different k in d s o f samples, b u t relies also o n its isotope com position. L ead in the en v iro n m en t m ay h a v e a range of isotopic com positions because, in m an y cases, it is derived from different sources th a t h av e characteristic isotope com posi tions d ep e n d in g on th e type of ore deposits from w hich th e P b originated. The isotope com position
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Enrichm ent Factors of Selected M etals in C ontam inated Soils and Industrial D ust Com pared to Those of Normal Soil3 (W arren, 1972) T a b l e 2 5 .1



Locality



Pb



Cu



Zn



Ni



Soil3 Vancouver, industrial



20.5



13.0



6.6



0.43



Vancouver, nonindustrial



24.0



6.0



0.63



Toronto, industrial



19.5



2.7 4.1



6.6



0.65



Liverpool, allotment gardens



27.5



3.1



3.7



0.68



Trail, British Columbia



65.0



2.1



10.6



0.48



Sudbury, Ontario



2.9



12.5



1.34



10.4



Noranda, Quebec



12.5



22.5



6.2



1.15



4000 1200



47.5



23.2



Vancouver, industrial



16.0



108



—



Vancouver, west end



600



31.3



33.6



—



New York, heavy traffic



2000



—



—



—



Toronto, industrial



6780



6.1



6.4



—



Dust Richmond, B.C. (contam.)



“Average soil in ppm: Pb = 10, Cu = 20, Zn = 50, Ni = 40 (Vinogradov, 1959). (— , not determined.)



o f Pb in o re deposits depends on the U /'P b and T h /P b ratios an d on th e geologic ages o f th e source rocks from which P b was rem oved during th e ore-form ing process (Faure, 1986). T he u lti m a te cause fo r th e variations o f the iso to p e co m position of Pb is th at th re e of its fo u r stable isotopes are decay products o f isotopes o f U and Th (Section 16.3e, Table 16.1): 238u 235u



- > 206P b 207pb



232T h -» 208Pb Since 204Pb is th e only n onradiogenic stable isotope, th e isotopic com position of P b can be expressed in th e form of atom ic ratios: 2 0 6 P b / 2 0 4 Pb, 2 0 7 P b / 2 0 4 Pb, an d 2 0 8 P b / 2 0 4 Pb, which can b e com b in ed in various ways for specific purposes. F or exam ple, th e isotopic com position of e n v iro n m en ta l P b is com m only expressed in term s o f the



2 0 6 p b / /2 0 4 p b> 2 06pb /2 0 7 p b ) a n d 2 0 6 p b /2 0 8 p b r a t j o s 206



P b / 207P b ratio can be calculated from : 206pb 204pb



206pb



204pb



206pb



207Pb ~ 204Pb X 207P b ~~ 207P b 204^ A u to m o b ile ex h au st fum es b ecam e th e m ost im p o rta n t source o f en v iro n m en tal P b after 1923 w h en te tra e th y l P b was ad d e d to gasoline. C how and Jo h n sto n e (1965) m e a su re d th e iso to p e com position o f P b in gasoline sold in M ay of 1964 in S an D iego, C alifornia, in th e h o p e th a t th e results w ould h elp to identify th e sources o f Pb in th e atm osphere. T he results in Figure 25.1 indicate th a t th e 2 0 6 P b / 204Pb and 2 0 6 P b / 207P b ratio s o f gaso line have characteristic values, except fo r gasoline sold by th e Shell O il Co. T he d a ta in Figure 25.1 d e m o n stra te th a t the P b in aero so l collected b y an electrostatic air filter



 25.2



487



LEAD IN THE EN V IR O N M EN T



e n t o re deposits. N evertheless, th ese resu lts rev eal th a t in 1963 an d 1964 a u to m o b ile ex h au st fum es w ere th e d o m in a n t source o f atm o sp h eric Pb in C alifornia.



25.2



Lead in the Environment



The environm ental Pb derived from natural sources has b een overw helm ed by anthropogenic Pb, m ost o f which is discharged into the atm osphere and is widely dispersed over the surface of th e E arth. T herefore, the atm osphere plays an im por ta n t role in the geochem istry of environm ental Pb.



a. So u rces o f A t m osp h e ric Lead N a tu ra l sources (N riagu, 1978): 2 0 6 p b / 207Pb



Fi g u r e 25.1 Isotope composition of Pb in leaded gasoline (solid circles) purchased in May 1964 in San Diego, California. The distribution of data points indi cates that the Pb in aerosol particles on the Caltech campus in Pasadena (cross) and in snow of Lassen National Park (open circle) has virtually the same iso tope composition as Pb in gasoline. This result reveals that automobile exhaust fumes were the dominant source of environmental Pb in 1963 and 1964 in California. The difference in the isotope composition of Pb in the gasoline sold by the Shell Oil Co. presum ably indicates that the Pb originated from different ore deposits (from Chow and Johnstone, 1965).



at th e geochem istry lab o rato ry of th e C alifornia In stitute o f Technology in th e spring o f 1964 origi n ated from lead ed gasoline. T he concen tratio n of Pb in th e ash o f th e dust collected on th e air filter was 5000 p arts p e r m illion (ppm ). In addition, the d ata show th a t th e isotope com position of Pb in snow in L assen N ational P ark is also sim ilar to th a t of Pb in gasoline. T h erefo re, th e P b in snow of L assen P ark could have o rig in ated by com bustion o f leaded gasoline like th a t sold in San D iego. The d ev iation of th e P b in g asoline sold by th e Shell O il Co. from th e o th ers in Figure 25.1 p re su m ably indicates th a t th e P b o rig in ated from d iffer



of atm ospheric



Pb



include



1. W indblow n d u st (85% ). 2 . P la n t exud ates (10% ).



3. F o rest fires, volcanic eruptions, an d m e te o rite im pacts (3% ). 4. R ad io activ e decay and seasalt spray (2% ).



The total am ount of Pb released annually into the atm osphere from these sources is about 18,600 tons or 1.86 X 10lü g, com pared to about 44 X 10 1 0 g released in 1974/75 from anth ro p o g en ic sources. In o th e r w ords, n atu ral sources c o n trib u te d only a b o u t 4% of th e to ta l am o u n t of P b th a t was dis charged annually into the atm osphere in th e 1970s. T h e principal sources of an th ro p o g en ic Pb are (N riagu, 1978): 1. C om bustion o f leaded gasoline (61 % ). 2. P ro d u ctio n of steel and base m etals (23% ).



3. M ining and sm elting of Pb ( 8 %). 4. C o m bustion o f coal (5 % ) (C how an d E arl,



1972). T he am o u n ts of an th ro p o g en ic Pb d ischarged into th e atm o sp h ere from these sources vary regionally around th e w orld and change w ith tim e. F or exam ple, th e use of lead ed gasoline has been discontinued in the U S A , C anada, an d m any E u ro p e a n countries. C onsequently, th e re has b een a w elcom e red u ctio n in th e am o u n t of
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an th ro p o g e n ic P b dep o sited on th e surface o f the E a rth fro m th e atm osphere. In fact, W u and Boyle (1997) re p o rte d th a t an th ro p o g en ic P b has b een virtually elim in ated from the surface w ater of the N o rth A tlan tic O cean. B o th n a tu ra l and an th ro p o g en ic Pb in the a tm o sp h e re occu r in th e form of aerosol particles w hose m ed ian diam eters range fro m 0 . 1 2 g m (L os A ngeles freew ay) to 0.7 p m (T oronto). The p articles h av e a variety of shapes including spheres, single crystals, and aggregates of sm aller particles. In ru ra l air, th e particles consist of a large n u m b e r o f Pb com pounds, such as P b C 0 3 (30% ), (P b O ) 2 P b C 0 3 (28% ), P b O (21% ), PbC l 2 (5.4% ), P b O P b S 0 4 (4 % ), etc. (Ter H a a r and B ayard, 1971). T he com positions of aerosol p a rti cles in a u to m o b ile exhaust are dom inated by PbB rC l, b u t th e p articles also contain oxides, oxyhalides, sulfate, p hosphate, and oxysulfate. The resid en ce tim e o f Pb-bearing aerosol particles in th e tro p o sp h e re ranges from 2 to 1 0 days. P atterso n (1965) estim ated th at th e Pb co n c e n tra tio n of pristine (preindustrial) air was a b o u t 0 . 6 n an o g ram p er cubic m eter (n g /m 3); 1 n an o g ram = 10-9). E v en low er values of 0.046 n g /m 3 have been re p o rte d for air over the N o rth A tla n tic (N riagu, 1978). H ow ever, at m ost o th e r sites on the E a rth today the Pb con cen tra tions of air are m uch higher than P a tte rso n ’s value fo r p ristin e air, especially in m etro p o litan are a s and n e a r Pb sm elters. T he d ata ta b u late d by N riagu (1978) include 0.63 n g /m 3 at th e South Pole, 5.5 n g /m 3 at M auna Loa, H aw aii, and 8.0 n g /m 3 a t W hite M ountain, California. The concen tratio n of Pb in the air of large cities w orldw ide is up to th ree orders of m agnitude g reater th an th a t of air at th e rem ote locations cited above. A sam pling of th e d ata com piled by N riagu (1978) indicates the following Pb concen trations in air o n busy streets of E u ro p ean capitals: ILg/m3 Berlin, Germany



1966-67



3.8



Rome, Italy



1972-73



4.5



Paris, France



1964



4.6



London, England



1972



5.1



T h e situ atio n in th e U S A w as n o t m uch b etter: New York



1960-65



4.1



Boston



1972



4.5



Detroit



1960-65



4.8



Los Angeles



1954-55



6.6



b. Sn o w a n d Ice A tm o sp h eric tra n sp o rt of an th ro p o g en ic Pb has caused th e co n tam in atio n o f m eteo ric p re cip ita tion, soil, and surface w ater in th e oceans. R ecords o f th e history of c o n tam in atio n of th e su rface of th e E a rth have b een p reserv ed in ice sheets of th e p o la r regions an d in lacu strin e sedim ent. T he e x te n t o f co n tam in atio n o f rem o te sites by a irb o rn e P b was originally d e m o n stra te d by T atsum oto and P a tte rso n (1963). S ubsequently C how and Jo h n sto n e (1965) re p o rte d th a t the iso to p e com position of P b in snow collected in 1963 in L assen S tate P ark in C alifornia is indistinguish able from th a t of gasoline sold in San D iego and o f aerosols in Los A ngeles (Figure 25.1). In ad d i tion, they cited an estim ate by P a tte rso n th a t 2.7 X IO 1 1 g o f P b was released annually by com bu stio n o f leaded gasoline in th e n o rth e rn hem i sp h ere and u sed it to calculate th at th e Pb c o n c e n tra tio n of snow in L assen P ark from this source alone is 1.1 /ug/kg. T he p redicted value is sim ilar to th e co n c e n tra tio n of 1 . 6 /rg /k g m e a su red by T atsum oto and P a tte rso n (1963) and th ereb y confirm ed th a t m ost of the Pb in th e snow at L assen P a rk o riginated from autom obile exhaust fumes. The definitive study of P b in snow and ice in G re e n la n d and A n tarctica was carried o u t by M urozum i et al. (1969). T hey took ex trem e p re cautions in th e collection and subsequent analysis o f snow and ice sam ples and re p o rte d m uch low er con cen trations o f Pb th an h a d b een observed in snow and ice a t te m p erate regions. T h eir m ea su red Pb and Ca concentrations in Figure 25.2 in ice at C am p C entury (77°10'N, 61°08'W ) in n o rth ern W est G reen lan d reveal th e history o f an th ro pogenic em ission of Pb into the atm osphere. T he P b concentrations generally increased from 0.011 /ttg/kg in 1753 a .d . to ab o u t 0.068 Aig/kg at a b o u t 1945. Subsequently, th e P b concentrations
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Age of the samples, yrs a .d . F i g u r e 2 5 .2 Evidence for anthropogenic contamination of the atmosphere with Pb recorded in ice and snow deposited between 1750 and 1963 a . d . at Camp Century (77°10'N, 61°08'W) about 200 km east of Thule located on the west coast of North Greenland. The concentrations of Pb in ice and snow at this site rise from 0.011 /xg/kg in 1753 a . d . to about 0.068 M g /k g in 1945 a . d . Subsequently, the Pb concentrations rise steeply to about 0.16 /xg/kg in 1960. In contrast to the increasing Pb concentrations, the Ca concen trations of the ice at Camp Century remained constant at an average value of 6.4 ± 0.7 /xg/kg, (data from Murozumi et al., 1969).



rose steeply to a b o u t 0.16 /xg/kg by 1960. In con tra st to Pb, th e Ca co ncentrations did n o t change system atically in th e sam e tim e interval and have an average value of 6.4 ± 0.7 /x/kg. T he increasing co n cen tratio n s o f Pb in ice and snow a t C am p C en tu ry b etw een 1750 and 1920 a re a ttrib u ta b le p rim arily to em issions from P b sm elters, w ith a m in o r co n trib u tio n from com b u stio n o f coal. S tarting in 1923, w hen tetraeth y l Pb w as in tro d u c ed as an additive to gasoline, au to m o b ile ex h aust fum es becam e a growing source o f P b co n tam in atio n , w hereas em ission of



sm elters declined startin g a b o u t 1880 becau se of efforts to p re v e n t th e loss o f P b fo r econom ic re a sons. T he ra p id in crease in th e con cen tratio n s of Pb a fte r 1945 in th e C am p C en tu ry ice core was caused alm ost en tirely by au to m o b ile exhaust fum es (M urozum i et al., 1969). In a recent review o f the concentrations of Pb and o ther m etals in snow and ice, B outron et al. (1994) rep o rted th a t the concentration of Pb in snow in A ntarctica increased by a factor o f about 10 from 1900 to 1980, w hereas the Pb content of G reenland snow rose by a factor of m ore th an 200
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b etw een 1750 an d 1989 as a result of anthropogenic inputs of Pb to th e troposphere. H ow ever, they also concluded th a t th e Pb concentration of snow in G reen lan d has decreased significantly after th e use of tetraethyl lead in gasoline declined in the U S A and C anada. T he decrease in Pb concentrations in th e w estern N o rth A tlantic O cean was also re p o rt ed by W u and B oyle (1997). T h e co n cen tratio n s of P b in snow in th e in te rio r o f A n ta rc tic a are very low and range from 0.5 p ic o g ra m /g (1 picogram = 10- 1 2 /g ) for ice a t D o m e C a b o u t 7500 years b.p. to ab o u t 5 p g /g for snow in 1980. In o rd e r to accurately d eterm in e such low co n cen tratio n s o f Pb, ex trem e p re c a u tions a re re q u ire d to p rev en t co n tam in ation of snow o r ice durin g collection, tran sp o rt, and analysis in th e lab o rato ry (P a tterso n and Settle, 1976; B o u tro n , 1990).
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T he c o n tam in atio n of th e E a rth ’s surface w ith a n th ro p o g e n ic Pb was also d em o n strated by S h ira h a ta et al. (1980) who d eterm in ed con cen tra tio n s of Pb in sedim ent dep o sited in a rem o te p o n d in T h o m p so n C anyon in Y osem ite N atio n al P ark, C alifornia. T he d ata in Figure 25.3 reveal th a t th e co n cen tratio n o f P b increased from 9.6 fxg /g at a b o u t 1700 a .d . to 14.8 ± 0.8 fxg/g b e tw e e n 1853 an d 1894 a.d . Subsequently, th e Pb c o n c e n tra tio n increased to 42.4 /xg/g in sed im ent d e p o site d b etw een 1962 an d 1968. T he m ost re c e n t sam ple, d eposited betw een 1968 and 1976, co n tain s a b o u t 10% less P b than the sedim ent in th e p reced in g interval. T he foregoing exam ple suggests th a t th e dis trib u tio n of P b in lacustrine sed im en t is a record of th e in d u strial dev elo p m en t of th e su rro u nding a re a an d th e re fo re has archaeological value. This asp ect o f th e e n v iro n m en tal geochem istry of Pb is illu strated by th e w ork of R itso n e t al. (1994) on th e c o n cen tratio n s and iso to p e com position of P b in th e sed im en t o f L ake E rie.T h eir p a p e r is th e la t est c o n trib u tio n to th e study of th e con tam ination o f th e G re a t L ak es of N o rth A m erica w ith heavy m etals o f a n th ro p o g en ic origin (Flegal e t al., 1989; N riag u e t al., 1979; E dgin g to n an d R obbins, 1976).
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Pb, m g/g (d.w.) Fi g u re 2 5 .3 Concentrations of Pb in dry sediment in a core recovered from a remote pond in Thompson Canyon, Yosemite National Park, California. The sediment contains both anthropogenic Pb adsorbed on humus and Pb contained within the mineral grains. The average concentration of Pb in the min eral fraction of the sediment is 11.8 ± 1.1 fxg/g (2fr, N = 7). The diagram shows that the amount of anthropogenic Pb increased with time after about 1850 a . d . and reached a maximum between 1962 and 1968 a . d . (from Shirahata et al., 1980).



The d a ta fo r the w estern basin of L ake E rie in Figure 25.4 reveal a sharp increase in the to tal con centration of P b in sedim ent a t a depth of 15 cm below th e sed im en t-w ater interface. The sedim ent a t th at d ep th was deposited in 1963. R itson e t al. (1994) re p o rte d th a t th e isotope ratios of Pb also changed at th a t tim e from 2 0 6 P b /207Pb = 1.243 before 1963 to 1.202 after th a t year. The sim ultane ous change o f both th e concentration and the iso
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P b , / xg/ g Fi g u re 2 5 . 4 Profile o f Pb concentrations of bulk sediment in a short core (0-50 cm) taken in the western basin of Lake Erie, U SA and Canada. The increase of the Pb concentration from an average of 17.3 ± 0.3 /xg/g to 124.4 ± 0.5 /xg/g occurred at 1963 a . d . The 206P b /207Pb ratios also changed from 1.243 ± 0.0006 to 1.202 ± 0.0001. The sediment deposited prior to 1963 contains Pb derived from natural sources. The anthropogenic Pb in the more recent sediment is attributable to municipal wastewater as well as to the combus tion of coal and leaded gasoline (data and inter pretation from Ritson et al., 1994).



to p e com position of Pb in th e w estern basin of L ak e E rie indicates a change in the sources of Pb. A ccording to R itson e t al. (1994), the dom i n a n t natural source o f Pb in th e w estern basin of L ak e E rie is sed im en t derived fro m th e D e tro it R iver, th e M au m ee R iver, and from th e erosion of shoreline bluffs. A nth ro p o g en ic P b is co n tributed by com bustion o f coal and leaded gasoline as well as by discharge of m unicipal w astew ater. In the
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w e ste rn b asin , m u n icip al w a ste w a te r is th e d o m in a n t so u rce o f a n th ro p o g e n ic Pb b e c a u se o f th e larg e p o p u la tio n s o f th e cities o f D e tro it, T oledo, an d C lev elan d . T he P b in th e c e n tra l an d e a s te rn basins o rig in a te d p rim a rily by a tm o sp h e ric d e p o sitio n o f P b d e riv e d fro m c o m b u stio n o f coal an d le a d e d gasoline, as w ell as by tra n s p o rt o f se d im e n t fro m th e w e ste rn basin. A n th ro p o g e n ic Pb is d e te c ta b le in se d i m e n t d ep o site d in th e w e ste rn b a sin sta rtin g in 1963 a n d in th e e a s te rn b asin s ta rtin g in 1926. P rio r to th e se dates, th e av erag e c o n c e n tra tio n s o f Pb in sed im e n t th ro u g h o u t th e la k e w ere f a ir ly u n ifo rm , ran g in g fro m a b o u t 17.3 ± 0.3 /xg/g (w e stern basin ) to 17.6 ± 0.5 /xg/g (c e n tra l b asin ) to 18.4 ± 0.5 /xg/g (e a ste rn b asin ). T h e 2 0 6 P b / 207P b ra tio s w e re also sim ilar, ran g in g fro m 1.242 ± 0.0006 (w est) to 1.228 ± 0.0013 (c e n tra l) to 1.228 ± 0.0020 (e a st). In a d d itio n , th e 2 0 6 P b / 207P b ra tio o f sed im en t fro m long co res (1.80-10.25 m ) in L a k e E rie h av e an av erag e value o f 1.229 ± 0.004, w hich is in d istin g u ish able fro m th e Pb in th e sh o rt cores. F o r th e se an d o th e r re a so n s R itso n e t al. (1994) c o n clu d ed th a t th e se co n c e n tra tio n s an d iso to p e ra tio s r e p r e s e n t P b d eriv ed fro m n a tu ra l sources.



d. M ix in g o f Lea d in La k e Erie Se d i m e n t T he d ata o f R itso n et al. (1994) in dicate th a t th e recently dep o sited sedim ent in L ak e E rie co n tains m ixtures o f n a tu ra l and an th ro p o g en ic Pb. T herefo re, th e co n cen tratio n s an d iso to p e ratio s o f th e P b are re la te d to th e end m em b ers by e q u a tions 18.19 and 18.20 (Section 18.5), re sta te d h e re fo r convenience in term s o f P b co n cen tratio n s and 2 0 6 P b / 204Pb ratios: P b M = P b A/ A + P b B( l - f A) 206pb \ 204



/ 206pb \



(25.1)
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P b J M _ l 2 0 4 P b j AP b M/A



w h e re Pb is th e c o n c e n tra tio n , / is th e w eig h t fractio n , and th e subscripts A , B, a n d M re fe r to th e co m p o n en ts A a n d B and th e m ix tu re M ,
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respectively. T h ese e q u a tio n s can b e used to c o n s tru c t m ixing h y p e rb o la s in c o o rd in a te s o f th e Pb c o n c e n tra tio n (jc-coordinate) an d th e 2 0 6 P b / 204Pb ra tio (y -c o o rd in a te) fo r any tw o e n d -m em b e r c o m p o n e n ts A a n d B. E q u a tio n s 25.1 a n d 25.2 can b e co m b in ed to yield th e e q u a tio n of th e m ix ing h y p erb o la: 206



Pb\ Pb,M



+ b



(25.3)



w h e re a an d b a re co n stan ts w hose values are d eriv ed fro m th e iso to p e ratio s and co n c e n tra tions of Pb in th e en d -m em b er co m ponents (S ection 18.5). T he significance of eq u atio n 25.3 arises from th e fact th a t it is a straight line w hen th e iso to p e ratio s are p lo tte d versus th e rec ip ro cal c o n cen tratio n s o f Pb. For this reason, th e d ata rep o rted by Ritson et al. (1994) for sh o rt cores from the w estern, cen tral, an d eastern basins o f L ake E rie form a linear array of points in Figure 25.5. The fit of th e data p oints to a straight line is n o t perfect because the isotope ratio s and co n cen tratio n s of Pb in sedi m e n t co ntaining prim arily an th ro p o g en ic o r n a t u ra l P b vary in te rm s of tim e and space. N everth eless, the sed im en t sam ples depo sited a fte r 1948 in the e astern an d w estern basins clus te r w ithin n arro w lim its and have average values a p p ro ach in g th o se of sed im en t containing only th e a n th ro p o g en ic com ponent:



Pb, Mg/g



Western basin



Eastern Basin



110.5 ± 5.5



68.5 ± 6.9



18.79 ± 0.04



18.81 ± 0.03



206pb



204pb



T h e iso to p e com positions an d con cen tratio n s do n o t re p re s e n t Pb o f p u re ly an th ro p o g en ic origin b ecau se even th e se d im e n t d eposited a fte r 1948 co n tain s som e Pb d eriv ed from n atu ral sources. T he 2 0 6 P b / 204Pb ra tio o f an th ro p o g en ic P b lies on th e ex ten sio n of th e m ixing line and m ust have a v alue g re a te r th a n a b o u t 18.6 w hen th e concen tra tio n o f Pb in th e sed im en t becom es very large. S ed im en t sam ples d ep o sited in th e eastern b asin b etw een 1926 an d 1946 form a sep arate



arra y in Figure 25.5 an d ap p ro ach th e clu ster of d a ta p oints rep re se n tin g sed im en t d ep o sited a fte r 1948. The source o f P b d ep o sited b etw een 1926 and 1948 in th e e a ste rn basin o f L a k e E rie is presen tly unknow n. T he sed im en t in th e central basin co n tain s Pb w hose iso to p e ratio s encom pass th e en tire ran g e of values from nearly p u re an th ro p o g en ic to n a t u ra l Pb. H ow ever, a n th ro p o g en ic P b is less a b u n d a n t in th e cen tral b asin th an in th e e a ste rn an d w estern basins. The sedim ent deposited in Lake E rie p rio r to the introduction of large am ounts of anthropogenic Pb is characterized by high 2 0 6 P b /204Pb ratios and low concentrations. T he sedim ent deposited prior to 1968 in th e w estern basin form s a separate array. N evertheless, the average isotope ratios an d con centrations of Pb from natural sources are:



Pb, ß g/ g 2 06pb /2 0 4 p b



Western basin



Eastern basin



17.3 ± 0.3



18.4 ± 0.5



19.45 ± 0.05



19.21 ± 0.11



T he com bination of isotope ratios and concen trations of Pb in the sedim ent of Lake E rie in Figure 25.5 reveals th at the Pb deposited in the lake is a m ixture derived prim arily from two sources in varying proportions. Therefore, mixing theory applied to closely spaced sam ples of lacustrine sed im ent of know n age can recover inform ation about the history of industrial activity in the area.



25.3



Lead in Plants



T he grow th o f p lan ts d ep en d s on the availability o f certain essen tial n u trien ts: C, H , O, N, P, S, K, Ca, Mg, Fe, as well as B, Cl, Cu, M n, M o, Zn. In addition, sm all con cen tratio n s o f o th e r ele m ents a p p e a r to b e beneficial to plants, including Se, Co, Si, an d V. H ow ever, p la n t tissue m ay co n tain m any o th e r e lem en ts th a t do n o t necessarily have a useful function. C hem ical elem ents e n te r plants e ith er from soil th ro u g h th e ro o ts o r by absorption fro m the
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Fi g u r e 2 5 .5 Mixing diagram for Pb in sediment samples derived from short cores recovered from the western, central, and eastern basins of Lake Erie. Sediment deposited after 1968 in the western and, after 1946, in the eastern basins contains primarily anthropogenic Pb, where as sediment deposited before 1968 in the western basin and before 1926 in the eastern basin is dominated by Pb derived from natural sources. The sediment in the central basin contains mixtures of anthropogenic and natural Pb in varying proportions. The isotope compositions of the anthropogenic and natural Pb changed significantly in the time intervals represented by sediment samples that form separate arrays of data points (data from Ritson et al., 1994).



atm o sp h ere by leaves. P lants can absorb only th o se elem ents from soil th at occur in aqueous solution o r a re adsorbed on th e surfaces of solid p articles com posed of m inerals, am orphous oxides an d hydroxides, o r organic m atter. Ions in solution can diffuse directly into th e cells of ro o t tips. C ations th a t a re adsorbed on the surfaces o f soil particles m ust b e replaced by H + released by the ro o ts as a resu lt of dissociation o f carbonic acid



form ed from C 0 2. T he H + ions release nutrients (C a2+, Mg2+, K +, etc.) from exchangeable sites on the surfaces of clay m inerals and o th e r types of soil particles. The cations th e n diffuse to th e ro o t tip w here th ey are exchanged for H + ions th a t m ove into th e soil to release additional nutrients. C onsequently, plants a re selective in the absorption o f elem ents from soil and exclude those elem ents th a t are toxic. H ow ever, th e exclusion



 494



EFFECT OF EN VIRO N M EN TAL LEAD O N H U M A N HEALTH



m echanism s fails w hen the concentration of the toxic elem en t exceeds a certain th reshold level. For exam ple, th e d ata of Nicolls e t al. (1965) in Fig u re 25.6 indicate th a t Triodia pungens m aintains a co n stan t concentration of Pb of ab o u t 10 ppm (p lan t ash) until th e P b co n centration of th e soil w ithin a b o u t 15 cm of th e p lan t approaches the



threshold value of ab o u t 580 ppm . A bove this threshold, the concentration of Pb in the plant increases rapidly to a toxic level of m ore than 150 ppm (plant ash). T he exclusion of C u by Triodia pungens is less effective th an th a t for Pb, and Z n is assim ilated w ithout exclusion up to 10,000 p p m (p lan t ash). T herefore, Triodia pungens



Concentrations in soil, 10-15 cm,ppm Figure 25.6 Concentrations of Pb, Cu, and Zn in the ash of Triodia pungens growing in soil containing a range of concentrations of these metals. The plant maintains a constant Pb concen tration of 
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tends to exclude P b an d Cu, but adm its Z n up to high levels of concentration. In general, different types of plants grow ing in th e sam e soil m ay con tain different co ncentrations of m etals depending o n th e n u tritio n al req u irem en ts of each species and on the d e p th o f p en etratio n o f their roots (P eterson, 1978). A v e ra g e c o n c e n tra tio n s o f P b in p la n ts grow ing in u n c o n ta m in a te d soil ran g e fro m a b o u t 26 to 85 ß g /g (ash). P lan ts grow ing in P brich soil m ay c o n ta in u p to 100 tim es m o re Pb. M osses, liverw orts, an d lichens a re especially efficien t in co llecting P b fro m th e a tm o sp h e re a n d fro m d ilu te aq u eo u s solutions. P e te rso n (1978) cite d d a ta fro m th e lite ra tu re in d icating ex tre m e ly high P b co n cen tratio n s in th ese kinds o f p la n ts (e.g. 11,611 ß g / g in m osses; 15,900 ß g /g in liverw orts; an d 12,045 ß g /g in lichens). T he co n ta m in a tio n o f plan ts w ith Pb occurs n atu rally in areas w h ere soils have fo rm ed from Pb-rich rocks. H ow ever, in m ost cases plan ts are co n tam in ated w ith P b released by m ine dum ps, landfills, a n d aero so l particles d ep osited by sm elter plum es, an d by com bustion of lead ed gasoline. A s a result, w ildlife as w ell as dom estic anim als feed in g o n co n tam in ated veg etatio n m ay be adversely affected.



25.4



Lead Poisoning of Cows and Horses



Plants d iscrim inate against Pb such th a t the P b /C a ratio s of p lan ts are low er th a n those of the soil in w hich th ey grow. Similarly, h erb iv o ro u s and carnivorous anim als p referentially excrete Pb in relatio n to Ca. This process of biopurification causes th e P b /C a ratio s o f successive m em bers of th e food chain to decline. L ead poisoning o f dom estic anim als generally results from the ingestion of plants containing excessive concentrations of anthropogenic Pb. C attle are especially vulnerable because of their indiscrim inate eating habits. Forbes and Sanderson (1978) listed th e sym ptom s of acute lead poisoning
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in cattle: d iarrhea, colic, disorders o f the central nervous system, excitem ent o r stupor or d ep res sion, loss of coordination, and blindness. H ow ever, n o t all of th e sym ptom s m ay be p resen t and som e cattle have died of Pb poisoning w ithout displaying any o f th e symptoms. The internal organs of cattle th a t died from Pb poisoning generally have high concentrations of this elem ent (e.g., livers: 43 ppm , from 0 to 1300; kidneys: 137 ppm , from 2 to 2355). The livers and kidneys of healthy cattle contain only 0.3 to 1.5 ppm of Pb. A case of Pb poisoning of horses on tw o p a s tu re s n e a r B enicia, C alifornia, was in v estigated by R ab in o w itz an d W etherill (1972).T hey re p o r t ed th a t th e principal source of an th ro p o g e n ic Pb in this a re a was a Pb sm elter a t B enicia th a t daily discharged a b o u t 45 kg o f Pb in to th e a tm o sphere. A u to m o b ile ex h au st c o n trib u te d an a d d i tio n a l 15 kg o f Pb p e r day. G rass collected a b o u t 500 m e te rs from th e sm elter h a d a P b c o n c e n tra tion of 9645 ß g /g . G rass along th e local freew ays also h a d high lead concentrations, ranging fro m 275 to 6141 ß g /g . T he d a ta in Figure 25.7 d e m o n stra te th a t the co n cen tratio n s of Pb in grass n e a r B enicia, C alifornia, decreased w ith increasing distan ce from the sm elter, bu t rem ain ed anom alously high (268 ß g /g ) fo r a t least 50 km dow nw ind fro m the sm elter. G rass at a rem o te location a b o u t 100 km dow nw ind o f the sm elter was found to have a Pb co n cen tratio n of 36 ß g /g . H ow ever, even th a t value exceeds the average co ncentrations o f P b in d ifferen t vegetables re p o rte d by W arren an d D elav au lt (1971). T he grass on th e horse p a stu re s h a d very high Pb co n cen tratio n s of 5975 ß g /g at 3.7 km and 680 ß g / g at 8.5 km dow nw ind fro m th e sm elter. T he sym ptom s displayed by the h o rses in th e co n tam in ated a rea included anem ia, n u c le a te d re d blood cells, p erip h eral neuritis, and p o o r health. T he cause of d ea th was identified as re sp i ra to ry com plications o f chronic Pb poisoning. T he P b con cen tratio n s o f th e kidneys o f tw o ho rses th a t h ad b e e n p a stu re d at 3.7 an d 8.5 km d o w n w ind fro m th e sm elter w ere fo u n d to be 16 and 9.4 ß g / g, respectively, com pared to concentrations
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F i g u r e 2 5 . 7 Concentrations of Pb in grass at increas ing distances downwind from a smelter at Benicia, north of San Francisco, California. The Pb concentra tions decrease with increasing distance downwind from the smelter. However, horses pastured in the smelter plume up to 10 km downwind died of chronic Pb poisoning (from Rabinowitz and Wetherill, 1972).



of 1-5 jug/g in th e kidneys o f horses in the Los A ngeles basin th at died of o th e r causes. R abinow itz an d W etherill (1972) concluded th at the sm elter was the d om inant source of P b in grass growing up to 35 km dow nw ind of it. A t g reater distances, gaso line becam e a significant source, reflected in a dif fe re n t isotopic com position of th e Pb. T h e iso to p e ratio s of P b in th e grass of the h o rse p a stu re s in Figure 25.8 is sim ilar to th a t of aero so ls co llected a t the p astu res and elsew here w ithin th e p lum e em itted by th e sm elter. T he Pb in grass grow ing along the local freew ays and in cu rb sid e scrapings and aerosols in B erkeley orig in a te d prim arily from au to m o b ile em issions and h as a distinctly d ifferen t iso to p e com position th a n th e sm elter P b.T he kidneys, livers, an d bones o f h o rse s th a t died of P b p o iso n in g o n th e p a s tu re s in th e sm elter plum e c o n ta in Pb o f in term e d ia te iso to p e com position. E vidently, th e horses



2 0 6 p b / 207pb



Fi g u re 2 5 .8 Isotope composition of Pb in grass (open circles), aerosols and curbside scrapings (solid circles), and internal organs of horses that died of Pb poisoning (crosses) near Benicia, north of San Francisco, California. The isotope composition of Pb in grass in the horse pastures is similar to that of aerosols derived from a nearby Pb smelter. The Pb in grass along local free ways and curbside scrapings has a distinctly different isotope composition than the smelter Pb in the aerosols. The isotope composition of Pb in kidneys, livers, and bones of horses that died of Pb poisoning is intermedi ate between those of the pasture grass and in gasoline emissions. Evidently, the horses assimilated not only smelter Pb in the grass they ate but also Pb from auto mobile exhaust (from Rabinowitz and Wetherill, 1972).



ingested n o t only sm elter Pb in th e grass b u t also freew ay Pb in th e air they b reath ed . Ironically, H ip p o crates (460-377 b . c . ) re p o rt ed 2400 years ago th a t cows and horses could n o t be p a stu re d n e a r th e m ines of L a u rio n n e a r A th en s in classical G reece because th ey becam e sick and died (Lessler, 1988). It is now k n o w n th a t farm anim als have a low to leran ce fo r Pb com p a re d to hum ans. F or exam ple, Z m u d sk i e t al. (1983) re p o rte d th a t horses receiving only 3M m g of Pb p e r kg o f feed p er day died in a few weeks.
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Human Bones and Tissues



In 1965 P a tte rso n p u b lish ed an invited p ap er in th e A rchives o f E n v iro n m e n ta l H e a lth in which h e e stim ated th a t th e n a tu ra l co n cen tratio n of Pb in h u m an b o n es is a b o u t 0.85 p,g/g an d th a t the p re se n t P b c o n te n t o f h u m an s is a b o u t 200 tim es higher th a n ex p ected o n geochem ical grounds. H e co n cluded th a t th e p re se n t Pb c o n ten t of m ost h u m an s in d ev elo p ed co u n tries is a toxic b urden th a t jeo p ard izes th e ir health . P a tte rso n and his research group later d em o n strated th a t 1600-yearold hum an bones from S o u th A m erica actually do con tain less P b by sev eral o rd ers o f m agnitude th a n th e bo n es o f p re se n t-d a y h u m an s (E ricson e t al., 1979). The outward symptoms of Pb poisoning in hum ans were described by Hippocrates (460-377 b . c . ) as loss of appetite, colic, palor, w eight loss, fatigue, an d irritability (Lessler, 1988). A m ore recent review of th e effects of Pb on hum an health by Posner et al. (1983) included the sam e sym ptoms and discussed th e specific effects on the digestive, renal, m uscular, nervous, an d vascular systems. L ead poisoning o f h um ans generally results from th e use o f this m etal in th e h o m e and from occupatio n al exposures. Sources of P b in the h om e include p ain t (w hite and red ), w ater pipes m ad e from Pb, lith arg e (glazing com pound), sol der, lead ed gasoline, am m u n itio n , sto rag e b a tte r ies used in au tom obiles, lead-b earin g glaze in pottery, etc. O c cu p atio n al exposure to P b is asso ciated w ith m ining an d sm elting o f ores o f Pb and re la te d chalcophile m etals, prin tin g w ith Pb type, ship and brid g e re p a ir releasing flakes of Pb pain t, m an u factu re o f Pb com pounds, etc. The use of P b in th e hom e has b een greatly reduced in m any countries follow ing th e recogni tion of th e h arm fu l effects o f this m etal, especially fo r children. In th e U S A an d C an ad a th e m an u facture and sale of lead ed gasoline, P b-based paint, and P b -bearing glazes on p o ttery have been discontinued. A s a result, th e incidence of acute Pb poisoning has declined, b u t th e effect of low-level Pb exposures on the m en tal d evelopm ent of p re n a ta l children is still a subject of concern.
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a. Bones M ost o f the Pb in th e h u m an body is sto red in bones w here it accum ulates th ro u g h o u t life s ta rt ing b efo re birth. Soft tissues (e.g., liver, kidney, ao rta, pan creas) h av e d ifferen t b u t low er co n cen tratio n s o f P b th a n bones. In general, th e bones of adult m ales in th e U K co ntain b etw een a b o u t 91.6 and 96.0% of th e to ta l body b u rd e n of Pb. T he am o u n t of P b in the bones o f a d u lt m ales in the U K is larger th a n th a t o f fem ales, b u t b o th increase w ith age. This conclusion is illu strated in Figure 25.9 b ased o n th e d a ta o f B arry (1975, 1976). T he soft tissues co n tain less Pb th a n b o n es and the am o u n t is d e p e n d e n t o f age (Figure 25.9). The am o u n t of P b in th e soft tissue is balanced betw een the u p ta k e of this ele m e n t in food and w ater and from th e air and its excretion o r storage in th e bones. T he P b in th e vital organs, in b lood, and in m uscle tissue in terferes w ith m etabolic processes and th e re fo re gives rise to th e sym p tom s of Pb poisoning. T he co n c e n tra tio n of P b in b o n es of m o d ern residents of th e U S A varies w ith age, according to d ata by S ch ro ed er an d T ip to n (1968). T he b o n es of adults b etw een the ages o f 30 and 69 have an average Pb co n cen tratio n of 39.0 p-g/g (ash) based on a sam ple of 50 individuals. T he increase in the concen tratio n of b o n e Pb w ith age in Figure 25.10 indicates th a t the in ta k e of this elem e n t exceeded th e ability o f th e b o d y to e x c re te it. T he low con cen tratio n s o f Pb in th e bones of individuals m ore th a n 70 years o f age was attrib u te d by Schroeder and T ip to n (1968) to th e survival of those p erso n w ho h a d th e low est co n cen tratio n s of Pb. A lternatively, th ese p e rso n m ay have had low P b-exposures in th e ir y o u th p rio r to th e in tro duction o f leaded gasoline in 1923.



b. H air L ead and o th e r trace elem ents also occur in hum an hair, w hich can be preserv ed for hun d red s of years. W eis e t al. (1972) re p o rte d th a t the hair of children living in th e U S A betw een 1871 and 1923 a . d . contained alm ost twice as m uch Pb as the ha ir o f adults, and th a t the Pb concentrations of b o th
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Age in years



Average age of individuals, yrs Fi g u re 2 5 .9 Accumulation of Pb in bones of adult humans (male and female) and children with average age of the individuals represented by each data point in the UK. The evidence indicates that Pb accumulates in the bones with increasing age, starting before birth, and that males carry more Pb in their bones than females. However, the amount of Pb in soft tissues is only about 6% of the total amount and is independent of age. The Pb in soft tissues represents a balance between intake and excretion. All amounts are rela tive to a standard body weight of 70 kg including the data for children (from Barry, 1975,1976).



children and adults living in 1971 w ere significant ly lower th a n th ose of the antique p opulation. Weis et al. (1972) a ttrib u te d th e high Pb levels in the h air of th e an tiq u e p o p u latio n to contam ination w ith Pb in th e hom es of th at p erio d (w ater collect e d from lead ed roofs, use o f Pb-bearing glaze on pottery, P b -b ased paint, etc.). They also suggested th a t th e red u ctio n of th e Pb co n ten t o f h a ir in th e m o d e m p o p u latio n (1971) resulted from increased



Fi g u re 2 5 . 1 0 Average concentrations of Pb in bones of Americans of different ages, 1952-1957. The number of individuals included in each age group is indicated. The data reveal that Pb accumulated in the bones of Americans with age because the intake exceeded their ability to excrete it. The relatively low concentration of bone Pb of humans more than 70 years of age is attributable to the survival of indi viduals having low body burdens of Pb, perhaps because they grew up before leaded gasoline was introduced in 1923. However, individuals with high Pb levels did not display symptoms of Pb intoxica tion, nor were they chronically ill (data and interpre tation by Schroeder and Tipton, 1968).



aw areness of the danger o f Pb contam ination in the home. A w orldw ide survey by B arry (1978) of h u m an h air of individuals w ho w ere n o t exposed to high levels o f en v ironm ental Pb indicated aver age values betw een 39.6 ppm (39 individuals, In d ia) to 6 . 6 ppm (28 individuals, U SA ; 33 indi viduals, U K ). T he w eighted m ean Pb co n cen tra tio n of hair o f 1055 individuals in the 20th century w orldw ide is a b o u t 24 ppm .



c. Effect of Lead on C hil d re n The evidence th a t children a re especially suscep tible to Pb is cause fo r co n cern because D avis and Svendsgaard (1987) re p o rte d th a t even low con c en tratio n s o f this ele m e n t affect th e ir m ental



 25.6



LEAD IN THE BO N ES O F A N C IEN T PEO PLES



d ev elo p m en t. A lth o u g h th e m axim um p erm issi ble P b co n c e n tra tio n o f w hole b lo o d has been lo w ered fro m 600 to 250 p,g/L (A nonym ous, 1986), th e p re se n t lim it m ay still b e too high. T he effect o f P b o n young ch ild ren is difficult to ascer ta in because o f th e larg e n u m b e r o f v ariables th a t affect th e ir physical h e a lth an d m en tal dev elo p m e n t (e.g., n u tritio n , h eredity, h o m e enviro n m ent, use o f to b acco an d alcohol by th e m o th er). T he Pb co n cen tratio n s of th e b lood of p re n a ta l and p o st n a ta l ch ildren in th e stu d ies cited by D avis and S vendsgaard (1987) w ere less th a n 150 /ig /L and th e re fo re co n sid erab ly less th a n th e m axim um p erm issible co n cen tratio n . N evertheless, th e d a ta d e m o n stra te d several adverse effects. 1. T h e risk of p re m a tu re b irth in creased sig n ificantly fo r m o th ers w hose blo o d co n ta in e d b e tw e en 80 an d 140 /tg /L o f Pb.



2. C hild ren w hose b lood in th e um bilical cord co n tain ed an av erage of 140 /rg /L of Pb w ere m easurably im paired in th eir m en tal dev elo p m en t a t th e age of six m o n ths. 3. H igh p re n a ta l b lo o d levels in children are associated w ith low b irth w eight and a d e crease in th e ir length.



4. T he adverse effects o f high Pb content in the b lo o d o f p re n a ta l children a re d etectab le up to a t least 1 2 m o n th s a fter birth. T he au th o rs n o te d th a t in 1980 alo n e nearly one m illion child ren w ere b orn w ith sufficiently high Pb co n cen tratio n s in th e ir b lo o d to adversely affect th e ir m en ta l an d physical d evelopm ent.
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Lead in the Bones of Ancient Peoples



T he use o f Pb am ong th e peoples o f E u ro p e p ro b ably increased w ith tim e and th erefore may be reflected by increasing P b concentrations of h um an bones o f decreasing historical age. The d ata of G ran d jean an d H olm a (1973) in Figure 25.11 actually suggest such a relationship.



a.
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D e n m ark



T h e bones of hum ans w ho lived in w hat is now D en m ark from 1500 B.C. to ab o u t 1400 A.D. co n tain less th a n 1/xg/g of Pb (G ran d je an and H olm a, 1973). Subsequently, th e concen tratio n s increased significantly and reach ed levels o f a b o u t 7 y% jg in th e 18th century a .d . In m arked co ntrast, R o m ans w ho lived in Y ork (U K ) up to a b o u t 320 a .d . ha d high co ncentrations of Pb in th e ir b o n es becau se th e food they ate was co n tam inated by kitchen utensils containing high concen tratio n s of Pb. T h e concentrations o f P b in bones of th e A nasazi p e o ple in U ta h and of ancient P eruvians (G hazi, 1994) are consistent with the p a tte rn o f increasing con cen trations of Pb in the form er in h ab itan ts of D en m ark in Figure 25.11. T he low est concentrations of Pb, ranging from 0.11 to 2.7 /xg/g, w ere re p o rte d by E ricso n e t al. (1979) fo r bones of ancient P eruvians w ho died b etw een 4500 and 1400 years ago. T he av erage Pb co n centration o f these bones is 1.0 ± 0.9 fjug/g ( 2 (7 , N = 5 ).T he sam e authors also m easu red a Pb co n cen tratio n of 1 . 1 iig /g in th e v e rte b ra o f a 2200-year-old E gyptian mummy. T hese values are sim ilar to th e Pb concentrations o f ancient bones from D en m ark (4000 b .c . to 1000 a .d .) analyzed by G ran d jean an d H o lm a (1973). A n o th e r exam ple o f h isto rica l chan g es o f Pb in h u m an b o n e s was re p o rte d by Jaw orow ski (1968). H is d a ta d e m o n stra te th a t th e c o n c e n tra tio n o f P b in h u m an b o n es in P o lan d in cre ase d fro m an averag e o f 2.3 ± 0.6 /rg /g in th e 3rd cen tu ry a . d . to a b o u t 60 ± 25 n g /g in th e 19th century. H e a ttrib u te d th e in c re ase in P b co n c e n tra tio n s to th e use o f P b -b e a rin g k itc h e n u ten sils an d n o te d th a t th e c o n c e n tra tio n o f P b in th e b o n e s o f m o d ern resid e n ts o f P o lan d has declin ed in spite o f th e evid en ce o f a rise in a tm o sp h e ric P b co n ta m in a tio n re c o rd e d in th e glaciers o f th e T atra M ountains. In sum m ary, the d ata suggest th a t th e bones of hum ans w ho lived in uncontam ina te d e n v iro n m ents have P b concentrations o f n o m ore th a n 1 o r 2 /ug/g. H ig h er co ncentrations indicate e ith e r th a t the individuals ingested excess am ounts o f Pb o r th a t th e bones w ere co ntam inated afte r burial
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Fi g u r e 2 5.11 Average Pb concentrations of human bones (jag/g dry weight) as a function of historical time (D = Denmark, A = Anasazi, Utah, P = Chiribaya, Peru). The data suggest that the Pb concentration of human bones increased as this metal became more widely used in household articles. The Romans are known to have used Pb both in metallic form and as a food additive (sapa). Consequently, they became significantly contaminated with Pb and experienced ill health as a result of its toxicity (from Grandjean and Holma, 1975, Denmark; Ghazi, 1994, Anasazi and Peruvians; Mackie et al., 1975, Romans, York, UK).



by diagenetic alteratio n o r after su b seq u en t expo sure and tra n sp o rt to th e analytical laboratory.



b. Le a d Poiso nin g A m o n g t h e Ro m a ns T h e contam in atio n of hum ans w ith Pb starte d long b efo re the industrial revolution and the in tro d u ctio n of tetraeth y l lead as an additive to gasoline. L ead was u sed in w ater pipes by th e R om ans, in drinking cups, and in o th e r household im plem ents, as well as in cosmetics. A significant cause of Pb poisoning in the R o m an E m pire (Figure 25.11) was the custom of adding “sa p a ” co ntaining P b acetate to w ine in o rd er to sw eeten it an d to p rev en t spoilage. S apa was p re p a red by boiling acidic w ine in lead-lined pots and th e re fore contained approxim ately 240 mg o f P b p e r liter (L essler, 1988). M ackie e t al. (1975) re p o rte d th a t th e bones o f R o m a n s who lived in Y ork (U K ) have exces sively high concentrations of P b averaging 60.2 iJbg/g for m ales and 85.2 q,g/g fo r fem ales (d ry w eight). T he h igher co n cen tratio n of P b in



th e bones o f fem ales is re m ark ab le and is consis te n t w ith th e assum ption th a t th e P b co n tam in a tion o ccurred during th e p re p a ra tio n o f food. T he use o f P b in h o u seh o ld articles and of sapa by th e R o m a n aristo crats m ay have adverse ly affected th eir health and th e reb y co n trib u ted to the d isin teg ratio n o f the R o m an E m p ire (Lessler, 1988; N riagu, 1983a,b; G ilfillan, 1965).



c. T h e O m a h a In d ia ns o f N e b rask a H igh co n cen tratio n s of Pb ranging from 4.8 to 2570 fig /g w ere re p o rte d in bones o f th e O m aha trib e o f A m e ric an In dians w ho lived in n o rth e a st ern N e b ra sk a n e a r th e to w n o f H o m e r b etw een 1780 an d 1820 a . d . (G hazi, 1994). T he d a ta in d i cate th a t th e b o n es o f children u n d e r th e age o f eight h a d a n average P b c o n cen tratio n of 663 ± 518 £ig/g (range: 4.8-2570 /rg /g ), w hereas th e bones o f adults m o re th a n 18 years of age co n tain ed 97.5 ± 80 fig /g o f P b (range: 13.7-271). T he d a ta o f G hazi (1994) strongly suggest th a t th e highest P b con cen tratio n s occur in th e bones o f
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ch ild ren , ev en th o u g h n o t all of th e children w ere significantly co n ta m in ated w ith Pb. T he chem ical co m p o sitio n o f b o n es b u ried in soil m ay b e a lte re d d uring diagenesis by th e tra n sfe r o f elem en ts fro m th e soil to th e bone. F o r th is re a so n , G h azi (1994) an alyzed soil an d anim al b o n e s from th e b u rial site of th e O m a h a Indians. T he results d em o n strate th a t th e soil (total dissolution) has an average Pb concentration of 19.9 ± 2.1 fjig/g an d th a t th e anim al b o n es reco v e re d a t th e b u rial site co n tain only 1.4 ± 1.2 fj,g /g . G hazi (1994) co n cluded th a t th e P b in th e hum an b o n es is n o t o f diagenetic origin because: 1. T h e to ta l Pb c o n cen tratio n o f th e soil is less th a n th a t o f m ost o f th e h u m an bones th a t w ere b u ried in it. 2. T h e anim al bones th a t w ere in contact



w ith th e sam e soil have m uch low er Pb c o n cen tratio n s than th e h u m an bones. 3. T he hu m an bones have a w ide ran g e o f Pb concen tratio n s, indicating th a t additions of P b fro m th e soil w ere insignificant. T h erefo re, th e high co n cen tratio n o f P b in th e h u m an bones, com p ared to th e anim al b o nes at th e sam e site, indicates th a t th e individuals o f th e O m ah a trib e b u ried n ea r H o m er, N eb rask a, suf fered fro m P b poisoning an d th a t som e o f th e child ren m ay have died of this condition. T he excess Pb in th e bones of th e O m ah a Indians m ay have originated from m u sk et balls, o rn am en tal coils o f m etallic Pb, cosm etic pigm ents containing P b and H g, and Pb-bearing alloys used in belt buckles and o th er h o usehold im plem ents. In o rd e r to relate these artifacts to th e Pb in the h um an bones, G hazi (1994) d eterm in ed th e iso to p e com positions of th e Pb. T he resulting 2 °6 p b / 2°4p b ancj 2 0 7 p b / 204Pb ratios o f th e artifacts used by th e O m aha Indians an d th e Pb in th e ir bones form a straight line in Figure 25.12. This relationship n o t only confirm s th at th e excess P b in th e b o n es originated from th e artifacts and pig m ents used by th e O m ahas, b u t also suggests th a t th e Pb originated from deposits of galena (PbS) in M issouri, O klahom a, and A rk an sas (H eyl e t al., 1974). Isotope com positions of Pb in ancient
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2°6p b / 204pb Fi g u r e 2 5 .1 2 Isotope ratios of Pb in the bones of Omaha Indians at a burial site near Homer, Nebraska, and in pigment and Pb artifacts they used. The linear relationship of the isotope ratios suggests that the skeletal Pb originated primarily from Pb artifacts and pigments used by the Omaha tribe and that the Pb originated from deposits in the Tri-State District of Missouri, Oklahoma, and Arkansas (adapted from Ghazi, 1989).



objects have also been rep o rted by Brill (1970), B rill an d W am pler (1967), G ale (1989), and G ale and Stos-G ale (1989). In m a rk e d c o n tra st to th e O m a h a In d ian s o f N eb rask a, th e b o n es o f th e A n asazi p eo p le fro m th e Poly S ecrest b u rial site in M oab, U ta h , (1225-1405 a . d . ) have low P b c o n cen tratio n s w ith an average o f 1.52 ± 0.45 ju-g/g and a ran g e fro m 0.6 to 2.7 /xg/g. Similarly, th e b o n es o f A lta p e o p le w ho lived a t a b o u t 1 2 0 0 a . d . n e a r C hiribaya, P eru , have a low average P b c o n cen tra tio n o f 1.70 ± 0.70 fxg/g. Since n e ith e r the A nasazi n o r the A lta p e o p le used Pb artifacts o r pigm ents like those o f th e O m ah a Indians, th e P b o f th eir bones is p re su m ably d eriv ed from th e n a tu ra l enviro n m en t. T he b o n es of th e h erb iv o ro u s anim als reco v ered fro m th e burial site of th e O m ah a Indians presum ably also co n tain only n a tu ra l environm ental P b d eriv ed fro m th e soil by ingestion of p lan ts and w ater. If th a t is true, th en th e P b co n ten t of bones o f herb iv o ro u s anim als at T onw antonga village is low er th a n th a t o f th e soil by a facto r o f a b o u t
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0.07. In addition, th e bones of ad u lt O m ah a In dians contain ab o u t 70 tim es as m uch Pb o n the av erag e as herbivorous anim als, w hereas chil d re n ’s b o n es are en rich ed in P b by factors ranging fro m 3.4 to 1835 w ith a m ean o f ab o u t 475.



d. Th e Fran klin Expedition of 1845 O n e o f th e w orst cases o f P b poisoning occurred b etw een 1845 an d 1847 in th e C anadian A rctic. Sir Jo h n Franklin, w ho had led tw o previous ex p e ditio n s to th e C an ad ian A rctic from 1819 to 1822 an d from 1825 to 1827, was o rd ere d to explore a n o rth e rn ro u te from th e A tlan tic to th e Pacific O cean . H e d e p arted from E ngland in the spring o f 1845 in two ships (E reb u s an d T error) an d a crew o f 129 officers and m en. T hey w ere last seen by a S cottish w haler in the w aters n o rth of Baffin Islan d an d th e n disap p eared forever. A fte r tw elve years o f fruitless searches by several relief ex p e ditions, th e sk eletons of som e of the crew and a diary w ith a final en try d ated A pril 25,1848, w ere found on K ing W illiam Island. T h e ex pedition h ad sp en t th e w inter of 1845-1846 on B eechey Island off the so u th ern coast of D ev o n Island. D uring the follow ing sum m e r th e ships m oved south through Peel S ound a n d F ran k lin S trait, b u t becam e trap p ed in th e ice n e a r K ing W illiam Island. D uring the follow ing w in ter F ranklin and 24 o f his m en died. O n A p ril 22,1848, th e survivors ab an d o n ed th e ships an d a tte m p te d to reach the C anadian m ainland by w alking south across K ing W illiam Island. A ll o f th e m died during th a t attem p t. T he skull of one o f F ra n k lin ’s m en was discovered 133 years later o n Ju n e 29, 1981, on th e south coast o f King W illiam Island along Sim pson Strait, which sep a ra te s it from th e C an ad ian m ain lan d (B eattie and G eiger, 1987). S ubsequent research by anthropologists from th e U niversity of A lb erta eventually led to th e dis covery o f th ree graves on B eechey Island (B eattie an d Savelle, 1983). The bodies in these graves w ere exhum ed and autopsied. Sam ples of hair, bone, and in tern al organs w ere found to have anom alously high concentrations of Pb (Kowal et al., 1989). H a ir sam ples collected from th e bodies of Jo h n T orrington, John H artn ell, and W illiam



B ra in e con tain ed high con cen tratio n s o f Pb (B e a ttie an d G eiger, 1987): Torrington: 413-657 ppm Hartnell:



138-313 ppm



Braine:



145-280 ppm



B ecause of the rapid grow th of hair, the Pb m ust have en tered the bodies o f these m en after the start of the expedition. It could have originated from several sources, including Pb foil used to w rap tea, pew terw are, p o ttery covered w ith Pb-bearing glaze, and the solder of th e tin cans in which m ost of th e food was stored. The solder used to seal th e m etal cans con tain ed m o re th an 90% P b .T h e cans w ere so ld e re d n o t only on th e o u tsid e b u t also on th e inside. K ow al e t al. (1989) d e m o n stra te d th a t th e iso to p e com position of the Pb in th e solder is identical to th a t in th e soft tissues an d b o n es o f F ra n k lin ’s m en. T h erefore, th e so ld er was pro b ab ly th e p rin cipal source of Pb ingested by all m em b ers o f the expedition. F ra n k lin ’s ex p ed itio n en d e d tragically n o t only because o f the h arsh clim atic conditions and b a d luck b u t also because acu te Pb intoxication of th e officers and crew m en caused anorexia, fatigue, and colic as w ell as n e u ro tic b eh av io r leading to in a p p ro p ria te decisions. A s a resu lt, all 129 m en perished. M uch later, m en like F ridtjof N ansen (18611930) and R o ald A m u n d sen (1872-1928) ad o p ted the life style of the Inuits by hunting and eating gam e and w earing fur clothing. T heir success in p o lar exploration dem o n strates the w isdom of liv ing in harm ony with the po lar environm ent instead of attem pting to m aintain th e life style ap p ro p riate to a m uch m ore tem p erate climate.



25.7



Summary



L e a d and m any o th e r industrial m etals h av e b een w idely dispersed o v er th e surface of th e E a rth . T he sources o f anth ro p o g en ic Pb include com bus tio n of lead ed gasoline, m ining and sm elting o f Pbbearing ores, an d th e use o f P b in h o u seh o ld articles such as solder, paint, glazing com pound,



 PRO BLEM S



sto rag e b atteries, p o tte ry covered w ith Pb-bearing glaze, etc. M any o f th ese sources o f P b have b een elim in ated and acute P b poisoning am ong hum ans is n o t as com m on as it used to be. H ow ever, Pb co n tin u es to be a hazard in certain occupations re la te d to m ining an d sm elting o f P b -bearing ores and to th e use o f P b in th e m anufacturing and chem ical industries. In spite of p recau tio n s against th e ingestion o f Pb, m o st h u m an s alive to d ay contain significant am o u n ts o f P b in th e ir b o n es an d soft tissues. T he am o u n ts increase w ith age because th e ra te of in ta k e exceeds th e b o d y ’s ability to excrete it. T he h e a lth effects caused by the accum ulation o f Pb a re difficult to ev alu ate because ev erybody is con tam in ated . T he lead enters th e hum an body prim arily in co n tam in ated food, w ater, and air. F or exam ple, vegetables grow n in th e vicinity of sm elters or o th e r industries th a t use Pb contain significantly m o re Pb th an vegetables grow n elsew here. E ven air con
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tains Pb-bearing aerosol particles th a t m ay release P b into the bloodstream after they e n te r the lungs. T he grow ing b u rd en of P b and o th e r m etals m ay adversely affect th e life expectancy of hum ans by m aking them m ore vulnerable to o th e r kinds of illnesses. T he evidence th a t th e bones o f h um ans over 70 years of age contain less Pb th a n th o se of persons who died in th eir prim e is an om inous sign th at the chances for survival to old age a re reduced by the accum ulation of lead an d o th e r m etals in bones an d in tern al organs. C h ild ren a p p e a r to be especially a t risk because P b affects n o t only th e ir physical grow th b u t also th e ir m en tal d evelopm ent. C onsequently, children w ho are exposed to a n th ro p o g en ic P b in th e ir en v iro n m en t m ay never reach th e ir full p o ten tial. T h e tragic d eath s o f th e officers an d crew o f the F ranklin E x pedition are a re m in d e r th a t even adults can suffer loss o f good ju d g m e n t in stressful situations as a result of P b poisoning.



Problems 1. Calculate the concentration of Pb in gasoline sold in the U SA in 1964 given that it contained 1.82 mL of tetraethyl lead (TEL) per gallon and that 1 mL of tetraethyl lead contained 1.057 g of Pb (1 gallon, US = 3.785 L).



Assume that (206P b /204Pb)A = 18.60, PbA = 175 ppm, ( 2 0 6 p b / 2 0 4 p b ) ^ = 1950j Pt,B = 28 ppm.



2. Calculate the concentration of Pb in sediment that is a mixture of two components labeled A and B. Assume that the sediment mixture contains 35% of component B and that the Pb concentrations of the components are PbA = 110 ppm,PbB = 18 ppm.



7. Calculate the 207P b /206Pb ratio of a mixture of aerosol particles derived from two sources A and B having different isotope ratios of Pb but identical con centrations. The abundance of component B is 65% and the isotope ratios are (207P b /206Pb)A = 0.859,



3. Given that the Pb concentration of a mixture of two components A and B is 75 ppm, calculate the abun dance of component A assuming that PbA = 125 ppm, and PbB = 30 ppm. 4. Calculate the 206P b /204Pb ratio of Pb in a mixture of two components in which the abundance of compo nent A is 35%, given that (206P b /204Pb)A = 18.60,PbA = 175 ppm, (206P b /204Pb)B = 19.50, and PbB = 28 ppm. 5. Plot a mixing hyperbola for a series of two-com ponent mixtures such that the abundance of compo nent A has values of 0.1, 0.2, 0.4, 0.6, 0.8. and 0.9.



6. Use the results of problem 5 to convert the mixing hyperbola into a straight line by plotting the 206P b /204Pb ratios versus the reciprocal concentrations of Pb.



(207pb/ 206pb)B = 0 832



8. The average 206P b /204Pb ratio of Pb in the internal organs and bones of horses that died of Pb poisoning on the pastures near Benicia, California, is 17.62 ± 0.18. Assume that the Pb was derived from the nearby Pb smelter (206P b /204Pb = 17.33) and by combustion of leaded gasoline (206P b /204Pb = 18.09) and that it was transported in aerosol particles having equal concentra tions of Pb. What fraction of the Pb in the internal organs of horses originated from the Pb smelter? State the error limits of the result based on the error of the average 206P b /204Pb ratio of the Pb in the horses.
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EFFECT O F EN VIRO N M EN TAL LEAD O N H U M A N HEALTH
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Table A.1 A bundances of the Chemical Elem ents in the Sun in U nits of A tom s per 106 Si A tom s z 1 2



3 4 5



Abundancea



Sym bol



Z



Symbol



Abundancea



H



2.2 X 1010



41



Nb



He Li



1.4 x 109 2.2 X 10“1



(C)



42



3.2



(B)



3.1 x 10~‘



(B)



44 45



Mo Ru Rh Pd



7.1 x 10' 1



(D~)



1.6 X 10“1 1.58



(C)



48



Ag Cd



Be B



< 2 .8



46 Al



(D “)



1 .8



1.5 5.6 x 10“1



(D ) (D -) (D “)



C N



9.3 X 106 1.9 X 106



(B) (B)



O



1.5 X 107



(A)



49



In



1 .0



9 10



F Ne



8.1 x 102 8.3 X 105



(C)



50



Sn



2 .2



(C) (C -) (D)



4.2 x 104



51 55



2.2 X 10“1



Na



(B) (A)



Sb



1 1



Mg Al



8.9 x 105 7.4 x 104



(C)



56 57



Cs Ba La



Si P S



1.0 x 106 7.1 x 103 3.5 X 10s



(C)



58 59



Ce Pr



Nd



Cl



7.1 2.2 3.2 5.0



60 62 63 64 66 68 69



Dy Er Tm



2.9 2.6 1.3 4.1



70



Yb



1.8 x IO“1



(D )



71 72 74



Lu Hf



1.3 x 10“1 1.4 x 10“1



(C -)



W Re Os Ir Pt



1.1 < 1.1 x IO“2 1.1 x 10“’ 1.6 x 10“1 1.25



Au



1.3 x 10“1



Hg Tl



< 2.8 1.8 x 10“1



6



7 8



1 2



13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30



Ar K Ca Sc Ti V Cr Mn Fe Co



Ni Cu Zn



31 32 37



Ga Ge Rb



38 39 40



Sr Y Zr



X 103 x 104 X 103 x 104



2.4 X 10‘ 2.5 x 104 2.3 X 102 1.1 X 104 5.9 x 103 7.1 1.8 4.3 2.6 6.3



x 10s x 103 X 104 x 102 x 102



1.4 x 101 7.1 X 101 8.9 1.8 x 101 2.8 1.3 x 101



(C) (C) (C) (D) (C) (B) (B) (B) (B) (C) (C) (C) (B?)



(C-) (B) (B)



(C) (C) (C) (B) (B) (D) (D)



75 76 77 78 79 80 81 82



Sm Eu



Gd



Pb Bi



(B)



< 1 .8 2.75 3.0 X 10"1 7.9 X IO“1 1.0 x IO"1 3.8 x IO“1 1.2 x IO“1 1.1 X 10“1 x x x x



10“1 10“1 10“1 10“2



1.90



83 90



Th



< 1.8 3.5 X 10“2



92



U






(B) (C)



(C) (C) (C) (C) (D ) (D ) (D ) (D ) (C)



(C) (D “) (D ) (C) (C)



(C“) (C) (B)



“Rating of the quality of the determination. A = abundance known to an accuracy of about 10%; B = reasonably good determi nation; C = fair determination; and D = poor determination.



Recalculated from Ross and Aller (1976).



 508



A PPEN D IX A



Table A.2 R e p r e s e n ta tiv e C h em ica l C o m p o sitio n s o f M e te o r ite s in W eig h t P e r c e n t3 Carbonaceous chondrite^



Enstatite chondrite(2)



Ca-poor achondrites(3)



Ca-rich achondrites(4)



Average iron meteorites(5)



Fe



—



20.04



2.92



0.80



Ni



—



1.96



0.17



—



7.9



Co



—



0.07



—



—



0.5



P



—



—



—



0.2



—



—



90.6



—



0.7



FeS



15.07



7.27



1.25



0.41



—



S i0 2 TiOz



22.56



41.53



54.01



48.17



—



0.06



0.51



—



0.67



13.91



—



0.14



0.46



—



15.99



—



7.10



— —



S



—



—



0.07



—



a i 2o 3



1.65



MnO



0.19



FeO



11.39



0.34



MgO



15.81



23.23



0.97 35.92



CaO



1.22



0.74



0.91



10.94



Na20



0.74



1.26



1.32



0.07



0.32



0.10



0.67 0.13



—



k 2o



p 2o 5



0.28



0.8



0.22



0.11



— —



—



1.14



0.44 0.39



—



—



0.26



—



—



0.06



—



—



—



—



3.10



—



—



—



0.04



— 100.3



— 99.94



19.89 0.36



NiO



1.23



CoO C LOIb



6.96



Sum



—



0.06



2o



Cr20 3



h



1.55



100.65



—



0.56



0.86(CaS) 99.91



0.51(CaS) 100.00



‘A dash (— ) means “not reported and probably zero,” although in some cases the element in question was reported in different form. bLoss on ignition. s o u r c e s : (l)O rgueil, type I, from Henderson (1982, Table 1.3); (2) Hvittis, from Henderson (1982, Table 1.3); (3) average aubrite, from Henderson (1982, Table 1.3); (4) average eucrites, from Henderson (1982,Table 1.3); (5) average iron meteorite from Glass (1982, Table 4.3).



 APPEN D IX A T a b l e A . 3 A bundance of the Chemical Elem ents in C hondrite M eteorites in N um ber of A tom s per 106 Si Atom s



z



Element



2



H He



3



Li



4 5 6 7



Be B



1



8



—



44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 90 92



Ru Rh



1.1 x -5.0 X 6.9 X 6.2 2.0 X 9.0 X 3.7 X -7.0 X 1.5 x 4.6 x 9.4 x 6.0 x 1.0 x 5.3 x 1.1 x 7.0 X 4.0 X 3.5 X 4.9 X 2.9 X -2.6 X 2.0 x 6.6 x 7.4 x 6.9 X 1.3 X



C N O F Ne Na Mg



AI Si



P S Cl Ar K Ca Sc Ti V Cr Mn Fe Co



Ni



2.5 X 1.3 x 1.2 X 2.0 x 4.6 1.9 X 5



Cu Zn Ga Ge As Se Br Kr Rb Sr Y Zr Nb Mo : Brownlow



Element



X



so u r c e



Z



10"1 10 10“ 1 103 10 106 102 10"3 104 105 104 106 103 105 102 IO "1 103 104 10 103 102 103 103 105 103 oT—1



9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42



Abundance



102 102 10 10 10



—



-5 2.0 X 10 3.4 -3.7 X 10 1.0 2.5 (1979)



Pd Ag



Cd In Sn Sb Te I Xe Cs Ba La Ce Pr



Nd Sm Eu



Gd Tb Dy Ho Er Tm Yb Lu Hf Ta W Re Os Ir



Pt Au Hg TI Pb Bi Th U



Abundance 1.5 2.5 X -9 X -9 X 7.9 X 1.0 x 5.6 x 1.1 x 6.0 x 5.1 x 7 x 1.4 x 5.0 3.9 x



10“ 1 KT1 10“ 2 10“ 2 10“ 2 IO“ 1 IO“ 1 IO“ 1 10“ 2 10“ 6 10“ 1 IO“ 1



1 .2



1.4 x 6.4 X 2.3 X 8.2 X 3.4 X 5.1 x 3.3 x 7.6 x 2.3 x 3.1 x 1.8 x 3.1 x 1.7 x 1.6 x 1.2 x 4.6 x 5.4 x 3.5 x 1.30 1.8 x 1.0 x 1.0 x 1.4 x 2.0 x 2.7 x 9.0 x



IO’ 1 1 0 '1 IO“ 1 IO“ 1 IO’ 1 IO“ 2 10“ 1 IO "2 IO“ 1 10~2 10“ 1 10~2 IO "1 IO "2 IO“ 1 IO "2 10“ 1 IO "1 10_1 IO“ 1 10"3 IO” 1 IO” 3 10~2 IO "3
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 A PPEN D IX A T a b le A .4



SiOz T i0 2 a i 2o 3 FeO MnO MgO CaO NazO k 2o Cr20 3 Total



Average Chemical Com position of Selected Lunar Rocks la



2b



3C



4d



5e



6f



7g



40.67 10.18 10.40 18.68 0.27 6.92 11.70 0.41 0.07 0.29 99.59



40.37 11.77 8.84 19.28 0.24 7.56 10.59 0.52 0.31 0.36 99.52



44.32 2.65 8.03 21.11 0.28 14.07 8.61 0.22 0.06 0.63 99.98



47.88 1.82 9.46 20.13 0.28 8.74 10.54 0.31 0.06 0.47 99.69



44.08 0.02 35.49 0.23 0.00 0.09 19.68 0.34 < 0.01



45.40 0.32 28.63 4.25 0.06 4.38 16.39 0.41 0.06



47.04 1.21 18.69 9.45 0.11 10.14 11.52 0.48 0.34 0.20 99.18



—



99.94



—



99.9



“Low K basalt, Mare Tranquillitatis, Apollo 11, average of eight analyses. bHigh K basalt, Mare Tranquillitatis, Apollo 11, average of six analyses. cOiivine basalt, Oceanus Procellarum, Apollo 12, average of nine analyses. dPigeonite basalt, Hadley-Apennine, Apollo 15 Mare Imbrium, average of 13 analyses. 'Anorthosite, lunar highlands, Hadley-Apennine, Apollo 15,15415, Lunar Sample Preliminary Examination Team (1972). fGabbroic anorthosite, lunar highlands, Descartes Crater, Southern Highlands, Apollo 16,68415, Lunar Sample Preliminary Examination Team (1972). EKREEP basalt, Fra Mauro Crater, Apollo 14, Philpotts et al. (1972). s o u r c e : Glass (1982).



A bundance of Chemical Elem ents in the M oon Based on 106 Si Atom s T a b le A .5



Z



Element



3 6 8 9 11 12 13 14 15 16 19 20 21 22 23 24 25 26



Lia Ca Oa Fa Naa Mg Al Si Pa Sa K Ca Sc Ti V Cr Mn Fe



Abundance 1.7 1.1 3.5 2.1 5.3 1.0 2.2 1.0 2.3 1.6 3.5 1.5 6.1 5.1 1.3 3.5 2.5 2.0



X X X X X X X X X X X X X X X X X X



102 102 106 102 103 106 103 106 103 104 102 10s 101 103 102 103 103 103



z



Element



27 28 37 38 39 40 41 55 56 57 62 63 65 70 71 72 90 92



Coa Ni Rb Sr Y Zr Nb Cs Ba La Sm Eu Tb Yb Lu Hf Th U



“From Ganapathy and Anders (1974). Recalculated from Taylor (1975) except as noted.



Abundance 5.6 1.2 4.6 6.5 1.2 4.3 3.1 1.3 1.7 1.1 9.1 2.4 1.5 5.6 8.3 4.9 1.3 3.4



X



102



X



10"1 101 101 101



X X X X X X X X X X X X X



101 10' 10“' 10“' 10“' 10“' IO"2 1—1 O 1
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 A PPEN D IX A T a b l e A . 6 Chemical Compositions of the A tm ospheres of M ars and Earth Mars



Earth



Component



%



ppm



co2 n2



95.32



0.033



2.7



78.084



%



Ar



1.6



0.934



o2



0.13



20.946



CO



0.07



H2Oa



0.03



ppm



Ne



2.5



18.2



Kr



0.3



1.2



Xe



0.08



0.9



O/



0.03



“Variable. s o u r c e : Owen et al. (1977); Glass (1982).



Chemical Composition of M artian Soil at the Landing Sites of Viking 1 and 2 in Weight Percent



T a b le A .7



Viking 1 1



Viking 2 1



2



3



44.7



44.5



43.9



42.8



—



—



18.0



5.5 18.7



MgO



5.7 18.2 8.3



CaO



5.6



— 5.3



8.6 5.6



— 5.0 


S i0 2 a i 2o 3 Fe20 3



k 2o



20.3












T i0 2



0.9



0.9



0.9



1.0



S03



7.7 0.7



9.5



9.5



6.5



Cl Sum



92.1



0.8 incomplete



s o u r c e : Toulmin e t al. (1977).



0.9 93.9



0.6 incomplete
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Table A.8 Chemical Com position of Surface M aterial at the Landing Sites of V enera 13 and 14 on Venus in Weight Percent



Venera 13



Venera 14



Average terrestrial oceanic basalt



MgO



10 ± 6



8± 4



a i 2o 3



16 ± 4



S i0 2



45 ± 3



18 ± 4 49 ± 4



16.5 51.4



7.56



k 2o



4 ± 0.8



0.2 ± 0.1



1.0



CaO



7 ± 1.5



10 ± 1.5



9.4



T i0 2



1.5 ± 0.6



1.2 ± 0.4



1.5



MnO



0.2 ± 0.1



0.16 ± 0.08



FeO



9± 3



9± 2



0.26 12.24



Total



92.7



99.86



95.56



s o u r c e : Data from Barsukov quoted by Carr et al. (1984).



Table A.9 Chemical Composition of the A tm osphere of Venus Concentrationa Component



%



co2



96.4 ± 1.03



n2 h 2o



3.4 ± 0.02 0.14 ± 0.01



o2



ppm



Ar



69.3 ± 1.3 18.6 ± 2.4



Ne



4 .3 ! «



so 2



1 8 6



“Analysis by gas chromatograph on Pioneer Venus. s o u r c e : Oyama et al. (1979).
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Table A .1 0 Average Chemical Composition of the Continental Crust of the E arth Units Element



Vg/ g



Units



atom s/106 Si atoms



Elements



Vg/ g



atom s/106 Si atoms



Li



13



2.0 X 102



Cd



9.8 X 10“2



9.1 X 10“2



Be



1.5



1.7 X 101



5.0 X 10“2



4.6 X IO-2



2.5



2.2



9.7 X 101



In Sn



O



45.5 x 104



3.08 X 106



Sb



0.2



Na



2.3 x 104



1.05 x 105



Cs



1.0



Mg



3.2 x 10“



1.38 X 10s



Ba



250



Al



8.40 x 104



3.27 X 10s



La



16



1.2 x 10'



Si



1.00 X 106



2.5 X 10'



2.44 X 104



Ce Pr



33



K



26.8 X 104 0.90 X 104



3.9



2.9



Ca



5.3 X 104



1.38 X 105



Nd



16



B



10



2 X IO' 1 8 X IO"1 1.9 x 102



1.2 X 10'



Sc



30



7.0 x 101



Sm



3.5



2.4



Ti



5.3 x 103



1.18 x 104



Eu



1.1



7.6 X 10"'



V



2.3 x 102



4.74 X 102



Gd



3.3



2.2



Cr



1.85 x 102



3.73 X 102



1.40 x 103



2.67 X 103



0.60 3.7



4.0 x 10“'



Mn



Tb Dy



Fe



7.06 x 103



1.32 X 105



Ho



0.78



5.0 X 10“'



Co Ni



29 105



5.2 X 101



Er



2.2



1.88 X 102



Tm



1.4 2.0 X 10“'



Cu



75



1.2 x 102



Yb



0.32 2.2



Zn



80 18



1.3 x 102 2.7 x 101



Lu



1.6 1.0 5 x 10“2



2.3 1.4



Ta W



32



3.9 X 101



Re Ir



260 20



3.1 x 102 2.4 X 101



Au TI



1.15 x 102



Nb



100 11



Mo



1.0



Ga Ge As Se Rb Sr Y Zr



7 x IO"2



1 X IO“4 3 X IO"3 0.36 8.0



Bi



3.5



U



0.91



1 x IO“3



Ag



8.0 x IO“2



8 x IO“2



and McLennan (1985).



1.0 5 X IO“4



Th



Pd



: Taylor



Pb



1.0



1.2 x 101 1.1 1 x 10‘ 3



so u r c e



Hf



0.30 3.0



6 x IO' 2



2.4



1.3 1.8 X 10“' 1.8 5.8 X 10“' 5.7 x 10“' 3 X IO“4 5 x 10“5 2 x 10“3 1.8 x 10“' 4.1 3 x 10“2 1.6 4.0 X IO“1
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T a b l e A.11 Chemical Composition of Igneous and Sedim entary Rocks (in parts per million unless otherw ise indicated) Element, Z



Ultramafica



3 Li 4 Be 5B 9F 11 N a (%) 12 Mg (%) 13 A l (%) 14 Si (%) 15 P 16 S 17 Cl 19 K (%) 20 Ca (%) 21 Sc 22 Ti 23 V 24 Cr 25 Mn 26 Fe (%) 27 Co 28 Ni 29 Cu 30 Zn 31 Ga 32 Ge 33 As 34 Se 35 Br 37 Rb 38 Sr 39 Y 40 Zr 41 Nb 42 Mo 47 Ag 48 Cd 49 In 50 Sn 51 Sb 531 55 Cs 56 Ba 57 La 58 Ce



0.5 0.2 2 100 0.49 23.2 1.2 19.8 195 200 45 0.017 1.6 10 300 40 1800 1560 9.64 175 2000 15 40 1.8 1.3 0.8 0.05 0.8 1.1 5.5 —



38 9 0.3 0.05 0.05 0.012 0.5 0.1 0.3 0.1 0.7 1.3C 3.5C



B asalf 16 0.7 5 385 1.87 4.55 8.28 23.5 1130 300 55 0.83 7.2 27 11400 225 185 1750 8.60 47 145 94 118 18 1.4 2.2 0.05 3.3 38 452 21 120 20 1.5 0.11 0.21 0.22 1.5 0.6 0.5 1.1 315 6.1d 16d



High-Ca granitesb



Low-Ca granites°



Shale0



24 2 9 520 2.84 0.94 8.20 31.40 920 300 130 2.52 2.53 14 3400 88 22 540 2.96 7 15 30 60 17 1.3 1.9 0.05 4.5 110 440 35 140 20 1 0.051 0.13



40 3 10 850 2.58 0.16 7.20 34.70 600 300 200 4.20 0.51 7 1200 44 4.1 390 1.42 1 4.5 10 39 17 1.3 1.5 0.05 1.3 170 100 40 175 21 1.3 0.037 0.13 0.26 3 0.2 0.5 4 840 55 92



66 3 100 740 0.96 1.50 8 7.30 700 2400 180 2.66 2.21 13 4600 130 90 850 4.72 19 68 45 95 19 1.6 13 0.6 4 140 300 26 160 11 2.6 0.07 0.3 0.1 6 1.5 2.2 5 580 92 59



—



1.5 0.2 0.5 2 420 45 81



Sandstone0



Carbonate rocks0 5



15 —



—



35 270 0.33 0.70 2.50 36.80 170 240 10 1.07 3.91 1 1500 20 35 —



0.98 0.3 2 —



16 12 0.8 1 0.05 1 60 20 40 220 —



0.2 0.01 —



20 330 0.04 4.70 0.42 2.40 400 1200 150 0.27 30.23 1 400 20 11 1100 0.33 0.1 20 4 20 4 0.2 1 0.08 6.2 3 610 30 19 0.3 0.4 0.01 0.035



—



—



0.1 0.01 1.7 0.1 10 30 92



0.1 0.2 1.2 0.1 10 1 11.5



Deep-sea clayb 57 2.6 230 1300 4 2.10 8.40 25 1500 1300 21000 2.50 2.90 19 4600 120 90 6700 6.50 74 225 250 165 20 2 13 0.17 70 100 180 90 150 14 27 0.11 0.42 0.08 1.5 1 0.05 6 2300 .115 345
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Table A .1 1 (c o n tin u e d ) Element, Z



59 Pr 60 Nd 62 Sm 63 Eu 64 Gd 65 Tb 66 Dy 67 Ho 68 Er 69 Tm 70 Yb 71 Lu 72 Hf 73 Ta 74 W 79 Au 80 Hg 8 1 T1 82 Pb 90 Th 92 U



U ltram afic a



0.49c 1.9C 0.42c 0.14c 0.54c 0.12° 0.77° 0.12° 0.30c 0.041c 0.38c 0.036c 0.4 0.5 0.5 0.006 0.01 0.04 0.5 0.0045 0.002



B a sa lf



2.7d 14d 4.3d 1.5d 6.2d l.ld 5.9d 1.4“ 3.6“ 0.60“ 3.2“ 0.55“ 1.5 0.8 0.9 0.004 0.09 0.21 7 3.5 0.75



H igh-C a granites b



L o w -C a granites rb



7.7 33 8.8 1.4 8.8 1.4 6.3 1.8 3.5 0.3 3.5 1.1 2.3 3.6 1.3 0.004 0.08 0.72 15 8.5 3



8.8 37 10 1.6 10 1.6 7.2 2 4 0.3 4 1.2 3.9 4.2 2.2 0.004 0.08 2.3 19 17 3



“Average of Turekian and Wedepohl (1961) and Vinogradov (1962). bTurekian and Wedepohl (1961). Calculated from data listed by Herrmann (1970). dAverage values calculated by Herrmann (1970).



Shaleb



Sandstone b



5.6 24 6.4 1 6.4 1 4.6 1.2 2.5 0.2 2.6 0.7 2.8 0.8 1.8



8.8 37 10 1.6 10 1.6 7.2 2 4 0.3 4 1.2 3.9 0.01 1.5



—



—



0.4 1.4 20 12 3.7



0.03 0.82 7 1.7 0.45



C arbonate rocks b



1.1 4.7 1.3 0.2 1.3 0.2 0.9 0.3 0.5 0.04 0.5 0.2 0.3 0.01 0.6 •—



0.04 0.01 9 1.7 2.2



D eep-sea clayb



33 140 38 6 38 6 27 7.5 15 1.2 15 4.5 4.1 0.1 1 —



0.1 0.8 80 7 1.3
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Table A .12 Average Composition of W ater in Streams and in the O ceans in micrograms per gram Element



Classificationa



Li Be B F Na Mg Al Si P S Cl K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Rb Sr Y Zr Nb Mo Ag Cd In Sn Sb I Cs Ba La Cl



I IV I I I I IV II II I I I I IV IV IV IV III IV III III III III IV IV IV III I I I III IV IV I III IV rv IV III I I III III III



Stream water 3x 1X 1X 1X 6.3 4.1 5x 6.5 2 X 3.7 7.8 2.3 15 4 X 3 X 9X 1x 7 x 4 x 1x 3x 7 x 2x 9x 5x 2x 6x 2x 1x 7x 4 x



IO“3 IO“5 IO“2 1(T3



IO“2 IO“2



10“6 10“3 10“4 10“3 10“3 10“2 10“4 10“4 10“3 10“2 IO"5 10”6 10“3 10“5 IO“2 10“3 10“2 10“5



— —



6 x 10“4 3 x 10“4 1 x 10“5 —



4 x 10“5



7 x 10“ 5 7 x 10“ 3 2 x 1 0 “ 5 2 x 1 0 “ 2 4.8 x IO“ 5 7.9 X 10“ 5



Seawater 1.7 x IO“1 2 X 10“7 4.5 1.3 1.08 X 104 1.29 X 103 8 X 10“4 2.8 7.1 X 10“2 9.0 X 102 1.95 x 104 3.99 X 102 4.13 X 102 6.7 X 10“7 


1.5 5.6 2.9 1.4 4.5 3.5



x x x x x X



IO“ 4 10“ 2 IO“ 4 10“ 2 10“ 6 IO“ 6



Seawater enrichment 56.7 0.02 450 1300 1714 315 0.016 0.43 3.6 243 2500 173 27.5 0.17 0.32 1.3 0.2 0.04 0.0015 0.02 1.7 0.04 0.02 0.2 1 0.85 2.2 3350 120 109 0.18 — —



18.3 0.009 8 —



0.013 2 .1 8



14.5 0.7 0.094 0.044



M ORTb 2.5 X 106 6.3 X IO1 1.6 x 107 7.9 x 10s 2.0 X IO8 5.0 x 107 7.0 7.9 X IO3 4.0 X 104 5.0 X 10s 6.3 X 108 1.3 x 107 1.3 X 106 2.5 X IO1 < 1.6 x 102 7.9 x IO3 1.6 x 103 3.2 X IO1 6.9 X IO“1 2.0 x IO1 1.6 x IO3 1.0 X 103 1.3 x IO3 7.9 x 102 2.0 x 103 1.0 x IO5 6.3 x IO5 7.9 X 108 7.9 X 105 5.0 X 106 1.3 x 102 1.6 x 102 


1.3 


x x x x x X



105 106 104 103 IO1 IO1
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Table A. 1 2 (c o n tin u e d ) Element



Classificationa



Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta W Re Au Hg T1 Pb Bi Th U



III III III III III III III III III III IV IV IV IV IV IV III III IV III IV IV I



Stream water 7.3 3.8 7.8 1.5 8.5 1.2 7.2 1.4 4.2 6.1 3.6 6.4



X IO”6 X IO“5 x 10“6 X 10“6 X 10~6 X 10“6 X 10“6 X 10“6 X 10“6 X 10“7 X 10“6 X 10“7



---



3 x 1(T5



—



2 X IO“6 7 X IO“5



—



1 x IQ“3



—



< 1 x 10“4 4 x 10“5



Seawater 1.0 4.2 8.0 1.5 1.0 1.7 1.1 2.8 9.2 1.3 9.0 1.4 


X 10“6 X 10“6 x 10“7 X 10“7 X 10“6 X 10“7 X 10“6 X 10“7 X 10“7 x 10“7 x 10“7 x 10“7 x 10“6 x 10“6 x IO”4 x 10“6 x 10“6 x 10”6 x 10”5 X 10“6 x 10”5 x 10”8 x 10”3



Seawater enrichment 0.14 0.11 0.10 0.10 0.11 0.14 0.15 0.20 0.22 0.21 0.25 0.22



— —



3.3



—



2.5 0.14



—



0.002



—



-0.0006 2.7



M ORTb 7.9 7.9 7.9 6.3 1.0 1.0 1.0 1.3 1.6 1.6 2.0 2.0 


x X x x X x x x x x x x x x x X X X X x x



101 101 101 101 102 102 102 102 102 102 102 102 103 103 104 106 106 103 103 101 104



x 106



*1. Conservative element whose concentration is directly related to the salinity of seawater. II. Nonconservative element whose concentration varies with depth or regionally within the oceans, or both, generally because of involvement in biological activity. III. Nonconservative element whose concentration varies irregularly and is not related to salinity, depth, or geographic factors. IV. Unclassified, but probably nonconservative. bMean oceanic residence time in years. s o u r c e : Taylor and McLennan (1985).



517



 518



A PPEN D IX A



References B r o w n l o w , A. H., 1979. Geochemistry. Prentice-Hall, NJ,



P h i l p o t t s , J. A., C. C. S c h n e t z l e r , D. F. N a v a , M. L. B o t t i n o ,



498 pp. C a r r , M. H., R. S. S a u n d e r s , R. G. S t r o m , and D. E. W i l h e l m s , 1984. The Geology o f the Terrestrial Planets. N A SA SP-469,317 pp. G a n a p a t h y , R., and E . A n d e r s , 1974. Bulk compositions of



P. D. F u l l a g a r , H. H. T h o m a s , S. S c h u h m a n n , and C. W. K o u n s , 1972. Apollo 14: some geochemical aspects. Proc. Third Lunar Sei. Conf, Geochim. Cosmochim. Acta, Suppl., 3, vol. 2,1293-1305. R oss J. E., and L . H. A l l e r , 1976. The chemical composition



the M oon and Earth, estimated from meteorites. Proc. 5th Lunar Sei. Conf, 1181-1206. G l a s s , B. P., 1982. Introduction to Planetary Geology. Cambridge University Press, Cambridge, England, 469 pp. H e n d e r s o n , P., 1982. Inorganic Geochemistry. Pergamon Press, Oxford, England, 353 pp. H e r r m a n n , A. G., 1970. Ytttrium and the lanthanides. In K. H. Wedepohl (Ed.), H andbook o f Geochemistry, vol. 2, part 5, chs. 39, sec. E, 57-71. Springer-Verlag, Berlin. L u n a r S a m p l e P r e l i m i n a r y E x a m i n a t i o n T e a m , 1972. The Apollo 15 lunar samples: a preliminary description. Science, 1 7 5 :3 6 3 -3 7 5 . O w e n , T., K. B ie m a n n , D. R. R u s h n e c k , J. E. B i l l e r , D. W. H o w a r t h , and A. L . L a f l e u r , 19 7 7 . The composition of



the atmosphere at the surface of Mars. J. Geophys. Res., 8 2 :4 6 3 5 -4 6 3 9 . O y a m a , V. I., G. C. C a r l e , E W o e l l e r , and J. B. P o l l a c k ,



1979. Venus lower atmosphere composition: analysis by gas chromatography. Science, 203:802-805.



of the Sun. Science, 191:1223-1229. T a y l o r , S. R., 1975. Lunar Science: A Post-Apollo View.



Pergamon Press, 372 pp. T a y l o r , S. R., and S. M. M c L e n n a n , 1985. The Continental



Crust: Its Compositon and Evolution. Blackwell Scientific Publ., Oxford, England, 312 pp. T o u l m i n , P. Ill, A. K. B a i r d , B. C. C l a r k , K. K e i l , H. J. R o s e , Jr., R. P. C h r i s t i a n , P. H. E v a n s , and W. C. K e l l i h e r , 1977. Geochemical and mineralogical interpre tations of the Viking inorganic chemical results. J. Geophys. Res., 82:4625-4634. T u r e k i a n , K. K., and K. H. W e d e p o h l , 1961. Distribution of the elements in some major units of the Earth’s crust. Geol. Soc. Amer. Bull., 72:175-192. V i n o g r a d o v , A . P., 1962. Average contents of chemical ele ments in the principal types of igneous rocks of the Earth’s crust. Geochemistry, 1962(7):641-664.



 Appendix B ST A N D ARD G IBBS FREE EN ERGIES (Gf) A N D ST A N D ARD E N TH ALPIES O F F O R M A TIO N ( H f) T he elem en ts are listed in alphabetical o rd e r by th e ir chem ical symbols, ex cept th e R E E s th a t fol low L a and th e tran su ran iu m elem ents th a t follow U. A ll ch arg ed ionic species are considered to be in aq u eo u s solution. T h e su p erscrip t 0 m eans n e u tra l m olecule in aq u e o u s solution, (g) = gas, ( 1 ) = liquid, (c) = crystalline, (am o rp h .) = am o r phous. C om po u n d s iden tified by th e ir m ineral n am es are crystalline. T he conversion fro m kilicalories to kilojoules is 1 kcal = 4.184 kJ. The sta n d a rd sta te is T = 25 °C, P = 1 atm , activity of ions an d m olecules = 1 . T he d a ta are from com pilations of th e lite ra tu re by (1) W oods an d G arrels (1987); (2)W east e t al., (1986); (3) D re v e r (1982); (4) B rookins, (1988); (5) L indsay (1979); ( 6 ) K rau sk o p f (1979); (7) G arrels and C hrist (1965); an d ( 8 ) Tardy and G arrels (1974) an d are ex p ressed in k cal/m o l. In cases w h ere several so urces are indicated, th e sta te d value is th e average of th e d a ta given by those sources. T he calculations in th e tex t are based o n d a ta from 2, 3, 4, 5, 6 , an d 7. B rookins (1988) prim arily cited d a ta from W agm an et. al. (1982). T he values com piled by W oods and G arrels (1987) w ere averag ed w hen th e range of values is less th a n a b o u t 1 % b u t stated as ranges



w hen th e d a ta vary bey o n d reaso n ab le estim ates of analytical errors. These values a re state d h e re to confirm the o ld er d ata com pilations w here possible, to d etect significant discrepancies in the values of th e therm odynam ic param eters, a n d to suggest the m agnitude o f th ese discrepancies by th e range o f values th a t have b e e n re p o rte d in the literature. T h e ran g e of th erm o d y n am ic p a ra m e te rs com piled from th e lite ra tu re by W oods an d G a rre ls (1987) rem inds us th a t th e values of th e se p a ra m e te rs are m easurem ents th a t have b o th ran d o m and system atic errors. T herefore, th e correct values m ust b e selected by a review of th e analytical d ata for o th e r solids and ions based o n chem ical reactions. Such a critical ev alu atio n o f th e therm o d y n am ic p ro p e rtie s o f th e rockform ing m inerals was n o t a tte m p te d in th is b o o k b u t was m ad e by H elgeson e t al. (1978). H ow ever, m any new m easurem ents have since been re p o rt ed. W hen calculations are m ad e fo r research p u r poses, th e original sources should be consulted to assure th e accuracy o f the data. The values listed by W east e t al. (1986) a re from Technical N otes 270-3,270-4,270-5, 270-6, 270-7 an d 270-8 o f th e N a tio n a l B u re a u of Standards.
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 Contents (The elem ents are listed in alph ab etical o rd e r by nam e)
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A lu m in u m



522



O sm ium



557



A n tim o n y



562



O xygen



557



A rsen ic



525



Palladium



560



B ariu m



527



P h o sp h o ru s



557



B eryllium



528



P latinum



560



B ism u th



529



P olonium
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B rom in e



529



Potassium



544



C adm uim



533



R adium
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530
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545



C arbon
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C esium



536



R h odium
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C hlorine
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R ubidium
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C hrom ium



536



R u th e n iu m



561



C o b alt



535



Scandium



563



C o p p er



537



S elenium



563



F lu o rin e



539



Silicon



564



G allium



542



Silver



521



G erm an iu m



542



Sodium



554



G old H afn iu m



526



Strontium



565



542



Sulfur



562



H y d ro g en



542



T antalum



566



Indium



544



T ellurium



566



Iridium



544



Thallium



568



Iro n



539



T horium



567



Iodine



544



Tin



564



L ead



558



T itanium



567



L ithium



548



T ransuranium



569



M agnesium



549



T ungsten



571



M anganese



551



U ra n iu m



568



M ercury



543



V anadium



570



N ickel



556



Y ttriu m



571



N itro g en



553



Z inc



572



N io b iu m



556



Z irco n iu m



574



 APPEN D IX B



Compound or species



Mineral name



G°f, kcal/mol



A g (silver) Ag(c)



0 .0 0



Ag+



+ 18.433®4"® +64.20(s'7) +64.29® +2.61®



A g2+ AgO (c) A g20 (c ) A g20 2(c) A g20 3(c) AgCl0 AgCl AgCl2 AgCl? AgF° AgF AgBr Agl° A gl(c)



—



+6.60(1,4) +29.01 (2'4) —12.939® —17.43(0 chlorargyrite



fluorargyrite bromargyrite iodargyrite



AgNO° A g N 0 3(c) A g(N H 3)2 A g(C N )2A g(O H )0 A g(O H )2 A g(O H )2A g3(O H )4AgOH(c) A g(O H )2(c) A g M o 0 4(c) A g2M o 0 4(c) A g2C 0 3(c) AgHS° A g(H S)2a-Ag2S ß -A g2S(c) A g2S 0 4(c) A gS04 Ag2S 0 4



2 . 68 (2,4)



-26.244® 5® -5 1 .4 8 (1’4) -8 2 .6 7 (1) -4 8 .2 1 (2'5) -50.03® -4 4 .2 (6) -2 3 .1 (,) -2 .9 4 (5) -15.87® 7) -8 .1 8 ® -



acanthite argentite



8 .0 0 ®



—4.12® +72.53® -21.84® -62.20'4® -85.91® -120.78® -29.69® -2 1 .9 8 ® -4 5 .8 6 ® -196.4® -179.2® -104.47® 7) +2.19® -3 .0 8 ® —9.63®5,6® -9 .7 2 ® -9 .4 1 ® 5® -147.82® -147.53® -161.30® -141.10® 5»



521



H°f, kcal/mol



0 .0 0



+25.234(2-6'7) +64.20® — 6 .0 ®



—7.42® —5.81® + 8 .1 ®



-14.718® -17.47® -30.37® 6® —58.56® -58 .5 6 ® -54 .2 7 ® —48.9®6) -24.0® -14.91® —14.77® -24.33® -2 9 .7 3 ® -2 6 .6 6 ® +64.55®



-200.5® -120.97®



-7 .7 3 ® 6® -7.02® 7) -171.10® -17 0 .8 ® -166.85®
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A PP EN D IX B



Com pound or species



Mineral name



—225.4(1) -2 4 6 .5 ‘1)



A g( s o 3) r A g(S20 3)2 Al (aluminum) (additional silicates are listed with Ca, Mg, Fe) Al(c) A l+3



a io



G f, kcal/m ol



2-



A l(O H )2+



a i(o h )2 A l(O H )(j A l(O H ); A l(O H )2a i 2( o h ) V A l(O H )3(amorph.) a-A l(O H )3



bayerite



y-Al(O H )3



gibbsite



A l(O H )3 a-AlOOH



nordstrandite diaspore



y-AlOOH



boehmite



a-A l20 3



corundum



y-Al20 3(c) a ip o 4



berlinite



A 1P 04-2H20



variscite



A 1P 04( 0 H )3 A13( P 0 4)2( 0 H ) 3(H 20 )4 •h 2o H6K3A15( P 0 4)8 18H20



augelite wavelite K-taranakite



H6(NH4)3A15( P 0 4)8-18H20 a is o ;



N H 4-taranakite



0.00 -1 1 7 .3 3 (5) -1 1 6 .9 (1) -1 1 5 .9 2 (4) -1 9 6 .7 (2) -1 9 8 .5 9 w -1 6 7 .1 7 (5) -1 6 5 .8 9 (4) -166.3«15 -2 1 8 .0 2 (5) -2 1 6 .9 (1) —266.94 -2 7 5 .9 (1) -2 7 6 .3 (5) _ 219.2(2.3.5,?) -2 1 9 .5 (1) -218.36(2,3'5,6,7) -2 1 8 .5 (1) -3 7 8 .2 (2,3,5'6) —377.9(1) —373.38(S) -3 8 7 .6 (2,5) -3 8 6 .1 (1) -5 0 5 .9 7 (s) -5 0 1 .7 (1) —660.9(1) —1330.0(1) -4014.76(5) -4005.9 to 4162.8(1) -3864.84(5) -2 9 9 .6 4 (5)



H°f, kcal/rr



—295.5



0.00 —127.0(2) -1 2 6 .5 (1) -2 1 9 .6 (2) -1 8 2 .8 (1)



—356.2(6) -3 5 7 .0 (1)



-3 0 5 .0 (2) 308.0(2) —306.25


-4 5 2 0 .5 (1)



 A PPEN D IX B Com pound or species



Mineral name



A l( S 0 4) 2 a i 2( s o 4)° A12( S 0 4)3(c) A12( S 0 4)3 •6H20 (c ) KA13( S 0 4)2( 0 H )6



alunite



N H 4A 1(S 04)2(c) N H 4A 1(S 04)2 ■12H20 (c ) K A 1(S04)2 ■12H20 (c ) K A 1(S04)2 •3H20 (c ) K A 1(S04)2(c) A1F3(c) A l2S i0 4( 0 H )2 A l2S i0 4F2 A l2S i0 5



hydroxyl-topaz fluor-topaz andalusite



A l2S i0 5



kyanite



A l2SiOs



sillimanite



AlftSi20 13



mullite



CaAl2S i0 6



pyroxene



CaAl2Si20 8 CaAl2Si20 8



anorthite (triclinic) Ca-glass



CaAl2Si40 12 •2H20



wairakite



CaAl2Si40 12 -4H20



laumontite



CaAl2Si20 8 -2H20



lawsonite



Ca2A l4Si80 24 -7H20 CaAl2Si3O 10•3H20 K A lS i0 4



leonhardite scolecite kaliophilite



K A lS i0 4 KAlSi20 6



kalsilite leucite



KAlSi30 8 KAlSi30 8



K-glass microcline



G°f , kcal/m ol -475.82® -7 6 5 .9 4 (5) -740.51(2'5) -740.4® -1104.38(2® -1111.38® -1113.6(1) -4 8 7 .2 ® -1180.21® -1228.9(2) -7 1 1 .0 (2) —535.4(1,2) —341.6® -643.7® —695.7® —584.25® -5 8 3 .5 (1) -583.38(s) -5 8 3 .8 (1) —582.81® -5 8 2 .9 (1> -1541.2® -1537.7® -745.13® —746.1® —960.4
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H°p kcal/m ol



-822.38® —822.0® —1269.53® —1235.6® -5 6 2 .2 ® -1420.26® -1448.8® —808.1® -590.4® 2) —360.5® —737.2® -5 6 2 .2 ® —618.7® —619.5® -6 1 8 .0 ® -1632.8® -1628.9® —787.0® - 1010.1®3® -1 0 0 7 .8 to 1014.1® -993.1 to -997.0® -1579.55® -1579.5 to -1586.4® —1728.88® -1 7 2 9 .8 to 1733.0® —1162.6® (see also Ca) —1445.7® —507.1® -4 9 8 .9 to 509.5® -721.7® -7 2 1 .0 to -7 2 6 .3 ® -946.3® —947.3®
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A PPEN D IX B



Com pound or species



Mineral name



KAlSijOg KAlSijOg



sanidine high sanidine



N a A lS i0 4



nepheline



N aA lSi30 8 N aA lSi30 8 N aA lSi30 8



Na-glass albite high albite



NaAlSi30 8



low albite



NaAlSi20 6



jadeite



NaAlSi20 6-H20



analcime



NaAlSi20 6 N aAlSi20 6 •2H20 Na2A l3Si30 )(l • 2H20 4NaAlSi3Og •CaAl2Si2Og 3NaAlSi30 8 •2CaAl2Si2Os 2.5NaAlSi30 8 -2.5CaAl2Si20 8 N a2Mg3A l2Si80 22( 0 H )2 NaCa2Mg4A l3Si60 22( 0 H )2 NaCa2Fe4+A l3Si60 22( 0 H )2 A l2Si2Os(O H )4



dehydrated analcime analcime natrolite oligoclase andesine labradorite glaucophane pargasite ferropargasite dickite



A l2Si20 5( 0 H )4



halloysite



A l2Si2Os(O H )4



kaolinite



A l2Si4O10(O H )2



pyrophyllite



KAl2(AlSi3O 10)(O H )2



muscovite



CaAl4Si2O 10(O H )2 KMg05A l2Si35O 10(O H )2 ^0.6^S o.25j^‘^2.3^^3.5^10(O H )2 KMg3AISi3O10(OH)2



margarite phengite illite phlogopite



KMg3(AlSi3O 10)F2



fluorphlogopite



KFe3A lSi3O10(O H )2



annite



GJ, kcal/m ol -8 9 2 .9 (1) -8 9 4 .1 6 « -8 9 3 .8 (1) -4 7 2 .8 « -4 6 3 .6 to -4 7 7 .0 (1) -8 7 6 .3 2 (5) -8 8 4 .8 (1) —886.5«5) -8 8 2 .0 to -8 8 4 .5 (1) —844.0(6) -8 8 3 .3 to -8 8 7 .1 (1) -6 8 1 .7 (2) -6 7 6 .6 to - 6 8 1 .7 « -7 3 8 .1 6 « 5) -7 3 4 .4 to -7 3 8 .9 (1) -6 7 1 .3 to - 6 7 5 (1) -7 3 3 .3 (1) -1 2 7 0 .7 « - 8 9 7 .3 « -9 1 2 .6 (1) - 9 1 9 .9 « -2 7 1 0 .1 (1) -2 8 4 8 .8 (1) -2 5 1 8 .8(1) -9 0 8 .5 5 (S) -9 0 6 .2 (I) —904.2«5' -9 0 2 .3 (1) -9 0 6 .8 4 « -9 0 5 .7 (1) -1256.00(3) -1 2 5 8 .3 « -1337.45(3) -1 3 3 0 .0 to -1 3 4 0 .6 (1) -1 3 9 8 .0 « -1 3 2 1 .5 « —1307.49(S) -1 3 9 6 .1 9 « -1389.5 to -1 4 1 0 .9 « -1 4 6 1 .6 3 « -1440.3 to -1 4 4 6 .7 « -1 1 4 7 .1 6 « -1145.8 to 1159.2«



H°f, kcal/m ol —945.2« —946.5« - 5 0 0 .2 « -491.1 to - 5 0 4 .3 « -9 2 2 .6 to - 9 2 6 .3 « —938.1« —940.1« -9 3 3 .9 to - 9 3 7 .0 « - 9 3 7 .1 « -9 3 6 .5 to 940.5« - 7 2 4 .4 « -7 1 9 .3 to —724.4« -7 9 0 .6 3 « -7 8 6 .6 to —791.1« -7 1 1 .0 to -7 1 4 .7 « —785.9« —1366.7« -9 5 0 .6 « -9 6 6 .0 « -9 7 3 .3 « —2885.4« —3021.7« —2685.8« - 9 8 4 .1 « —980.28« —979.9« —983.5« - 9 8 3 .5 « —1345.31« -1 3 4 7 .4 « -1 4 2 7 .9 « -1 4 2 1 .4 to -1 4 3 0 .3 « —1489.8« -1 4 1 2 .6 « —1488.07« -1 4 1 2 .6 t o -1 5 6 8 .5 « -1 5 2 2 .8 to -1 5 2 7 .9 « —1232.20« -1232.2 to -1 3 0 1 .1 «



 A PPEN D IX B



Compound, or species N aA l3Si3O10(O H )2 NaSi70 13(0 H )-3 H 20 NaSi70 13( 0 H ) 3 Ko.33Al2.33Si3.670 10(O H )2 Na033Al233Si3 67O 10(O H )2 Cao.i67Al2.33Si3 67O10(O H )2 Mg2A l4Si50 18 M g o ^ C ^ .s iA l j 7,F e g 22M g 0 29)



Mineral name paragonite magadiite magadiite K-montmorillonite beidellite Ca-montmorillonite Mg-cordierite Mg-montmorillonite



G°f, kcal/mol -1327.42® 5> —1762.2® -1589.85® —1279.9® -1277.76® —1279.24®2) —2075.26{5) -1258.84®
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H°f, kcal/mol -1416.96®



-1369.3(1> -1368.4®



0 , o( O H ) 2



(Alj 29Mg0445Feo335) (Si382A1018)O 10(O H )2 (A li515Mg029Feg 225) (Si3935A l0065)O 10(O H )2



(^82.7iFeo.o2Fßo^Cag q6K0 3) (Si29i A1i i 4)O 10(O H )2 Mg5Al2Si3O10(O H )8



Aberdeen montmorillonite (charges unbalanced) -1227.7® Spur montmorillonite (charges unbalanced) —1237.1® vermiculite —1324.38® chlorite (clinochlore)



-1961.70® -1975.56®



As (arsenic) (see also Fe) a-A s (grey, metallic) As(g) A s2(g) A s4(g) A sO + A s0 7



H A s Q4



H7A sO d



H 3A s O°



H 3A s 0 3 H A s O| H ,A s0 7



0 .0 0



+50.7 to +62.4® +17.5® +17.5 to +41.1® +20.9 to +25.2® -3 9 .1 5 ® —38.3® —83.66®2) -155.0® 6) -154.97® —154.7® -170.82® -170.69® —170.7® -180.04® -180.01® —180.2® -1 8 3 .1 ® -183.06® -18 3 .7 ® -152.9® 6® —153.6® -125.31® —140.35®4) - 1 9 .5 7 t o 141 R®



0 .0 0



+60.6 to +72.3® +29.6® +29.6 to +53.1® +34.3 to +35.1®



-102.54«1® -212.27®6) -211.7® -216.62® -216.7® -217.39® -217.6® -216.2® -216.0® -177.4®7) -178.1® -170.84® -164.7 to —172.3®
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A PPEN D IX B



Compound or species



Mineral name



A sO | HAsO®



ASjOj, a AS2O3, ß



arsenolite, (octahedral) claudetite, (monoclinic)



A s 20 5(c ) A s 20 5 • 4H20 AsS



realgar



A s 2S2 A s 2S3



orpiment



G°f, kcal/mol -107.00(4) —96.25® -138.4®



H°f, kcal/mol



-109.1® -157.6®



-137.9(6> -137.66® -138.7® -187.0® -186.2® -411.1® -411.1® -1 6 .8 0 ® -32.15® -3 3 .1 ® —40.3(2® -2 2 .8 to —40.3®



-156.5®



0.00 + 39.0®7) +41.4® +103.6®6® -36.13'2® -3 6 .1 ® -5 6 .2 2 (2> —56.2(1® -56.22® 4) -3 .6 ® -1 0 .8 ® +48.0(1,7) -68.31® -60 .2 1 ® +39.0®7) —61.8®7) -5 2 .2 ® 4> -4 5 .8 to —61.8®



0.00 +53.1®



-157.2® -221.05® - 220 .2 ® -503.0® -501.6® -3 4 .1 ® —33.6® -4 0 .4 ® -2 3 .0 to -4 0 .4 ®



Au (gold) Au(c) A u+



A u 3+ A u C12 A u C14“ H A u C1° AuCl(c)



A u C13(c ) A u 0 2( c ) A u (C N )2 A u (SCN)2 A u 20 3(c ) H 3A u 0 3 H 2A u O J H A uO 2“



-4 1 .7 ® -7 7 .0 ® —77.4® -7 7 .0 ® -8 .3 ® -2 8 .1 ®



+ 19.3®7)



1 L/l 00 «— ► O 1 K>



1 O 3 



—34.0(2,4) -2 7 .6 to -3 4 .0 ® -1 2 .4 ® 4)



A u (O H )3( c ) A u (O H )3



-7 5 .7 7 (2'4) -6 9 .3 to 83.4® -6 7 .7 to 75.9®



-1 0 1 .5 ® -1 0 0 .0 to



 A PPEN D IX B Compound or species



Mineral name



G°f , kcal/m ol
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H°f , kcal/m ol



B (boron) (see also Na) B(c), ß B20 3 (glass)



0 .0 0



-2 8 2 .6 (2) -2 8 1 .8 (1) -285.30(2'4) -2 8 4 .7 (1) -231.60(2) -2 3 0 .9 (1) -231.56(2'4) —231.2(1) -271.60(1,4,7) -2 0 0 .2 (7) -2 0 0 .3 (1'4) -181.48(7-4) -1 8 1 .5 (1) -275.65(2) -275.61(4) -2 7 5 .7 (1) -162.27(2'4) -162.3 to -1 8 1 .5 (1) -6 2 8 .3 (1) -622.56(4> -615.0 to -6 2 2 .6 (1) —352.8(1) +27.33(4)



B20 3( c ) H3B 0 3( c ) h



3b



o



“



h 2b o 3 HBO^



B 0 3" B (O H )4



bo



2



h b 4o b 4o



7-



2-



BF4bh 4



0 .0 0



-299.84(2) -2 9 9 .1 (1) -304.20(2) -3 0 3 .7 (1) -261.55(2) —260.9(1) -256.29(2) -2 5 6 .1 (1) —251.8(1’7)



—321.23(2) —321.1(1) -184.60(2) —184.1(1>



-3 7 2 .5 (1>



Ba (barium) Ba(c) Ba2+



0 .0 0



BaOz(c)



-134.02(2,4) -1 3 2 .7 (1) -1 3 2 .0 (6) -1 2 4 .5 (1) -125.50(4) -1 3 5 .8 (u)



BaOz • H20 ( c )



-1 9 5 .0 (1J)



BaF2(c)



-2 7 6 .5 (2) -2 7 3 .9 (1) -267.30(2) - 1 0 9 (2) -104.5 to -1 0 9 .0 '1) -3 2 5 .6 (2'4) -3 2 4 .2 (1)



BaO(c)



BaF“ BaS(c) BaS04



barite



0 .0 0



-1 2 8 .5 0 (2) —127.2(1) -1 3 9 .1 (6) - I 3I.3O) —151.6(2) -1 5 1 .0 (1) -2 2 2 .3 (z) -2 2 2 .9 (1) -2 8 8 .5 (2) -2 8 6 .5 (1) -2 8 7 .5 0 (2) - 1 1 0 (2> -106.0 to -1 0 9 .9 (1) -3 5 2 .1 (2) -3 5 1 .0 (1)
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A PPEN D IX B



Com pound or species BaSOSJ BaC 03



Mineral name



witherite



BaCO§ B a S i0 3(c) Ba2S i0 4(c) Ba(O H )2(c) Ba(O H )2 ■8HzO(c) Ba3( P 0 4)2(c) BaCl2(c) BaCl2 B a (N 0 3)2



nitrobarite



B a (N 0 3)2 Be (beryllium) Be(c) Be2+ BeO(c)



bromellite



BeO 2“ B e20 2_ BeCl2, a(c) BeCl2, /3(c) B eA l20 4 B e2S i0 4 B e S i0 3(c) B e(O H )2, a(c) B e(O H )2, ß(c) B e3-(O H )3+ BeS(c) B e S 0 4, a(c)



chrysoberyl phenacite



G°f, kcal/m ol -3 1 1 .9 9 (2) - 2 7 1 .9 « 4) -2 7 2 .3 (1) —260.19(2) -3 6 8 .1 (6) -3 3 8 .7 to -3 6 9 .1 (1) —519.8« —518.1« -2 0 4 .7 (7) -2 0 4 .8 (1) -6 6 7 .6 (2) -6 6 7 .1 (1) -944.4d.7) -1 9 3 .7 (2) -1 9 2 .7 « -1 9 6 .7 6 « —190.42(2) -1 8 9 .5 (1) -187.24(2)



0.00 -9 0 .7 5 (2,4) -8 5 .2 to —91.1(1) -1 3 8 .7 (2,4) -136.1 to -139.01 -1 5 3 .0 (2,4) -1 5 3 .0 to -1 5 5 .3 (1) -2 9 8 .0 (1) -106.5 to -1 1 8 .9 (,) -1 0 7 .3 (1) -5 2 0 .7 (2) -5 2 0 .6 (1) -485.3 to —488.6(1) -3 4 7 .5 (1) -1 9 4 .8 (2'4) -1 9 4 .8 to -1 9 6 .2 (1) -1 9 5 .4 (2) -1 9 5 .5 « -4 3 0 .6 « -4 3 1 .0 ^ -5 5 .9 '1« -2 6 1 .4 4 « -2 6 0 .6 «



H°e, kcal/m ol -3 4 5 .8 2 (2) 290.7(2) 291.2(1) -2 9 0 .3 4 (2) -3 8 8 .7 « -3 5 9 .5 to -3 8 9 .2 « —546.8(2) —544.8(1) -2 2 5 .8 (2) —226.2« -7 9 8 .8 (2) -799.10) -9 9 8 .0 (7) -9 9 8 .1 « -2 0 5 .2 (2) -2 0 4 .2 « —208.40« -237.11(2) -2 3 6 .3 (1) -2 2 7 .6 2 (2)



0.00 - 9 1 .5 « -9 1 .5 to - 9 6 .5 « -1 4 5 .7 « -143.1 to —146.0« —189.0« -1 8 7 .8 to -1 8 9 .0 « -1 1 7 .2 to -1 1 5 .7 to —549.9« -5 4 9 .8 « -5 1 2 .6 to —368.0« -2 1 5 .7 « -2 1 5 .7 to -2 1 6 .5 « —216.4«



—122.3« -1 1 8 .5 «



-5 1 5 .9 «



-2 1 6 .8 «



-5 6 .0 '1« -2 8 8 .0 5 « -2 8 6 .0 to —288.1«



 A PPEN D IX B Com pound or species



Mineral name



BeSO" B e S 0 4 • 2HzO(c) B e S 0 4 ■4H20 ( c )



-268.72® -381.99(2) -497.29


Bi (bismuth) Bi(c)



0.00 +48.0(u)



B i2(g) Bi3+ B iO + Bi(O H )2+



BiO(c) Bi20 3(c)



bismite



Bi20 4(c) Bi20 5(c) Bi40 7(c) Bi(O H )3(amorph.) Bi60^ + Bi(O H )3(c) BiCl3(c) BiOCl Bi2S3



bismoclite bismuthinite



Br (bromine) Br2(lj Br“ HBr(g) HBr° Br2(g) Br“



C (carbon) C C CO(g)



GJ, kcal/m ol



graphite diamond carbon monoxide



+19.8(2,4) +14.8 to +21.9(1) —34.8(1) -3 4 .9 9 (4) -3 9 .1 3 (7) -3 4 .9 9 (4) -3 2 .6 to —39.13(1> -4 3 .5 (1’7) -1 1 8 .0 (2) -1 1 8 .2 (1) -1 0 9 .0 (1'7) -9 1 .5 7 
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H°f, kcal/m ol -3 0 8 .8 (2) —435.74(z) -5 7 9 .2 9 (2)



0.00 +52.5(2) +52.5 to +59.4W +19.3(1)



-4 9 .8 5 (1J) -1 3 7 .1 6 (2) -1 3 7 .4 (1)



-1 6 9 .6 


0.00 -2 4 .8 5 (2) -2 4 .8 (1) -12.77(2)



0.00 -2 5 .0 5 (2) - 2 9 .0 (1) -8 .7 0 (1'2)



-1 2 .7 (1) -2 4 .8 5 (2) +0.751(5,7) +0.74(1) +0.977l?) +0.96w



—29.05(2> +7.34(7) +7.37(1) - l . l t 7> -0 .1 9 to - 1 .1 0 (1)



0.00 +0.693(1'2) -32.780


0.00 +0.454(1’2) —26.416(1,2)
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APPEN D IX B



Compound or species



Mineral name



CO0



c o 2(g)



carbon dioxide



cos; HCN° CN" c h 2o °



co r HCOJ H 2CO§



carbonic acid methane



CH4(g) CH°



acetic acid



c ,o 2-



h 2c 2o



-2 8 .6 6 « -9 4 .2 5 4 « -9 2 .2 7 « —92.26« + 2 8 .6 « —4 1.2« -3 1 .0 0 « -1 2 6 .1 7 « 2« -1 4 0 .2 6 « 2« -1 4 8 .9 4 « 2» -1 4 9 .0 0 « -1 2 .1 3 (1'2)



—8 .2 2 « 2)



C H jC O O CH3COOH(l) CH3C O O H °



h c 2o



GJ, kcal/mol



4 ^



oxalic acid



Ca (calcium) Ca(c) Ca2+ CaHCOj CaCO° C aC 03



aragonite



C aC 03



calcite



C aC 03 C a C 0 3 H20 (c ) C aM g(C 03)2



vaterite (hexag.)



CaMg3( C 0 3)4



huntite



C aB a(C 03)2 C aB a(C 03)2



alstonite barytocalcitc



dolomite



- 8 .2 8 « -8 8 .2 9 (U) -9 3 .2 


0.00 —132.30«4) -1 3 2 .2 « -274.33(3,5) -2 7 3 .7 « —258.47« —262.7« -2 6 9 .5 5 « 41 -2 6 9 .7 (1) -2 6 9 .8 0 « 4) —269.9« —269.0« —325.4« -5 1 7 .1 « -5 1 4 .3 to -5 2 0 .5 « —1007.7« -1004.6 to -1 0 0 7 .7 « -5 4 3 .0 « 7) —542.9«7)



HJ, kcal/mol —28.91« -9 4 .0 5 1 « -9 8 .8 5 « -9 8 .9 0 « + 2 5 .6 « + 3 6 .0 « —161.8«2) —165.39«2) —167.22(u) -1 7 .8 8 0« - 2 1 .2 8 « 2) —116.16«2’ -1 1 5 .8 « -1 1 6 .1 0 « —195.7(7) —193.2 to -1 9 5 .6 « —195.7«7) -1 9 7 .2 « —195.6«



0.00 -1 2 9 .7 4 « 2»



-2 9 1 .5 8 « —288.51« —288.6« -2 8 8 .4 6 « -2 8 8 .6 « —258.1« -5 5 6 .0 « -5 5 3 .2 to —1082.6«



 APPEN D IX B



Compound or species



Mineral name



C aM n(C 03)2 CaCl+ CaCl2 CaCl,



kutnahorite



CaF-,



fluorite



CaF2 CaMoO,



powellite



CaMoO® CaWO,



scheelite



hydrophilite



C aN 03 C a (N 0 3)2 C a (N 0 3)2(c) C aO H + C a(O H)2 CaO(c)



lime



Ca(OH)2



portlandite



C aP04 CaHPOj CaH2P 0 4 CaHPO° C aH P 04



monetite



C aH P 04 ■2H20



brushite



Ca(H2P 0 4)2(amorph.) Ca(H2P 0 4)2(c) Ca(H2P 0 4)2 Ca(H2P 0 4)2 •H20 (c ) a-Ca3( P 0 4)2(c)



high temp.



/3-Ca3( P 0 4)2(c)



Ca3(P 0 4)2 Ca8H2(P 0 4)6-5H20



octacalcium phosphate



G°f , kcal/mol -4 6 6 .2 (U) -162.53® -195.04® -1 7 8 .8 ® —179.0® —279.0® -2 7 7 .7 to -2 8 1 .3 ® -265.58® —342.9® -3 4 2 .9 to -3 4 6 .6 ® -3 3 2 .2 ® -3 6 7 .1 ® -3 5 7 .0 to -3 6 7 .7 ® -152.61® -185.52® -177.63(1® -1 7 1 .7 ® -1 7 1 .4 ® -207.49® -144.37® 2® —214.76(2® -2 1 4 .5 ® -386.51® -398.29® —406.28® -392.64® -4 0 1 .5 ® —401.6® -515.00® —514.8® —672®7) —675.1® —672.64® -730.98® —926.3® -9 2 5 .0 to —929.7® —928.5® -9 2 8 .5 to —932.0® -883.9®



—2942.62®



531



H°f, kcal/mol



-209.64® -190.2® -190.0® -291.5® -290.3 to —293.8® -288.74® -368.4® -368.4 to —372.3® -368.2® -393.2® -381.1 to —393.2® -228.86® -224.28(1® -182.7® -239.68® -151.79® -151.8® -235.68® -235.6®



-438.57® -433.65® -433.4 to —435.2® -574.47® -574.3 to —576.0® -742.04® -744.4® -741.9 to —744.2® -749.38® -814.93® -982.3® -981.0 to -9 8 6 .2 ® -984.9® -984.9 to —988.9® -999.8®
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A PPEN D IX B



Com pound or species



Mineral name



Ca1QF2(P0 4)6



fluorapatite



Ca10(O H )2(PO4)6



hydroxyapatite



CaAl3( P 0 4)2( 0 H ) 5 H20 CaS



crandallite oldhamite



CaSOS C aS04 C a S 0 4 •jH20 , a



anhydrite bassanite



C a S 04 •^H20 , ß(c) C a S 0 4-2H20



gypsum



a-C a S 0 4(soluble)(c) /3-CaS04(soluble)(c) C aS i03 C aS i03 C aS i03



wollastonite a-wollastonite /3-wollastonite



C aS i03



pseudowollastonite



Ca2S i0 4



larnite



Ca2S i0 4



Ca-olivine



Ca2S i0 4, y Ca3Si20 7



bredigite rankinite



C aM g(Si03)2



diopside



Ca2Mg5Si80 22( 0 H ) 2



tremolite



Ca2Fe5Si80 22( 0 H ) 2 Ca3SiOs Ca3Fe2Si30 12 Ca3A l2Si30 12 Fe3A l2Si30 12 Ca2A l2SiO? Ca2MgSi20 7



actinolite hatrurite andradite grossular almandine gehlenite akermanite



G f, kcal/m ol -3 0 9 4 .7 3 « -3 1 0 8 .2 « —3030.0«5) -3030.4(1) -1 3 3 6 .7 « -1 1 4 .1 « -112.3 to - 1 1 4 .1 « -3 1 0 .2 7 « -3 1 3 .0 (1) -3 1 5 .9 3 « 2« -3 4 3 .4 1 « -3 4 3 .0 to -3 4 9 .3 (1) -3 4 2 .8 to —349.0« —429.60« -4 2 9 .5 6 « —429.5« -3 1 3 .9 3 « -3 1 3 .7 « -3 1 2 .8 7 « - 3 1 2 .7 « -3 5 8 .2 to —370.5« - 3 6 9 .7 « -3 7 0 .3 9 « —370.6« - 3 6 9 .2 « -3 5 7 .4 to - 3 7 0 .0 « - 5 2 4 .1 « -5 1 2 .7 to —524.3« - 5 2 6 .1 « —525.8« —526.1« - 8 9 9 .0 « -8 9 0 .8 to —902.3« -7 2 4 .0 0 « —724.6« -2 7 8 0 « —2776.7« -2352.1 to —2625.5« —665.6« -1 2 9 4 .4 « —1500.2« see Fe - 9 0 6 .1 « —879.1«



H°f, kcal/m ol -3 2 8 7 .4 « -3 2 1 1 .0 « —3218.9« -1 1 5 .3 « -1 1 3 .5 to —115.3« -3 4 7 .0 6 « -3 4 2 .7 6 « 2) —376.85« —376.6« —376.1« -4 8 3 .4 2 « —483.3« -3 4 0 .6 4 « -3 4 0 .4 « -3 3 9 .5 8 « -3 3 9 .4 « -378.6 to - 3 9 0 .8 « —389.7« -3 9 0 .7 6 « —390.9« -3 8 9 .2 « -3 7 7 .4 to -3 9 0 .0 « -5 5 1 .5 « -5 3 8 .0 to - 5 5 1 .7 « -5 5 4 .0 « —553.7« -5 5 4 .0 « —946.7« -9 3 8 .7 to —952.5« —765.60« —766.3« -2 9 5 4 .« -2 9 5 1 .5 « —2515.2« —700.6« -1 3 7 6 .8 « -1 5 8 3 .8 « —953.4« —926.3«



 A PPEN D IX B



Compound or species



Mineral name



Ca2A l3Si3 0 12(0 H) Ca2A l3Si30 12(0 H ) Ca2Fe3+A l2Si30 12(0 H ) Ca2Fe3+ Si30 12(0 H ) Ca2A l2Si3O10(O H )2 Ca2A l2S i0 6( 0 H )2 Ca2A l4Si80 24 -7H20 CaAl2Si70 18 ■6H20 CaFeSi20 6 C aM gSi04 Ca3M g(S i04)2 Ca4MgAl5(H20 )S i60 23( 0 H )3 C aT i03 C aTiSi05 Ca5(S i0 4)2(C 0 3) Ca5Si20 7(C 0 3)2 Ca4A l6Si60 24( C 0 3)



clinozoisite zoisite epidote epidote prehnite bicchucite leonhardite (see AI) heulandite hedenbergite monticellite merwinite pumpellyite perovskite sphene spurrite tilleyite meiyonite



G j, kcal/mol -1 5 4 9 .7 « -1 2 9 3 .7 « -1 4 5 1 .3 (1) -1244.2(1> -1 3 9 0 .8 (1) -9 7 3 .0 (1) -3 1 5 0 .1 « —2331.4« -6 3 9 .6 « -5 1 2 .2 (1) —829.0« -3 1 9 4 .0 « - 3 7 6 .6 « - 5 8 6 .7 « -1 3 3 1 .0 (1) -1 4 3 6 .4 (1) —3141.2«



HJ, kcal/mol —1644.2« —1644.2« -1544.4(i) —1480.2« -1 0 3 6 .6 « —3400.9« —2527.6« - 6 7 8 .9 « —540.6« —1090.8« -3 4 0 3 .4 « —397.0« - 6 1 9 .0 « —1410.1« —1522.8« -3 3 2 1 .6 «



Cd (cadmium) a-Cd(c) Cd2+



0 .0 0



H C d02 CdO2Otn O



u T3 u



C dH C 03 C dC 03



cdcr CdBr2(c) CdCl2(c) CdCl2



otavite



CdF^ CdNO^ C d (N 0 3)2 C d(O H )+



On in 00 1 0



CdCl2“ CdF2(c)



CO



00 1



Cd c i 7



0 .0 0



- 1 8 .6 « 2> -1 8 .5 5 (4) -8 6 .7 (1) -6 7 .9 7 « -1 5 0 .3 8 « -1 6 1 .7 4 « —160.0(2,4) -1 6 0 .3 (1) -5 2 .6 8 « -5 1 .8 to - 5 3 .6 (1) - 7 0 .6 « -8 2 .2 1 « —82.1« -8 1 .2 8 6 « — 116.00«5« -1 4 7 .5 0 « - 1 5 4 .8 « -1 5 5 .1 (1) -1 5 1 .8 2 « -4 5 .6 7 « -7 1 .7 6 « -6 1 .5 2 « -62.4 to -64.9(1)
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- 1 8 .0 « 2)



—179.4(1.2) - 5 7 .5 « - 7 5 .4 « -9 3 .5 7 « —9 3.4« —98.04« - 9 6 .8 « —134.0« - 1 6 7 .4 « —166.6« -1 7 7 .1 4 « - 1 1 7 .2 6 «
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A PPEN D IX B



Com pound or species



Mineral name



Cd(OH)2 C d(O H ); Cd(OH)2“ C d(O H )| C d(OH)4“ Cd2OH3+ Cd4(O H )4+ CdO



monteponite



C d(OH)2(c)



CdHPO® Cd3( P 0 4)2(c) CdS C d S 0 4(c)



CdSO° C d S 0 4 H20 (c ) C d S 04 • |H 20 (c ) CdTe C d S 0 4-2C d (0H )2(c) 2C d S 0 4 •Cd(OH)2(c) C d S i0 3(c)



Cl (chlorine) Cl2(g) C1“ Cl° HCl(g) HC1° HCIO0 CIO“ HC102 C 102



• greenockite



G f, kcal/m ol



H°, kcal/m ol



-9 3 .7 3 « -1 0 5 .8 to -1 0 6 .7 « —143.64« -1 4 3 .6 to -1 4 4 .6 « -1 8 0 .8 5 « -1 8 1 .5 « -2 1 7 .5 7 « -2 5 3 .9 6 « -8 5 .1 8 « -2 6 3 .1 0 «



—128.08«



- 5 4 .6 (2« —54.4« -1 1 3 .2 6 « —113.19« —113.4« —285.00« -5 9 8 .1 6 « - 3 7 .4 « 4) -3 3 .6 to - 3 7 .4 « —196.65« -1 9 6 .3 3 « —196.4« -1 9 6 .5 1 « -2 5 5 .4 6 « —255.2« -3 5 0 .2 2 4 « —350.0« —2 3.1« —429.63« —519.93« -2 6 4 .0 « -2 6 3 .9 «



—61.7« - 6 1 .5 « -1 3 4 .0 6 «



0.00 -3 1 .3 (u) +1.65(1'2) -2 2 .7 7 (1« -3 1 .3 5 (1'2) -1 9 .1 (1) - 8 .8 2 (1) +0.07 to + 6.8« +2.74 to + 4 .1 (1)



0.00 -3 9 .9 (1« - 5 .6 (1'2) -2 2 .0 6 (1« -4 0 .0 (U) -2 8 .6 (1) - 2 5 .6 « -1 2 .7 (1) -1 5 .9 t o - 1 7 .2 «



- 1 3 4 .7 «



- 3 8 .7 « -3 4 .5 to —38.7« -2 2 3 .0 6 « -2 2 2 .5 « —235.46« -2 9 6 .2 6 « -2 9 5 .6 « -4 1 3 .3 3 « —412.8« - 2 3 .5 «



-2 8 4 .2 0 « —283.9«



 A PPEN D IX B



Compound or species



Mineral name



HCIO® ClOj HCIO“ CIO4



G°f , kcal/mol —0.62
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H°f , kcal/mol - 2 3 .5 (1) -2 3 .5 to -: -3 1 .4 1 « 7) -3 1 .4 1 (7) - 3 1 .0 (1)



Co (cobalt) Co(c) Co2+



0 .0 0



CoOH+ C o(OH)3(c)



—13.0(2,4) - 1 3 .1 (1) +32.03(2'4) +18.7 to +32.0(1) - 4 9 .0 (7) -5 1 .2 0 (4) -4 9 .0 to - 5 1 .4 « —184.9«2,4« -8 2 .9 7 (7) -8 3 .0 to - 9 7 .4 « -1 0 7 .6 (1'2) -1 0 7 .5 3 (4) -1 0 9 .8 « -1 0 8 .6 (1'2) —88.2« - 101.0(1) —56.7(1) -1 4 2 .6 « 2«



Co (O H j ) a-CoS(c)



-1 4 0 .5 « —19.8«7)



ß-CoS(c) C oS 04(c)



- 20.2(1) -1 8 7 .0 (2) -1 8 0 .1 to -1 8 7 .3 (1) 191.0(2) -1 5 5 .5 7 (7) -1 5 4 .8 «



Co3+ CoO(c)



C03O4 H C o02



cobalt spinel



C o(O H)2(c, blue, ppt) Co(OH)2 C o(O H)2(c, pink, ppt) Co(O H)2



CoSOS C0CO3 C o (N 0 3)2(c) C o (N 0 3)2 C oS 04-6H20 (c ) C oS 04-7H20 (c ) Co3( A s 0 4)2 CoS2 C03S3



transvaalite



sphaerocobaltite



cattierite linnaeite



- 5 5 .lt 1-7> —66.2« -5 3 4 .3 5 (2) -5 9 1 .2 6 (2) - 387.4(2) —32.8(1) -7 7 .3 (1)



0 .0 0



—13.9(1,2) + 22(2) + 6.0 to + 22.0(1) —5 5.2« -5 5 .2 to -5 6 .9 (1) - 2 1 3 « 2)



—129.3(7)



-1 2 9 .0 (1’2) -1 2 3 .8 (2)



-1 7 1 .3 (2) -1 7 4 .6 (1) —19.8« - 1 9 .3 (1) —19.8« -2 1 2 .3 (2) -2 0 5 .5 to 231.2(2) -1 7 0 .8 (1) -1 0 0 .5 « 2) -1 1 3 .0 (2) -6 4 1 .4 (2) -7 1 2 .2 2 (2) —3 2.1« - 7 3 .4 «
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A PPEN D IX B



Com pound or species



Mineral name



G°f, kcal/m ol



H°j , k cal/m ol



Ct (chromium) Cr(c) Cr2+



0.00 -4 2 .1 (7) -3 9 .3 to —42.1(1) —51.5(47) -4 8 .7 to - 5 3 .3 (1) -1 0 3 .0 (7'4)



Cr3+ Cr(OH)2+



-



Cr(OH)3(c) Cr(OH)2(c) Cr(OH)4(c) C r02 CrOj” CrO2“ Cr20 2-



eskolaite



H2C r0 4 H C r04 FeCr20 4



.0 (1)



—151.2(7) -149.1 to -1 5 1 .2 (1) -2 1 5 .3 (7) -2 0 2 .4 to -2 1 5 .3 (1) -1 4 0 .5 (1'7) -2 4 2 .4 ° J) —128.00(7) -1 2 3 .9 to -1 2 8 .1 (1) -1 4 4 .2 (1) —173.94


Cr(OH)^



C r0 2(c) C r0 3(c) Cr20 3



1 0 0



chromite



-2 5 9 .9 (2) -252.89(4) -2 5 2 .0 (1) -185.92'71 -179.8 to -1 8 5 .9 (1) —182.8(2-4) -1 8 1 .2 to -1 8 4 .9 (1) -3 2 1 .2 (2) -3 2 4 .5 (1)



0 .0 0



- 3 4 .3 (2) -3 3 .2 to - 3 4 .4 (1) -5 0 .6 to - 5 6 .4 (1) -1 1 3 .5 (7) -1 0 6 .6 (1)



-2 5 4 .3 


-2 0 9 .2 to -2 1 3 .7 (1) —356.2(2) -3 5 3 .4 to -3 6 4 .0 ° } —142.9(l) —140.9(l) —272.4 —201.7(1) -2 0 9 .9 (2) -2 0 8 .5 to —220.2*° —345.3


Cs (cesium) Cs(c) Cs+ CsOH(c) Cs20 ( c ) CsF(c) CsCl(c) Cs2S 0 4(c) Cs2SOS



0.00 -6 9 .7 9 (2) -6 7 .4 to -6 9 .8 (1) -8 4 .9 (7) -8 4 .9 to —88.6(1) - 6 5 .6 (7) -6 5 .6 to -7 3 .6 (1) -1 2 5 .6 (2) —99.08(2) -3 1 6 .3 6 (2) -317.55®



0 .0 0



-6 1 .7 3 (2) -5 9 .2 to —61.7*° —97.72(2) -9 7 .2 to - 9 9 .7 (1) - 6 8 .4 (2) -7 9 .9 to -8 2 .6 (1) -1 3 2 .3 (2) —105.89(2) -3 4 4 .8 9 (2) -34 0 .7 8 ®



 A PPEN D IX B Com pound or species



Mineral name



C sN 0 3(c) Cs2U 0 4(c)



G°f, kcal/m ol 97.18(2) -4 2 9 .6 (1)
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H°f, kcal/m ol -120.93® -4 5 8 .9 ®



Cu (copper) Cu(c) Cu+



cuprous ion



Cu2+



cupric ion



0 .0 0



CuCO“ C u (C 0 3) ^ CuHCOj C uC 03(c) C u C 0 3 Cu(OH)2



malachite



2C uC 03 ■Cu(OH)2



azurite



CuCl



nantokite



C uC 03( 0 H ) ^ CuCl11



euer CuClj CuCl2(c) CuCl2 -2H20 (c ) CuCi; CuCl3 CuCl2CuCl^ Cu2Cl2a-CuFe20 4 a-Cu2Fe20 4 C uM o04(c) C uN 03



cupric ferrite cuprous ferrite



+11.95®4) + 12.0(1) + 15.65(1,2,4) -1 1 9 .6 9 (5) - 120.0(1) —250.10(S) -2 5 0 .6 (1) —127.46® -1 2 3 .6 5 (5) -1 2 3 .8 (1) -2 1 6 .4 4 (7) —213.58(4) -213.6 to -2 1 6 .4 (1) —345.8(7) -3 1 4 .2 9 (4) -3 1 4 .4 to -3 4 3 .7 (I) -2 8 .6 5 (2) -2 8 .5 (1) -2 0 6 .0 (1) -22.95® -1 6 .3 ® -1 5 .8 to -1 7 .1 ® -5 7 .4 


0 .0 0



+ 17.13® + 12.4 to +17.2® + 15.48® +15.6®



-142.2® 7) -251.3® -2 5 0 .6 to —251.9® -3 9 0 .1 ® -3 8 9 .0 to —390.1® -3 2 .8 ® -3 2 .2 to —32.8®



-5 2 .6 ® -5 1 .6 to -5 2 .6 ® -1 9 6 .3 ® -6 6 .3 ®
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APPEN D IX B



Compound or species



Mineral name



-3 7 .0 6 ® -3 0 .5 2 ® -3 1 .1 ® -59.53*2) -8 5 .3 ® 6®



Cu (N 0 3)° CuOH+ Cu(OH)» Cu(OH)2(c) Cu(OH) 3 Cu(OH)2Cu2(OH)2+ C u 0 2_



HCuOj CuO



tenorite



CuOH(c) Cu4C12(OH)6 Cu4C12(OH)6 Cu20



atacamite paratacamite cuprite



CuHPO^ CuH2P 0 4 Cu3(P 0 4)2(c) Cu3(P 0 4)2 •2H20 (c ) CuSe CuS



klockmannite covellite



Cu2S CuFeSj Cu5FeS4 C uS 04



chalcocite chalcopyrite bornite chalcocyanite



CuSOj Cu2S 0 4(c) CuO ■C uS04(c) C uS04-3C u(0H )2 C uS 04-3Cu(OH)2 • H20



G J, kcal/mol



brochantite langite



-117.90® -157.08*° -67.47*° -4 3 .3 ® —43.88*4) -43.6*° -6 1 .4 2 ® -61.8*° -3 0 .7 ® 5® -3 1 .0 0 ® -30.4*° —45.54® -43.5*° -320.5*° -320.3*° —35. I*1,2,5,6® -250.72® -258.35*° -493.63*° -4 9 0 .3 to -493.9*° -609.60*° - 7 .9 to -9 .9 ® -12.81® 4® -1 1 .7 to -12.9*°



-



2 0



.6 *1,2’4-6®



- 4 2 .7 to -45.6*° - 8 6 .7 to -93.9*° -158.2*1® -162.31® -165.3*° -156.41*5® -156.0*° -187.61*° -434.5*1® -4 8 8 .6 ® -488.5*°



H f, kcal/mol



-9 4 .4 6 ® -1 0 6 .8 ® ° -1 0 6 .1 to —107.5®



_3



7 4



(2 .6 ,7)



- 3 7 .3 (,)



-3 9 6 .2 (1) -4 0 .3 ® 6® -4 0 .4 ®



—533.3(1)



- 6.6 to —9.4® —12.7P'6) -1 1 .6 to —12.7® -1 9 .0 (1'2,6'7) -4 2 .3 to -4 5 .5 (1) -7 9 .9 to —90.9*° -184.36® -184.2*° -201.84® -200.4*° -179.6® -179.4*° —223.8® -525.4*°



—594*1,2>



 APPEN D IX B Mineral name



Com pound o r species



C u S 0 4 H20 ( c )



G°f , kcal/m ol -2 1 9 .4 6 (2) -2 1 9 .2 (1) -3 3 4 .6 (U)



Cu S 0 4-3H20 ( c :) C u SO4-5H2O ( c 0



chalcanthite



_ 449 3(1.2)



C u S 0 4 •2C u(O H ) 2



antlerite



CuSiOj ■H20 CuSiOj -2H20



dioptase chrysocolla (amorph.)



-3 4 5 .8 (z) -3 4 5 .6 (1) -2 8 8 .6 (1)
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H°f , kcal/m ol -2 5 9 .5 2 (2) -2 5 9 .2 (1) -4 0 2 .5 6 (z) -4 0 2 .4 (1) -5 4 4 .8 5 {2) -5 4 4 .7 (1)



-3 2 4 .8 (1)



-3 4 5 .1 (1)



F (fluorine) (se e also Ag, Ba, Ca, etc.) F2(g) F“ HF(g) HF0



Fe (iron) (see a lso Ca) Fe(c) Fe2+ Fe3+ FeO2“ Fe3C FeCOj



FeCl2 FeCl2 FeClj



ferric ion



cohenite siderite



lawrencite molysite



FeCl“ FeCl2+ Fe0.9sO



wüstite



FeO(c) a-Fe20 3



hematite



0.00 - 66.4p) - 66.8(1) -6 5 .3 (2) -6 4 .7 to - 6 5 .8 (1) -6 6 .6 4 (2) -7 1 .0 (1)



0.00 -79.5


0.00 -1 8 .8 5 (23A6) -1 8 .9 to —22.0(1) 12(2,3,4.6)



0.00 -2 1 .3 (2,3,6) - 21.0 to - 22.1(1) —11.6(2,6) - 11.1 to - 12.1(1)



-1 .1 to - 4 .3 (1) -7 0 .5 8 (4) +4.3 to + 4.7(1) -160.3(2,3'5,6,7) -159.34(4) -159.3 to -1 6 2 .6 (1) _ 72.3(1.2) -8 1 .5 9 (2) -7 9 .8 (1,2) - 9 5 .2 (2) -3 4 .4 to - 3 7 .7 (1) -58.7P '5'6’7) - 5 8 .6 (1) - 6 0 .1 (1,5) -177.6(3'5A7) -177.39(4) - I 77.5P)



+ 5.9(1) —177.3P’3'6'7) -176.1 to - 1 8 0 .0 « -8 1 .7 (1'2) - 101.2® -9 5 .4 8 (2) -9 5 .8 (1) -1 3 1 .5 (2> -4 2 .9 to - 4 6 .5 « -6 3 .6 (1,2,6,7)



-65.0


 540



A PPEN D IX B



Compound or species



Mineralname



y-Fe20 3 Fe30 4



maghemite magnetite



a-FeOOH



goethite



y-FeOOH



lepidocrocie



F e P 0 4(c)



heterosite



F e P 0 4 • 2H20



strengite



Fe3( P 0 4)2 ■8H20



vivianite



F e S 0 4(c) F eS 04 F eS04 Fe2( S 0 4)3(c) F e (S 0 4) 2 FeS(amorph.) FeS



Fe0.877^ FeS FeS



Fe-rich pyrhotite pyrrhotite mackinawie(synthet) troilite, a



FeS2



pyrite



FeS2



marcasite



F eO H + Fe(OH)° Fe(O H )2 F e(O H )3 F e(O H )2F e3(O H )4_ Fe(O H )2+



amakinite



G°f, kcal/mol -1 7 3 .7 5 ® —242.69®3,4'5,6,7) -2 4 1 .6 to —243.I*11 -1 1 6 .8 6 ® 5® —116.77® -1 1 7 .0 ® -1 1 5 .5 0 ® -1 1 2 .7 ® —283.19® -2 7 2 .0 to —283.2® -3 9 6 .2 ® -3 9 6 .2 to —397.4® -1058.36® -1046.2® -1 9 6 .2 ® -1 9 6 .2 to —198.3® -1 9 6 .8 2 ® -1 8 7 .6 3 ® -5 3 7 .4 ® -3 6 7 .2 6 ® -2 1 .3 ® —24.0®2) —25.6® - 2 2 .3 (1® —23.87®5® -2 4 .0 ® 4) —39.0®3® 39.89® —36.0 to —39.9® -3 7 .4 ® S) —37.9® —66.3® - 6 4 .2 to —69.6® -113.29® -1 0 9 .5 ® -1 1 6 .3 ® 4) -1 1 5 .6 to -1 1 7 .8 ® -1 4 7 .0 ® -1 4 7 .9 t o -1 4 8 .5 ® -185.27® -1 8 4 .0 to -1 8 5 .5 ® —230.23® —54.83® - 5 4 .8 to —58.0®



H°f, kcal/mol



—267.1®3’6® -2 6 5 .9 to —267.3® -133.6® 3® -1 3 3 .7 ®



-299.6® -299.6 to -3 1 0 .1 ® -451.3®2)



-221.9® -220.5 to —221.9® -238.6® -616.7®



-23.9®2) -25.2® -24.0®6) -23.9® -41.8®3® -41.0 to —42.6®



-77.6® -77.6 to —78.4®



-136.0® -135.8 to —137.0®



-69.5® -69.7®



 A PPE N D IX B Compound or species



Mineral name



F e(O H ) 4 Fe(O H )3(c) F e(O H )“ Fe(O H ) 4 Fe2(O H )4+ F eS 0 4-7H20 F eS 0 4 •HzO KFe3( S 0 4)2( 0 H )6 FeSiOj



m elanterite szom olnokite jarosite ferrosilite



FeS30 3(0H )g FeSiOj FeSiOj Fe2S i0 4



clinoferrosilite orthoferrosilite fayalite



FeMgSi20 6 F eM o 0 4(c)



hypers;thene



F eW 04(c)



ferberite



FeAsS FeAl20 4 Fe2S i0 4 FeTiOj Fe3Si2Os(O H )4



arsenopyrite hercynite fayalitic spinel ilmenite greenalite



Fe2+Si4O 10(O H )2



m innesotaite



Fe7Si80 22( 0 H )2 Fe3A l2Si30 12



grunerite almandine pyrope andradite grossular ferrocordierite cordierite chloritoid Fe-clinochlore daphnite staurolite



Fe2A l4Si50 lg FeAl2SiOs(O H )2 Fe5A l2Si3O 10(O H )8 Fe4A l4Si2O 10(OH)8 Fe2A l9Si40 23(OH)



G%, kcal/mol -1 0 4 .7 ® -1 0 4 .7 to -1 0 9 .3 ® -1 6 6 .5 ® ° -1 6 6 .0 to -1 7 1 .7 ® -1 5 6 .6 ® -1 5 7 .6 t o -1 6 1 .9 ® -201.32*° -201.4*° -117.46*° -111.7*° -599.9*1® -792.66*° —267.16*3’° -2 5 6 .9 to -268.5*° —898.00*° -267.5*° -266.4*° -3 2 9 .6 ® -3 1 9 .8 to -330.7*° -619.7® -232.14*° -2 3 2 .9 to -234.8*° -250.4® -2 5 0 .4 to -259.8*° - 12.0 to -26.2*° -4 4 2 .3 to -4 4 9 .3 ® -327.1® -277.9*° -720.0*° -719.9*° -1055.0*° -1069.9*° -2141.0*° -1187.8*° see Mg see Ca see Ca -1902.7*° see Mg -709.8*° -1801.2*° -1678.4*° -2674.8*°
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H °f , kcal/mol -131.8*° -196.7® -1 9 7 .0 to -201.8*°



-146.3*° —720.5*1® -297.3*° -285.63® -276.1 to -288.2*° -286.0*° -285.0*° -353.7® -3 4 3 .7 to -3 5 4 .8 ® -658.6*° -257.5® -257.1*° -2 7 4 .1 ® -274.1 to -283.9*° -1 0 .0 t o -2 5 .2 ® -4 7 0 .0 to -476.9*° -351.9*° -295.5*°



-1152.6*° -2294.0*° -1267.2*°



-2019.7*° -762.7*° -1823.7*° -2882.1*°
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A PPE N D IX B



Compound or species



Mineral name



G°f, kcal/m ol



H°f, kcal/m ol



Ga (gallium) Ga(c) Ga3+ GaO jG a(O H )2+ G a(O H )t Ga(O H )3(c) Ga20 3(c)



0.00 -3 8 .0 0 (4) -147.94


0.00



0.00 - 8.8(1) - 6.6(1) -1 5 7 .9 (u) -1 7 5 .2 (1,4) -1 8 6 .8 (,i4) -9 2 .1 (1) -5 7 .7 (2,4) -5 0 .7 to -5 6 .7 (1) -4 9 .5 (1’2) -1 7 .0 9 (4) -6 9 .1 (1) -6 2 .7 (1) -1 1 9 .7 (1) -1 1 8 .8 (1) -118.79


0.00



Ge (germanium) Ge(c) G e2+ Ge4+ G eO 2H G eO j H2GeOj H G eO j GeO(brown, c) GeO(yellow, c) GeS(c) GeO(hydrated, a,c) GeO(hydrated, b,c) G e 0 2(hexagonal) G e 0 2(quartz type) G e 0 2(c) G e 0 2(tetragonal) G e 0 2(amorph.)



- 6 2 .6 (2) -5 6 .7 to -6 2 .6 (l)



-1 3 2 .6 (1) -1 3 1 .7 ° ’ -1 3 8 .7 (,) -1 2 5 .8 to —129.1°’



H (hydrogen) H 2(g) H+ OHh 2o ( 1) H20 (g ) h 2o ” h 2o 2(1)



0.00 +4.20.2) 0.00 —37.594(2) -37.595(1) -56.687(2) —56.684(1) -54.6360 '2’ -3 1 .5 to -3 2 .0 (1) —28.8(1)



0.00 _ 1.00 .2) 0.00 -5 4 .9 7 0 (2) -5 4 .9 7 1 (1> -68.315(2) -6 8 .3 0 7 (,) -5 7 .7 9 1 (U) -4 5 .7 (1) - 44.9O)



H f (hafnium) Hf(c) H f 0 2(c) H f4+



0.00 -260.09(4) -156.80(4)



0.00



 A PPE N D IX B Com pound or species



Mineral name



G°f, kcal/m ol
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H°f , kcal/m ol



Hg (mercury) 0.00



Hg(l) Hg(g) Hg2+



+7.60®



+3 9 3 (i .2,4) +36.70®4) +36.60) -12 .7 2 ® -12.06® -12.69® -1 2 .5 (1) -6 5 .7 (1'2) -12.50®



Hg2+ H g (N 0 3) + H g (N 0 3)° H gO H + Hg(OH)° H g(O H )+ H g(O H )2(c) H g(O H )i HgO(red)



montroydite



HgO(red, hexagonal) HgO(c) HgO(yellow)



-5 8 .5 6 (4) -13.9640® -1 4 .0 (1) -45.48 -69.49



HHgO j Hg2(O H )2(c) H g C 0 3(c) Hg2C 0 3(c) HgCl2(c) Hg2Cl2



calomel



-117.62® -111.9® -105.8 t o -111.90) -4 2 .7 ® -4 2 .7 to -44.40» -50.37O’2-") -1.30) -41.40) - 73.9O) -106.79® -107.20)



HgCl+ HgCl® HgClj



H g c ir HgCl(g) HgBr2(c) Hg2Br2(c) HgBr2H gl2(red) Hg2I2(yellow) Hg2H P 0 4(c) HgS(red)



-70.47® -101.92® -13.995(2) -1 4 .0 (1) -13.92® -13.90)



coccinite



cinnabar



+13.9 to +15.00) -3 5 .2 to -36.60) -43.10) - 88.3O) -24.40) -26.6°) -242.23® - 12.1®



0.00 + 14.60® +40.9® +41.00) +41.20®



- 20.20) -84.90®



—21.71® -21.70) - 21.4(1®



-21.62® - 21.60)



- I 32.3O® -5 3 .6 ® -5 3 .6 to -55.00) -63.39® -63.370) - 4.5O) - 5I.7O) -92.90» -132.40) +18.9 to +20.10) -40.60) - 49.4O) -9 9 .9 to -103.00) -25.20) -29.00) -1 3 .9 ®
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A PPE N D IX B



Compound or species



HgS(black)



Mineral name



metacinnabai



Hg2S(c) H gS iH g S 0 4(c) HgSO« Hg2S 0 4(c)



G°p kcal/m ol -1 0 .9 to -1 2 .1 (1) —11.4(2) —10.3 to —11.8n) -1 7 .4 9 (5) +45.90(4) + 10.0 to + 11.6(l) -1 4 3 .1 4 (5) -1 4 1 .0 (1) —140.51(2) -149.589(2) -149.4(0



H°f, kcal/m ol -1 2 .7 to -1 3 .9 (l) - 12.8(2) -1 0 .4 to -1 2 .9 (l)



-1 6 8 .3 (7) -168.3 to -1 6 9 .1 (1) -1 7 7 .6 1 (2) -1 7 7 .5 ° >



-1 4 7 .6 to -1 5 5 .7 (l>



Hg2C r0 4



I (iodine) 0.00 -1 2 .3 3 (2) —12.4(,) +0.41(2) —12.33(2) +3.92(1,2)



I 2( c )



r HI(g) HI0



0.00 -1 3 .1 9 (2) - 1 3 .5 (1) +6.33(2) -1 3 .1 9 (2) +5.4


In (indium) In(c) In2+ In3+ ln 20 3(c) InOH2+ In(OH) j InS(c) In2S3(c) InS(c)



0.00 - 12.12(4) -2 3 .4 2 (4) -198.54'4» —74.81


0.00



0.00 -4 9 .8 (4) -3 0 .4 (4) —28.0(4) -4 7 .0 (4)



0.00



0.00 -6 7 .7 0 (2) -6 7 .6 (1) -9 7 .7 9 (2)



0.00 -6 0 .3 2 (2) -6 0 .2 (1) —104.385(2)



Ir (iridium) Ir(c)



Ir2S3(c) IrS2(c) I r 0 2(c) Ir04



K (potassium) (see also Al, Fe) K(c) K+ KC1



sylvite



 A PPE N D IX B Com pound or species



Mineral name



G°f, kcal/m ol -97.7*11



KCl0 K2C 0 3( c )



-99.07(1) -2 5 4 .2 (1'2)



K2CO!j KOH(c)



-261.18(5> -90.61


KOH° KH2P 0 4( c ) K2H P 0 4( c ) k so 4 k 2s o 4



arcanite



K2S103( c ) K20 ( c ) K2S( c ) k 2s ° KBr(c) KI(c) k 2s o ° k h so 4



mercallite



K N 03



niter



KHSO0 KN05



- 90.9(1) -7 7 .4 (1) 313.37(2) -246.5
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H°f , kcal/m ol -104.3°* -100.27°* —275.1(2) -274.4°* —101.521'2* -101.6°* -11 5 .2 9 (2)



-276.6°* —343.64°-2* —365.9((l* -368.5 to -372.5°* —86.4°’ -86.5°* —91.0(2) -9 1 .0 to - 9 9 .9 ° ’ —112.7


R A R E E A R T H ELEMENTS



La (lanthanum) a-La(c) La3+ La20 3(c) La(OH)3(c) La2( C 0 3)3(c) La2S3(c)



0.00 —163.4(2-4> —363.4 to - 1 7 4 .5 ° ’ -407.7 (2-4) —407.6 to - 4 2 6 .9°> -313.2°J> -305.8


0.00 —169.0(z* —169.0 to -176.2°* —428.7°* -4 2 8 .7 to -458.0°* —337.0(2) -3 3 7 .0 to -345.0°* -2 8 8 .9 to -306.8°*



Ce (cerium) Ce(c)



0.00



0.00
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A PPE N D IX B



Compound or species



Mineral name



Ce3+ Ce4+ C e02



cerianite



Ce20 3(c) Ce(O H )3+ C e(O H )2+ Ce2( C 0 3)3(c) Ce(O H )3(c)



C eP 0 4 C eS 04 C e (S 0 4) 2 Ce2( S 0 4)2 -H20 ( c ) CeS(c) CeS2(c) Ce2S3(c)



monazite



G f, kcal/m ol



H°f, kcal/m ol



—160.6(2,4) -1 6 0 .6 to -1 7 0 .5 (l) -1 2 0 .9 (1) -120.44(4) -2 4 4 .9 (2) -2 4 4 .4 (4>



-1 6 6 .4 (2) -1 6 6 .4 to —173.8C1) —128.4 to - 137.96)



-2 1 9 .0 to -2 4 5 .1 (1) —407.8(2,4) —408.1(1) -1 8 7 .7 (?) -179.1 to -1 8 7 .7 (1) -2 4 4 .0 (1J) -7 4 4 .1 (4> —311.63(7) —303.2 to -3 1 1 .6 (1) -3 0 3 .6 (4) —434.0(1) -3 4 3 .3 (2) —523.6(2) —1320.6(2) -1 0 7 .9 (I) —151.5(1) —293.1(1>



-2 3 3 .0 to -2 6 0 .2 (1> —429.3(1-2)



-258.80(2)



-1 9 4 .1 (1>



-3 3 6 .2 (1)



-4 6 4 .6 (1) -3 8 0 .2 


P r (praseodymium) Pr(c) p r 3+



Pr(OH)3(c) Pr2( C 0 3)3(c)



0.00 -1 6 2 .3 (4) -3 0 7 .1 (4) - 7 4 7 1W



0.00



0.00 —160.5(4) -3 0 5 .2 (4) -411.3 -7 4 1 .4 (4) -3 3 6 .7 (4)



0.00



0.00 -1 5 9 .3 (4) -3 0 6 .9 (4) —414.6(4) - 74I.4W



0.00



Nd (neodymium) Nd(c) Nd3+ N d(O H )3(c) Nd20 3(c) Nd2( C 0 3)3 N d (O H )4



Sm (samarium) Sm(c) Sm3+ Sm (O H )3(c) Sm20 3(c) Sm2( C 0 3)3



 A PPEN D IX B



Compound or species



Mineral name



G°f , kcal/mol



HJ, kcal/mol



Eu (europium) Eu(c) E u3+



0.00 -137.2(4)



E u 2+



-129.10(4)



E u(O H )3( c)



-285.5(4)



E u 20 3(c ) E u 2(C 0 3)3(c )



-372.2(4) -697.3 w



0.00



Gd (gadolinium) Gd(c) Gd3+ Gd(O H)3(c) Gd2( C 0 3)2(c)



0.00 -158.0(4) -306.9(4) -738.9(4)



Gd(O H)4



-338.0(4)



0.00



Tb (terbium) Tb(c) Tb3+ Tb(OH)3(c) Tb2(C 0 3)3(c)



0.00



0.00



-155.8(4) -303.4W -734.5W



Dy (dysprosium) Dy(c) D y3+ D y(O H )3(c) D y20 3(c) D y2( C 0 3)3(c) D y(O H )4



0.00 -159.0(4> -307.2(4) -423.4(4) -739.3(4) -339.9


0.00



Ho(c) H o3+ H o(O H )3( c)



0.00 -161.0(4) -310.1(4)



0.00



H o 20 3(c ) H o 2(C 0 3)3(c )



-428.1(4) -744.9(4)



Ho (holmium)



Er (erbium) Er(c) Er3+ Er(OH)3(c)



0.00 ~159.9(4) -309.5(4)



Er20 3(c) Er2(C 0 3)3(c) Er(OH)4



-432.3
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0.00
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A PPE N D IX B



Compound or species



M inert name



G^, kcal/m ol



H°f, kcal/m ol



Tm (thullium) 0.00



Tm(c) Tm3+



- 1 5 8 .2 «



Tm(OH)3(c) Tm20 3(c)



-3 0 7 .8 (4) —4 2 8 .9 «



Tm2( C 0 3)3(c)



- 7 3 9 .3 «



0.00



Yb (ytterbium) Yb(c) Y b(O H )3(c)



°-°0 -3 0 1 .7 (7) - 3 0 3 .9 « -3 0 1 .7 to -3 1 0 .3 (1)



Y b(O H )4 Yb2+



Yb3+ Yb20 3(c)



- 3 3 6 .0 « -1 2 6 « —1 2 9 .0 « —153.9(2'4) -1 5 3 .9 t o - 1 5 6 .8 « —412.7(1’2«



Yb2(C 0 3)3(c)



- 7 2 9 .1 «



Lu (lutetium) Lu(c)



Lu3+ L u (O H )3( c ) L u 20 3( c ) L u 2(C 0 3)3(c )



0.00 -1 5 0 .0 « -3 0 0 .3 « —427.6« —722.9«



0.00



- 1 6 1 .2 « -1 6 0 .9 « -4 3 3 .7 '1«



0.00



End o f Rare Earths Li (lithium) Li(c) Li+ LiOH(c) LiOH0 LizO(c) LiCl(c) LiCl0 LiF(c) Li2S 0 4(/3, c)



0.00 - 7 0 .1 0 « —7O.0(1) - 1 0 4 .9 2 « - 1 0 5 .4 « - 1 0 7 .8 2 « -1 0 4 .9 (1) -1 3 4 .1 3 « —1.34.2« - 9 1 .8 7 « 2) - 1 0 1 .4 8 « - 1 4 0 .4 7 « - 3 1 5 .9 1 « - 3 1 6 .1 «



0.00 -6 6 .5 6 « 2) -1 1 5 .9 0 « -1 1 6 .1 « -1 2 1 .5 1 1 « —121.5« -1 4 2 .9 1 « —142.8« - 9 7 .6 6 « —97.7« -1 0 6 .5 1 « -1 4 7 .2 2 « -3 4 3 .3 3 « -3 4 3 .1 «



 A PPE N D IX B Compound or species



M ineral name



Li2SO° L iN 0 3(c) LiNO§ Li2C 0 3(c) Li2CO° LiA102(c) Li2S i0 3(c) a-LiAlSi2Ofi



spodum ene



/3-LiAlSi20 6



spodum ene



L iA lS i04



eucryptite



Mg (magnesium) (see also Ca) Mg(c) Mg2+ MgCl“ MgCl2



chüoromagnesite



M gH C 03 M gC 03 MgCOj



m agnesite



M gC 03 ■3H20



nesqueihonite



M gC 03-5H20



lamsfordite



Mg5( C 0 3)4( 0 H ) 2-4H20 Mg4(C 0 3)3( 0 H )2 •3H20 ( c ) Mg2( 0 H ) 2(C 0 3) •3H20 M gC a(C 03)2 M g (N 0 3)2(c)



hyidromagnesite



M g (N 0 3)° MgOH+



arttinite doilomite



j°f, k cal/m ol -1 8 .1 8 ® -1 7 .8 ® -91.1® -91.1 to -9 3 .1 (1) -96.7® -96.6® —70.58® -7 0 .3 ® - 66.66® -6 9 .7 ® -7 2 .2 ® -6 8 .7 to -3 7 2 .5 (1> -8 8 .7 1 ® - 88.0® -6 3 .7 9 ® —83.0® —■79.7


0.00 -0 8 .7 ® 4) -0 8 .8 ® -7 1 .7 1 (5) -4 1 .4 5 ® -4 1 .5 ® -S0.74 -1 7 .9 (3'5-6) -1 0 .9 ® —10.8® -11.9® -19.8 -19.3 to -1 5 2 .5 (1)
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H°f , kcal/m ol -350.44® —350.0® -115.47® —115.4® -116.12® -115.9® -2 9 0 .6 ® -290.1® -294.74® —284.5® -39 3 .9 ® -3 9 0 .0 to -393.9® -730.1® —729.4® -723.4® -7 2 2 .7 ® —507.0®



0.00 -111.58® -1 1 0 .9 ® -191.48® -153.28® -153.3®



-266.1® 6® -2 6 1 .9 to —266.1® -4 7 2 .6 to —474.6®



—1557.1® —698.0® —556.7®6) -188.97® —188.9® —210.70®
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A PPE N D IX B



Com pound or species



Minerl name



Mg(OH)° MgO



periclase



Mg(OH)2



brucite



MgOHCl(c) MgF2



sallaite



MgFe20 4 MgAl20 4 MgCr20 4 Mg3( A s 0 4)2(c) MgTiOj MgHPOS



magnesiotrrite



M gH P 04 •3H20 M gK P 04 ■6H20 (c ) MgNH4P 0 4(c)



newberrye



MgNH4P 0 4 •6H20



struvite



Mg3( P 0 4)2



farringtorte



Mg3( P 0 4)2-8H20 Mg3( P 0 4)2 •22H20 ( c ) MgSO°



boberrite



spinel picrochroiite geikelite



MgS(c) M gS 04(c) M gS 04-6H20 (c ) M gS 04-7H20 M gSi03 MgSiOj



epsomite enstatite clinoenstäte



Mg2S i0 4



olivine forsterite



Mg2Si30 6( 0 H )4



sepiolite



Mg4Si60 15( 0 H ) 2-6H20



sepiolite



M g l.6 F e 0.4S i O 4



GJ, kcal/m ol -183.91® —136.04(3,5,6) -1 3 6 .1 ® —199.39P'3,5'6'7) -199.21® -1 9 9 .4 ® -1 7 4 .9 (1) -2 5 5 .8 ® —255.9® -3 1 4 .8 to —322.9® -5 1 8 .9 to —523.5® —398.9® —679.3® —354.6® —375.01® -3 7 3 .7 ® —549.04® —776.31® -3 9 0 ® -3 8 8 .5 to —390.0® —731.24® —729.9® -8 4 5 .8 ® -8 4 5 .8 to -9 0 4 .0 ® -1 3 0 4 .9 9 ® —2096.01® —289.6®7> -2 8 9 .6 to -2 9 8 .6 ® -8 1 .7 ® - 8 1 .7 to -8 3 .6 ® —279.8® -2 7 8 .6 to —280.5® -6 2 9 .1 ® -6 8 1 .1 ® —348.7® —349.46® —349.4® —460.08® —491.5®3'5® —491.3® —1020.95® —1020.5® -2 2 1 1 .1 9 ® —2211.2®



HJ, kcal/m ol -221.52® —143.84®5® -1 4 3 .8 ® —221.14®3-6® - 221.2® -1 9 1 .2 ® -268.5® —268.6® -3 4 1 .4 to -544.8 to -418.5 to -731.3 to —375.8®



-349.9® -553.3® -426.3® -739.2®



—880.0® -903.6® -9 0 3 .6 to -961.5®



-324.1® -324.1 to -327.2® -8 2 .7 ® -8 2 .7 to -8 4 .4 ® -307.1® -305.5 to -307.1® -737.8® —809.8® -364.9® -370.22® —370.3® -519.6® -519.8®



-2418.00® 3’



 A PPE N D IX B Compound or species



Mineral name.



Mg3Si20 5( 0 H )4



chrysotile



Mg3Si4O 10(O H )2



talc



Mg3Si4O 10(O H )2 ■2HzO Mg6Si4O10(O H )8 Mg3Si20 5( 0 H )4



vermiculite Serpentine serpentine



Mg2Al4Si50 18



cordierite



Mg7Si80 22( 0 H )2



anthophyllite



Mg2S i0 4 Mg2A l4SiO10 Mg3A l2Si30 12 Mg4Al4Si2OI0(OH)8 Mg5A l2Si3O10(OH)8 Mg5A l2Si3O10(OH)a



forsteritic spinel sapphirine pyrope amesite 7-Ä clinochlore 14-Ä clinochlore:



Mg5A l2Si3O10(OH)8 Mg5A l2Si3O10(OH)8 Mg4A llüSi70 31( 0 H )4 Mgo.i67A l233Si3670 10(O H )2 Mgn.49Fe0.22Ali.7iSi381O 10(O H )2



clinochlore chlorite yoderite montmorillomite montmorillonite



rj, kcal/m ol -6 5 .1 ® -6 2 .0 to -9 6 5 .1 ® -120.38® 5) -118.1 to —1324.9(1) -122.85® -133.85® —64.87® - 66.0® -255® -275.26® -255.0 to —2088.9® -215.4® -208.6 to -2723.7® —83.4® -190.6® -115.1 to -1428.8® -213.0® -157.1® -161.70® -161.7 to —1968.9® -174.3® -173.5® -416.5® -174.9® -155.8®
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H °f , kcal/m ol —1043.4® -1042.5 to —1071.2® —1410.92® -1 4 1 0 .9 to 1481.9®



—1043.12® —1044.0® —21.77® -2177.0 to —2204.5® —2888.75® -2 8 8 2 .0 to —2898.1® —513.3® —1261.5® -1512.1 to -1520.6® —2167.1® —2113.2® —2116.96® -2117.0 to —2123.1® -2127.5® —4271.2® —1364.4®



Mn (manganese) a-Mn(c) Mn2+ Mn3+ M nO4 MnO2" HM nOz MnHCOj MnCOj MnCO“ M n(O H )+



rhodochrosite



0.00 -54.52®4) -54.6® -20.26® 49.6 to —20.4(l) —05.2 to -1 0 7 .4 ® -18.1 to -1 2 0 .4 (1> —20.9(1) -97.84® -95.0® —95.20(2,4) -35.10) -79.96(V) -79.6® 97.8


0.00 -52.76® -5 2 .9 ® -2 7 .0 (7> —24.0® -1 2 7 .4 t o -129.7® -1 5 6 .1 (1)



-213.7® -2 1 2 .9 (1) -2 1 3 .9 (1® -107.7® —



107 . 0 (1)
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A PPE N D IX B



Compound or species M n(OH),



Mineril name pyrochrote



M n(OH)2(amorph.) M nOH2+ M n(OH)3(c) M n(O H )“ M n(OH)2' Mn2OH3+ Mn2(O H ) 3 MnO



manganoite



M n 0 2, y



pyrolusitt






bimessite



7-MnO, 9



nsutite



Mn20 3



bixbyite



Mn30 4



hausmamite



7-MnOOH M nH P 04(c) Mn3( P 0 4)2(precipitated) Mn3( P 0 4),(c) MnCl2 MnS(green) MnS



manganic



alabandic



MnS2



hauerite



scacchite



M n S 04(c) MnSOj a-M nS04-H20 (c ) Mn2( S 0 4)3(c) M n S i03



rhodonitt



Mn2S i0 4



tephroite



M nW 04



huebnerie



C°f, k ca l/m o l -1 4 7 .7 6 ® —146.99® - 1 4 7 .2 ® —147.0(i,2) - 7 7 .4 9 ® - 1 8 1 (T) - 1 8 0 .9 (1) -1 7 8 .3 5 (3® —177.87(4) —215.99® -1 5 2 .4 5 ® -2 4 7 .6 9 ® —86.74®4) - 8 6 .7 ® —I l l . i 8 (2,4) - 111.2 ® -1 0 8 .5 9 ® 5® - 1 0 8 .3 ® - 1 0 9 .4 (5J) —109.1L® - 2 1 0 .6 (2'4) —2 1 1 .2 (l) - 3 0 6 .7 ® 4) - 3 0 6 .3 ® - 1 3 3 .2 (1,3,5,7) - 3 3 2 .5 (2) -6 8 3 .1 ® -6 9 2 .9 6 ® -1 0 5 .3 ® - 5 2 .2 ® —52.16t3,5,6) - 5 2 .2 0 ® - 4 9 .9 to - 5 2 .2 (1) —55.53® - 5 5 . 5 (,) - 2 2 8 .8 3 (2) —228.8® - 2 3 2 .5 (2) -2 8 9 .1 1 ® -5 9 0 .1 4 ® - 2 9 6 .5 ® —296.7® - 3 9 0 .1 ® —389.8® —287.8®



H°f, kcal/m ol -1 6 7 .3 ®



-166.2® 2) - 212®7)



-9 2 .0 (1) -1 2 4 .2 9 


—229.2(2) -228.9 to -232.1" -3 3 1 .7 ® 331.5®



-7 4 4 .7 to —771.0® —744.9® -1 1 3 .0 to -115.0® -5 1 .2 ® —51.1513® -4 8 .8 to -5 1 .2 ® -5 8 .5 ® —254.60® —254.5® -27 0 .1 ® -329.0® -315.7® -315.6® -4 1 3 .6 ® —413.3® -312.0®



 A PPE N D IX B Compound or species



Minercal name



(°f, kcal/mol



H°f , kcal/mol



Mo (molybdenum) (see also Ag, Ca, Fe,, Pb) Mo(c)



0.00 -H3.8(1'7) -2 2 .8 0 (4) - 27P)



M o 3+ Mo 0 2 H,M oO“ MoO2“ H M oO :



H 2M o O® H2M o 0 4(c ) M o 0 2( c ) Mo 0 3



molybdite:



M o S2



molybdeniite



M o 30 8(c ) M o 0 3 H 20 ( c )



-D 9.90(2) -B 9.9 to -2 0 5 .4 (1) -2 3 .6 (7) -25.62 -59.66


0.00



-2 3 8 .5 (1'2)



—240.8(1) —250.0


N (nitrogen) N 2(g) N2



NH3(g)



n h



;



n h 4o h °



CN 00 1 0 00 00 ö



n o2 NHO° NH§



ammonia



0.00 -2.994(7> -2.98 to +4.35(1) -3.940,2) ■3.98(4)



aqueous aimmoma



- 2.1(1) •6.35(1,2) —8.973.04(2) -i3.0(1)



N H 4OH(l)



Ö T



NO(g)



-H0.69(2) -H0.7(1) +:4.4i(5> +2.26(2> +2.3(1) +:7.75(5)



NO0 N 0 2(g)



N 0 3(g)
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0.00 -2.51 —11.02
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A PPE N D IX B



Compound or species



Mineral name



N20 3(g) N 20 4(g) N 2Os(g) H N 0 3(g) H N 0 3(1)



nitric acid



NOT



HNO°



nitric acid



N H 4N 0 3( c )



ln l41,u3 n 2o n h



° 4c i



sal ammoniac



4c i () 4)2s o 4



mascagnite



n h



(n



h



N H 4V 0 3( c )



G°f , kcal/m ol +33.32(2) +23.38® +23.4(1) +27.5® -17 .8 7 ® -19.31® —19.2® -2 6 .6 1 ® -2 6 .5 ® —25.99® —26.46® -2 6 .5 ® -4 3 .9 8 ® —43.9® -45.58® +24.90® -48.51® —48.6® -50.34® -215.56® —215.5® -2 1 2 .2 to —221.8®



H°f , kcal/m ol +20.01® +2.19® +2.26® +2.7® -32.28® -41.61® —41.5® -49 .5 6 ® -4 9 .4 ® —49.56® —49.5® —87.37® —87.4® -81.23® + 19.61® -75.15® —75.2® -7 1 .6 2 ® -282.23® —282.2® —251.7®



Na (sodium) (see also Al) 0.00



Na(c) N a+ NaCl0 NaCl



halite



NaCOT Na2CO° Na2C 0 3(c) NaHCO0 N aH C 03 N aO H 0 NaOH(c) N aO H ■H20 ( c )



nahcolite



-62.593® -6 2 .6 ® -9 3 .9 6 


0.00 -57.39® —57.4® -97.302'5® —98.268® —98.3® -223.7® —276.62® —270.24® —270.3® —222.5® -2 2 2 .5 to -2 2 5 .6 ® —227.25® -218.3 to —227.2® -112.36® -101.723® —101.8® -175.17® —175.4®



 A PPE N D IX B Com pound or species



M ineral name



N aS04 Na2S 0 4(c)



thenardite



NaSO” N a2S 0 4 • 10H2O( c ) N a H S 0 4(c) Na2S i0 3(c) NaNOj N aN 03 Na2Si20 5(c) NaSi11O205(O H )4-3H2O Na2S° Na2S(c)



soda niter



kenyaite



Na20 (c ) NaF



villiaumite



NaF° NaBr(c) Nal(c) Na2C 0 3 H20



thermonatrite



Na3AlF6 N a A lC 0 3( 0 H ) 2 Na2B40 7-4H20 N a2B40 7 •10H2O Na2C 0 3 10H2O



cryolite dawsonite kernite borax natron



Na2CO3 10H2O



mirabilite



Na2C 0 3 •7H20 ( c ) N aH C 0 3 •Na2C 0 3 ■2HzO



trona



Na3P 0 4(c) Na3P 0 4 Na2U 0 4(c) N a2U 0 4(ot,c) N a3U 0 4(c)



GJ, kcal/m ol -2 4 1 .2 6 (3'5'7) -241.2® -3 0 3 .5 9 (2) -3 0 3 .4 ® -3 0 3 .1 6 (2) -871.75® -2 3 7 .3 ® -349.19® -341.1 to -353.2® -89.20® -87.73® -8 7 .7 ® -555.0® -2603.5® -104.7® -8 3 .6 ® -8 3 .6 to -8 6 .6 ® —89.74® -9 0 .0 ® -129.902® -129.3 to —130.6® -129.23® -8 3 .1 ® —83.3® -5 6 .7 ® -5 6 .7 to —68.7® -307.35® 7) -307.5® -751.6® -426.9® —1318.4® -819.36®7) -819.6® -871.5® -871.6® -648.8® -570.40®7) -569.7® -427.55® -431.3® -422.7 to -424.9® -453.9®
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H°f, kcal/m ol -27 3 .6 ® -331.52® -33 1 .5 ® -332.10® -1034.24® -269.01® -371.63® -3 6 3 .0 t o -375.2® -106.95® -111.82® —111.8® -5 8 9 .8 ® -1 0 6 .9 ® —87.2® -8 7 .2 to -8 9 .2 ® —99.00® -9 9 .5 ® -137.105® -1 3 6 .0 to -1 3 7 .8 ® -136.89® —86.030® —86.2® -6 8 .8 4 ® —69.0® —342.08® —342.2® —790.9® —469.4® 1077.3® -1501.9® —975.46® —975.5® -1034.2® —1034.3® -764.81® -6 4 1 .7 ® -458.27® -4 7 7 .5 ® —500.9® -4 5 1 .0 to -4 5 2 .5 ® —483.6®
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A PPE N D IX B



Compound or species



______ Minerd name



Nb (niobium)



0.00 -7 6 .0 ® 4® -2 2 2 .7 8 ® -9 0 .5 ® 4) -9 0 .5 to - 9 3 .7 (1) -1 7 7 .0 (2) -1 9 0 .3 0 (4) -1 7 6 .5 (1) -3 6 2 .4 ® 7>



Nb(c) Nb3+



NbO^ NbO(c) NbQ2(c)



Nb20 4(c) Nb2Os(c)



-4 2 2 .1 (2) -4 5 3 .9 9 (4) -4 2 1 .9 (1)



Ni (nickel) Ni(c) N i2+ NiO



G°f, kcal/m ol



bunsenite



N i0 2(c) N i30 4(c) N i(O H )2(c) N i(O H )“ N iO H + H N i0 2 N i(O H )3(c) y-NiS(c) a-NiS(c)



millerite



N i3S2(c)



heazlewoidite



N iC 0 3(c) Ni30 4 ■2H20 ( c ) N i0 2 • 2H20 ( c ) N i20 3 ■H20 ( c ) N iS 0 4(c) NiSO^ N iS 0 4 • 6H20(green , a)



retgersite(tetrag-)



N iS 0 4 • 6H20(b lu e, jS,c)



(monocl.



0.00 -1 0 .9 (2'4) -1 1 .0 (1) - 50.6®2® - 4 7 .5 (1® -1 7 0 .1 (1) -1 0 6 .9 (2'4) -1 0 6 .9 to —109.7(1) —86.1® -54.40® -5 2 .6 to -5 5 .9 ® -8 3 .4 6 ® —83.5® -1 2 9 .5 (1® -2 7 .3 (1) -1 9 .0 (2'4) -1 7 .7 to -2 0 .6 ® -4 7 .1 (1'2) -1 4 6 .4 (2® -146.3 to —147.0® -2 8 3 .5 (1) —164.8® —168.9® -181.6® 4) -181.6 to -184.9® -188.9® -531.7® 2) -5 3 1 .0 (1'7)



H°p kcal/m ol



0.00



-9 7 .0 (2) -9 7 .0 to -1 0 0 .3 (1) -1 9 0 .3 (2) —190.2® -387.8® 7) —454.0(2) -4 5 3 .7 (1)



0.00 -1 2 .9 ® -1 2 .8 to -1 5 .3 ® -5 7 .3 ® 2)



-1 2 6 .6 ® -126.6 to -128.6® —122.8® -6 8 .8 ®



-1 6 0 ® -1 6 2 .1 ® -1 9 .6 ® -1 9 .6 to —20.3® —48.5®2) -158.7® -1 5 8 .7 to —164.7®



-208.63® -2 0 8 .6 to —213.0® -2 3 0 .2 ® -641.21® -6 4 1 .2 to -6 4 5 .0 ® -6 3 8 .7 ®



 A PPE N D IX B Compound, or species



NiCI2(c) N iS 0 4 • 7H20 NiFe20 4 N iA l20 4(c) NiSOj(c) Ni2S i0 4 Ni2S i0 4 Ni2S i0 4(c)



M ineral name



m orenosite trevorite



olivine spinel



G°f , kcal/m ol



-6 1 .9 (1) -5 8 8 .4 (1) - 2 3 2 .2 « -4 3 4 .8 (1) -2 6 9 .6 (1> -3 0 8 .1 (1) -3 0 6 .2 « -3 0 7 .4 to —314.8«
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H°f , kcal/m ol -638.7 to - 6 4 2 .5 « —73.0(1) -7 1 1 .3 (1) -2 5 8 .1 (1) -4 5 7 .9 to -4 6 3 .6 (1) -3 3 3 .8 (1) -334.3 to -3 4 1 .7 «



O (oxygen)



o 2(g) 0 2(aqueous) Oi ozone



o 3(g) Os (osmium) Os(c) OsS2 O s (O H )4( c ) H2O s O§ H O sO j 0 s0 4~



P (phosphorus) (see also Na, Al, Ca, Mg, K, Mn, Fe, etc.) a-P(white) P2(g) HPOj HPO|" h 2p o ; h 3p o ° po



34-



h po



4~



h 2p o 4



H3P05



phosphoric acid



0.00 + 3 .9 1 « + 1 2 .9 « + 39.0(5)



0.00 - 2 .8 0 (1)



0.00 —27.49« -1 6 0 .9 7 « -128.81(4) -1 1 2 .3 8 « -8 9 .2 5 (4)



0.00



0.00 + 2 4 .7 « - 2 1 5 .8 « -1 9 1 .0 7 « -194.0(1) -200.33(5) -202.3(1> -2 0 2 .3 8 « -204.8(1) -2 45.18«7) -2 4 3 .5 (3,4) -2 4 3 .8 (1) -2 6 1 .3 3 « 5« -260.31(4) -2 6 0 .6 (1) -271.57(3,5,7) -270.14(4) -2 7 0 .4 (1) -2 7 4 .0 « 5« -2 7 3 .0 7 «



0.00 + 3 4 .2 « -2 3 4 .8 « —233.8(7) -231.6 to -2 3 3 .8 (1) - 2 3 1 .7 « - 2 3 2 .2 « -230.6 to -2 3 2 .2 (1) - 3 0 6 .9 « -3 0 5 .3 (3) -3 0 5 .6 « -3 0 8 .8 3 « -3 0 9 .2 « —310.6
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A PPE N D IX B



Compound, or species



Mineral name



-2 6 7 .5 (2) -2 6 6 .6 (1> -543.22 +6.06w -3 2 8 .1 (1) —322.4^



H3P 0 4(c) ( h 2p o 4)IPH° P2Os(orthorhomb.) P2Os(hexagonal) Pb (lead) Pb(c) Pb2+ PbO2' P b 0 4_ H Pb02 Pb4+ PbC 03 Pb2C 0 3Cl2 Pb3( C 0 3)2( 0 H )2



cerussite phosgenite hydrocerussite



PbCl+ PbCl2 PbCl3



PbCl2' PbCl2 PbClOH PbF+ PbF2 PbFj PbF2PbF2(c) Pb(O H )+ Pb(O H )2 Pb(O H )j



GJ, kcal/mol



cotunnite laurionite



0.00 —5.85(2’4,5,6,7) -5 .8 3 (1) - 6 6 .3 (1> - 6 7 .4 (1> —80.9(1,4) +72.3(1’7) —149.9O.2.6,7) —149.5(4)i —227.94(S) -4 0 9 .0 8 (3) -406.1 to -4 0 9 .7 (1) —39.45(5) -3 9 .4 (1> -6 8 .5 7 a) -7 1 .0 to —71.9(1) -1 0 2 .3 1 (5) —101.69 -9 5 .8 to -9 7 .6 (1) - 137.64((5'6)



H °f , kcal/mol -3 0 7 .9 to -3 0 8 .2 (1) -3 0 5 .7 (2) -3 0 4 .7 (1)



-3 5 9 .7 to -3 5 6 .6 (1)



0.00 _ 0.4M —0.38(1)



-1 6 7 .2 (W) -1 6 7 .5 (1) -4 5 7 .5 (1)



—80.3


-8 5 .9 0 



—158.7(2) -1 5 8 .5 to



 A PPE N D IX B Com pound or species



Mineral name



Pb(OH)2” Pb2(O H )3+ Pb3(O H )2+ Pb4(OH)J+ Pb6(OH)S+ Pb(OH)2(c) P bW 04 P bC r04 P b M o04



stolzite crocoite wulfenite



Pb20 3(c) PbO(yellow) PbO(red)



massicot litharge



Pb02



plattnerite



Pb30 4



minium



PbO ■P b C 0 3(c) PbHPO“ PbH2P 0 4 P b H P 04(c) Pb(H2P 0 4)2(c) Pb3( P 0 4)2(c) Pb5( P 0 4)3Cl



chloropyromorphite



Pb5( P 0 4)3F Pb5( P 0 4)30 H PbSO“ P b (S 0 4)2“ PbS



fluoropyromorphite hydroxypyromorphite



PbSe PbTe P b S 04



clausthalite altaite anglesite



P b S 0 4 •PbO



lanarkite



galena



GJ, kcal/m ol -1 3 7 .6 (1) -178.78(5) -5 9 .7 6 (s) -211.86(5) -211.85(5) -429.45® -108.1
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H °f , kcal/m ol



—123.3® -1 2 3 .0 (I) -2 6 8 .1 ® -2 1 8 .7 to —225.2® -2 6 5 .8 (7) -2 5 0 .7 to -2 6 5 .8 (1) —51.77(2,7) -5 2 .3 7 (1'z’6’7) —66.21 (2,6'7) -6 6 .0 (1) _ 171JC2) -1 7 1 .7 to -1 7 5 .6 (1) -220.0® —219.7(1)



-234.5® —620.3(1®



—24.0(2,6) -2 2 .5 to - 2 4 .0 (1) -2 4 .6 (1) -1 6 .7 ® —219.75®2,6®



-2 8 2 .5 (7)
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A PPE N D IX B



Compound or species



Mined name



G°f, kcal/mol



H°f, kcal/mol —280.0«



P bS04 -2PbO(c) P b S 0 4 • 3PbO(c) P b S e04(c) P bS i03



alamosit



Pb2S i0 4(c)



294.00(5) -3 4 1 .2 « -120.7(1) -253.86«5,61 -2 5 3 .5 « -2 9 9 .4 « 2«



-1 4 5 .6 to —147.9« -2 7 3 .8 3 « 6) -2 7 3 .5 « - 3 2 5 .8 « —326.0«



Pd (palladium) 0.00



Pd(c) Pd2+



+ 42.2(1« + 4 2 .4 9 «



PdO(c)



_ 14 .4 0 .7)



P d 0 3(c) Pd(OH),(c)



- 1 5 .3 1 « + 2 4 .1 « 7* - 7 2 .0 (U)



Pd(OH)4(c)



-1 2 6 .2 « 7)



—16.01(2«



PdS(c) PdS2(c) Pd4S(c)



—17.81(2,4) - 1 6 .«



0.00 + 3 5 .6 « 2> - 2 0 .4 (1«



-9 4 .4 (4) -9 2 .1 to —94.4« -1 7 1 .1 « -1 6 9 .4 « - 1 8 .« - 1 9 .4 « - 1 6 .«



Po (polonium) 0.00



Po(c) Po2+ Po4+



0.00



+ 16.97« + 70.00« —130.00« —113.05(4) —0.96« —46.60«



Po (O H )4( c) Po(O H )4+ PoS(c) P o 0 2(c)



P t (platinum) 0.00 + 6 0 .9 « +54.8


Pt(c) P t+ Pt2 ' Pt(O H ),(c) PtS



PtS2(c)



cooperfc



- 1 8 .2 « - 1 8 .3 « -2 1 .6 « -2 3 .8 « 2) - 2 5 .6 «



0.00



-8 4 .1 ® -8 4 .1 to - 1 9 .5 « - 1 9 .6 « —26.0«2>



 A PPEN D IX B Compound or species



M ineral name



(°t kcal/m ol
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H°f kcal/m ol



Ra (radium) Ra(c) Ra2+ R a S 0 4(c) R a C 0 3(c)



0.00 -14.20® -36.39® -21.69®



0.00



Rb (rubidium) R b(c) R b+



0.00



0.00



RbCl(c) Rb2S 0 4(c) Rb2S 0 4 RbNOj(c) RbNOj Rb2C 0 3(c)



~)7.87® ->7.4 to -6 9 .7 ® -*7.47® -34.76® -33.71® -*4.61® - ,4.48(2) -21.2®



-60.03® 2’ -1 0 4 .0 5 (2) -343.12® -337.38® -118.32® —109.59® —271.5®



Rb2C 0 3 RbOH(c)



- 20.0(1) -21.9® —:7.lO'7)



—270.2® -281.90® —99 95O'2)



Rb(OH)0 Rb20 (c )



-15.05® -9 .5 ®



-113.9® -8 1 .®



Rb2S(c) R b H C 03(c) RbHCO“



-0 .6 ® -26.4® -28.13®



—78.9® -8 3 .2 to -8 6 .2 ® -230.2® -225.42®



Re (rhenium) R e(e) Re20 3(c) R e 0 2(c) ReOj(c) R e04 ReS2(c)



0.00 -18.64® -7.95® -17.96® -15.99® -8.10®



0.00



Rh(c) Rh20 ( c )



3.00 -3.0®



0.00



Rh20 3(c) Rh3+



-1 0 ® +5.3®



Rh (rhodium)



Ru (ruthenium) R u ( c)



1-00



r uS2( c)



-Ö.03®



R u 0 2( c )



-0.49(4)



0.00
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A PPE N D IX B



C om pou n d o r species



M inerlnam e



R u (OH)2+ RuO2R uO ,



G °., k c a l / m o l



H°f , k c a l/m o l



-5 3 .0 1 (4) -73S.28



S (sulfur) (see also Ca, Fe, Mn, Ni, Co, etc.) S(c, rhombic) S2(g)



CD-00 +18.96 + 1 9 .0 (1>



S 2-



+20}.51(3’4,:S’6>



HS“ H2S(g) H 2S° SO(g) S 0 2(g) SOjJ SO2 HSOJ H 2SO“ S o 2“



H SO 4 H2SO$ H2S 0 4(1)



+20).6(1) + 2 .9 3 (3’5jM) + 2 .8 9 (1'4)) -8 .0 2 t2’5-l6,) - 8 .0 0 (1)l - 6 .6 6 (2'3'ä6) - 6 .6 5 (1’4» -41.7411(2» -4 .7 3 to + 12.8(1> —711.66(2'3”5’’6) -71L.8(1) —71.871t2-5’) -1 1 6 .2 4 (1-2’-3i’4-5'7) - 126.05t3’5 -7’) -1 2 6 .1 t1’4» -1 2 8 .5 6 t2-5 -7) —128.6(1) -17?.75 —177.95(4» -1 8 0 .6 9 (2-3 -4-5’6) —180.4(1) - 177.75t2-5-7) -1 6 4 .9 3 8 (2j —164.9(1)



0.00 +30.68(2,6) +30.7(1> + 7.9(3-6>



+ 7.81(1) - 4 .2 (3A7) - 4 .1 9 (1) - 4 .9 3 {2'6) -4 .9 0 (,) —9.5t2-3-6) —9.57(1) + 1.496 -1 .4 8 to +19.0(1) -7 0 .9 4 t1-2-6'7) —77.194


Sb (antimony) Sb(c) Sb2(g) SbO Sb02 S bO j SbO 2



0.00 + 4 0 .(7) + 3 9 .9 to + 4 4 .7 '1) 42.33t2-4; -4 2 .2 t1) —65.5(1’7)) —122.9(1) -8 1 .3 2 t2'45)



0.00 +52.(7) +52.1 to 56.3t1)



 A PPE N D IX B C om pound or species



M ineral name



-81.3 to —82.5*9 - 97.4O+4)



HSbO“ Sb20 4(c) Sb2Os(c) Sb40 6



cu b ic senarmontite



Sb40 5



oirtho. valentinite



Sb(OH)3(c) Sb(OH)° SbCl3(c) SbFj(c) SbS3~ Sb2S3 SbS2 Sb2S f



G°f , k cal/m ol



sttibnite



-190.2®4> -165.9 to -1 9 0 .2 ® -198.2(2,4) -198.2 to -2 0 6 .7 ® -298.0® -298.0 to -3 0 6 .4 ® -294.0(7) -294.0 to —302.0(1> -163.8(2'4> -154.1® -77.5^> -199.8(1) -32.0*1® -41.5(1,2'4) -13.0(1'7> -11.9(9



563



H°f , kcal/m ol



-116.6*1® -216.9® -193.3 to -216.9(9 -232.3® -232.3 to -2 4 0 .8 (9 —336.8® -336.8 to -334.4(9 -338.7(9



-184.9® -91.3(9 -217.2 to -2 1 8 .8 (9



—4 i.8(U) -26.2*9



-23.78®



Sc (scandium) Sc(c) Sc3+



0.00 -U 0.2(2’4> -143.7(9



0.00 -146.8® -1 4 6 .8 t o -1 5 1 .0 (9



S^O-^c)



-434.85(2'4) -434.8® -193.7(7) -191.49® -L93.9(9



-456.22*1®



Sc (OH)2+



Sc (OH)3( c ) Sc (O H )4 Sc F3(c )



-194.8(2,4) -193.5 to -2 9 7 .0 (9 -127.60'4’ -171.8®



-205.9(9



-325.9® -3 2 5 .9 to -328.7(9 -389.4®



Se (selenium) Se(c, hexagonal, black) Se2(g) Se2“ S e 0 2(c) H2SeO§ H S e03



0.00 -23.0® 421.2 to + 23.0(9 H30.9(1A4) -41.5® -41.2(9 - 0L8®4® -98.34(1.4J)



0.00 +34.9*1® +31.6*1® + 15.3(9 —53.86(1® -121.29(1® -123.5®
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APPEN D IX B



Compound or species



Mineral name



SeO2-



- 8 9 .3 3 (7) - 8 7 .0 to -8 9 .3 ® - 8 8 .3 8 (4> - 1 0 5 .4 2 (1J) -1 0 8 .2 ® -1 0 7 .9 C1) - 1 0 8 .0 8 (4) —105.42(7) - 1 0 5 .5 ® -1 0 5 .4 7 (4) + 3 .8 0 (1) + 5 .3 1 (1) + 3 .8 0 (4) + 10.5®4)



H2SeO° HSeC>4



SeC>4-



H2Se(g) H 2Se~ H Se” Si (silicon) (see also A l, Ca, Fe, Mg, etc.) Si(c) Si0 2 • nH20(am orph.) S i0 2(amorph.) SiOz S i0 2



chalcedony coesite



S i0 2



cristobalite



S i0 2



quartz



S i0 2



tridymite



SiOz SiO4HSiC>4~ H2SiO^H3Si0 4



stishovite



H 4SiOS S iF 4 (g )



SiF\~



G°f, k c a l/m o l



0.00 -2 0 2 .9 ® —203.33®4) -2 0 3 .1 (1) -2 0 4 .3 ® —203.44® —203.3® —204.46(2) —204.2® -2 0 4 .7 5 (2) -2 0 4 .7 (1'4) -2 0 4 .4 2 (2) -2 0 4 .2 (1) -1 9 1 .8 (1) —249.99® -2 6 7 .8 6 ® -2 8 3 .1 ® -2 9 9 .1 ® -295.53® —299.5® —312.66®3® -31 4 .5 3 ® —3 7 5 9 (1,6) -3 6 7 .6 (1)



H°, kcal/m ol —123.1® -122.39® -121.7® -1 4 5 .3 (1® -1 4 3 .1 ® —138.1® -14 5 .3 ® -143.2® +7.10® +4.59® +3.80®



0.00 —215.6® -215.94® —215.7® -217.3® -216.4® -217.37® -217.0® -217.72® -217.7® -217.27® -217.1® -205.8®



-342.1® —340.7® —348.3® —349.0® -3 8 6 .0 (1® -572.0®



Sn (tin) Sn( white, c)



0.00



0.00



 A PPE N D IX B Compound or species



Mineral name



Sn2+ Sn4+ SnO Sn02 H SnO j



romarchite cassiterite



SnO2Sn2Of~ SnO O H * Sn(OH) +



G°f, kcal/m ol



H°f , kcal/mol



- 6.5 P.4)



-2 .1 ® -2.12°) +7.3® +7.29°)



-6.49°> + 0.6(4’6,7) +0.14(1)



_6i.4(i.2,



—124.2°'2,4) —98.0°) -4 8 .0 (4) —137.4°'4) -1 4 1 .1 °) -1 1 3 .2 9 (4> —60.6® -6 0 .9 0 (4) —60.5°) -1 1 7 .5 (2) -117.6°> —227.5°J)



Sn(OH)2(c) Sn(OH)4(c) SnCl4(g) SnCl° SnCI2(c) SnCl° SnS



SnS2



herzenbergite



berndtite



Sn(OH)2' Sn(S0 4)2(c)



-1 0 5 .2 ® -1 2 4 .9 ® —72.2°,7) -7 1 .6 ® -2 3 .5 (2) -2 5 .0 2 (4> -2 3 .5 to -2 5 .0 ® - 3 8 .0 (6’4) -3 4 .7 (1) -310.5°-6'7> —346.8® -3 4 4 .6 to -3 4 6 .8 (1) - 419.9a)



SnF2“



—68.3°) -6 8 .4 (1> —138.8°°)



-6 8 .4 (1)



-134.1® -1 3 8 .3 (1) —265.3°) -2 7 0 .5 (1) - 112.2® -152.5°) —77.7°°) -7 8 .8 °) -2 4 .® -2 3 .9 to -2 5 .5 °) -4 0 .0 (6) -3 6 .7 °) -393.4® -389.4 to -393.4°) -4 7 4 .7 °)



Sr (strontium) Sr(c) Sr2*



0.00 -133.71® 4) -133.5® -186.46®



S r(N 03)2(c) S r(N 03)2 SrO(c) SrS04



celestite
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-186.3°) -186.93(2) -134.3® 4) -134.0°) -3 2 0 .5 ° ’2'4)



0.00 -130.45® -1 3 0 .4 °) -233.80°® -229.57® -1 4 1 .5 °) -141.2°) -3 4 7 .3 (1,z)
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A PPE N D IX B



Compound, or species St SO° SrC 03



Mineral name



strontianite



SrCO§ Sr(OH)2(c) Sr(OH)4 SrCl2(c) SrF2(c) Sr3( P 0 4)2(c)



-347.77® -2 9 1 .6 (2) -2 9 1 .4 (1) -292.29(z) -229.2® -2 2 9 .3 (1)



-1 7 2 .3 9 (4) -1 7 5 .3 (1) —186.7(1,2) -2 7 8 .4 (2) -2 7 8 .1 (1) —932.1®7)



-186.8® —198.1(1,2) -29 0 .7 ® -2 9 0 .5 (1) -985.4®



-1 6 6 .5 ® - 9 7 .4 to —111.8(1)



SrBr2(c) SrS(c) Sr3SiOs(c) SrS i03(c)



-6 9 0 .0 (1) -3 7 0 .4 (2) -3 7 2 .9 ® —523.7(z) -5 2 3 .7 to -5 3 2 .4 (1)



Sr2S i0 4(c)



—366.(2) -3 6 6 .2 (1)



SrW 04(c)



Ta (tantalum)



0.00 -2 0 1 .3 9 (4) -456.8® 4) -4 5 6 .9 ®



Ta(c) T a02



T^OsCc) Te (tellurium)



0.00



Te(c) Te2' Te2' Te4+ Te2(g) HTe~ H2Te(g) H2Te° tellurite



H°p k cal/m ol



-3 1 1 .6 8 ® —272.5®4) —272.1(1) -2 5 9 .8 8 ® -2 0 7 .8 ® 4®



-4 0 3 .6 (2) -3 9 9 .7 to -403.6®



SrH P04(c)



Te02



G°p k ca l/m o l



+42.6® +38.9® +52.38®7) +29.0® +28.1(1) +37.7® +33.1(7) +21.4® +34.1(4® -6 4 .6 (2'4) -6 4 .9 ®



-985.4 to —987.3(1) -435.4® -4 3 1 .3 to —435.4® -177.5® -108.1 to —112.9® -709.9 to -724.4® -390.5® -390.6® -550.8® -5 5 0 .0 to —556.6® -391.9® -391.9 to —398.3®



0.00 —489.0® -489.1®



0.00 +24.2®



+41.0® +40.2® +23.8® +18.6® -7 7 .1 ® -77.0®



 A PPE N D IX ß Compound or species



M ineral name ---------------



H6TeOs(c) TeO 2“



w



rvcut/ rri



-245.04(1J> —93.79« - 9 3 .6 (1> - 1 14.36«7) —113.84« - 7 6 .2 « —104.34« -1 0 8 .1 « - I 23.27P’7) —109.1 P « -131.66P ’7) - 6 1 .6 « - 6 2 .5 « -1 3 7 .4 « -1 1 8 .5 7 «



H2T e 0 3(c) HjTeO® H T eO j H T eO ; TeO 2" H 2TeO° TeO O H + H T eO j TeCl2“ Te(O H )5



Th (thorium) Th(c) Th4+



0.00 - 1 6 8 .5 « 5)



T h02



thorianite



-1 6 8 .6 to -175. ^nr\ ^c(\ ?d\



Th(OH)3+ Ä ( 0 H)4(C) Th(O H )2+ Th(OH)4(c) T h (O H )|n tS 2(c) ^ 2^3(0)



. s o ] u b ] ,,



We



T h (S 04)2+



I1i F4( c ) ThCI4(c)



-2 2 0 .0 0 « - 379.IP « -2 7 2 .6 8 « -382.2P) - 4 4 5 .0 « -1 4 8 .3 « -2 5 7 .4 « -257.6P) -3 5 3 .9 0 « -477.30(2) - 2 6 1 .6 «



Ti (titanium) (see also Ca, Mg, Fe) Ti(c) T i0 2+



0.00 -1 3 8 .0 0 « 7’4) - I 37.9W



T i0 2+ TiO(c) a-TiO(c) TiO, 2



-H U P « -117.0P) -1 1 8 .3 « rutile



-116.9 to - I I 8.3P) - 212.6« - 2I2.5P)
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H°f , kcal/mol -3 1 0 .4 (l« -1 2 7 .3 (1) -1 4 6 .5 «



-1 3 3 .0 «



0.00 - 1 8 3 .8 « -1 8 1 .6 to -1 8 3 .8 (1> -2 9 3 .1 2 « -293.2P) - 42I.5P « —423.6P) —149.7(2) —259.0«1 -259.1 to 262.0P) -4 9 9 .9 0 « -2 8 3 .6 (2>



0.00



-124.1P) -1 2 4 .2 « - 1 2 4 .1 « - 2 2 5 .8 « - 225.7P)



 A PPEN D IX B Mineraname



Ti0 2



anatase



TiOz



brookite



TiOz(c, hydrated) TiS2(c) Ti2+ Ti3+ H TiO j Ti(OH)3(c) Ti20 3(c) Ti30 5(c) Ti40 7(c) TiO(OH)2(c) TiCl3(c) FeTiOj



ilmenite



G°f , k c a lfm o l - 2 1 1 .4 a4> - 2 1 1 .1(1)



-224.6


- 1 9 6 .3 (1) - 7 8 .9 (s) - 7 5 .1 (1J) - 8 3 .6 a -7) - 2 2 8 .5 (1) —250.9


-2 0 7 .0 (1)



Tl (thallium) Tl(c)



Ti+



Tl(OH) j Tl(OH )2+ T120 ( c) T120 3( c) T120 4( c) t KO H )3( c) T12S ( c)



U (uranium) (see also Cs, Na) U(c)



u 3+ U 4+



uo4 u o 24



uo° ( u o 2)3( o h ) 4



u o 2c o ° u ° 2( c o 3)2-



H°f , kcal/m ol



0.00



o



Compound or species



1 00 o o
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-3 6 3 .5 (2) —363.3(1) -5 8 7 .7 {1) —813.7(1) -1 7 2 .3 (1) —288.5(7) -2 9 5 .5 (,)



0.00



—7.74(4) - 5 8 .4 8 w - 3 .8 0 (4) - 3 5 .2 0 (4) - 7 4 .5 0 w —82.98(4) -1 2 1 .1 8 (4) - 2 2 .3 9 


0.00 —124.4(7) -1 1 3 .6 to -124.4(1) -1 2 6 .9 (2) -1 2 6 .9 to -139.5*0 -2 3 7 .6 (2) —231.0(1) -2 2 7 .9 (2) -2 2 8 .8 (1) —227.66(4) -2 3 0 .1 (z) -9 4 5 .2 (1) -3 6 7 .4 (1) -5 0 2 .9 to -506.8(1)



0.00 -123.0(7) -116.9 to —141.3 -141.1 to -146.7(1) -247.4(7) -247.1(0 -243.7*21 -244,2(0



-406.4(0



 A PPE N D IX B Compound or species



M in era l name



u o 2( c o 3)4-



U 0 2(C 0 3)2(H20 ) f u o 2s o (’ uo2 UOj(c) U 0 3(a,c) u o 3(ß) U 0 3(y) U 0 3 • H20 (a ,c ) U 0 3 H20 (A c) U 0 3 • H20(e,c) U 0 3 •2H20 U (O H )3+ U(OH) 3(c) U(OH) 4(c) U (O H )j U 0 2(0 H ) 2(c) U 3Og(c) U 0 2(0 H )2 • HjO UClj(c) UCl4(c) UF3(c) u f4 UF 6(c) UOF 2(c) U 0 2(N 0 3) 2(c) ß -U 0 2S 0 4(c) u o 2c o 3 U S i0 4



uraninite



orthorhomb. orange-red orthorhomb.



G'f, kcal/m ol A02.97« ->40.0« A38.4« ->35.57« ->22.0(1'7) A13.7« -•11.40) ~‘46.6(1'2A -73.00)



monoclinic



rutherfordine coffinite



M gU0 4(c)



t r a n s u r a n iu m



H°f , kcal/mol



-467.3« —456.6« —259.3(I« -2 9 1 .4 «



-73.0(I) -.74.10) -33.4«



schoepite
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-39.8« -93.5« -32.7 t o -1 9 3 .5 « -33.2 « 7) -3l.6(1’7) -39.77« -32.6 to -3 3 4 .7 « -85.35« -30.6« -91.0 to —197.0« -22.1« -34.2« -47.4« -45.8 to —438.3« -44 .4 « -3 1 5 « -24.1« -4ß.4« -335P'4) -33.4 to -3 3 7 .0 « -42.0« -44.0« -4S.2«



-2 9 1 .8 « —292.6« —365.2« -3 6 6 .6 « —366.0« -4 3 6 .6 « -2 0 4 .1 « -197.7 to -2 0 4 .1 «



—366.8« —436.7« -207.1 to —213.0« -2 3 4 .5 « -3 6 0 .6 « -4 5 9 .1 « -457.5 to —450.0« -5 2 5 .1 « -3 5 8 .3 « -3 2 2 .5 « -4 4 1 .0 « —404,2« -404.2 to —405.4« —478.0« -4 4 3 .9 «



E L EX b i t s



Np (neptunium) Np(c) ».00



0.00
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A PPE N D IX B



Compound or species Np3+ Np4+ N p(O H ); N p 0 2(c) N p O j1 N pO j+ N p 0 2(OH)(amorph.) N p (C 0 3)2(c) N p 0 2(0 H )2C 0 ^ Np20 3(c) Np2Os(c) NP0 2(0 H ) 2(c) Pu (plutonium) Pu(c) Pu3+ Pu4+ Pu2S3(c) P u 0 2(c) Pu(O H ); Pu02



Pu0 2(0 H )2C 0 3‘ Pu(OH)4(c) Pu2( C 0 3)3(c) Am (americium) Am(c) Am 3+



Am2(COj)3(c) Am (O H )3(c) Am (O H )3(amorph.) A m 0 2(c) Am 4+ Am20 3(c)



Am(OH)s Am (O H )2+



Mmeial name



G f kcal/m ol



H f kcal/m ol



-1 2 3 .5 9 (4) - 1 2 0 .2 0 (4) —384.08


0.00 —138.15(4) -1 1 4 .9 6  —238.53(4) —378.10(4) -2 0 3 .1 0 (4) -4 1 3 .9 9 (4) -3 4 0 .8 2 


0.00



0.00 —143.19(4) -7 1 6 .1 1 


0.00



Erd o f Transuranium Ellements V (vanadium) (see also N)



V(c) V2+



v 3+ vo2+



0.00 - 5 1 .9 (1) - 5 7 .8 (1) - 1 0 6.7



0.00 —54.3(1) -6 2 .9 (1) -1 1 6 .3 (2)



-116.6(1)



 A PPE N D IX B Compound or species



Mineral n a m e



wo\ VO 3 v 4o ? v 2o r I CrMC



00



>



HV 10O ^ H2V 10O4g V0 5HVO^ H2VÜ4 VO(c) V20 2(c) V20 3 V20 4(c) V2Os(c) V30 5(c) V(OH)3( c ) V(OH)2+



karelianite



NH4V 0 3( c ) VC12(c ) VCl3(c)



_



9 7 .0 0 )



-122.2(l)



W (tungsten) (see also Ca, Fe, Mn, Pb) W(c) W 02(c) W 0 3(yellow, c) W 0 3(a,c) W20 5(c) w o2



Y (yttrium) Y(c) y 3+



—142.5(7) -1 4 0 3 (1'4) -137.28(4) -665.3(1) -410.85(4) -18624(1) -1840.8(4) -1840.8 to -1875.3(1) —1845.84(4) -1845.8 to -1875.2(1) -214.87 - 9 6 i (u) -189.0(1) -272.3(u'4) -315.L(1,2'4) -339.3(1,2,4) -4 3 4 ,a) —218.0(1,7) —112.80)



HJ, kcal/mol -155".4(1)



-2077.9(1)



-277.0(2) -280.6(2) —103.2(l,2) —291.3(1,2> -3 4 1 .1(1,2) —370.6(1,2) -462,(2)



-110.5 to -112.8(1) —213.60) -212.8(1) — 221.8< 7)



VO(OH)2( c )



WS2



GJ, kcal/mol



tungstenite



108.0(1) -138.8(1) —



0.00 —127.61(i,2’4)



182.670) -182.5(1) — 182.6(1,4) — 360.8(I,7) — 220.G0(7,4> -222.6(1) — 46.2< 7) -71.20(4) -46.2 to -71.2(1) —



0.G0 - 1 6 5 .^ 4>



571



0 .0 0 —



140.94(i,2)



201.45(2) -200.8(1) -201.5(1) -337.9(1J) — 257.1(2) -256.8W -5 0 .(2) —



-46.3 to -



0 .0 0



-172.9(2)
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A PPE N D IX B



Compound or species



Mineal name



-164.1(1) -3 0 7 .1 « -3 0 8 .6 « -307.1 to - 3 1 0 .3 « -3 4 1 .2 « -434.19


Y(O H)3( c)



y



(o



h



G°f, kcal/mol



);



Y20 3(c) Y20 3(cubic)



Y2(S 0 4)3(c ) Y2(C 0 3)3(c)



-



H°f, kcal/mol -167.8« -339.5« -339.5 to -3 4 2 .0 « -455.38« -455.4(1) -455.4(1)



8 6 6 .8«



-7 5 2 .4 « 41



Zn (zinc) 0.00



Zn(c) Zn2+ ZnC 03



smithsorite



ZnCl+ ZnCl2 ZnCl;



ZnCl2(c)



- 3 5 .1 4 « 4) -3 5 .2 « - 1 7 4 .8 5 « 4) —1 7 4 .9 « —6 7 .1 4 « —6 5 .8 « —9 7 .8 8 « —9 6 .5 « —1 2 9 .9 8 « —1 2 9 .2 « - 1 6 0 .9 4 « - 1 5 9 .2 « —8 8 .2 9 6 «



—8 8 .3 « ZnB2(c) ZnF2(c) ZnFe20 4 Z n M o04 Z nN 03 Z n (N 0 3)2 Zn(OH)



HZnO;



ZnO2-



Zn(OH)2



Zn(NH3)2+



—7 4 .5 « franklinte zinc moybdate



- 17 0 .5 « - 2 5 6 .5 4 « -2 4 1 .1 5 « —62 .3 7 « —8 8 .3 6 « —81 .3 9 « —78 .9 0 « —7 9 .2 « - 109.26« - 1 0 9 .4 2 « - 1 0 9 .2 to -1 1 0 .9 « - 9 1 .8 5 « 4) - 9 1 .8 to - 9 3 .0 « - 1 1 0 .3 3 « -1 2 4 .9 t o - 1 2 8 .0 « - 7 2 .2 to - 7 3 .5 «



0.00 -3 6 .7 8 « —3 6.7« -1 9 4 .2 6 « -1 9 4 .3 «



-1 1 6 .6 8 «



-9 9 .2 0 « - 9 9 .3 « —78.5« -182.7«



-1 3 5 .9 0 «



-146.72«



-127.5«



 A PPE N D IX B Compound, or species



M ineral nam e



Z n(O H )3 Zn(O H )2“ ZnO



zincite



Zn(O H )2(amorph.) a-Z n(O H )2(c) /3-Zn(OH)2(c)



7-Zn(O H )2(c) e-Zn(O H )2(c) Zn5(0 H )6(C 0 3)2 ZnHPO° ZnH2PO$ Zn3( P 0 4)2 -4H20 ZnSe



hydrozincite



a-ZnS



sphalerite



ß-ZnS



wurtzite



ZnS04



zinkosite



hopeite stilleite



ZnSO$ Z n S 0 4 ■H 20 ( c ) Z n S 0 4 ■6H20



bianchite



Z n S 0 4-7H20



goslarite



ZnO ■2Z nS04(c) Zn(O H )2 •Z n S 0 4(c) Z n S i0 3(c) Z n2S i0 4 ZnW 04 ZnAl20 4 Z nT i04(c)



willemite sanm artinite gahnite



('J, kcal/mol -157.49(s) —05.9 to -168.4(1) -2 5 .2 3 « -2 5 .2 to -2 08.2« -'6.08«4) - ’6.6« -10..54« - 1 1 .7 « —1.1.93«5« -1 2 .3 1 « -1 2 .3 6 « —12.6« -1 2 .3 8 « - 1 2 .8 « -1 2 .6 8 « - 1 3 .0 « -7 0 .8 « -3(1.72« —30.22« —80.82« —14.7« - 3 .6 « -4 .1 1 « 4) - « .3 « -4 .3 7 « -4 .2 to —46.2« —20.0« -2 0 .1 « —2B.11« -2 2 .5 8 « —22.2« -5 5 .6 4 « -5 5 .1 « -611.59« -611.3« —49..07« —35.47« -27-.8« —28'.1« -36-.06«2) —2616« —36(7«
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H°f , kcal/mol



-83.24(2) -8 3 .7 « -153.5«



-153.42(1«



—153.74


- 3 4 .« -3 9 .1 « -49.23« -4 9 .4 « -46.0 4 « -45.3 to -4 6 .6 « -234.9« -234.5« -254.10« -311.78« —311.2« -663.83« -663.7« -735.6« —735.4«



-301.2« —306.9« -391.19'1« —294.6« -493.6« -393.8«
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A PPE N D IX B Mirerl name



Compound or species



H°f , kcal/m ol



G^, k c a l/m o l



Tit (zirconium) 0.00



01.00 —1 42.0(7>



Zr(c) Zr4+



Z r02



baddeby.e



ZrO(OH)2(c) Zr(OH)4(c) Z rS i04



zircon



—141.0 0 « - 1 2 5 .4 to —1 4 2 .0 « —249.24(2« - 2 4 8 .6 « - 3 1 1 .5 (1-7) —370.Q(m'7) —4 5 8 .7 « - 4 5 6 .7 to —458.7(1) -2 0 1 1 .5 « -2 * 0 0 .9 0 « - 2 8 7 . 7 « 4)



Z r 0 2+ HZrOj



-2 6 3 .0 4 « —262.7« —338.0«7) —411.2« 7) - 4 8 6 .0 « -4 8 3 .3 to -4 8 6 .0 «
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N N ep tu n e: ex p lo ration, 26 p h o to g ra p h , clouds, 39 physical properties, 24 satellites, 28t N ep tu n iu m : E h -p H diagram , 474d N e u tro n flux, n atu ral, by ro ck type, 472t N itro g en , geochem ical cycle, 441^-43,441t, 442d N orm ality, 113 N o rm ativ e m inerals, w eath erin g products, 345-347 N u clear reacto rs, 462-465,478^179 N ucleosynthesis, 13-20 C N O cycle, 17 H fusion, 17



history, 13-14 N e u tro n c ap tu re reactions, 18-20 trip le-alp h a process, 18



O ceans: m e an oceanic residence age, 53t S iso to p e evolution, P hanerozoic, 322d seaw ater, chem ical com position, 53t Sr iso to p e evolution, 318d, 322d O d d o -H ark in s rule, 14 O klo, G ab o n , 476-478 n a tu ra l fission reactor, 476-478 re te n tio n , fission products, 478 O pal, 125 O ptical spectrograph, 2 O rbitals, 66d sequ en ce of filling, 68 O re deposits: chalcophile elem ents, 106t chem ical w eathering, 40CM-02 oxidation, sulfides, transition m etals, 41 I t p lacer deposits, gold, C alifornia, 352 sup erg en e enrichm ent, 408d, 409d U ore, O klo, G abon, 477 O x id atio n -red u ctio n reactions: 226-251 balancing equations, 226-229 electrom o tive series, 2 2 9 -2 3 3 ,233t o xidation of pyrite, 228-229,401 oxidizing agents, 228 reducing agents, 228 sulfide m inerals, transition m etals, 411t valence num bers, 227 O xygen, isotope fractionation, 306-315 calcite-w ater, 308-310 c a rb o n a te rocks, 309-310 concretions, Pagoda Tillite, A n tarctica, 310 paleo tem p eratu res, 309 seaw ater, 309 O zone, 452-453 O zone hole, A ntarctica, 453-455 C FC p ro d u ctio n limits, 455 D o b so n unit, definition, 453
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P PD B, 304 P aleo tem p eratu res, 308-311 Palygorskite, 208 (see also attap u lg ite) P eriodic table, 2 ,7 4 -7 7 covalent c h aracter o f bonds, 85d electronegativity, 85d first ionization p otentials, 85d origins, 2-3 p eriodic table, 75t p erio d s and groups, 74-77 pH scale, 116 p H control, dissociation of acids an d bases, 123-124 P hase rule, therm odynam ics, 155 Phlogopite: activity diagram , 213d G ibbs free energy o f form atio n , 210t Placer deposits, 351-352 gold, C alifornia, 352 S to k es’ law, 352d Plagioclase, solid solution, 103 Planets, solar system , 24t Plants, chem ical com position, 359t Pluto: physical prop erties, 24 P lutonium , 468—476 d istribution in th e oceans, 471-472 E h -p H diagram , 475d n e u tro n flux, by rock type, 472t p ro d u ctio n , n e u tro n capture, nuclear reactors, 470t sorption, colloidal particles, 476d Population grow th, 361t P roperties, intensive, extensive, 155 Pyrite: E h -p H diagram , 248d o xidation to F e (O H )3, 228-229,401



Q Q u ad ratic eq u atio n , 115 Q u an tu m num bers, 6 5 ,68t orbitals, 68t



Q u a rtz oxygen-isotope fractio n atio n factor, 312t



R R adio activ e-w aste disposal, 461-468 decay rate, HLW, 0 to 105 years, 466d disposal, geological repositories, 465-468 fission-product nuclides, sp en t fuel rods, 465t geochem ical hazard, 461-462 h e a t p ro d u ctio n , HLW, 0 to 105 years, 466d high-level radw aste, 462-465 leaching rates, actinide elem ents, from geological repositories, 469t m edical sym ptom s, 463t n u clear fuel cycle, 464d units o f decay ra te and dose, 462-463 R adioactivity, law of, 281-284 decay curve, 282d g e o c h ro n o m etry eq u atio n , 283 grow th curve, 282d half-lives, long-lived radionuclides, 284t R adionuclides, 78 R ain: (see M eteo ric w ater) R b-Sr m eth o d o f dating, 285-287 iso to p e re-equilibration, m inerals 286d R e-O s m e th o d of dating, 287 R eplacem ent: p y rite by chalcocite, 4 0 8 -4 1 0 ,409d R esid en ce time, oceanic, 54-56 R esid en ce tim e, chem ical elem ents, oceans 53t, 516t R in g w o o d ’s rule, 99 R ivers: chem ical com position, 53t, 370-374, 371t, 516t classification, 373d, 374d com ponents, 368 ions released by m inerals, 380t n o rm ativ e m inerals, 3 7 6 -3 8 3 ,382t S iQ 2 co n cen tratio n , 127
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S Salt: dissociation, 130 solubility -p ro d u ct constants, 132-137t Sandstone: chem ical com position, 50t, 514t greyw acke, te rn a ry m ixtures, 334d m ixing, quartz-feld sp ar, 331 provenan ce, zircon, U -P b dating, 354, 355d S atu ratio n , 111 S aturn: ex p lo ratio n , 26 p h o to g ra p h , rings, 38 physical pro p erties, 24 satellites, 28t Seaw ater: chem ical com position, 53t, 516t classification o f elem ents, 53t m e a n oceanic resid en ce tim e, 53t, 516t oxygen, iso to p e com position, 309 S, isoto p e evolution, P han ero zo ic, 322d S i 0 2 co n cen tratio n , 127 Sr isoto p e com position, 318d S econd Law, therm odynam ics, 161-163 S ed im en tary rocks: c a rb o n a te rocks, 50t, 514t d ee p -se a sedim ent, 50t, 514t p ro v en an ce, isotopic dating, feldspar and zircon, 353-354 sandsto n e, 50t, 514t shale, 50t, 514t Sr isotope com position, m ixing, 337 Sepiolite, 208 Shale: chem ical com position, 50t, 514t iso to p ic dating, 222 S iderite: E h -p H diagram , 243d fugacity diagram , 196d Silica, am orphous: solubility, p H d e p e n d e n t, 124-127d solubility, 0 to 100 °C Silicates, classification, 102t, 103d



S m -N d m e th o d o f dating, 287 S m ectite, clay, 203-208 oxyg en -iso to p e fra ctio n a tio n factor, 312t SM O W , 304 Snow : (see M eteo ric w ater) Soil: classification, 357d ecosystem , 357-358 ev o lu tio n , 357d h orizons, descrip tio n , 356t h y d ro g en , iso to p e com position, clay A l a n d Fe hydroxides, 31 l d origin, 354—356 oxygen, iso to p e com position, clay, A l a n d F e hydroxides, 311d plants, chem ical com position, 359t S o lar system , 11 ,2 2 -4 2 a b u n d a n c e o f th e elem ents, 15-16 con d en sates, solar nebula, 23t ex p lo ra tio n , 26t origin, 22-26 p lan ets, 2 4 ,25t Solubility, definition, 111 calcium carb onate, 142-148 M g (O H )2, 121-123 oxygen, 237 salts, 130-137 S i 0 2, am orphous, 124-127d S i 0 2, am orphous, 0 to 100 °C, 168 so lu b ility -p ro d u ct constants, 132t-137t S olubility-product constants, 132t-135t carb o n ates, 132t chlorides, 134t fluorides, 135t iro n oxides, E h -p H , 239-242 m olybdates, 134t p h o sp h ates, 133t re la tio n to A G°R, 166 sulfates, 132t sulfides, 133t v ariatio n w ith te m p eratu re, 168 S olubility diagram s: fe rro u s silicates, 2 16 -2 1 7 ,217d



 S U BJEC T IN D EX gibbsite, 192 hem atite, 193 M g silicates, 188 S tan d ard electro d e p o ten tia l, 84,232-233, 233t S tan d ard enthalp y o f fo rm atio n , 158 S tan d ard state, th erm odynam ics, 158 Stellar evolution, 11-13 black holes, 13 H ertzsp ru n g -R u ssell diagram , ll - 1 2 d m ain sequence, 11-13 pulsars, 13 re d giants, 11 su p e rn o v a ,13 trip le-alp h a process, 12,18 w hite dwarfs, 13 S tokes law, 352 Stream s: (see R ivers) Strontium , iso to p e com position, 317-319 b inary m ixtures, 335-337 m arine lim estone, 318d m ixing, oilfield brines, 338d R b -S r dating, 285-287 Substitution, isom orphous: adm ission, 101 cam ouflage, 101 captu re, 101 coupled su b stitu tio n , 102-103 Sulfur: E h -p H diagram , 245d geochem ical cycle, 4 4 3 -4 4 6 ,444d, 445t Sulfur, isotope fractio n atio n , 319-323 bacterial red u ctio n , sulfate, 319 isotope evolution, m arine sulfate, 322d sulfide m inerals, 3 2 0 ,321t Sun: ab u n d an ces o f th e elem ents, 507t physical p ro p erties, 24 S u p ergene en ric h m e n t of co p p er sulfide deposits, 407—411,408d, 409d System , therm odynam ics, 155



T T hird Law, therm odynam ics, 162



U U, T h-Pb m eth o d s of dating, 287-290 concordia diagram , 289d, 355d U ltrav io let rad iatio n , 451—452 abso rp tion, UV-C, 452d classification, 451 electrom agnetic spectrum , 451 energy, 451 m edical effects, 452 U niverse: expansion, 9 expansion age, 9-10 . m icrow ave b ackground rad iatio n , 10 U ranus: exploration, 26 physical properties, 24 satellites, 28t y V alences of th e elem ents: relatio n to e lectro n configuration, 7 0 -7 It valence num bers, 227 v a n ’t H off eq u ation, 168 Venus: chem ical com position, atm o sp h ere, 512t chem ical com position, soil, 512t physical properties, 24



w W ater: chem ical com position, surface w ater, 368-383 density and volum e, 114t dissociation constants, 117t E h -p H stability limits, 235-238 geochem ical cycle, 438—441,439d, 440t h y d ratio n o f ions, 89 m ixing, L ak e S u p erio r-L ak e H u ro n , 330d polarity, 89 quality, 3 9 2 -3 9 5 ,394t
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stability limits, O z an d H z, 194 W ater-quality standard, EPA , 394t W ave eq u atio n , 65 A ufbau principle, 67-68 B o h r radius, 67d orbitals, 66d q u an tu m num bers, 68t W ork, therm odynam ics, 156



X X-rays, origin, 63-64



Z Z eolites, 183-187 analcim e, 184d chabazite, 183 gism ondine, 183 lau m o n tite, 184d, 195 leo n h ard ite, 185 phillipsite, 183 w airakite, 185 Z e ro p o in t o f charge, 219 Z irco n U -P b dating, 355d
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