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PREFACE € )--\a- sr:lu\_
>/-'

This book is designed to be used as an introduction to geochemistry by undergrad-
uate and graduate chemistry and geology students as well as by those from other
sciences. It summarizes the significant facts and ideas concerning the chemistry of
the earth and synthesizes these data into an account of the physical and chemical
evolution ol the earth. The aim of the book is to explore an intlresting, complex, and
changing subject. An attempt has !'een made to cover the entire field of geochemis-
try. However, not alI subjects have been coveredwith equal detail becauseto properly
cover the facts and theories would require a volume far too long to be suitably used
as a text. Some areas of geochemical interest such as phase diagrams and ore depos-
its have been adopted by other courses in thc geology curriculum. and thermodynam-
ics, a key to understanding geochemical processes, requires the depth of presentation
given in physical chemistry courses.

The book begins with a chapter describing the scope and subject matter of geo-
chemistry and giving a brief account of its development. The next chapter deals with
the earth as a planet and its relationship to the solar system and the universe as a
whole and is followed by one discussing the internal structure of the earth and its
composition. From the data presented in these two chapters an account is given of
the relative abundances of the elements and isotopes, in the earth and in the universe
as a whole, and on the basis of the evidence an attempt is made to present a logical
account of the piobable pregeological history of the earth. The aim of these first
chapters is to provide a background for the remainder of the book, which is con-
cerned with materials and processes at and near the surface of the earth. Because
geochemistry is to a large extent the application of physicochemical principles to
processes on and within the barth, some account of these principles is given in the
next chapter, with special reference to the chemistry of the solid state. The geochem-
istry of igneous rocks is then treated, followed by a chapter on sedimentation and
sedimentary rocks. A chapbr new to the fourth edition, on isotope geochemistry,
includes discussions oistable isotopes and geochronology. Subsequent chapters deal
in turn with the atmosphere, hydrosphere, and biosphere. All ol these are inseparably
intertwined in terms o[ their and the earth's evolulion. There is no correct order in
which to present some of these data. Like the geochemical cycle itself, some material
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VI PREFACE

must be returned to at least a second time to properly relate it to other sysiems. The
geochemistry of the hydrosphere is essentially thegeochemistry ol sea'*'ater and

poses such lundamental questions as the mode of origin and evolution of the ocean.

The -geochemistry ol the atmosphere is concerned with the nature of the primeval

atmosphere and the changes it has undergone through interaction with the hydro-

sphere, the biosphere, and the lithosphere. The geochemistry of the biosphere

involves a discussion of the amount of organic matter, its composition, and the role

ol organisms in the concentration and deposition of individual elements. Then lollorvs
a chapter on metamorphism and metamorphic rocks, and the final chapter is a brief
summary and synthesis in terms of the geochemical cycle including environmental
geochemistry

The emphasis throughout is on interpretation rather than on description, on what

is yet to be learned as well aS what is already known. In the years since the previous

edition was published, gigantic strides in the earth and space sciences have taken
place. The concept of global tectonics has been developed and widely accepted, other
planetary bodies have been visited, sampled, and analyzed, and the ocean bottoms

have been sampled. The principles of geochemistry remain the same even though the

subject of geochemistry is constantly changing.
We are arvare of many gaps in our geochemical knowledge. These problems can

be solved only by the combined efforts of chemists and physicists as well as by geol-

ogists. It is hoped that this text will guide them to some of the problems.

This book is necessarily a compilation from many sources, sources that include not

only published books and papers but also correspondence and conversations tvith
many individuals. Reviewers of earlier editions provided a direct contribution to this

edition. A particularly valuable and smoothing effect was provided by Professor

F{enry Faul who read the manuscript for this fourth edition.
Teachers of geochemistry undoubtedly-have developed their own approaches to

the subject. We trust that Principles of Geochemistry will provide a useful frame-
work upon which they may develop their chosen topics and apply their practical
teaching techniques so that the field of geochemistry may continue to grow and

remaln vrgorous.
Brian Mason
Carleton B. Mooie
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THE SUBJECT OF GEOCHEMISTRY

In the simplest terms geochemistry may be defined as the science concerned with the
chemistry ol the eartf6; w-fiomnd ol its
t ;;;;6;mffi;ape than geology. Geq
chemistry deals with the distribution and migration ol the chemical elements *itt,in
the earth in space and in time. The science of the occurrence and distribution of the
elements in the universe as a whole is called cosmochemistry. To properly understand
the chemistry of the earth, it is important that we know as much as possible about
the chemistry and history of the sun and the other planetary bodies in the solar sys-
tem as well as the chemistry of the stars and interplanetary and interstbllar space,

Clarke, in The Data of Geochemistry, defined the subject in a more restricted
form:

...
Each rock 1nay be regarded, for present.purposes, as a chemical system in
which, by various afencies, chemical changes can be brought about. Every such
chinge,implies a disturbance of equilibrium, with the ultimate formation of a
new systern, which, undei the new conditions, is itself stable in turn. The study

. of these cha4ges is the province bf geochemistry. To determine what changes
are possible, horv and when they occur, to observe the phenomena which attend
them, and to note thpir final results are the functions of the geochemist.. . .

From a geological poiat of view the solid crust of.the earth is the main object
of study and the reactions which take place in it may be conveniently classified
under three heads-fiist, reactions between the essential constituents of the
earth itself: second, reactions due to its aqueous envelope; and third, reactions
produced by the agency of the atmosphere.

( o*r\
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PRINCIPLES OF GEOCHEMISTRY

V. M. Goldschmidt described geochemistry in the lollorving terms:

The primarl nurpose oI geochemistry is on the on. huna r.r dercrminc quanti-

tatively the con-rposition of the earth and its parts, and on the other to discover

the laws rvhich control the distribution ol the individual elements. To solve these

problems the geochemist requirqs a comprehensive collection ol.analytical data

on terrestrial material, such as rocks, rvaters, and the atmosphere; he also uses

analyses of meteorites, astrophysical data on the composition ol other cosmic

bodies, and geophysical data on the nature of the earth's interior. Much valu-

able information has also been derived from the laboratory synthesis of minerals

and the investigation ol their mode ol formation and their stability conditions.

The main tasks of geochemistry may be summarized thus:

1. The determination of the'relative and absolute abundances ol the elements and

. of the atomic species (isotopes) in the earth.

;:;'The study of the distribution and migration ol the individual .eiements in the

various parts of the earth (the atmosphere, hydrosphere, crust, etc.), and in min-

erals and rocks, with the object of discovering principles governing this distri-

bution and migration. "-..

To some degree the scope ol geochemistry has been defined by the historical

development of geology. Because geochemistry as a formal disciptine rvas relatively

late in developing, related subject areas, especially mineralogy and petrology, olten

cover subject matter which might well lall within the area ol geochemistry. Empir-

ical geochemical studies ol element distribution on the earth's surface have played

' a significant role in mineral exploration

THE HISTORY OF GEOCHEMISTRY

The science of geochemistry has largely developed during the present centur)'; never-

theless, the concept of an autonomous discipline dealing with the chemistry ol the

earth is an old one, and the term "geochemistry" was introduced by the Srviss chem-

ist Schcinbein (discoverer of ozone) in 1838. The history of geochemistry naturally

includes much of the history of chemiStry and geology.. Because geochemistry is

basically concerned with the chemical elements, their discovery and recognition are

landmarks in the history ol the subjecf. The modern concept of an elentcnt can'oe

said to date from Lavoisier's definition in his t'Trait6 elementaire de Chimie" (1789),

although some seventeenth- and'eighteenth-century scientists certainly understood

the distinction between elements and compounds. Lavoisier recognized the loltowing

,. 31 elements: O, N, H, S, P, C, Cl, F, B, Sb, Ag, As,'Bi, Co, Cu, Sn, Fe, Mn; Hg,

Mo, Ni, Au, Pt, Pb, W, Zn, Ca, Mg, Ba, Al, Si' Of these, Au, Ag, Cu, Fe, Pb, Sn,

Hg, S, and C were already known to the ancient world. The last decade of the eigh-

teinth century saw the discovery of IJ, Zr, Sr, Ti, Y, Be, Cr, and Te. The discovery

or isolation of the elements during the nineteenth century can be summarized as

follows:

2



INTRODUCTION

1800-1809: Na, K, Nb, Rh, pd,
Ce, Ta, Os. Ir

1810-1819: Li, Se, Cd, I
1820-1829: Br, Th
1830-1839: V, La
1840-1849: Ru, Tb, Er
I 850_ I 859:

I860- I 869: Rb, In. Cs, Tl

- -1870-t'879: Sc, Ga, Sm, Ho,
Tm, yb

1880-1889: Ge,-pr, Nd, Gd, Dy
1890-1899: He, Ne, Ar, Kr, Xe,

Po, Ra, Ac

3

The data show an interesting pattern; during the first decade a considerable num-ber of elements were discovered or isolaied for the first time, ,"fl""ting the theoreticaldevelopments from Lavoisier and Darton. The rare 
"i;i;;;;;;; ,h"n fell off, until inthe decade 1850-r959 no new erements were discovered. In iaio sunr", and Kir_choff demonstrated the utility of the spectroscope in the detection and identificationof the elements, and in rapid succession cs, Rb, Tl, and In *"." Jrr"ou"red with thisnew instrument. The lg70s and rgg0s were marked by the discovery of severar newlanthanides and the :tt"nf predicted by Mendeleev on the basis of the periodictable: eka-aruminum (Ga), eka-boron (Sc), and_eka-s,ico, tc"i. r, lg94 argon, thefirst of the inert gases, was discovered, foiio*"d rapidry by the remaining membersof the group-Ne, He, Kr, Xe. The discovery or raaioactirirf uy n""querel in 1g96resulted_in the recognition of polonium and radium by the cu.i"s in t agg, and actin_ium by Debierne in 1g99.

By 1900' therefore, the periodic tabre rvas essentialry complete, except for someshort-lived radioactive erements and for Eu (190r), Lu (1907), Hf (1923), and Re(1925). Proof of this, horvever, was firsr frovided in l9lq, *h* ruor"tey demon-strated the correlation between X-ray spectra and tt " urorni" numbers of theelements.
Throughout the nineteenth century geochemicar data were mainry the byproductof general geological and minerarogicar investigations and ""il;;;;; more and betteranalyses of the various units*minerals, rocks, naturar *",".i, 

"ra 
gases_makingup the accessible parts of the earth. For many years this *".k';;, rargely confinedto European laboratories, but, with the organization of the u.S. Ceohgical surveyand fhe appointment of F. w. crarke as cii"r chernisr in 1gg4, a center devoted tothe chemical investigation of the earth was founded on the a,-,".i"un 
"ln;;;;:' 

'"
.,9t1k. was chief chemisr ior 4l years, untir he-retir"a rn t'szil;;;;';;;0""

sible for a vast and ever-growi.ng outiut of unutys"jort-ir"r"rr, .""ks, and ores col-lected by the fierd staff or submittedior examination; *oi"or"., t 
" 
*r, arrvays con_cerned wirh rhe fundamentar significance or th" ,,..urs 

"r 
i*rliiira rhus acquired.In i889 he.published a clabsic faper, "The ."i"rf""lt.rarril'#?" 

"f,"mical 
ete_ments," which represented the first attempt.to utilize the accumul;; ;;;k;;;iyr*to determine the average composition of the i:arth's ;;r;;;;1Jr,,"" abundanceso[ the elements. It is interesiing to nore that even *irr-,''ii.'i"r;;;;;;i;ffi

available, cla.rke was able to draw some remarkabry prescient conclusions. He wrote"If ' ' .-we assume that the elements have been 
"uoiu"d 

from one pri-o.aiu form ofmatter, their relative abundance becomes suggestive . . . the p-""r, of evolutionseems to have gone on srowry tilr oxygen was reached. At this o#i;il';il:;
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exhibited its maximum energy, and beyond it the elements forming stable oxides

g'ere the most readily deve loped, and in the largest amounts. On thiSsupposition the

scarcity. ol the clements above iron becornes somervhat intelligible; but the theor-v

does not account lor everything and is to be regarded as merely tentative." However,

in his great compendiurr, The Data of Geochentislry, which was first published as

U.S. Geological Survel,'Bulletin 310 in 1908 and passed through fiveeditions in less

than trventy ycars, Clarke did not pursue this theory ol the origin ol the elements.

ln many respects the appearance of the fifth edition ol The Data of Geochenistrl)

in 1924 marks the end ol an era. During the preceding hundred years geochemical

research was largely synonymous with the analysis of those parts of the earth acces-

sible to visual inspection and chemical assay. From the nature of things it could be

little ntore; interpretative geochemistry, the creation of a philosophy out of the mass

of factual information, had to wait upon the development of the fundamental sci-

ences, especially physics and chemistry. A single iliustration serves to demonstrate

this: the failure of all attempts to explain adequately the geochemistry of the siiicate

minerals before the discovery of X-ray diffraction provided a means lor the deter-

mination of the atomic structure ol solids.

The development ol geochemistry in new directions rvas greatly advanced. by the

establishirrgnt ol the Geophysical Laboratory by the Carnegie lnstitution ol -Wash-

ington in-1904. The policy followed in this laboratory of careful experimentation

under controlled conditions, and the application of the principles of physicai chem-

istry to geological processes, was an immense step forward. Previously geologists and

chemists had been skepticai ol the possibility ol applying the techniques and prin-

ciples of physics and chernistry to materials and processes as complex as those on

and within the earth.

At the same time the original staff of the Geophysical Laboratory was beginning

work in Washington, a new school ol geochemistry was grorving- up in Norway.

Fathered by J. H. L. Vogt and W. C. Brogger, it attained worldwide distinction

through the work of V. M. Goldschmidt and his associates. Goldschmidt graduated

fronr the Universitl'ol Oslo in 1911, and his doctor's thesis, Die Kontaktmetamor-

phose im Kristianiagebiel, rvas a basic contribution to geochemistry. It applied the

phase rule, recently codified by the rvork of Bakhuis Roozeboom, to the mineralogical

- changes induced by contact metamorphism in shales, marls, and limestones' and it
showed that these changes couid be interpreted in terms of the principles of chemical

equilibrium. During the next l0 years his work was devoted largely to similar studies

on rock metamorphism. These studies stimulated related research in other Scandi-

navian countries and led eventually to the enunciation of the principle ol "mineral

facies,, by Eskola in a paper published from Goldschmidt's laboratoiy.

In many ways 1912 can be considered a critical date in the development ol geo-

,themistry. In that year von Laue showed that the regular arrangement of atoms in

crystals acts as a diffraction grating toward X-rays and thus made the discovery Lhat

enabled the atomic structure of solid substances to be detetmined. Since the geoche-

mist is largely concerned with the chemistry of solids, the significance of this discov-

ery can hardly be overestimated. Horvever, some years elapsed before the impact ol
this nerv development was felt in geochemistry. In the fifth edition of The Data of 

.

Geochentistry, published in 1924, no mention is mdde of it. It is a tribute to Gold-
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schrr.ridt's insight that he not onll' realized the significance ol crystal srructure deter-nlinations for gc.xhernistn. but alsri dr-r'iseci a plan ol ..s"u,ch that led to-rntaxi_
nrunr olresutts in a minimum of time. Between 1922 and 1926heand his associatesin the Universitt, of oslo ivorked out the structures ol many compounds and therebyestablished the extensive basis on which to lound generat iu*, gou..ning the distri-bution of elements iii crystalline substances. The rJsults ,u.." p,iblirhed in a series olpapers entitled Geochemische verteilung.sgesetze der Elentente. rvhich in spite ol thetitle dealt largcly rvith the crysrer struciuies of inorganic cornpounds. In these pub-
lications Goldschmidt', nu*" is associated with r. Barth, w. , ;r"ili;r;i,";.
Thomassen, G. Lunde, I- oftedahl, and others, all or whom have since had notabre
careers.

In 1929 Gordschmidt left osro for Gottingen, rvhere he b.egan investigations onthe geochemistry ol the individual elements, applying the princilles discovered in theprevious years and making use of the current aevetopment in quantitative spectrG.graphic methods for rapidty determining smail amounts ol muny elements with ahigh degree of precision. The results aie well summarized in th" s"renth HugoMtiller lecture ol the c}emical Society of London "The principl". oi aist.ibution of' chemical elements in n.rine_rals and rocks" ( i 937). Because ol conditions in Germany,
'-Goldschmidt returnecr to oslo in 1935. Unrortunately, arter the German invasion or' Norway in 1940 he was able to do littte more rvork. He was forced to flee Norway
: l?42 to avoid deportation to poland, and escaped to Sweden and thence toEngland' I-Iis health was seriously affected as a result ol imprisonment in concentra-tion camps in Norrvay, and he never recovered, dying in ti+; at the comparatively
early age of 59.

. Thanks largery to the work and the stimulus or Goldschmidt, the last 50 yearshave seen geochemistry develop from a somewhat incoherent collection of factualdlta-to a philosophical science based on the concept ol the geochemical cycle inrvhich the individual elemenrs pray their part according to eitabrished principles.
Geochemical speculation has exl.ended beyond the accessi*ble parts of the earth to thenature and constitution of the interior, the deveropn-rent or the earth throughout geo_Iogical tirne, and ultimately to its pregeological history and to the history of the solarsystem as e ri,holc.

An important schoor of geochemistry has developed in the u.S.S.R., espccialry,
since 1917. Its greatest names have uecn v. I. vernadsky and his younger coileagues 

-A' E' Fersman'and A. p- vinogradov. Its productivity has been immense. Geochem-istry in the U'S'S.R: has been particularly directed tonard the search lor and exploi,
fatio4 of mineral raw materiars, evidently with considerabre success

Most advances in geo-chemisrry can be attributed to iqrprovement in anaryticar
techniques. The study of radioactivity during and after world Waf rr r"J t" 

""".-rnous improvemenls in erementar anarysis by neurron activa(ion rra 
"p.;"i rp ir,.opporlunily for isotope sludies and geochronon)etry by nrass spectrometric tech-

niques. Both ol these poiverful analytical methods continue to be imf.oued and pro_vide us with better data on smalrer geoctremical samples. This is important becauseit allows geochemical systems to be studied in even finer detail, reading to bettercontrol on gcochemical hypotheses and theories.
The availability of lunar sampres, remore probe data from pranetary atmospheres
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and surlaces and the acceptance ol the concepts of plate tectonics in the I 960s and

1970s gaye new perspectives to-geochemical sampling and theor)'. The addition ol

extensive data from the moon as well as from the earth and rneteorites allorved n.rany

- theories of pianetology and cosmochemistry to be tested. The concept ol n-raterial

recyciing through subduction of ocean floor material required reevaluation ol the

geochen-rical cycles oi the elements. Today, geochemistry is undoubtedly at the

threshold ol new and exciting discoveries and changes.

rHE LITERATURE OF GEOCHEMISTRY

Geochemicil facts, theories, and fantasies are widely scattered throughout the sci-

entitic literature. The first source of such data is, naturally, geological publications,

but their number is legion and geochemical papers may be found in any ol them.

Chemical publications contain, of course, much that has geochemical significance,

and occasionally classical material appears therein, as, for example, the symposium

entitied "The physical chemistry of igneous rock formation," published by the Far-

aday Society in 1925. Fortunately, the chemical literature is relatively accessible

through abstract journals. The literature.ol astronomy, biology, and of physics also

carries information of importance to the"geochemist'

Two journals devoted to geochemistry are Geochimica et Cosntochimica Acta,

wliich blgan publication in 1950 under direction ol an international board of editors,

and Gec-tkhiraiya, published since 1956 by the Academy of Sciences ol the U.S-S.R.

The second has been published in translation by the Geochemical Society under the

title Geochentislry (until 1963; in 1964 Geochentistry was replaced by Geochemistry

International. comprising selected articles lrom Geokhimiya along with articles

translated from other languages). Although these journals attract many specifically

geochemical papers, many data of significance for geochemistry continue to appear

as incidental material in publications concerned with mineralogy, petrology, eco-

nomic geology, inorganic and physical chemistry, and other sciences. Three outstand-

. ing books are classic works in the field of geochemistry, onc of which-the 1924

edition ol Clarke's The Data of Geochemi.rlry-is still a fine and readily available

collection of analytical data on geological material. It is gradually being replaced by

a new edition being published as.spparate chapters. The second is Geochemistry by

Rankama and Sahama, published in 1950. This authoritative and comprehensive

book not only treats the general aspeats of the subject, but also gives a detaiied

account of the geochemistry of each element. The third is Geochemislr-1' by V. M.

. Goldschmidt. Goldschmidt had prepared a greal deal of manuscript lor this work

when he died in 1947, and thanks to the conscientious editorial work ol Dr. A. Muir,

and contributions to missing sections by other people, it rvas finally published in
, 1954. Although similar in scope to the book of Rankama and Sahama, it bears the

distinctive stamp of Goldschmidt's genius for arriving at broad generalizations which

correlate a large number of unconnect€d observations'

A more rdcent compilation of data, published in parts starting in 1969, is the

r:::::::,{::#r#::iff.il'*yIi;3"*'ll';]1"'"]i"i:'1il'i,";:JJ,':x
becomes available.





) rHE EARrH rN RELAT,N
^K TO THE UNIVERSE

THE NATURE OF THE UNIVERSE

The earth is a unit rvithin the solar system, which consists of the sun, the planets and
their satellites, the asteroids, the comets, and the meteorites. The sun itself is only
one star within our galaxy, rvhich comprises probably more than 10'i stars and has
a lens-like form with a diameter of about 70,000 light-years (l light-year - 1013

km). Beyond our own galaxy there is a very large number of other systems ol stars
of approxin-rately the same size. These systems, the extragalactic nebulae, are scat-
tered fairly uniformly through space, the nearest to us being the Andromeda nebula
at a distance ol about 1.75 X 106 light years. The spectra of these extragalactic
nebulae show a displaCement of the iines toward the red end ol the spectrum, this
red shilt being approximately proportional to their distance. The red shift is regarded
as a Doppler effect due.to recession of the nebutae rvith velocities qpproximately

- :proportional to their distance, anil leads to the picture of an expanding universe. A
large part of the theory of the expanding universe is still highly speculative; for this

. reason conclusions based on the theory also partake of its speculative character.

THE AGE OF THE UNIVERSE

The th.eory ol an expanding, dynamic universe implies that the universe has been
and is in a state of dvolution. If we extrapolate backward in time we arrive at a state
when the universe was "contracted to a point," or when all the matter in the universe
-was concentrated into a very small region. It is customary to regard this as its prim-
itive state and to reckon the astronomicai age of the un.iverse from this time. with
certain assumpl-ions as to the rate of expansion, the astronomical age ol the universe
is computed to be about 16 X 10e years.

8
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THE EARTH IN RELATION TO THE UNIVERSE

The solar system can be treated as an isolated unit, and its age considered inde-
pendentl1'ol the rest of the galaxy' arrd the univegse as a whole. The solar s;-stem is
essentialh' a closed svstem, and its elemental composition the same as rvheq_ it
formed. except insofar as it has been modified by the conversion ol hydrogen to
helium and other nuclear reactions in the sun and by the decay of radioactive ele-
merts. The underlying assumption is that the material of the solar system was seg-
regated at some definite time (the zero point of this time scale) and that the primitive
constitution was subsequently modified by radioactive decay. The age ol the elements
is then reckoned from the time when the naturally radiohctive series consisted
entirely of the parent elements (nonradiogenic "daughter" elements may have been
present). Some of the natural radioactive series of importance for this dating are
given in Table 2.1.

Empirical and theoretical studies, as discussed later in this chapter, have shown
that there are predictable reguiarities in the relative atundances of the elements and
nuclides in the solar system. Thus predictions may be made of the original concen-
trations of some radioactive nuclides with respect to their neighbors. Since the abun-
dance of '3*U with a half-life of 4.5 X lOe years and 2'5U with a half-life of 7.1 X

. 108 years may be predicted to be about the same as that of the stable elements bis-

- muth and mercury, the elements ca[not have been formed more than'several tens of
. 'thousand million years ago or the uranium isotopes would have decayed to levels

difficult to detect. On the other hand the absence of 237Np and 2o7Cm, whose half-
lives are 2.25 x 106 and 4 x l0,/ years, indicates that the formation of either of
these nuclei occurred at least a few hundred million years ago, giving sufficient time
for them to decay below detection levels. An independent solution is provided by
consideration of the relative abundances of 2r5U and 2r8U. If these two isotopes were
originally formedin approximately equal amounts, the present ratio of 235U to 238U

(1 :138) is due to the shorter halfJife of 2rtU, which causes it to decay much more
rapidly than 2r8U. The time required to reduce equal concentrations to the present
ratio is about 6 X 10e years. Evidence of this sort, although qualified by uncertainties
in the primordial abundances of the elements, indicates a limit to the age of the solar
system.

Other arguments also support the view that the solar system dates from a few
thousand million years ago. Thus of the isotopes of lead (204Pb, 206Pb, 207Pb, 208Pb),

'ooPb is not radiogenic, and its amount should be the same now as when it was orig-

Table 2.1 Some Natural Radioactive Series of Significance for
Geological Dating

Parent
.Elements Total Halflives End Products

9

2r3{J

235u

,,,Th
ETRb

40K

4.5 X 10e years
7.1 X 108 years
i.4 X 10ro yea.rs

4.9 X 10'o years
1.3 X lOe years

'ftPb + SoHe
2o7Pb * TaHe
2o8Pb + 61He
87Sr

mAr, {Ca
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inally formed: the other isotopes are partly original and partly derived fronr the decay

of :"Li, ritU, and :rrTh. In material eontaining both uranium and lead the isotopic
cornposition ol the lead has undergone a progressive change during geological time;
the relative amounts of the radiogenic isotopes have -increased with respect to the
nonradiogenic ?01Pb. Meteorites provide us with a particularly satisfactory illustra-
tion ol this fact. Iron meteorites contain no uranium. and the small amount of lead

present has the highest relative amount of 20tPb ol any' natural material. Stony
n-reteorites contain measurable antounts of uranium, and the lead present shows the
effect of the continual addition ol radiogenic lead in much higher 206Pb/20oPb and

Pb/'zo4Pb ratios than those for lead extracted lrom iron meteorites. A n-rathen'ratical

analysis ol the data gives an age lor meteorites ol 4.6 X 10e years, which has been

independentll,confirmed by rubidium-strontium age determinations on stony mete-

orites. This is the time since the iron and the stony meteorites were differentiated,
and it can be plausibly equated with the time of planet formation in the solar system.

Additional substantiation has come lrom the chronoiogy determined on lunar sam-
ples, rvhich shows that the moon aggregated 4.6 X 10e years ago.

Although the earth formed as an independent body in the solar system about 4.6

X I 0e years ago, a long period evidently elapsed before the consolidation ol the crust,
judging lrom the information available from the dating of individual rocks ol the
crust by one or another of the radioactive decay schemes. On all the continents rock
ages ol around 2700 million years are well established. It has been much more dif-
ficult to extend the record further back, but the oldest ages from Alrica are 3000 to
3600 million years; from North America 3100 to 3700 million years; from Europe
3500 million years and from Australia 3000 million years. The dynamic motions ol
the crust and evidence of a catastrophic meteoroid bombardment ol the moon and

earth about 4000 million years ago make it unlikely that the age record for crustal
rocks will be extended much beyond 3700 million years. The time of formation ol a
primordial crust and the age of the earth as an individual body must, of course, be
greater than these dates. The hiatus ol several hundred million years between the
age of the earth and that of the oidest crustal rocks was evidently occupied by the
evolution ol a relatively stable crust. Likewise dating of lunar' rocks has found only
a few with ages greater than 4000 million years.

rHE NATURE OF TI-IE SOLAR SYSTEM

In the stucly of geochemistry the solar system is of primary importance, although it
is inconspicuous within our own galaxy and insignificant in relation to the univeise

. as a whole. Data on the solar system are given in Table 2.2. Ary satisfactory theory
ol the origin of the solai system must explain its regularities, tire most important ol

'which are the following:

1. The sun contains over 99.8Vo of the mass ol fhe system, .but only 2Vo of the
angular momentum.

2. The planets all revolve in the same direction around the sun in elliptical orbits,
and these orbits all lie in practically the same plane.
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Tqble 2.2 Data on the Solar Svstem

11

Mass
(earth : 1)

Radius (in - Density
kilometers) (g/cmr)

Surface
Temperature

(in K)

S urface
Pressure
(in bars)

Major and lr,finor
Gases in Atmosphere

Sun
Mercurl.
Venus
Earth
Mars
Jupiter
Saturn
Uranus
Neptune
Pluto

332,000
0.055
0.815
1.00
0.1 I

318
95.2
14.6
17.2
0.0017

695,000
2440
60s0
637 |
3397

7l,600
60,000
25,900
24,7 50
I 300

5500
620
74t

*290
2t0-240

170
140
80
80
80

:

93
1

0.007
High
High
High
High

l.4 t
5.44
5.27
5.52
3.95
t.3l
0.70
r.2t
r.66
l?

Hr, He

cor, N2, HrO, Ar, SO,
Nr,0r, cor, HrO
cor, Nr, Ar, O,
Hr, FIe, CH4, NHr
Hr, He, CH4, NH3
Hr, He, CH4, NH3
Hr, He, CH4, NHr

The planets themselves rotate about their axes in the same direction as their
direction of revolution around the sun (except LJranus, and venus, which have
retrograde rotation); most of their satellites also revolve in the same direction.
The planets show a regulai spacing as expressed by Bode's law,r and they form
two contrasted groups: an iiner group of smalr planets (Mercury, venus, Earth,
and Mars), which are calldd the terrestrial planets, and an outer group of large
planets (Jupiter, saturn,.Uranus, and Neptune), which are 

"utLa 
tt" *ujo.

pla nets.

;;{ fne major part of the angular momentum of the solar system is concentrated in
the planets, not in the sun, in spite of the concentration of mass in the sun.

THE ORIGIN OF THE SOLAR SYSTEM

To be acceptable, any theory of the origin of the solar system must account for these
regularities. Two main schools of thought exist, both with ancient and respectable

- antecedents. Both consider the solar system as derived from an ancestral sun or solar
nebula. They differ essentially in that one prescribes the action of an external force

' rBode's law is an empirical series'which closely approximates the relative distances of the planeis from. the sun and can be formulated as follows:

3.

4-

_&.
i

l

Mer-
cury VenuS Earth Mars

(va-
cant) Jupiter Saturn Uranus Neptune Pluto

4
384

388

395

4

0

4

3 6 12 21 48, 96 rsz
710t62852 100 196

Actual distances of the planets from the sun in terms of the Earth's distance as l03.9 7.2 l0 15.2 - 52 95 rsz - -30r'"

IL:.iy:li:jl*: a good agreement wirh rhe measured disrances, except for Neprune; the gap
between Mars and Jupiter is occupied by the asteroids, at a mean distance of 29.
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to forn.r the planets from the sun, whereas the other rejects the idea of an external

force and hnds the energ)' required to form the planets u'ithin an rncestral solar

nebula. The first school o[ thought dates back to the French philosopher Buffon in

1749, who suggested that the planets were torn from the body of the sun by a colli-

sion with another star. The other originated with the speculations of Kant in 1755.

Kant suglested that within an original solar nebula, regions with slightly higher den-

sity than the mean would act as sinks for matter and the planets would thereby grow '

at the centers of these regions. Laplace in 1796 visualized the original state of the

Sun as a rotating tenuous mass of gas occupying the entire volume of the present

solar system, from which contraction, accompanied by increasing rolational speed,

led to the diseirgaging of a series of gaseous rings by centrilugal forc17',t-t1s-5e 6n*t
then condensing to form the planets.

The Laplace hypothesis held the field for'some 60 years, until the physicist Clerk

Maxwell showed that the physics of the solar system is inconsistent with the mode

of origin postulated by Laplace. The main difficulties lay in the concentration.of

angular momentum in the planets, and not in the sun, and in the mechanism by

which the annular rings of gas might have condensed into planets. These consider-

ations brought the Laflace theory into disfavor, and Buffon's theory was revived and

given more precise form, first by Chamberlin and Moulton in the United States and

later by Jeans and Jeffreys in England. These theories had in common the formation

of the earth and the other planets from material torn from the sun by the impact or

close approach of another star. The Chamberlin-Moulton hypothesis visiralized the

formation of the planets by the aggregation of small solid particles (planetesimals):

the Jeans-Jeffreys hypothesis considered that the planets were formed by the con-

densatioh ol masses of incandescent gas. These impact theories were favored for a

number of years but have been abandoned since it was shown that material torn from

the sun by the impact of another body could under no eircumstances condense to

form planets but would be completely dissipated throughout space in a very short

time.
In recent years the origin of the earth and of the solar system as a whole has been

the subject of intense speculation. Variants of the nebular theory have been sug-

gested by a number of astronomers. The version originally proposed by von Weiz-

szicker seems to fitthe lacts best. it pictures the primitive sun as a rapidly'rotating

mass suirounded by an exti:nded lens-shaped envelope consisting of solid pa{icies

and gas in turbulent motion. In this lens.shaped envelope eddy-like vortices rvould

form, causing local accumulations of.matter which aggregated to form the planets.

Von Wqizszickel gives reasons for the regular spacing of these vortices, which would

explain Bbde's law. Von Weizsiicker's theory also explains tlre remarkable difference

in size and density between the inner and the outer planets. In the tens-shaped enve-

lope from whichrthe planets condensed the temperature would decrease with distanie
'frorn the center according to the inverse square law. Bechuse of this fallingoff of
temperature more_ material could condense in the outer parts than_ in the inner parts,

In the region of 
-the 

inner planets only compounds of low volatility condensed,

whereas in the outer regions the condensation products contained much material of
lorv critical temperature. Because of this difference in the amount of condensation,

{e
"qm

E
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THE COMPOSTTION OF THE UNIVERSE

the outer planets also grew laster and larger than the inner ones. Hence the inner
planets are small and dense, whereas the outer ones are large and have a lori,specifrc
gravity. Pluto is exceptional but it marv be an "escaped moon ol Neptune. Fine derails
in volatile-abundances in the inner planets indicaie that composit'ion is not a simple
function ol heliocentric distance. After reviewing some differences between the com-
positions of the earth and Mars, Anders and owen concluded that the larger inner
planets attracted more late-stage volatile-rich material cluring their accretion than
did the smaller Mars. von Weizsacker's theory incorporates pait of the Chamberlin-
Moulton hypothesis, in that it considers that ihe planets *".L brilt up by the aggre-
gation of solid particles, that is, planetesimals, rather than by condensation of incan-
descent gas. This theory has been extensivery de'eloped by Urey, terHaar, and I.,ui-
per; for a recent review see Hartman , lgj2.

other ideas on the mode of formation of the solar system are linked with the
nature of double stars, All the double stars that have been observed have a large
amount of angular momentum. Most of the single stars, such as the sun, hav" ueiy
little'angular momentum, as far as we know. It is therefore reasonable to suppose
that a double star may reach a condition of greater stability by evolving into a iingle
star with a system of planets revolving about it, with the itun"tury system carrying
the major portion of the angular momentum. Hoyle suggested ttrit tltre evolution of
a double star into a single star with a planetary ryrt", .rrry ."r,git-f.o* the disin-
tegration of one component of the double star with an accompanying supernova out-
burst. Most of the material of the supernova would be dispersedintl space, but suf-
ficient matter was left within the sun's sphere of influence to condense into the
planets.
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Our knowledge of the chemical composition of the universe is obtained by spectro-
scopic examination'of solar and stellar radiation, by the analysis of meteorites, and
by what rve know of the composition of the earth and other planets. Spectroscopic
observation indicates Jhe elements responsible for the radiation, and by careful anal-
ysis of the intensities of the spectral lines rough estimates can be mide olthe relative
amounts of the different elements present in the outer layers of the radiating body.
The data are consistent with the belief that the universe ionsists throughout of the
same eldments,'and despite local variations which may generally be readily explained
the relative abdndances of the differeni elements ui"1u.ry*'t ere much the same.
only rarely has an element not previously known to occur on the carth u.", ai*o"-
ered elsewhere. Flelium, first detected in ihe sun's spectrum by Lockyer in I g6g, was
identified on the earth by Ramsay in 1895 as the gas evolved when uraninite was
heated with a mineral acid (Hillebrand a few years previously noticed this evolution
of an inert gas from uraninite but thought it to be nitiogen). Technetiu.m, an element
not detected on the earth because of its short half-1ife,-has been seen in some stellar
spectra due apparently to its rerativery recent synthesis in these stars.



14

THE COMPOSITION OF THE SUN

PRINCIPLES OF GEOCHEMISTRY

Spectroscopic studies oT ihEsun have been made over many years and many' data
have been accumulated. The major limitations of this method ol study are (a) some
elements either do not give detectable spectra, or their strong lines have wavelengths
less than 2900 A and are absorbed by the atmosphere of the earth and cannot be
observed (this limitation is being overcome by spectrographic riata obtained at hidh
altitudes by rockets and artificial sateilites); (b) the spectra are produced in thc outer
part of the sirn and give the composition ol the solar atmosphere. Whether this com-
position is really representative for the sun as a rvhole depends on-thd effectiveness
ol convection to stir the material into a homogeneous mixture. These,l ions n'ruSt

be borne in mind when considering the follorving information. Abot
have been recognized in the sun's spectrum, and there is no reason to concludO-that
any eiement is really absent; the presence of the others is unobservable because of
their small abundance or the limitations previously stated. The re lative abundances
of the more common elements in the solar atmosphere are given in Table 2.3. The
most striking feature is the extreme abundance ol hydrogen and helium, whicir also
make up most of the-larger planets-Jupiter, Saturn, Neptune, and Uranus.

Table 2.3 Abundances o[ Elements in the
Solar Atmosphere

Atomic Abundance(atoms/
Element Number 106 atoms Si)

H
He
C
N
o
Na
Mg
AI
Si
S
K
Ca
Sc
Ti
V
Cr
Mn
F'
Co
Ni
Cu
Zn

I

2

6

1

8

l1
12

13

14

16

19

20
21

22
23
24
25
26
2'l
28
29
30

2.2 x l0'0
1.4 x 10'q

9.3 x 106

2.0 x 106

1.6 X l0?
4.3 x 101

8.9 x 105

7.4 X 101

1.0 X 106

3.2 x 105

3.2 x 10r
5.0 x 104

2.5 x 10'
2.5 x l0r

. 2.3 X 10'z

1.1 x 104

5.9 x 'I01
7.1'X loj
1.8 X 10r
4.3 x 104

2.6 X t}'1
6.3 X 102

After Ross and Aller, Science, l9l,1223, 1976
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THE COMPOSITION OF THE PLANETS

not have a fluid core.

THE COMPOSITION OF METEORITES

visual inspection and -p.ct.o..opic examination ol the surfaces of the planets cantell us little about their burk composition, since they are inhomogeneous, and theirinterior is undoubtedly different from their iurface. However, dation their densitiesand analogies wirh the earth do p.ouia" ro.. ;;;..-o;;;;ir*. |,un.,r, Mercuryhas no atmosphere, and its density is similar to that of the earth. venus is our nearestneighbor and has a very dense atmosphere, consisting aimost 
"ntir"ty 

of, carbon diox-ide and nitrogen, which concear its surface. The size and mass of vJnus sugg"st thatits composition is probably much like that of earth. Mars, the n"xt planet beyond
. earth, has an atmosphere that does not obscure the surrace ofthe pranet and is there-' fore rarefied; however, clouds and dust storms have been our"iu"a'on*it;;;;';;

Mars, and polar frost caps form in winter and disappea, in su**er. These polarcaps appear to be formed of thin layers of Hro ice, iossibly with some sotid co,also. Much of the surface of Mars has a reddish o. orung" *tnrution, *hich has been
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*usi,bly ascribed to iron oxide coatings, similar to those o4 desert sands on earth.Ttresiz ositiono-i^ufu
However, the oblareness of tr,ra[ln-ilih"la"k of a-mugneiic netJruggest that it does

I

I

I

I

i

Asteroids have not been sampled directly but spectral studies indicate composi
tions similar to meteorites. The albedo of Ceres andmany other asteroids is very low,suggesting material of carbonaceous chondrite compositions. The densities of Ceres,Pallas, and vesta have been determined as 2.1,2.g, and 3.1, respectivery, but theprecision of the measurements is not high (about + 0.5); h;;;r, these densities
are within the observed range of carbonaceous chondrites and lower than those oimost other meteorites.

The major planets, Jupiter, Saturn, Neptune, and uranus, have many features incommon, in particuratrow densities and thick atmospheres that compretery obscure
&fr;lrfaffs.Th" to 

r_dance of hydrogen and helium probably comparable with that in the sun. Much ofthe hydrogen is evidently present as methane and arnmonia. It has been shown thatthe rings of Saturn probably consist 6f.ice nar.tlsles, and the albedos and densities ofsome of the satellites of these planets suggest that they consist largely of. ice also.The data wshave on rhe majoi planetr riig"rn ,f,r,lirr"v ir;;il;:;i, 
"i"_,.ri,,similar to that of earih, but they are .ou"i# with a great thickness of ice and con-

densed gases and have arnrospheres conraining hydro;;, ;.ri;;. ;;;oge,, methane,
and ammonia.

Spectrographic evidence tells us nothing a,bout the composition o[ the interiors ol- theplanets. we must tail back on anarogii wirh our "*;;i;.;i ;ro'-in the evidenceprovided by meteorires, which are parts of the sora*ir,., tporribiy rragments ordisrupted asteroids) that eventualty land on the earth. ih";; r;;;;;;umauty millions
of meteorites of all sizes in the solar system, from the finest dust particles up to those
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that are miles in diameter (il rve include the asteroids, u,hich appear to be sintilar to
meteorites in manl' respects). lr{eteoritic rfatter is-ontinualt-v lalling orr e3rth.
niostly in the lorm ol dust undetectable except by special means; it is estimated that
the rate ol nieteoritic inlail is between 30,000 and 150,000 tons annually. Our knou,l-
edge ol the composition of meteorites comes from the larger and more spectacular
ones that are seen to fall or from objects that are recognized as meteorites by the
special characters distinguishing then'r from terrestrial rocks.

Meteorites consist essentially ol a nickel-iron alloy, of crystalline silicate, mainly
olivine or pyroxene, the iron sulfide mineral troilite, or of a mixture of these. No
meteorite resembling sedimentary or metamorphic rocks has been found. Many sys-
tems of classification have been devised for meteorites, but for our purpose they may
be grouped as lollorvs:

1. Siderites or irons (average'98Vo metal).
2. Siderolites or stony irons (average SOVo netal,50% silicate).
3. Aerolites or stones.

The siderites, or iron meteorites, consist essentially of one or two nickel-iron
n-retallic phases (Ni is usually between 4 and 20vo, ralely greater), generally with
accessory troilite (FeS), schreibersite (Fe, Ni, co)rp, anitgraphite. Additional acces-
sory minerals, such as daubreelite (FeCrrS), cohenite (FerC), and chromite
(Fecrroo) occur more rarely. These accessory minerals are present as small rounded
or lamellar grains scattered through the metal. The metal generally shorvs a de{'inite
structure knorvn as Widmanstatten figures, rvhich is brought out by etching a pol-
ished surface with an alcoholic solution ol HNO,. This structure consists of lamellae
of kamacite (a nickel-iron alloy with about 67o Ni) bordered by taenite (d nickel-
iron alloy with about 307o Ni). The lamellae are parallel to the octahedral planes ol
an originally homogeneous crystal of nickcl-ton, and meteorites shorving widman-
statten structure are therefore known as octahedrites. This structure is typical ol
subsolidus exsolution in an alloy that has cooled very slorvly from a high temperature.
Hexahedrites are irons consisting entirely of kamacite, and ataxites are irons u,ith
more than 14% Ni and consist largely of taenite.

The siderolites, or stony-iron meteorites, are ma.de up of nickel-iron and silicates
in approximately equal amounts. Two distinct groups, thp pallasites and the meso-
sidcrites. ol differcnt chemical and mineralogical composittn. are rccognized. The
pallasites are made up of a continuous base ol nickel-iron enclosing grains ol olivine
rvhich often show good crystal forms. In the mesosiderites the metal phase is discon-
tinuous and thc silicates are mainly plagioclase fcldspar and pyroxcne, somerimes
with accessory olivine.

on the basis of texture the aerolites or stones are divided into two groups, the
chondri(es and the achondrites. The chondrites are so named because of rii. pi"r.n..
ol chondrules or chondri, which are small rounded bodies (averaging I mm in diam-
eter) consisting primarily.of olivine and/or pyroxene. Chondrules seem to be unique
to these meteorites and have never been observed in terrestrial rocks, hence are prob-
ably significant in terms ol the origin ol such meteorites. The average composition
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of chondrites is about 40To olivine,30To p\roxene, 5-20vo nickel_iron, i*To ptagio-clase' and 6% troirite- one group or ch'ondrites, the rca-rtonu".o* chondrites. isunique among meteorites in consisting rargery or hydrated i.on,,.ugn.rium siricate(serpenrine or chrorire-rike minerars) Ina iontrinir; ;; ;; r'i,i'*comprex_ organiccompounds. The origin of these compounds, whethei ,t 
" 

."*uin, of extraterrestrial:organisms or the products of nonbiorogical synthesis, r,u, u""n"u.gued for over acentury. However, recent research, espe-ciaily on the rr,rr."rrir.r^."teorite rvhich fe*in Australia in 1969, strongly fuuo.s a nonbiologicar o.igin io.^the organic com_pounds. The Murchison meteorite contains a comprex mixtirre of organic compounds(aliphatic and aromatic hydrocarbons, ca.uoxytic 
""iar, a*in*o icids, and others).The similarity of these compounds to those produced by therrrral synthesis from sim-ple organic molecules-supports a nonbiologicai origin, u, ao", ,t 

" 
,'u,u." of the amino

lillri;rl"* 
of which are not.found in" natural proteins ura non" show optical

The achondrites are a diverse group of stony meteorites that do not contain chon_drules and ut" urrul 
s. Manyachondrites."'@incompositionand-Texture,hencehave

probably crystallized rrom a srtrcate melt.
Tektites, enigmatic objects often considered with meteorites, consist of a silica_rich glass (average about 7 5vo sior) resembiing obsidian, yet distinct from terrestrialobsidians in composition a.nd texture. They have r, ,rurrurll".n-i"ur composition,which consisrs of the. conjuncrion of high sirica and ;;il;;ly high arumina,potash, and rime with row magnesia and Joda; this compositior."r"-ur"s a few gran_ites and rhyorites, and some silica-rich ,"Ji."rtu.y rocks. Tektites are found, gen_'erally as small (up to 200-300 g) rounded *urr"r, in areas that precrude a volcanicorigin. unlike meteorites, tektites huu" ,ot b""n observed ,o iuri'io*" authoritiesregard them as the product of the impact of comets or gigantic ,";;;;;;',h"earth ln view of their enigmatic origin 

"nd 
ih"i. aberrant composition, they are notfurther considered here. A comprehlnsive account is provided by o,Keefe (rg.,6).Many chemical analyses have been made of meteorites. rr," i.on, form a rather .homogenepus group, differing from one to anotrr". essentialry in nickel content, andan average composition is easily derived. The stony-irons and the achondrites arevery diverse groups, and.,aie com'arativetf .ur", so.averages or their compositionshave.littte significance: The chondrit", u."it ori"r; ;rl-r;;;:" .".urtuule homo-geneity in chemical composition. Table 2.4 gives a selection 

"iirr" available corn_positional data. The crose correspondence b"tw"en the average composition of iron'meteoriles with the average composition of the metal lrom ci'ondrl,;';;r*g;;;-gests a common source. T-he.iron 
^,il;;;ro,baQry ,"p."r"ni -"tut ,"g.*gut"d by .the. partial or comprete melting or materiai-Jf 

"rr"ra'ri,i "'"ril;:iffiThere'is generar agreement that meteorites provide us with tr," uest sarnpre fromwhich to derive the absolute abundances J,r," nonuotatir" 
"iem"rts; 

severar tablesof elemental abundances hqve been ffiiLoi.m the anarytical data on meteorites.A principal tlifficurty in such compilations has been the s;reitio; oi ,r," analyticaldata, since meteoriles differ greatly in 
"ori*ition and in relative abundance. This



18

Table 2.4 The Composition ol Meteorite Matter

PRINCIPLES OF GEOCHEMISTRY

(*.eight

Metal* Meralf (from
(from irons) chondrites)

per cent)

Silicatef (from
chondrites)

Average
Chondritel

0.i i
0.08

o
Fe
Si
Mg
S
Ni
Ca
AI
Na
Cr
Mn
P
Co
K
Ti

90.7 8

8.59

0.63

90.'72

8.80

0.48

+1.1
9.8 8

22.5
18.8

1.61
1.60
0.84
0.3 8
0.33
0.14

))-1,+
)f 1/

11.10
14.29

1.93
1.64
1.27
1.22
0.64
0.29
0.25
0.1 1

0.09
0.08
0.06

*Brown andPutt".son, J. Geot.56, g7, I94g.
fMason, A'mer. Museum Novitates, No. 2223. 1965

is shown in Table 2.5, which divides meteorites into two groups, the.fnls (those
collected but not seen to fall) and the fatls (those collected after having been seen to
fall). The figures in Table 2.5 show a remarkable reversal in proportions between the
finds and the falls. The reason is not far to seek. The relative abundance of ironsTs
finds is due to their being easily recognized as meteorites, rvhereas a stony meteorite,
unless seen to fall, could easily be overlooked as such. A truer indication of the rei-
ative abundance of the different meteorite types is therefore given by the relative
proportions of those seen to fall. Such a compilation completely ieverses the situation
and indicates that the chondrites are far more abundant than all other types. The
composition and structure of the chondrites favor the hypothesis rhar (hey may u,ell
represent fragments from planetesimals iike those thit aggregated to ro.. trr"
planets; the other meteorite types cao prausibly be developeJ 6y in" partial or com-
plete melting and differentiation of material of chondritic 

"t*porition. on this
account the chemical composition of the chondrites has been the irimary source of
information regarding the absolute or cosmic abundances oi the elembnts. The valid-
ity of this concept is illustrated in Figure 2.1, which compares solar abundances with
those in the Allende carbonaceous chondrite for l9 elements, covering a wide range
in abundance and chemical properties. Most of these abundances aie iientical within
a factor ol two which, in view of the inherent uncertainty. in the solar abundances
derived from spectrographic analysis, must be considered irighly significant, indicat-
ing that chondrites are good average sampres of sorar system matelial.
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v Table 2.5 Frequencv o[ Meteorite Finds and Faus
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Finds Falls

Type il;=il Nr.b". p"."*,
lrons 545 5g.l 33 4.6Stony-irons 53 i.l i r l.sAchondrites j O.l iO 7.8Chondrites y3 35.5 eh 86. tTotal 938 100.0 it lr*
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THE COSMIC ABUNDANCE OF THE ELEMENTS

PRINCIPLES OF GEOCHEMISTRY

On the basis of datd on the corfposition of meteorites and oi solar and stellar marter,
Goldschmidt in 1937 compiled the first adequate table ol cosmic abundances ol ele-
ments and isotopes. The data on hydrogen and helium and other volatiles were
derived largely lrom examination of the sun and stars, and the frgures for most ol
the other eletnenls rvere based on their relalive abundances in meteoritic rnatcrial.
The overlap ol nonvolatile abundant elements, such as silicon, is used to cornbine the
data frorn both sources. cameron has published a revised table (Table 2.6), using
the more extensive and accurate data accumulated since 1937; the major features ol
Goldschrnidt's abundance figures are not altered, although there are numerous dil-
ferences in detaii.

In general, there is uniformity between the relative abundances determined in the
sun and in other regions of the universe. Differences may usually be explained on the
basis of the original size of stellar masses observed. The size of the stars determines
the rate of their nuclear evolution and stability. Larger stars burn more rapidly than
smaller ones and may develop into supernovas that explode and disperse their
nuclides throughout their immediate area of the universe. Our solar system probably
contains the remains of one or more of 'tbese earlier stars. Variations in the abun-
dances of hydrogen and helium in stars gives evidence that they are in different
stages of their evolution, while differences in the abundance ol heavier elements
reflect variations in the materials available for their synthesis.

Table 2.6 and Figure 2.2 show that the relative abundances of the different ele-
ments, especially the lighter ones, vary considerably. An element may be a hundred
or a thousand times more or less abundant than its immediate neighbor in the pcri-
odic table. Nevertheless, when the data are carefully analyzed numerous regularities
are found. These may be summed up as follows:

1. The abundances show a rapid exponential decrease for elements ol the lower
atomic numbers (to about atomic number 40), lollorved by an almost constant
value for the heavier elements.

2. Elements ol even atomic number are more abundant than those of odd atomic
number on either side. This regularity was first recognized independently by
oddo in 1914 and Harkins in l9i7 and is sometimes referred to as the oddo-
Harkins rule.

3. The relative abundances for elements of higher atomic number than nickel vary
less than those for elements of lower atomic number.

4. Only 10 elemcnts-H, He, C, N, O, Ne, Mg, Si, S. and Fe-all wirh atomic
. numbers less than 27, show appreciable abundance; of these, hydrogen and

helium far outweigh the other eight.
5. Thete is a pronounced abundance peak at atomic number 26 and smaller peaks

at several bther heavier atomic numbers.

The regularities displayed in Table 2.6 suggest that the absolute abundances of
the elements depend on nuclear rather than chemical properties and are related to
the inherent stability ol the nuclei..An element is uniquely characterized by the num-
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Tabte 2.6 Cosmic Abundances of, the Etqments in Atoms per 106 .{toms Si,
Element Abundance Element

21

Abundance

IH
2He
3Li
4Be
5B
6C
7N
80
9F

l0 Ne
ll Na
12 Mg
13 AI
I4 Si
15P
16s
17 CI
l8 Ar
19K
20 Ca
2l Sc
22Ti
23V
24 Cr
25 Mn
26 Fe
27 Co-
28 Ni
29 Cu
30 Zn
3l Ga
32 Ge
33 As
34 Se
35 Br
36 Kr
37 Rb
38 Sr
39Y
40 Zr
4I Nb
42Mo

2.66 x l0'0
1.8 x loe

60
1.2
9

1.ll x l0?
2.31 x 106
1.84 x l0?
780

2.6 x 106
6:0-=x 101
1.06 x 106
8.5 x 104
1.00 x 106
6500
5.0 x l0r
4740
1.06 x lff
3500
6_25 x to4

31
240A

254
1.2"1 x lo4
9300
9.0 x 105
2200
4.78 x lOf

540
1260

38
tt7

6.2
67

9.2
4t.3
6.1

22.9.
4-8

t2
0.9
4.0

44 Ru
45 Rb
46 Pd
47 Ag
48 Cd
49 tn
50 Sn
51 Sb
52 Te
53I
54 Xe
55 Cs
56 Ba
5'l La
58 Ce
59 Pr
60 Nd
oism
6: Eu
64 Gd
65 Tb
66 Dy
67 Ho
68 Er
59 Tm
70 Yb
7l Lt
72Hf
73 Ta
74W
75 Re
76 Os
77 Ir
78 Pt
79 Au
80 Hg
81 Tl:
82 Pb
83 Bi
90 Th.
92U

1.9
: 0.40

1.3
0.46
1.55
0.19
3,7
0.31
6.5
1.27
5.84
0.39
4.8
0.37
1.2
0.18
o.79
0.24
0.094
0.42
0.o76
0.31
0.092
0.23. 0.035
0.20
0.035
0.17
0.020
0.30
0.051
0.69
0.72'
1.41
0.21

. 0.21.
0.i9
2.6
0.r4
'0,045

0.027

'i
Jl
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Figure 2.2 Relative abundancei of the elements, referred to Si :
. atgTic number.

',
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Tahle 2.7 Illustration of Isotopcs, Isobars, and Isotones
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lsotopes Z = 20(calcium) lsotonesA:20 ----
Percent of
Element Element

Percent of
Elentent

40
42
43
44
46
48

20
22.

23
22
26
.)a

96.91
0.64
0.1 45
2.06
0.0033
0.1 85

Sulphur
Chlorine
Argon
Potassium
Calcium

t6
17

18

19

20

36
3.1

38
39
40

0.0136
24 411
0.063

93.10
96.97

lsobars I :
40

Element
Percent of
Element

1' Argon
Potassium
Calcium

99.6r
0.01l9

96.97 I are)
18 22
t9 2t
20 20

ber of protons (Z) in its nucreus, but the number of neutrons (N) associated withthese protons can vary. As a resurt, an erement may have ,"u"rur 
'isotopes 

differingin mass number or atomic weight A(A : i ! ,, and stab,ity bur nor appreciablyin chemical properties. Simirarly, there are isobarsr,which are ain"."rt erements withthe same r but different values of ,I/ and z, and isotones, which are different ere_

;l;i" 
*"" the same heutron number N but with airr"r"ri uuir", "i, and, Z (Tabte

Relatively ferv of the possible nuclides of any element are stable; of the thousandor more isotopes known to date, onry about 27o are nonradioactive. The impricationis that a nuclide is abundant because the combination of protons and neutrons in itsnucleus is particularly stable. on this basis the drop in relative abundances withincreasing nuclear complaity can readily be explained; the absence from the earthol elements 43, 6r, g5, and g7 is due to an almost complete instability of any rucleararrangement for these atomic numbers (note that a11 four 
"r" 

;J;_;;;bered). Then,too, it must be more than a coincidence that the nucrei of lithium, beryilium, and:boron, which are exceptionaily.rare u*ong'ro*-numbered .1";;;;;, are just thosenuclei that are most readily disintegrated b:y bombardm.r, *r,rr'p.iions, arpha par_ticles, and neutrons. As might be 
-expectea, 

the breakdown of i"utiu" abundancedata for the erements into isotopic utunau*"ri;; Id ;;'ffi.'li'inificunt resurts.Nuclei of the even tr/ (neutron number)-eve; z (proton nu.t".i ryi"'are both morenumerous and more abundant than any of the other types. Nuclei of the even N_oddZ and odd 'iv-even Z are abouLequally numerous and abundant. Nuclei ol- thc oddr/-odd Z ivpe are few in number una to* i, ,etatiu."luu;;;;;;";;, for ,aN. Thesefeatures evidenrry reflect rhe nuclear binding energy, *i,i"r, is ;.;;;;r, for even ,A1-even Z nuclei.
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THE ORIGIN OF THE ELEMENTS

PRINCIPLES OF GEOCHEMISTRY

I
fi

ri

li
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The structure ol the nuclei ol the elements as aggregates of protons and neutrons

has resulted in theories to explain their origin and-their relative abundances by a

synthesis, or buildup, slarting rvith either or both ol these basic builciing blocks'

Several theories as to the mode ol lormation of the chemical elements have becn

proposed. One, which may be termed the equilibrium theory, proposes that the rel-

ative abundances of the elements are the result ol a "frozen" thermodynamic equi-

librium between atomic nuclei at some high temperature and density. By suitable

assumptions as to the temperature, pressure, and density, good agreement with

observid abundances is obtained for elements ol atomic number up to 40' For eie-'

ments of higher atomic number, however, these assumptions lead to impossibly low

abundances. On this account, theories have been proposed that consider the relative

abundances ol the elements as resulting from nonequilibrium processes; on this basis

the light nuclei were built up by thermonuclear processes and the remaining nuclei

by successive neutron capture, rvith intervening p-disintegrations. This theory pre-

dicts the general trend of the observed data but faiis to explain some ol the detailed

features, particularly bridging ol the gap caused by the nonexistence ol nuclei ol

atomic weights 5 and 8. It is apparent that no single process can satisfactorily

account for the observed complexities.
Advances in nuclear physics allowed Burbidge, Burbidge, Fowler, and Hoyle in

1957 to propose that the general leatures of the abundance curve could be explained

by nuclear reactions taking place in stars. In order to explain the measured distri-

butions they outlined eight proces'ses for the synthesis. In their model, elemental

matter started with hydrogen, which formed the primitive matter from which stars

were made. The individual steps in their synthesis are:

1. H),drogen "burniig" to produce helium. Hydrogen burns by successive proton

capture to produce 3He. At temperatures of 107"C and densities about 100 g/

cm3, rHe nuclei impact and combine to form aI-Ie and two protons. At still higher

temperatures additional nuclear reactions involving 3H.e, oHe, and protons pro-

vide alternate mechanisms for producing additional tHd. ln older or second gen-

eraiion stars containing ''C a catalytic cyclc progressing through six steps allorvs

the overall reaction 4H' - Hea to take place, as follows:'

'H +*H -'D f 6*zD+rH-rHe*?
3He -F.'Ho * 4He +

* u ,,Q.* ,H * "N * ^r (gamma ray)
rrN + '3C + P* (positron) 1- I (neutrino)

'rC + rH - '1N,+ 7.

'oN+,H-*,5O*7r5O+r5NlA+*u
l5N + IH -r2C *'aHe

The C-cycle reaction also provides a mechanism for the productibn of quantities

i ol'aN in the star.

2. Heliuru burning by three body collisions or "triple a" reactions takes place at

temperatures in the order of 108"C and densities of about 105 g/cmr. This pro-

cess provides a mechanism tor skipping the unstable nuclides with masses ol 5

I
li

I

I
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and 8. The '2c produced can then add aHe to produce ,6o. At this point in a
star's evolution, 'H has been converted to 4He and the .He into ,rc ani 'uo u,ith
the accumulation of some ,.N.

3' Further collapse of the star producing higher temperatures and greater densities
allows additional reactions, sometimes known as the a proces's or carbon and
oxygen burning, to take place. [n this stage of steller euolution r2C nuclei react' to form species such as 20Ne, 2rNa, 23Mg, and 2aMg together with a new supply
of a particles and protons. In sequence 160 nuclei i"^"i to produce ,a51, r,p,'i,g,
and r2S and probably some Cl and Ar from seconciary reactions invoiving the a
particles, protons, and neutrons.

4. As the star e.volves further, silicon burning, or the equilib rirLm e-process, takes
place. Because of the high temperatures, the rate of nuclear reactions is
increased and elements with atomic nqmbers greater than 28Si come into equi_
librium with it- This process is responsible foithe nu"l"orynih"sis of the most
abundant nuclei between A : 28 and A : 57 at the Fe ieak. with the pro
duction of the Fegroup elements the star will have run out of reactions that can
supply it with energy, since s6Fe is at the top of the curve of binding energy per
nucleon.

5. The primary mechanism for the slnthesis of elements heavier than iron is by the
capture of free neutrons. Neutrorisare apparently produced by the reactions of
a particles on rrc, "o, or 2rNe. Slow neutron capture, ot the s-proceJJ, can pro-
duce elements up to and including 2o'Bi, but many observed.r,,"r"i u." bypassed.
The process is called the s-process because the-rate of neutron addition is slow
compared with beta-decay lifetimes of the nuclei produced. Any unstable nuclei
produced generally decay before the next neutron interaction takes place. The
isotopes of a given element are built up successively until one is reached that is
unstable. Then B decay produces the isobaric nuilid" of that element which
serves as the target for flrther isotope building reactions until another unstable
species is formed. This process produces peaks in the element abundance curve
where there is a build-up of stable elements with low neutron capture cross_
sections.

6. To produce elements.heavier than bismuth and to make neutron-rich elements
not made by the s-process, a rapid neutron capture, or r-process, has been pro.
.posed. In this proess neutrons are added to B-decay unsiable nuclei before the
decay can take place. This allows the production of *ury nuclei, which may
through subsequent decay account for the neutron-rich iiotopes of some ele-
ments. The large neutron fluxes for the r-process appear to take place during
'the massive stellar explosions called superoovas. Theie explosions provide the
large flux of neutrons required and a mechanism for dispersing the elements
made by all of the processes into space so that they may Ui recytt"a.7- lhe relatively rare proton-rich isotopes of the heavy ellments not produced by
the neutron capture processes are explained by a rapra proton capture or p-pro-
ytt.such a process may take place in tlie outer parts of u ,up".nouu explosion.
Figure 2.3 illustrates the proposed mode of origin of nuclides in a selecied por-. tion of the chart of the nuclides.
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39-Y

38-Sr

37-Rb

46 41 48 49 50 51 .52 53 54 55 56 57 58 59

Neutron number

Por-tion of the chart of the nuclides. The fraction of stable isotopes is shown for
each element, together with an s-process formation path indicated by arrows.
Nuclides to the left of the s-process nuclides are formed by the p-process and
those io the right by the r-process. Some nuclides may be formed by more than
one process.

Figure 2,3

8. The production of Li, Be, and B not explained by the above mechanisms has

been attributed to an x-process, most likely as spallation products of lightweight
abundant nuclides of carbon or oxygen.

TheSe processes are correlated with the observed features of stellar evolution. All
stars convert hydrogen into helium. but only the most massive stars produce the ele-
ments in the upper part of the periodic table. Certain heavy nuclides appear to be
formed only under catastrophic conditions, such as the development of a supernova.
A supernova is essentially a stellar explosion, the catastrophic disintegration of a
star. The explosion produces luminosity of the order of 108 that of the sun, and the
lumiflosity falls off exponentially with a hallJife of about 56 days. It can hardly be

a coincidence that 25aCf decays by spontaneous lission with a half-life of 56 days.
Evidently a supernova is triggered by the r-process. Man has reproduced the r-pro-
cess on a comparatively modegt scale; substantial qiiantities of califoinium are pro-
duced in H-bomb explosions when the "tU in the bomb is exposed to'ah intense
neutron flux during Lhe explosion
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fr THE STRUCTURE AND

a coMPoslToN oF THE
@J EARTH

INTRODUCTION

A knowledge of the composition and state ol the earth's interior is prerequisite to an

understanding of geochemistry. This problem obviously cannot be solved by direct

observation. The deepest boring yet made is one of about 10 km; mines are still
shallower; and apart lrom borings and mines the only accessible parts of the earth

are those exposed on the surface itself. Some material is brought to the surlace by

igneous activity, but as we know only incompletely the depth from which it comes

and whether it has undergone any second-order changes, ferv deductions can be made

from this evidence. Thus to obtain some understanding ol the earth's internal struc'

ture we must use an indirect approach. Here we turn to geophysics, the application

to the properties of the earth and its siveral parts of physical laws dealing with grav-

itation, wave transmission, heat conduction, and other phenomeJra. The principal

sources of information a1e (a) the acceleration of gravity at the earth's surface and-'
the gravitatiorial constant, from which the mean density ol the earth can be deter-

mined; (b) the constant of piecession of the equinoxes, from which the earth's

moment of inertia can be. calculated, thereby allowing important inlerences to be

drarvn regarding density distribution within the.earth; (c) seismological data, which

indicate the presence of discontinuities within the earth and from which information
'can be derived on the elastic constants'of the materials in the interior; (d) heat flow

" data, which reflect the abundance and distribution of radioactive elements in the

crust and mantle. These facts, together with laboratory determinations ol the elastic

constants of various rocks, information on the probable abundances bf the elements,

. and simiiar data, provide the basis for theories regarding the earth's internal struc-

ture and composition. To be acceptable any theory must be consistent with the data

available. However, the data may permit ol several interpretations, none of which

28
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Ijl^t:1}lL;".:*:,1',,,,*:f H*ffi rfJ,l,;:;;i1,,*f,lff ::,,$i:_:i"",j:
and the improvement ol e-xisting knorvlcdge.

SEISMIC DATA ON THE EARTH'S INTERIOR

Much inlormation about the earth's interior is derived lrom the analysis ol earth-
quake w'aves. An earthquake generates waves ol various kinds, ol which the t\1,o t),pes
that pass through the body of the earth are the most important for our present pur_
pose- These two types of rvaves travel with unequal velocity, even in the same
medium. The faster are 

_those 
transmitted by vibrations in the direction of propaga_

tion (analogous to sound waves in air). They are trre first to be recorded by seismo-
graphs at an appreciable distance from the focus of the earthquake and are called
lrimary or P waves. The slower waves are transmitted by vibrations at right angles
to the_direction of propagation (analogous to right *uu"ri and are known as second-
ary, shear, or s waves. The verocities.of p and s waves vary with the density and
elastic constants ol the material through which they prrr, und they are subject to
reflection and relraction at surfaces of discontinuiiy.' By compa.ing the times atwhich P and S waves from the same shock arrive at different stations, travcl-time
tables can. be drawn up from which thc velocity of these waves as a function of depth
c.an bg calculated. Figure 3.r depicts graphicaily the data thus obtained. It showsthat the interiorof the earth is clearly heierogeneous, in the sense that at different
depths the rnaterial has different elastic prop".ti"r. This heterogeneity is not random
but is present in zones separated lrom eaCh other by discontinuities of greater or
lesser sharpness. Two major or firstorder discontinuities (a first-order discontinuity
is one producing an abrupt break in the velocity-depth curve) have been recognized
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by all geophysicists. The earth is thus divided into three parts: the crust, lrom the
surlace dorvn to the first discontinuity (the Jrfuhoroviiic discontinuitr): the nrantie.

fron.r thc base ol the crust to the second discontinuity (the Wiechert-Gutcnberg dis-
continuity); and thc core, from the Wiechert-Gutenberg discontinuity to the ccntcr
ol the earth. The extinction ol the S waves at the base of the inantle is particularly
signihcant, suggesting that the n'raterial of the .underlying core lacks rigiditl' and
behaves as a liquid. Secondorder discontinuities are rccognized rvithin the crust, the
mantle, and the core (a second-order discontinuitf is marked by a sud,Jen change in
the rate at which wave velocity increases or decreases and produces a change in slope
of the velocity-depth curve). There is no general agreement on the nunrber and
positions of these discontinuities, and their interpretation is much less certain.

'"iJi'ii$
DENSITY wlTHlN THE EARTH t b' ' j!''

It may be said that Sir Isaac Newton was the founder of geophysics because his
lormulation of the law of gravitation provided the means for determining the mass

of the earth and its mean density. Newton made the prescient statement: "It is prob-
able that the quantity of the whole matter of the ealih may be five or six times
greater than il it consisted of water." It was not until the-iatter part of the eightcenth
century that Newton's brilliant guess was confirmed by experiment. In 1798 Cav-
endish determined the constant of gravitation by comparing the attraction between
two lead spheres and two gold spheres, using a sensitive torsion balance; from this
measurement he derived the figure of 5.48 for the mean density ol the carth. The
present accepted ligure is 5.517 + 0.004. Since the mean density ol the surlace rocks
is about 2.8, it follorvs that the interior must have a density greater than 5.5 to
account for that of the Earth as a whole. The high density may be explaineci in two
ways:

l A change in phl,sical state, the increase in density being due to the contraction
ol crustai material into much smaller volume under enormous pressure.

2. A change in chemical composition, the increase in density then being due to the
presence of some intrinsically heavier substance, such as a heavy metal.

The next step is the determination of the density distribution u,ithin the earth. It
rvas mentioned in the previous'section that the velocities ol P and S waves varl u ith
the density and elastic constants of ths material through which they pass. The rele-
vant equations are

(Vo and V, are the velocities of P and S waves, respectively; p is the density ol the
material, k the bulk modulus, p the rigidity.) Of the variables in these equations only
the velocities are accurately known for conditions in the earth's interior, and thus no

unique solution for the other factors is -possible from seismic data alone. .However,

30

s\



THE STRUCTURE AND COMPOSITION OF THE EARTH 31

the dcnsity distribution rvithin the earth must compll, rvith t*,o stringe nt condirions:
the. integrated densin' nrust asree rvith the knou.n density. ol the ea-rth as a u,hole,and it must also give the correct moment olinertia us det.i.rined frorn the precession
of.the. equinoxes' By making some plausible assumptions in the interpretation ol theseismic data, Bullcn computed figures ror the density distribution ,rith;; i;; ;;;;which are consistent with the independent controls i urrt a."rity 

"no 
moment orinertia (Figure 3'2)- From these results he also calculated th" p..sr,,.. distribution

rv.ithin the earth (Figure 3.3). The pressure at the earth's cenrer is lound to be 3640kilobars, or somewhat over 3,000,000 atm. Later w,ork has shorvn that the general-ized curves constructed by Burten shorv significant line structure especiaily in theupper mantle' Such structure is shoivn in Figure 3.4 together uittr an interpretationol its causes.

Region a is the lithosphere, a qlab of rock material ol variablc thickness. The crustforms the upper part of this unii, and it includes the Mohorovidi6 discontinuity. Itslower boundary is marked by a region of decreasing s wave velocity. The lithosphere
is rigid and forms the numerous plates that drift over the earth,s surface.

Region b is the asthenosphere, a seismic-shear-wave low velocity zone, which isinterpreted as a zone of partial melting. Regions a and b do not appear to havegreatly different compositions, but their physical states differ significantiy. Horvever,
isotopic studies of basalts do show that those erupted at midocJan .idg", huu" co,,"from regions chemically different from those erupted at other areas on the earth,s
surface, including some oceanic islands and continental flows. Based on isotopic stud-

, . . ,-l ies ol the systems Sm-Nd and Rb-Sr, it has been shown that the rnidocean ridge
,u 

ti*;t' basalts are derived lrom an upper mantle source region depleted in those elements

, 
" 
t*I,,'t" 111monlv 

lound in the crust whereas continental basalts comc from a deeper region

S,Yoy"tin ..*not,t*t"o 
irt these materials. The upper mantle is a complex hererogeneous unit.

_p T*lj"* - , 
j'.d:,:leledirr these materials. The upper rnantle is a complex hererogeneous unit.

N,,.,n."-'"l..,-....,..,.,,,'l'.,,{uK9\--

".,:..::.,:"'.,.o....,...,.':.]';,,;:

Figure 3.2 Density variation in the earth,s inte-
rior. (From Bullen, An introduction to

. the theory of seismology. Courtesy of
Cambridge University press)

Depth, km
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Figure i.3 Pressure distribution in the earth's interior.
(From Bullen, An introduction to.the theor)'
of seismology. Courtesy ol Cambridge Uni-
vcrsitl,Press)

3.6 3.8 4.0 4.2

Zero-pressu re densit'y

Figure 3,4 Phase assemblages with changing zero-pressure densities ior a model o[ the upper man-
tle. (After Ringwood, Origin of the Earth and Moon. Cburtesy of Springer-Verlag)
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Relo'"v the asthcnosphere the rocks again become solid and rigid rvith only stight
- velo*citr, and densitr change *,ith depth. In the region ol 100- io .100_km dcptt 

";apid increase in density and velocity takes place. Based on thcory and experiment,
Ringrvood and his co-workers have shorvn that at these pressures phase transfor-
mations take place. -Pyroxene assumes a garnet structure, and olivine transfbrms to
the beta MgrSiOo structure, which:is about 8 percent denser than olivine.

At greater depths in the e region (below 400 km), calcium garnet transflo.ns to
the dense perovskite structure and B-MgrSiOo changes to a spinel structure. Below
this,.in the f and g regions, the spinel and garnet phases begin to break down into
simpler dense components. Spinel changes to MgO with a rock salt structure and to
MgSiO, rvith a perovskite structure, and garnet changes to the ilrrrenite structure
lollowed by another change to the perovskite structure. All ol these phase changes
on essentially a constant chemical composition can explain the observed physital
properties.

TEMPERATURES WITHTN THE EARTH

We knorv the,variation o[ density and pressure within the earth to a considerable
degree of preeiiion, but estimates of temperatures at depth are little more than intel-
ligent guesses. Direct observations in mines and boreholes shorv that temperature
increases u'ith depth, although the rate ol increase varies greatly.lrom place to place.
This variation is characteristic ol the crustal layers, and at quite moderate depths
the temperature gradient probabtl' becomes uniform. Measured thermal gradients in
the crust range from 10 to 50"/km, and an average value ol 30"/km is often used.
From the thermal gradient and the thermal conductivity ol the ,ocks the florv of heat
toward the surface can be calculated. The average value of this heat flow is 1.5 X
l0*6 cal/(cm'?)(sec). This is about 50 calf cm2 annually, suffjcient to melt a sheet of' ice 6 mm thick (latent heat of fusion of ice is 80 callg). This shows how little the
earth's internal heat can influence climatic conditions; 6 mm of ice can easily be
nlelted au'ay by a lew hours' sunshine or be formed in one frosty night. However,
when computed for the areh of the earth it is nevertheless much laiger than the
amount of heat brought to the surface by the spectacular activity of voicanoes.

Selected heat flow values.for different geologic regions are given in Table 3.i. lt
ts significant that the average oceanic heat flow is approximately the same as the
average continental heat flow. When first noted this was a surprising discovery,
.becausea considerable fraction ofthe heat flow from the continents is accounted for
by the radioactive e lements in the continental crust, but the oceanic crust is thin, less
radioactive, and incapable of providing more than lTVo of the oceanic heat flow.
lsing data on the distribution of radioactive elements in different rock types it is
possible to.estimate the contribution of radioactive heat from crustal rocks (Table
3.2) and thus determine the heat concentration from the mantJe. Such calculations
indicate that crustal rocks may contribute from 30 to 5O7o of the continentalJreat
flow. The remainder o[ the continental heat flow and the oceanic heat flow is deep
heat from the earth,s interior.
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Table i.l Heat.Flow Values for Major Physiographic Provinces

PRINCIPLES OF GEOCHEMISTRY

Province
Mean Heat Flo*

Number of Measurcments q (pcal/(cmr)(sec) Standard Deviation

Ocean basins
Ocean ridges
Ocean trcnches
Other seas

Precambrian shields
Phanerozoic nonorogenic.
Phanerozoic orogenic areas

Paleozoic orogenic areas

Mesozoic-Cenozoic orogenic
Island arc areas
Cenozoic volcanic areas

213
138

').1

281

26
23

68
21

l9
28
ll

1.28
1.82
0.99
l.7 l
0.92
r.54
1.48
1.23
1.92
r.36
2.16

0.5 3

1.56
0.6 r

1.0-s

0. ll
0.38
0.s6
0.40
0.49
0.54
0.46

After Lee and Uyeda, 1965; "Review of Heat Flow Data" in Terrestrial Heat Flow, W. H. K. Lee (ed ), Ceophysical

Monograph 8, American Geophysical Union-

Table 3.2 Heat Production by Igneous Rocks

Type of
Rock

Produced by '-
U, (ergs/g '

year)

Heat
Produced by
Th, (ergs/g

year)

Heat
Produced by Total Heat
K. (ergs/g Production,

1'ear) (ergs/g year)

Granites
Acidic
Intermediate
Intermediate
Basalts
Dunites

117
126
43
81

25
0.42

84
109
36
8l
4l

0.44

3.1

l8
29
29

6.4
0.01

235
2"73

108
191

'72

0.87

..\
a\-

tstu .c
I * '-tl
0-\ *)

w Gr '' :.\
..\4." ,.5*,

ti * j}'',
,*o'u a.tr

',rt' 
i

'.{ul'

From Jacobs, Russell, and Wilson Physics and Geology, Second Edition (New York: McGraw-Hill,

o le74).

Ocean ridges have on the average higher heat flows than do ocean basins which in

turn have higher average heat flou,s than do ocean trenches. This is interpreted to

indicate and iupporr the idea that significant ocean floor heat is carried to the surfacc

b1, large mantle convection cells inyolved in tectonics. Such cells surfacing at ocean

ridges provide the higher heat florvs observed and also may explain the ocean floor

subsidence away from the ridges due to cooling and contraction of the ocean floor

crust.
Seismic evidence shows that the mantle is solid throughout, except perhaps in

some parts of the asthenosphere, and therefore the temperature at any depth within

it cannot exceed the melting range of the material at that depth. Data on the vari-
. ation of melting point with pressure for silicates are not complete, but for diopside

(Figure 3.5) about 10" /kilobar is indicated, or 3 " /km. on this basis the temperature

at the bottom of the mantle cannot be greater than about 10,000". However, the
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melting point curves lor thesilicates in Figure 3.5 havea pronounced curvature, andtheir slopes decrease markedly with lncre"asing pressure. sri that the melting points
at great depths u'ill be considerailylow,er thangiven by the preceding extrapolation.
The melting point ol the material at the base ol the rnantle has been estinrated atabout 4000". This is consistent with a rnolten iron core, because the melting tem_perature of iron at the pressure ol the core mantle boundary is believed to be in thisrangc.

Figure 3'6 illustrates an estimated geotherm or therrnal gradient with:n the earthand the nrelting relationships ol mantle and core rnaterial. Note the close approach
ol the geotherm to the silicate melting point curve in the upper mantle where Lrasaltic
magma.s are generated and in the outer core rvhich upp.*., to be liquic nick-el-iron.
such curves are somewhat speculative but probabli,represent the thermar conditionsin the earth to the first approximation.

Depth, km
100

1900

1700

= 
1600

a
o
cb 1500F

1800

1300

200

.a/

Enstatite

Diopside

Iron

30 40
Pressure, kilobars

1 100

Figure 3.5 Melting temperatures.. versus pressure.
(Boyd, 1964)
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lMelting temperature /
of mantle oxides / v

MeltinE
temperatu re

o{ i ron

/

I
Geotherm

Mantle Ourer core I nner core

" 1000 2000 3000 4000 s000 6000

Depth. km

Figure 3.6 An estimated geotherm extending to the center of
the earth. Close approaches of mantle and core
melting teriperatures to the geotherm take place

the outer core and upper mantle-

THE INTERNAL STRTJCTURE OF THE EARTH

The interpretation of.seismic data provides a primary threefold division of the earth t

into crust, mantle, and core (Figure 3.7). Together with other geophysical evidence,
'these data also give some indication of the physical properties of the material making

. up the three parts. It now remains to make plausible deductions as to the actual
constitution of the earth's interior, using both the above-mentioned evidence and
other significant information, such as the relative.abundances of the elements and -- the composition of meteorites.

The crust is directly accessible to our observations, in the upper part at least, and
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general agreement exists-as to its major reaturcs. It is heterogeneous and'aries inthickness lrom place to place. Itfarke; diR-e;e
t i ne n ts u, d t h. ;;;; ;"",, b a s i ns r h 

" M o h" :o;:l,lTlii,?i"",1?li:' 5*::#ffi:l_ent depths in different geological en'ironments. Under all explored ocean basins itis between 10 and l3 km belorv sea lei,el; u^de, the continents it is usualt,v about i5knr belo*'sea le'er, descending t.o greater a"prrr, (as much as 60 km) tJerorv acti'emountain berts. The evidence indic'nres ,t,ut in the ocean uurin, o. t,ove a depth ofabout 4 km of sea u'ater, underlain bf ii-2 km ol unconsoli<lnt"d s.din.,ents, fc.llo*,edby material of basaltic composition t_r-S t.i to the Mohorovi6i6 discontinuitv.It has been customary to lnterpret ttr. ,"ir.i. evidence 
";,h;;;;;*;;;i:.;;r, ,,indicating r'o principar ravers, un upp.. on" or g*nii;;;;;;;il;iti" 

"o,rporitionand a lower one of basartic 
"o,,porition. 

Thesetw,o layers correspond to the sial (i.e.,material rich in Si and af).ano,the sima (rich.in Si and 
";;,;;;""tivery, 

Morerefined seismic work, coupred with the g"otogi"ut t 
"t"rog"n"ii|'oi.r'por"a continen-

fll areas,.has^largely refuted this concJpt of-crustar rayering. The continental crusrrs a mosaic of sediments, metamorphosed sediments, igneous intrusions of differentkinds, and volcanics, faurted and broken into uiocts of various shapes and sizes; how_ever' there is probably a graduat change in average composition ortr," *"t..i;i: ;i;

Depth, km
36'--

Pressure, kb
.---10 

-

Figure 3.7 The internal structure of the earth

Continental
crust
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granitic near thc surlace to gabbroic farther dorvn. trtr'fe earth's crust is in isostatic

adjustment, the irregularities ol the surfare being compensated bi' the distribution -
oi materials of different density within the crust and upper mantle-

The Mohorovici6 discontinuity separates the heterogencous crust from the more

homogeneous mantle and is marked by a sudden increase in the velocities ol seismic

waves. The geophysical data indicate that thc mantle has a layered structure; the

upper mantle, to a depth ol about 400 km, is separated lrom the lower mantle by a

transition zone about 600 km thick. The nature ol the upper n.rantle and the transi-

tion zone has been the subject of intensive study and extensive speculation in recent

years. It is now realized that the key to many geological and geochemical problems-
such as the origin of magmas, the triggering ol deep-focus earthquakes, global tec-

tonics, and continental drift-lies in the upper mantle and the transition zone. Our

understanding'of the nature of the upper mantle has been greatly increased by

improved equipment and techniques for studying minerals and rocks at high tem-

peratures and pressures. It is now possible to reproduce in the laboratory the physical

conditions corresponding to depths of 400 km or more within the earth. The identi-

fication of the material making up the mantle is largely based on samples of possible

mantle material brought up as inclusions in volcanic pipes, laboratory experiments

on the behavior ol minerals and rocks at high temperatures and pressures, and our

knowledge of elemental abundances. Experiments indicate that only three rock

types-dunite (olivine), peridotite (olivine and pyroxene), and eclogite (garnet and

pyroxene)-have elastic properties of the right order to give the observed wave veloc-

ities in the upper n-rantle. This would also include material ol chondritic meteoritc

composition, essentially a peridotite with a small content ol plagioclase feldspar.

These rocks are all made up largely ol magnesium-iron silicates. Inclusions ol dunite

and peridotite are sometimes abundant in volcanic rocks (basalts and the diamond-

bearing kimberlites); eclogite inclusions are less common. Basalt magmas on Hawaii

appear to originate at depths ol about 60 km, whereas the presence ol diamonds in

kimberlite indicates a greater depth of origin, over 100 km.

The nature of the Mohorovidi6 discontinuity has been the subject of considerable

controversy. One school of thought considers it a physical discontiiuity, the result of

a phase .hung. lrom lorver crustal rocks of gabbroic composition to eclogite, rvhich

is higher-denrity *rt".iul.of essentially the same composition. The alternative view

is that the discohtinuity is a chemiialone,'the upper mantle'having ultrabaSic com-

position (dunite or peridotite). The problem has'been.reviewed by Ringwood (1975),

who endeavored to correlate the geochemical, geophysical, and petrological infor-

mation. He prefers an ultrabasic model for the upper mantle; with an overall com-

position corresponding to a mixture ol onc part basalt to three parts dunite, which

ire calls pyrolite (pyroxeneolivine rock). Fractional melting of .thiS material would

provide ifre Uasattic magma, which has been copiously injected into and through the

crust throughout geological time, and leave a residual dunite or peridotite. The min-

eralogy Ol pyrolite vilries as a lunction of temperature and pressure, and Ringwood

has shown that material of this composition could crystallize in four distinct assem-

blages, as follows:

.'\
.Lr

't
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(a) Olivine and an-rphibole Ampholire
(b) Olivine * Al-poor p),roxene plagioclase pl,rotire

*llagioclase
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Because the geotherms in the upper mantle dilfer considerulbly belorv continenrsanc oceans,.there are regional difierences in the minerarogical composition of thepyrolite' The inferred composition of the upper mantle belo*, precarnbrian shieldareas, average continentar areas, and o""ani" ur"u, is iilustrated i; F;u." 3.g. Underthe Precambrian shierds the mantre consists, to a considerable depth, of dunite orperidotite with minor segregations of eclogite. This layer is not as thick under theaverage continental areas and. is thin or repraced by amphorite under the oceanicareas. Beneath the dunite-peridotite zone would be a l";";;il;; pyrorite zone.Evidence lor such a region is found in the low-verocitl, seismic wave zone observedbelow I00 km.
An important developmentin.our.understanding of the transition zone in the man-tle has been the realization of the sigrrifi"un." oi-potymorphic 

"tu"g"r1uting placeat high temperatures and pressures. This idea rvas originally due to Bernal, who in1936 suggested that the discontinuity betwebn the upper mantle and the transitionzone results lrom the formation of a high-pressure polymorph of oliuine. He pointedout that the analogous compound MgrG"do exists il two modifications, one with the
,-f, :Tu:lute of oli'ine and Lhe othcr an isometric phase with the spinel structure and

. \r V' 97o higher dcnsity.

"qpf; other polymorphic transformations thai might be expected within the mantle areq*t\ 
.,rq;r': 

the change oi lrgslo, from a pyroxene to an irmenite structure, and of Sio, to a
, P'-\'d) l

\\ \.1I \ Depth, km ^ .or. 
.ontin.nj-^^--...,-

(c) Olivine * Al-rich pyroxene
* spinel

(d) Olivinc * Al-poor pyroxene
* ga.rnet

Precambrian shield' oazffiiffi

Pyroxcne pyrolite

Garnet pl,rolite

Figure 3.8 PetrotogicaI model for the
upper mantle, as suggested

' by Clark and Ringwood
(196a); M i Mohorovi6i6
discontinuity.

100
Dunite &
peridotite.

ffi Amphotite
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rutile structure. Some ol these predicted pol)'morphic changes have been contirmed

b1,' laborattrry work. The rutile lbrm ol SiO, was made by Stishov and-Popova in

1961 and later named stishovite; it is stable at about 130 kb and 1600'. Extrapola-

tion of experimental results on (Mg,Fe)rSiOo solid solutions shows that an olivine-

spinel transition will occur in lr{grSiOo at about 130 kb and 600". Some substances

with pyroxene structure are converted into ilmenite structures at high pressures, but

laboratory experiments indicatc that MgSiO, is probably converted into Mg.SiOo

and SiO, (stishovite) at about 120 kb in the temperature range 500'-2000'. Aii
these transiormations can be expected in the transition zone.

Clark and Ringwood have applied these data to the elucidation of the transition

zone. As a first approximation they assume it is composed essentially of MgO and

SiOr, corresponding to a mixture of olivine, MgrSiOo, and pyroxene, MgSiO,. These

phases would be stable to a depth of about 400 km. Below that depth a series ol
transformations into closer-packed phases would take place. In the light ol available

data, they postulate the following transformations with increasing depth:

2MgSiO, (pyroxene) = MgzSiO+ (olivine) + SiO, (stishovite)

MgrSiOo (olivine) : Mg2SiO4 (spinel)

MgrSiOo (spinel) + SiO, (stishovite) : 2MgSiO: (ilmenite)

MgrSiOo (spinel) : MgSiO: (ilmenite) * MgO (periclase)

This series of transformations would become complete around a depth ol 1000 km.

They result in a density increase lrom 3.2 to 3.9 (referred to zero pressure). It is

significant that the ultimatc attainrnent of a close-packed state involves successive

transformations through several intermediate states, reflected in the considerable

depth ol the transition zone. In addition, the mantle contains additional elements,

mainly iron, calcium, aluminum, and sodium, which are in atomic substitution in the

principal phases. Their presence influences the preceding reactions to some degree'

in effect smearing out the transitions and resulting in a continuous rather than a

steprvise increase in density.

. The lower mantle, between 1000 and 2900 km, appears to be homogeneous, and

presumably consists of a mixture ol (Mg, Fe)SiO, with the ilmenite structure, and

(Mg, Fe)O, periclase.The FeO(FeO * MgO) ratio (molecular) has been estimated

to be between 0.1 and 0.2. Ringwood has suggested the possibility of even more

closely packed structures in the lorver mantle, the ilmenite structure transformi4g to

the perovskite (CaTiOr) structure and the periclase structure to the CsCl structure.

T'he belief that the earth has an iron core predates the seismic evidence for its
existence..The idea apparently originated with Dhubr6ein 1866 and was based on

the composition of meteorites. The concept of the iron core has become thoroughly

entrenched in geophysical and geochemical thought, although it has b6en suggested

that the core consists of the same material as the mantle but in a highly compressed

form. However, the chemical difference between mantle and core has been confirmed

by experiments with explosively generated shock pressures equal to those of the core.

The results show that it is not possible to make a satisfactory core of light metals or

their oxygen compounds. The physical properties of the core require elements of the
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translrlon group, and on[1, iron 
_is 

sufiiciently abundant. Thc properties of iron areclose to those rcquired and can be adjusted **,ith small ,,rorni, 
"lligr-,,., 

elemenrs.Geophysical evidence indicates that the rnean atomic numbers or the ccrre is about22' Since the atomic number of iron is 25, this implies that rhe .or" .*t"ir. elements

#i*j'"*::#*i,' *: *t r,: r,*,,'* *ti i**s"",',",ruThe seismic discontinuity ber.u'een the mantre and the core is a sharp one. and itsposition is knorvn u'ith considerable accuracy ( 1 2 5 k,r, according to Jeffie1,s). Thepassage of s u'aves through the core has not-been observed (a leru ieported instancesare generalll'regarded as spurious), and this is interpreted as inciicating that the coreis liquid at least in its outer part. Additional e'idence for the nri;;t;:"f the core isobtained lrom the analysis of the bodily tiae ol the earrh. n"ir., G.sted that thesecondorder discontinuity at a depth oi about 5000 km is due ro a-;;;ge in rigidityand that below this depth the core is solid.
A plausible origin for the magnetic field of the earth and for its securar variationcan be deduced from the presence of a liquid iron core, .; ;;";;;; Elsasser. Hesuggests that the earth's magnetic field is the result ol electric 

"r.."niJ 
no*ing in theinterior and thar such currents are,to be expecteQ.ilrh";;rh,;:".orau"ting m"t"tcore rather than in the silicate mantle. The secular variation of the geomagnetic field. is then interpreted as the expression of convection currents in the fluid core..

THE ZONAL STRUCTURE OF THE EARTH

*,'1'.^:T$:^,gj.prtE:lr',,a.rsd 
as made-t.n-,!{.g1.11on core, a tairly homc,e.l:gy r rti. 

^ 
r. nl, 

" 
r 19 ;na ;i{c r ; rog e n: eo u i s i t i c a t e 

" 
; i, * i, il.' ., 

" 
; " . ;;sT.,"r,'r",4"".pdi,i""iffi ##;ri;,#:u, j,rT'#:xi"ii[Jlilffi .ffi

presence ol discontinuities indicated b1' seismic waves. Tho decreasing silica contentin the succession ol materials from the cruri inio tr,," rnantle ugr"", *,i'rli petrologicalexperience' The probable composition of an earth of this kind is als<l consistent *,iththe relative abundances'of the elements. No on" of these points, nor all ol themtogether, proves that this picrure is necessarily a true one, but at least it agrees withthe available data' To cqmplete the picture, ,"" ,nurt add to the crust, mantle, andcore three further zones: thi: atmospiere, the hydrosphere, and the biosphere. Theatmosphere is the gaseous envelo;ie that surrounds the earth. ii'" r,far"rphere is thediscontinuous shell of *'ater, fresir and salt, -uking up the oceans, lakes, and rivers.The triosphere is thc totaiity of org4nic ,nur*. Jr*ributed through the hydrosphere,the atmosphere, and on the surfaJe or ,n. 
".uri'Table 3.3 gives the important fea-

:::"r.::ji,"i:;onl"r, 
and rabte 3.a gives data on thickness]rolume, _.un a"nsity,

The atmospherc, the hydrosphere, and the biosphere, although geochemicallyimportant, contribute less ihan 6.oYo or,r,. ,oiri,nurs of the earth. Hence, ih arriv-ing at an averase composirion-for rhe .";i;, ;h;r; ;;; ;;r"i.[nollo. ur.",n.crust makes up less than lvo of the whole. Thus the bulk compositli, oi tt 
" 

earth is
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Table 3.3 The Structure of the-Earth

PRINCIPLES OF GEOCHEMISTRY

lniportant Ph1'sical
Name Important Chemical Characters Characters

Atmosphere Nr, Or, H2O, CO2, inert gases Gas
Biosphere HrO, organic substances, and Solid and liquid, olten

skeletal matter colloidal
Hvdrosphere Salt and fresh rvater, snou,, and Liquid (in part solid)

Crust Ninal silicate rocks Solid
Mantle Silicate material, probably targely Solid

olivine and pyroxene or their
high-pressure equivalcnts

Core or siderosphere lron-nickel alloy Upper part liquid, lou'er
part possibly solid

Table 3.4 Volume and Masses of Earth Shells*

' Volume Mean
" ,. (X lon Density Mass Mass

Thickness (km) cm3) (g/cm') (X 10'?? g) (percent)

Atmosphere 0.000005 0.00009
Hydrosphere 3.80 (mean) 0.00137 1.03 0.00141 0.024
Crust l'l " 0.008 2.8 0.024 0.4
Mantle 2883 0.899 4.5 4.016 6't .2

Core )411 0.175 11.0 1.936 32.4
Whole earth 6371 1.083 5.52 5.916 100.00

*Data for thc biosphere is not included on account of its relatively small mass and the lack ol precise

figures.

essentially determined by that of the mantle and the core. Howe\rer, in vieu, of the
signilicance ol the crust in geology and geochemistry its composition is discussed in

. 
detail at this point.

rHE COMPOSITION OF THE CRUST

The average composition of the qrust is in effect that of igneous rocks, since the total
amount of sedimentary and metamorphic rocks is insignificant in comparison to the
bulk of the igneous rocks, and in any case their average composition is not greatly

'.,different. 
Clarke and Washington.(1924) estimated that the upper l0 miles of the

crust consist of 95% igneous and metamorphic rocks, 4Vo shale,0.7 5Vo sandstone, and

0.25% limestone. Where sedimentary rocks are prtisent they form a relativ.ely thin
' veneer on an igneous basement, except where locally thickened in orogenic belts.

Clarke and Washington made an exhaustive study of the data available for com-
puting an average composition of igneous rocks. The basis for their computations
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l.
2.

3.

\^'as washington's compilation of 5159 "superioi' analyses. The analyses rvere
grouped geographicatll', and tliraverages ol these groups agreed fairly rvell with one
another. In other words, the composition of of the earth's ciust is approxinrately the
same in different regions, provided these are la.rge enough to eliminate local varia-
tions. However, the Sio, percentage is markedly lower fo=r rocks from oceanic areas,
such as the islands of the Atlantic and Pacific Oceans, further evidence lor the beliel
that the siaI shcll is thin or absent belou,the ocean basins. Clarke and washington,s
cstimate ol the average composition of igneous rocks, which is sornetimes used as the
average composition ol the crust, is, in effect, the composition of continental areas
rather than the crust as this term has been used earlier in this chapter.

, 
The overall avcrage of the 51 59 analyses, recalculated to 100 with the eliminaticn

of HrO and minor constituents, is as follows:
.SiO2 Al2Or FerO, FeO MgO CaO NarO KrO TiO, prO,
60.18 15.61 3.t4 3.88 3.56 5.t7 3.91 3.19 1.06 0.30

This composition does not correspond to any common igneous rock but is intermc-
diate between that o[ granite and basalt, which incidentally make up the bulk of all
igneous rocks.

Numerous objections have been raised to the method of arriving at an avorage.
composition of igneous rocks by averaging analyses, but a more saisfactory pro"?,. ,
dure has yet to be proposed. The principal objections are

The uneven geographical distribution of analyses.
Their nonstatistical distribution over the different rock types.
The lack.of allowance for the actual amounts of the .o&, ."p."r.nted by the
analyses.

The basis for the first objection is, of course, that Europe and North America have
been more adequately investigated and are represented by far more analyses per
unit-area than other parts of the earth. However, clarke shou,ed that the uu"rug",
for the individual continental areas are in marked agreement in spite of the widely
different coverage, a fact that suggests that the ."rrlt, 

"an 
probably be accepted as

a reasonable approximation.

. The second objection is valid in that an average of published rock analyses.must
inevitably give irnduc x,eight to .the rarc and uiuruui rock types, and insufiicient
weigh[ to the abundant and uniform types such as granites anJbasalts. This objec-
tion may not be as serious as has been asseited, since in a large number of anel)rses
the unusual types rvill be drawn from the whole range of rocklompositions and wiil
tend to give a true average. Also, as clarke and washington poirrt-ou;,;;;l;i;
average was made from analyses of fresh, unaltered rocks only, thus eliminating
many analyses of unusual rocks.

The third objection, thai all analyses aie girrcn equal weight regardless of the areas
. 
occupied by the rocks and therefore of their rerative u*ountr, can be countered if it
can be sholvn that in the average the variations due to this cause offset one another.
It is true that one rock, say a basalt, is exceedingly abundant, whereas another may
be merely a narrow dike. Such differences *"y not uff"ct the mean appreciably, since
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the relatively insignificant rocks range in composition lrom high silica to low silica
just as the more abundant rocks do.'Furthermorc, the surface exposure oi a rcck is
no certain measure of its real volume ana nruss, for a small exposure nra1, be merely
the peak or crest of a large subterranean body and a large exposure may represent
only a thin layer.

An interesting confirmation ol the general reliability o[ the figures of Clarke' and
washington rl'as provided by Goldschmidt. He suggested that if it we re possible to
obtain an average sample of a large part ol the. earth's crust consisting mainly of
crystalline rocks, its analysis would give a reliable picture of the composition of the
crust as a whole. Such an average sample was provided, he pointed out, by the glacial
clal' widely distributed in southern Noru,ay. This clay represents the finest rock flour
deposited by melt water from the Fennoscandian ice sheet. From 77 analyses ol dif-
lerent samples gf this material he calculated the follou,ing average analysis:

Fero,
SiO, Al2Or * FeO MgO CaO NarO KrO HrO TiO, prO,
59.12 15.82 6.99 3.30 3.07 2.05 3.93 3.02 0]9 0.22

These figures agree remarkably with those ol clarke and washington, especially
when the effects of hydration and solution, which result'ih the leaching ol sodium
and calcium, are taken into account.

Scientists at the vernadsky Institute of Geochemistry in Moscorv have made a
systematic study of the composition of the crust, by anall,zing many thousands ol
specimens and average samples ol rocks from the Russian platlorm and the Cauca-
sian geosyncline and combining these data rvith determinations from other regions.
A comprehensive summary is provided by Ronov and Yaroshevsky (in Hart, r.969).
They distinguish three types of crust-continental, oceanic, and subcontinental
(essentially the transition zone of the continental shelf and slope)-each ol rvhich
comprises shells of sedimentary and igneous rocks. Average thicknesses, masses, and
mean compositions are derived for each ol these shells, which are then combined to
give averages for each ol the three types ol crust, and ultimately for the total crust
(which they define as the material above the Mohorovici6 discontinuity, rather than
the l0-mile thickness used by Clarke and Washington). Their averages for continen-
tal crust and the total crust, calculated on a Cor- and Hro-free basis, are as follow,s:

Continental Crust Total Crust
-. t-'sio,, ;:lt

fl*'J' LUr*i-rJ "'

Fr.ot\ o-Lu^1il.c''-' 
..xuu]lu,
-* )l'

_l .' 
,1u , r,.:14

' r\''r! 
":i' 

I) t'
v r." L,-

Tio,
Al20l
FerO,
FeO
MnO
Mgo
CaO
Naro
KrO
PrOt

6t.9
0.8

15.6
2.6
3'9
0.1

3.1
5;l
3.1
2.9
0.3

59.3
o.9

15.8 
' '

2.6
4.4
0.2
4.0
7.2
3.0
2.4
0.2
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I

The second averagc reflects ntore truly than the figures ol Clarke and \\/ashington
the composition of the crust 3s a uhole. since it givls adcquatecoosiaeration to thcsubrnarine region. Ho*'ever, the differences betu'een the two sets ol ligurcs are small.con.rparison rvith the average made by clarke and washington ,horus somewha-tlorver alkalies and higher magnesium and calcium, reflecting"the basaltic nature of,thc submarine crust.

So far $'e have considered on11, the major elements, those that arc d,.-terurirred asa matter ol course in a rock analysis, and have ornitted those Diesent ir: lcsseramounts' obviously' the determination ol the average amounts ol the minor eiementsis.a more diffrcult problem. I{owever, in the rast 40 years our knowledge or the rel_ative and absolute abundances of the less common elernents has greatly increasedmainly as a result'ofl the introduction ol newer anall,tical methodJ such as quanti_tative spectrographic analysis, colorimetric determination, neutron activation, atomica.bsorption spectrophotometr)', X-ray fluorescence, and isotope dilution. Three dis-tinct procedures have been used in arriving at abundance figu.es for minor and traceelements: (a) the averages of many individual anaryses; (bithe anallsis or miituresol many different rock types; and (c) the determinution oi' ,rr. p.opo.tion of the traceelement to some more common element with which it is geoctremically associated(e.g., the abundance of rubidium can be estimated from the-abundance of potassium
and the average Rb:K). Table 3.5 presents the data on the uu".og, abundances ofthe elements in the earth's. crust (irlustrated graphicaily in Figure :."1), ana the abun_
dances in a standard granite and a standara aiatase. The daf, on thr"r".uge crustal
abundances are those for the continental crust (the suboceanic crust is probably closein conlposition to the average basalt); data for those elements more abundant than
1000 g/ton are taken from Clarke and Washington; for the minor and trace elements
nrost of the figures are from a critical compilaiion by Taylor (1964), who combined
averages for granites and basalts in the proportions of t;i. the standard granite G_I and diabase w-l rvere originally prepared about l94g from a granite rrom wes-
terly, Rhode Island, and a diabase I'rom centerviile, virginia, uri huu. the distinc_tion ol being the most extensively analysed rocks in the world. These rocks rvere
prepared to serve as geochemical standards; they wcre analyzed lor major constitu_
ents by n]any laboratories in all parts of the rvorid, and p.aciically all the minor and
trace elements have been determined in them by a wide variety or techniques. Theng'.ftf given lor the individual elements-arc considcred thc bcsr choice from tl,e
available data, which not inlrequently vary considerably. Even alter over 25 years of
analytical work changes are taking place in the selection of "best values.,,Tirb data
on these t$o rocks provide a meaninglul comparison with those lor thc cr:usl.al av6r-
age, based as that is on equal quantities o[granite and basalt (tt. uot.uni. 

"qri*f*,o.f diabase). comparisons show that for many elements.the figures are coniistent
throughout. For a few there are notable discrepancies, some or ririict .;; iliry;explained-for example, G-l is unusually high in thorium, a peculiar charaiteristic
ol the westerly granite. Thanks in.considerable part to the availability of G-l andw-1, the quality and extent ofl minor and trace element data on rocks has improved
markedlv in recent years. It can fairly be said that the figures in Table 3.5 provide
reliable norms for most elements, and thus make it possi-ble to recognize abnormal

I

I



Tabte 3.5 The Avcrage Amounts ol the E,lcnrcnts in Crustal Rocks in Grams per Ton or

Pirrts per Milliont

Atomlc
Number

Crustal Granite Diabase

Element

I

3

4
5

6

1

E

9

1l
t2
13

i4
l5
16
1'7

l9
20
21

22
23
24
25
26
27
28
29
30
31

32
33
34
35
3'1

38
39
40
41
4.L

44
45
46
4'1

48
49
50
5I
52
53
55
s6
5'7

58

II
Li

.Be
B
C
N
o
F
Na
N{g
AI
Si
P
S
CI
K
Ca
Sc
Ti
v
Cr
Mn

.Fe
Co
Ni
Cu
Zn

.Ga
Ge
As
Se
Br
Rb
Sr
Y
Zr
Nb
Nlo
Ru
Rh
Pd
Ag
Cd
In
Sn
Sb
Te
I-Cs

Ba
La
Ce

1,400
20

2.8
l0

200
20

456,000
625

28,300
20,900
8l,300

2't'7,200
1,050

260
130

25,900
36,300

22
4,400

135
r00
950

s0,000
25
't5

55
'10

t5
1.5
1.8

0.0s
2.5

90
375

33
165
20

1.5
0.01
0.00s
0.01
0.07
0.2
0.r
a,L

0.2
0.01

" 0.5
-)

425
30
60

.100

22
3

1.7
200

59
485,000

700
24,600

2,400
74,300

339,600
390

' 58
70

45, l 00
9,900

2.9
l 500

l'7
20

195
r 3,700

1A

I

13

45
20

1.1

- 0.5
0.007
0.4

220
250

t3
2r0

24
6.5.

0.002
0.05
0.03
0.02
3.5
0.3 r

<1
<0.03

1.5
1,220

101
170

- 600
15

0.8
l5

r00
52

449,000
250

16,000
39,900
79,400

246,1 00
610
123
200

5,300
78,300
' -35

6,400
264
l14

I,280
77,600

4'1
'76

r l0
?1r)

l6
1.4
1.9
0.3
01

21

190
25

105
9.5
0.5 7

<0.001
0.025
0.08
0.15
0.07

' 1.2
1.0

<l
<0.03

0.9
160

9.8
23

#-
{a;

i&
s



THE STRUCTURE AND COMPOSITION OF THE EARTH

Table 3.5 (continued)

47

Atomic
-Number

Element
C rus',a I

Average
Granirc
(G-i)

Diabase
(\\'- 1 )

59
60
62
63
64
65
66
67
68
69
70
'n
72
73
74
75
'16

't7

78
79
80
8l
82
83
90
92

-Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
HT
Ta
w
Re

'Os
'-,Ir
.Pt

Au
Hg
TI
Pb
Bi
Th
U

8.2
28

6.0
t.2
5.4
0.9
3.0
1.2
)e
0.5
3.4
0.5
3

2
1.5
0.001
0.005
0.00 r

0.01
0.004
0.08
0.5

r3
0.2
7.2
'1.8

l9
55

8.3
1.3

5

0.54
)4
0.3 5
1.2
0. l5
1.1

0.r9
).2
1.5
0.4

<0.002
0.00007
0.00001
0.001 9
0.004
0.1
1.2

48
0.07

50
3.4

3.4
l5
3.6
1.1
I

0.6 5
4

0.69
2.4
0.30
2.1
0.3 5
2.7
0.50
0.5

<0.002
0.0003
0.003
0.0012
0.004
0.2' 
0.11
7.8
0.05
2.4
0.5 8

*Omitting the rare gases and the short-lived radioactive elements.

exrichment or depletion of an element in any rock. The figures lor G- l and w_ r alsoshow that some elements.(such as Be, Rb, Ba) are ,"ortiry 
"J"n-"a 

in the granite,
others (such as B, Sc, Ni) are enriched in the diabas", *h.r"u, some (such as zr,Ga, Ge) show a rather uniform abundance in these contrasted rock types.

- 
Some interesting featu.res otrable 3.5 may bc nored. rigr,r.[r."ir-o, si. AI,

Fe, Ca, Na, K, Mg-make up nearly 99Vo of thetotal. Ol these oxygen"i, 
";il;;;predon-rinant. As Goldschmidt first pointed out, this predominanJe is even more

Ti:kf when the figures are recalculated to atom percent and volume percent (Table
3.6). The earthls-crust consists almost entirely of oxygen compounds, espccially sil_
icates of aluminum, calcium, magnesium, ,oiiu*, polassium,^and iron. In terms ofnumbers of 

.atoms oxygen exceeds 60vo. rf the volume of the different atoms, brrather ions, is calculaied, oxygen makes up more than 91Voof the total volume occu-pied by the elements. Thus the crust of the earth is essentially a packing of oxygen
anions, bonded by sllicon and the ions of the common metals. As Gordschmidt
remarked, the lithosphere may well be called the oxysphere.

Table 3.5 shows that some of.the elements that playa most important part in our
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Table 3.6 The Cornn.roner Chen.ricaI Elemcnts in the lrarth's
Crust .

\\'cight Arunr
Pcrcent Percent Radius (A)*

Volume
Percent

o
Si
At
Fe
Mg
Ca
Na
K

,16.60

27.12
8.13
5.00
2.09
3.63
2.83
2.59

62.55
21.22
6.41
1.27,
1.84
1.94
2.61
1.42

1.40
0.26
0.5 3
o.l1
0.7 2
t.t2
i. i6
1.60

91.1
r)l
0.5
0.5
0.4
1.5

2.2
3.1

. *The ionic radii used in this tabre and throughout the book are those listed
in Appendix I.

economic life and that have long been knorvn to and used by, humans are actually
quite rarc. For example, copper is less abundant than zirconium; lead is comparabll
in abundance with gallium; mercury is rarer than'any of the so-called ..rare earths.,'
complementary to this is the relative abundance of many unfamiliar elements:
rubidium is present in amounts comparabre with nickel, vanadium is much more
abundant than tin, scandium more abundant than arsenic, and hafnium, one of the
last elements to be discovered, is more abundant than iodine. Evidently we must
draw a clear distinction between the abundance ol an element and its availabilitv.
Some elements, although present in the crust in considerablc anrounts, are system-
atically dispersed throughout common minerals and never occur in any concentra-
tion. vernadsky called these dispersed erements,. examples are rubidium, <lispersed
i"n potassium minerals; and gallium, in aluminum minerals. other elcments, such as
titanium and zirconium, form specific minerals which, in turn, are widely dispersed
in small amounts through some of the commonest rocks. Thc longest known and
most familiar elements are those forming the major constituents ol easily recognized
minerals, minerals that are readily converted into useful inilustrial materials.

Fersman introduced the term clarke, defining it as the average percentage of an
element in the earfh's crust. Thus the clarke of o.xygen is +o.oo, of s llicon,2j.72.'ln
discussing dispersion and concenlration of thc elcmenls, Vernadskt, introduced a fur-
Ihcr term, lhe clarke of concentratron. r,r'hich.is a factor shorring the concentration
of an element within a particular deposit or even a particular mineral. Thus, if the
clarke of manganese is 0. 1, the clarke bf conbentration o[ manganese in pyrolusite
is 632, in rhodonite, 4l9,in a psilomelanewith 50vo Mn, 500. ihis factor is useful
in the consideration <if the migraiion and deposition ol the elements and in the dis-
cussion of ore dcposits. An ore is simply a deposit in which the concentration clarke
of the element sought reaches a figure suflficient to make extraction profitable. Table
3:7 is an evaluation of the concentration clarkes necessary to form ore bodies of the
commoner metals.
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Table 3.7 Concentration Clarkes for Ore Bodies ol the

Commoner Metals

Minimum Percent Concentration
Profitably Clarke NecessarY

Clarke Extracted for an Ore BodYMetal

AI
Itre

Mn
Cr
Cu
Ni
Zn
Sn
Pb
U

8.r3
5.00
0. l0
0.01
0.006
0.008
0.007
0.0002
0.00 r 3

0.0002

30
30
35
30

1

1.5
4
I
4
0.1

4
6

350
3000

160
125
600

5000
3000

500

The availability ol an clement depends in large part on its ability to form individ-

ual minerals in which it is a major constituent; the most unavailable elements are

those that form no minerals of their own but occur in amountsgenerally much less

than lVo in minerals of other elements-indium, rubidium, gallium, hafnium, rhen-

ium, and so forth. Even for the "common" elements, however, the dispersed amounts

exceed, by a vast factor, the amount available in so-called "ore deposits"; for exam-

ple, clay minerals are a far more readily available source of aluminum than is baux-

ite, but thc problem with the clay minerals is the technical one of extraction. Mag-

nesium is extracted from sea water, in which it is present to the extent of 0.13Vo,

although there are vast deposits of olivine that contain about 307o. Thc technicai

availability ol a number ol the rarer elements is conditioned in part by their inher-

ently useful properties and in part by their being obtainable as byproducts lrom the

extraction of more abundant elements. An example of the first kind is beryllium,

which, although absoiutely and relatively rare (its principal industrial source is as

the mineral beryl, irregularly dispersed in a few granite pegmatites)' has such valu-

able properties as an alloying element that it is an important industrial material. On

the other hand, a number ol exceedingly rare elements could be produced relatively

easily as byproducts lrom extraction processes. For example, the electrolytii refining

.Table 3.8 Annual World Consumption of the Elements (and their compounds) in Tons,

in Powers.o.l l0

l0n-10'0: c
t08-l0e: Na; Fe
l0'-l08: N, o. S, K, Ca
106-10'; H, F, Mg, Al, P, Cl, Cr, Mn, Cu, 7-n,Ba,Pb
105-106: B, Ti, Ni, Zr, Sn
100-105: Ar, Co, As, Mo, Sb, W, U
10'-100: Li, V. Se, Sr, Nb, Ag, Cd, I, Rare Earths, Au, Hg' Bi
102-10r: He, Be, Te, Ta
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ol coppercan provide tellurium in sufficient quantities to encourage the developq1ent
ol industrial uses ol this clement. Similarli,, Goldschmidt polntcd out_that il anr
demand lor gallium or germanium existed large amounts of Iliese elements 1100b
tons or so annually) could be extracted from the ashes ol certain coals. The den.rand
for gerrnanium lor industrial purposes has resulted in the application ol Gold-
schmidt's suggestion to the production ol commercial amounts of this element. The
annual world consumption ol the elements and their compounds is summarized in
Table I 8

51
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THE COMPOSITTON OF THE EARTH AS A WHOLE

The bulk composition ol the earth is essentiallv determined by the composition and
relative amounts of the mantle and the core, since they make up over 99To of its
mass. By using the deductions regarding the earth's interior diicussed above, an
average composition for the earth as a whole can be calculated.

For the purpose ol this calculation the follorving assumptions about the composi-
tion of the core and the mantle are made:

l. The iron alloy of the core has the composition ol the average for nickel-iron.ip
chondrites, and includes the average amount (5.3Eo) ol FeS in these meteorites.'

2. The composition of mantle plus crust is the same as the oxidic material (silicates
plus small amounts of phosphates and oxides) or the average chondrite.

These assumptions are certainly oversimplifications. For example, all Ni is
assunled to be in the core, whereas terrestrial olivine always contains nickel, that
lrom peridotite inclusions in basalt usualll, having 0.2-0.3% Ni. Some nickel is cer-
tainly combined in mantle silicates. Again, thc assumption that all iron sulfide is
incorporated in the core is clearly an approximation at best, for some sulfide is cer-
tainly present in mantle and crust. Horvever, the incorporation of iron sulfide in the
core rather neat.[y n-reets the geophysical requirement that the density of the outer
core is less than that of iron by about l0%. ll 2j.lvo nickel-iron, density 7.90, is
mixed u'ith 5.3% troilite, density 4.80, the resulting mixture rvill have a density, at
zero pressure. of 7.15, thereby meeting this requirement quite closely. This obviates
the necessitl'of incorporating Si in the core, as has been suggested by Ringwood and
others. A nickel-iron core with free Si is also incompatible with a mantle Lontaining
appreciable amounts of Feo, if mantle and core are in chemical equilibrium.

Mass of core equals 32.47a mass ol earth and mass of nrantle plus ciust cquals
67.67o mass of earth; the core is assumed to consist of nickel-iron of composition of
average chondrite plus 5.37o troilite, and mantle and crust are assumed to have a .

composition of silicate material of average chondrite.
The results ol this calculation are given in Table 3.9. Ganapathy and Anders

(197 4) have calculated the bulk composition of the earth on a ratier more elaborate
set of assumptions and their figures are included lor comparison.

In view of the uncertainties and assumptions involved in calculations of this kind,
too much rveight should not be given to the numerical results obtained. Nevertheless,
some significant deductions of a semiquantitative order are probably justified. The
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results indicate that about 90Vo of the earth is made up of four elements, Fe. O. Si,
and Nlg. The onll'other elements t+at may be present in amounts greater than 17o

are Ni, Ca, Al, and S. Seven elements, Na, K, Cr, Co, P, Mn, and Ti ma1' q..r. ',
amounts from 0.01 to l7o. Thus the earth is made up almost entirely ol l5 elements,

and the percentage of all the others is negligible, probably 0.l%o u less ol the rvhole.

Let us now compare the order ol abundance of the major elements in thc earth
ivith their relative abundances in other parts of the solar system. Table 3.10 gives

these data for the earth as a whole, for the earth's crust, for the average composition
of meteorites, and lor the sun and moon. The most striking feature is the relative
uniformity throughout; the same elernents appear in all columns, aibeit in different
order. The rarity of hydrogen and helium in the earth and meteorites is, of course, '

easily understood. When we come to consider the nonvolatile elements, it is seen that
iron, silicon, and magnesium in general head the lists and are followed by nickel,
sodium, calcium, and aluminum. Note particularly that the most abundant elements

are all of low atomic number; none with atomic number greater than 30 appears in
any of the lists, exaept for Ba in the crust.

The relative abundances olthe elements in the crust are included in Table 3.10

for comparison with the bulk composition of the earth. The main differences are the
lesser abundance of iron and magnesium in the crust, the nonappearance of nickel
and sulfur, and the increased significance ol aluminum, potassium, and sodium. This
suggests that the differentiation of the earth has led to a concentration ol relatively
light, easily fusible alkali-aluminum silicates at the surface.

A comparison of the elemental composition of the mantle plus crust (the silicate
material of Table 3.9) with that <-rf the crust (Table 3.5) reveals some interesting

Table 3.9 Calculation of the Butk Composition ol the Earth

Metal Troilite Silicate Total Total*

'l

i

1.93

Ire
Ni
Co
S
o
Si
N{g
Ca
AI
Na
Cr
Mn
P
K
Ti

24.5 8

2.39
0.1 3

2't.to 5.30

34.63 3 5.98
2.32 2.02
0. r 3 0.093
1.93 1.66

29.53 28.65
'15.20 14j6
12.'70 13.56

1. 13 1 .67
,. 1.09 1.32
0.57 0. 143
0.26 0.4'12
0.22. 0.053
0.10 0.213
0.07 0.Q 1 7

0.05 ' 
0.071

100.00. 100.688

).31 6.6 8

29.53
15.20
t7.10

1.13
r.09
0:57
0.26
0.22
0.r0
0.07
0.05

67.60

lGanapathy and Anders, Lunar Science, Y , p. 256, 197 4
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o
Si
Mg
Fe
Ca
AI
l\l
S
Ti
Cr
Na
P
N{n

H
He
o
C
N
Si
Mg
Fe
S

AI
Ca
Ni
Na
Cr

o
Fe
Si
Nfg
S

Ni
Ca
AI
Na
Cr
Mn
P
Co
K

Fe.
o
Si
N{g
Ni
S
Ca
AI
Na
Cr
Mn
Co
P
K

o
Si
AI
Iie
Ca
Na
K
Mg
Ti.H
P
Mn
F
Ba

,,--Table 3.t0 Relative Abundances (by \l,cight) of the E.lenients

-Crust 
* \\'hole Earthf \fe ieori tesf Sun S Nf<rcn il

*From Table i.5.
tFrom Table 3.9.

$From Tabte 2.4.
$From Table 2.J.
ll Ganapathy and Anders, Lunar glisngs, y, p. 256, l97a

fractionations' The mass of the crust (the sorid material above thc Mohorovidi6 dis-continuity) is 0.024 x 1021g, that or ir," nru"tr" 4.0r6 x 1027 g, so the mass of thecrust is only 0.67o that of the mantre. The major erements o ana si and the minorelements Mn and p show no marked fractionation betrveen mantle and crust. In thecrust relative to the manrle, Mg is much diminished; Cr i, .fro ,i-ngly diminished,with the averase in the crusr. a iout 0.02vo; F;, ;; ,h" Ji,". irro,'ir"'Jl.,ry ,tigt tty r"r,concentrared in the crust than in the manile. Etements Ai lt ? u." stronglyenriched in the crust, Na and ca to a r"rr"r^"*,"n,-*-;;;;, ;r'n,,ln".urogi"ar com-

:ilt,:lr:Ii',T:':lj:1:'" or crust r,o.n'n,"ntr" has rargerl'b;;; accumuration

_t

l

l
I

I

ligtltTispl3.rerari, sras.bt irig;;i;;i;,,.','fn.'.[i;i;]1,i,il"i:'iiiT.1':[,L:r.j
1!:, ,1t.." differentlhaG6groups of p[ase;: nickel_iron iron crrr6.r^ 4^A ^:t:^ 1.phases: nickel-iron. iron sulfidc. unA ,ifi.ui.
;;ffJ:T"g3*I:l,l,l-",-":1r:._*1il;;ffi;;::,ffi :l":"J",TJ"Iff : 

j:
:Hx, ffi :'*i'. i.""':::: l: l:u:{ ; ffi , t,; ;;.;;; i :'i# : Ji ilr':,T:"[ : : l[# i?:
ffi ;itr'Ill J il5 : 1':,'::- "1"::i'."' n l, ;;;;".;;;, ."r" il, d;" ffi ffi ;' ; J;
Ifi ' :n T i,l'"i: ; Y=l -9 ; s ;;; t" - : ;; ;;;;;i;;::' lH:['][xl JJ' :?'l,;
li::f;'J#,lill:';':.:::::r"::::1;;:ilt:,*i;:,ilffi ilffi ::::ffi lll:tive elemenrs. Since Fe was more abundar, ,# **"",;IE:'lJrT:Jffi"lfir#::

'"dHE PRIMARY DIFFERENTtATtoN oF THE ELEMENTS
It seents probable that the_earth rvas formed bv the

tr;;;#;;;
;dr ur \\.as rornted by the gradugl accretion of solid pla_ndriiic meieo.ir"" --,, r-^ ^^-,^ ^r tti : -.'":' ''.pl19rnels-indeed-;lfieEft;ailire ;.r.-aiiii;,-' "'' 5riluuar accretron ol solid pla-

lrom the preplanetari,'ii,;p;f ifi^:^,^- ^..^. -^? 
bt 
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the metal, and rvith the greatest aflinity lor sulfur, a s),stem of three essentiall,v
immiscioie phases-iron-nragncsium silicate, iron sulfide, and{rcriron-resulted,
and the amount of combined iron u'as lixed by the amount of oxygen plus sulfur.
The distribution ol the remaining electropositive elements rvas governed by reactions-
ol thc ti pe

M * Fe silicate = M silicate * Fe
M * Fe sulfide = N{ sulfrde * Fe

that is, by the free energies of the corresponding silicates and sulfides in relation to
those of iron sulfide and iron silicate.

In broad outline, we can.perceive the factors that determine the distribution ol the
elements in a system of this kind. Iron, because of its preponderant abundance, was
common to all the condensed phases-the metallic phase rich in free electrons, the
ionic silicate phase, and the semimetallic, probably covalent, sulfide phase. Elements
more electropositive than iron displaced iron from the silicates, in which they were
accordingly concentrated. Conversely, less electropositive elements concentrated in
the metal, being displaced by iron from ionic compounds. The sulfide phase attracted
those elements that lorm essentially homopolar compounds with sulfur and the
metalloids and that cannot exist in an ionic environment with appreciable conccntra-
tions ol metalloid ions; such elements are in the main the metals of the sulfide group
ol analytical chemistry.

It is highly significant that the distribution ol elements in a gravitational'field,
such as that of the earth, is controlled not b1, their densities or atomic u,eights, as
might perhaps be expected, but by their affinities for the major phases that can be
formed: This is, in turn, controlled by the electronic configurations, hence the chem-
ical bonding characteristics, ol their atoms. For example, uranium and thorium,
although ol high density, are strongly electropositive elernents and have concentrated
in thc earth's crust as oxides or silicates. Gold and platinum metals, on the other
hand, have no tendency to form oxides or silicates, and alloy readily with iron; hence
thcy are prcsurnably concentrated in the earth's core. The distribution ol the ele-
ments is not directly controlled by gravity, which merely controls the relative posi-
tions of the phases, the distribution ol the elements within these phases depends on
chemical potentials.

THE GEOCFIEMICAL CLASSIFICATION OF THE ELEMENTS

Goldschmidt was the lirst to point out the importance of this primary geochemical
differentiation of the elements. He coined the terms siderophile, chaicJphile, litho-
phile, and atmophile to describe elements with affinity for metallic iron, for sulfide,
for silicate, and for the atmosphere, respectively. when he put forwaid this concept
in 1923, few quantiative data were available on which to base his ideas. The geo-
chemical nature of .an element could, of course, be established by measuring its dis-
tribution between three liquid phases of metal, sulfidi, and silicate. He recognized
the difficulty of carrying out these measurements in the laboratory, but remarked
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that meteorites provide us.with such an experiment in a fossilizcd condition. Manymeteorites consist or.nickel-iron,- troilite, and silicate, ,tt or ,rllri.i have prssurnsfh,solidified rrom a riquid srare rh6 distributt;";i;;;;;rj;.';i";r"r between thosethree phases rvourd be estabrished when the system was in a liquid condition and canbe deterniined by mechanicaily separating these phases and analyzing them individ-ualll'. From such analyses the paitition i tn" elernent bctween nr"rut, siricate, andsulfide can easill. be calculared.
In later years Gordschmidt and his co-rvorkers made man), measurements oi. thccontent of various elements in nickel-iron, troilite, and silicaie oiineteorites. Muchrvork along these rines was arso carried out by r. and w. Noddack in Berrin. Thesemeasurements have been greatry refined and extended in recent y"u^ by the app,-cation of new techniques, especially neutron activation analysis. The informationderived from meteorites was supplemented br tfal obtained uv-r'riray of smertingprocesses, such as the distribution of elemenis during trr. ,*"rtinjtt the Mansfetacopper slate in Germany. The smelting or this slate gives a silicate'slag, a matte richin iron and copper surdde, and metafl"ic i.on. sp""t.ographic measurements o[ theconcentration of many minor elements in the different p'rr"r", i"r" given distributioncoefficients agreeing on the whore with those deteimined from- examination of

on the basis of these results an element may be crdssified according to its geo_chemical affinity into.onc^of four groups: sideroph,e, chalcophile, Iithophile, andatmophile (Tabre 3.,). Some erements show affinity for mo.e ihon on" group,because the distribution of any erement r, J"p"no"rt to ,o,r" 
"*r"n,-on 

temperature,pressure, and the chemical environment of the system as a whole. For instance, chro_
:il:]: " 

strongly.rithophire eremenr in rhe earrh's.crust, but if oxygen is deficienr,as rn some meteorites, chromium is decidedry chalcophire, 
"r;;il armost exclu_sively into rhe surfo-spiner daubr6erit", p"Cis.. simitaay, uni"i ri.""rgry reducingconditions carbon and phosphorus are siderophile. The mineralogy of an element,

Table 3.1I ceochelnical crassification of the Elements (based on disrribution inmeteorir es)

Siderophile Chalcophile Lithophile Atmophile

(H) N (o)
He Ne Ar Kr Xe

Fe* Co* Ni*
RU Rh Pd
Os Ir Pt
Au Ret Mot
Ge* Sn* W{
C* Cu* Ga+
Ge* Asi Sbt

(Cu) Ae
Zn CdHg
Ga In Tl
(Ge) (Sn) Pb
(As) (Sb) Bi
SSeTe
(Fe) Mo (Os)
(Ru) (Rh) (Pd)

LiNaKRbCs
Be Mg Ca Sr Ba
B Al Sc Y La-Lu

. SiTi ZrHfTh
PVNbTa
OCrU
HFCIBTI
(Fe) Mn (Zn) (Ga)

+Chalcophile and Iithophilc in the earth,s crust
TChalcophile in the earth's crusr.
{Lithophile in the earth's crust.
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Table 3.12 The Geochenrical Classification o[ the Elements in Relation to the Periodic Systen.r

MgNa

Atmophile: N
Lithophile: Na
Chalcophile: Zn
Siderophile Fe

He

.Ne

ArAI CI

As Sq Br [t9tCrTiCa NIn ry Ni Cu Zn

SnSbTelXeRu Rh Pd 4s 9q !lZr Nb t"tq

Pt::IrgRe
::::gCs La-Lu t-lf Ta 4q Es 11 EPb

Th

although a general guide, may not be altogether indicative of its geochemical char-

acter. For example, although all thallium minerals are sulfides, the greater part of

the thallium in the earth's crust is contained in potassium minerals, in which the T1+

ion proxies lor tlieK+ ion. In general, the classification of an element as lithophile,

chalcophile, or siderophile refers to its behavior in liquid-liquid equilibria betrveen

melts. When an element shows a(finity for more than one group, it is given in paren-

thesgs under the group or groups of secondary affinity.

, The geochemical character ol an element is largely governed by the electronic

iXnfiguration of its atoms and hence is closely related to its s1'sternatic position in the

periodic table (Table 3.12). Lithophile.elements are those that readily form ions with

an outermost 8-electron shellJfie cli?lcophile elements are those ol the B subgroups,

whose ions have l8 electrons in the outer shells; the siderophile elements are those

ol Group VIII and some neighboring elements, whose outermost shells of electrons

are for the most part incompletely filled. These lactors are reflected by other prop-

erties also. Goldschmidt pointed out the marked correlation betrveen geochemical

character and atomic volume. If the.atomic volume of the elements is plotted against

atomic number, the rcsulting curve shows maxima and minima. All siderophile ele-

ments are near the rninima; the chalcophile elements are on sections in rvhich the

atomic voiume increases with the atomic number; they are followed by thc atmophile

elements, whereas thc iithophile elements ar€ near the maxima and on the declining

scctions ol the curve.

If the heat of formation of an oxide is greater than that of FeO the element is

lithophile; the difference b6tween the two heats of formation is a measure ol the

intensity of the lithophile character. Similarly, those elements having oxides rvith

heats of 'formation lower than FeO are chalcophile or siderophile, Semiquantitative

measure oi lithophile; siderophile, or chalcophile character is also provided by the

electrode potential. Flements with high positive potentials (l-3 volts), such as the

alkali and alkaline earth metals, are tithophile; the noble metals, with high negative

potentials, are siderophile; elements falling in the intermediate range are generally

chalcophile.

rttL



THE STRUCTURE AND COMPOSITION OF THE EARTH

THE PREGEOLOGICAL HISTORY OF THE EARTH
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I
l

The pregeologicar historl- of-the earth comprises the sequence of events thrcughti'hich it passed belore the time rvhen the physical condition of the surface becamenruch as it is today-a surrace partll, of rocks,,partly of water, with a nean temper_ature essentialll' determined by solar radiation. This is the zero datum for geologicaltime, a daturn following rvhici the earth,s surrace rru, u""ii.iut;sct ro the norrrralProcesses ol rveathering and erosion. The pregeological historl. began rvhen the earthoriginated as an in_dividual body within the uniu".-s". llr. ao not knou, the rength oftime covered by this period with any degree of precision; tl" 
"u.tt,, crust has existedfor over 3700 mirion years, and tnl ealtn as an indi'iiJ-prlnetarv body for 4600million years. -'-"-eqr rrqrr

As discussed in chapter 2, the earth is believed to have formed rrom the samematerial that gave rise to the sun and the other pranets. uyporrr"r", differ as to themode of aggregation; one considers that the earth condenr"jr-* incandescent gas,

'1" 
g,!:i rhat ir gr,ew by the graduar acc.retion of solid particles in a cosmic dustcloud' with these things in mind it is interesting Lo compare the composition of theearth with that ol the sun. The major difference-s u." iffi.ui ubrndun"" of hydrogen and herium and to a resser extenr carbon and nitrogei- i;;;" ,un. These differ_ences can be adequately explained on either trypotheJis, sir"" tt"r" elements areeither gaseous or form stable gaseous compounds. If the earth grew by the accretionol solid particres, it is readiry seen that rheie erement, hur";l;;;s been of row abun_dance on the earth; if the earth was formed by the condenr^ti# of a mass of incan_descent material, the right gases rvourd have tended to escape from the earth,s grav_itational fierd during cooling from the high temperatures.'or. pr."" o[ evidence,however, favors the accretion hypothesis; not only are the right gases o.low abun_dance on the earth- but the heav1, gases are also. Krypton and xenon are about amillion times less abundant ttrun tr,"i. immediate n"iit,uo., in 1r,e perioaic table, adefinite deficiency com-pared to their probable abund"ance ,lr.ougirou, the universe.lf the earth condensed from incandescent material, these gases should be more abun-dant than they are; if the earth was forrned by the u""r"iion oisorra particres, thenthev were ne'er present in anv amounr. on't'," ;;;;;;'tyiotr,.ri, the earrh,satmosphere was rormed by the rerease of gases occluded and chemicaily combinedin tlte solid particles.

Horvcvei, although the earrrr and the othcr pranets probabrr aggrcgated rrom thesame ntaterial that gave risc to the suh, thcir individual 
"o.pori;oniJiri...""rla-erably. These differences can be ascribed at reast in part to tni e*i.".";;;;;;;;;"differential between the ccnrer and the margin 

"r 
rt 

"'*r"i ,rr,.*'*rr.*by the outerplanets are manrled by great rhicknesses oicondensed;jJ iri;^o, NHr, cH., erc).
-1 Differences in density be.tween.the.inngr pranets can be explained by variations inthe. relative proportions of combined and free iron for similar'buit"omporitlons. pos-

sibly, however, considerabre differences in burk conr:position exist even between theinner planets, s3rch as certainly exist between the eaith and the ,;";. ;;;;;fi;:ences may have arisen from chemicar fractionations in tt. un""ri.ui #,;;;;;,and from nonhomogeneous accretion processes, whereby the composition of the

,t

-r .d-t*'
''t'],nu' * t
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Table 3.13 Three Possible Models for the Formation ol rhe Earth

P[anetary DisF,of Solar Composition

IIIII

I

I

I

I

tl,
Segregation into core, mantle,

crust, atmosphere, and
hydrosphere, possibly over
long time scale

Formation of planetisimals of
approximate ordinary
chondrite composition
(metallic iron and silicate)

v
Accumulation

Formation. of fi ne-grained
rnaterial resembling
carbonaceous
chondrites

v
Accumulation

I

I

I

I

,t
Autoreduction

I

I

tli

Segregation of co.ie and
release of CO tcr'.
atmosphere

I

I

t|,

Loss ol primitive
atmosphere

t
Formation of crust,

atmosphere, and
hydrosphere soon after
from residual

Formation ol compounds of
increasing volatilitl, u'ith
decrease in temperature

I

v
Accumulation on rapid

time scale of high-
temperature fraction
(mainly meta[1ic iron
and silicates)

'!Segregation into core and
mantle

I

\,,

Veneer segregated planet
with low-temperature
condensates, include
water as hydrated
silicates

.i,
Process crust and upper

mantle to form present
configuration

Turekian, Chentistry of the Earth. p.99, 1912. Courtesy of Holt, Rinehart and Winston, Inc.

accreting material changed during accretion. Turekian has outlined three possible
models (Table 3.13) for the formation of the earth. His Model llI typifies a nonhom-
ogencous accretion process. whereby a crust of markedly differenf bulk composition
is added to the earlier accreted core and mantle.

Whichever theory of origin we accept, the internal structure of the earth with its
marked density stratification seems to demand that at an early.period in its history
it was sufficiently hot lor metallic iron to liquily and undergo gravitational accu-
mulation to form the core, Il, as appears probable, the earth formed by the accretion
of planetesimals resembling chondritic meteorites,.the initial state,of our planet was
an intimate mixture of nickel-iron, troilite, and silicate minerals, broadly homoge-
neous throughout. The time ol lormation of the earth by this accrction of planeres-
imals is uiually placed 4.6 x lOe years ago, the figure obtained for the rime when
certain stony meteorites were enriched in and certain iron meteorites were depleted
in uranium and thorium. However, it is not an obvious fact that the latter event and
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the forrnation ol the earth were necessarily' contemporaneous, and there has becn a
tendency to push back the time olaccretion olthe earth to about 5 x 1O'q ycars. The
identihcation in the Allende carbonaceous chondrite, ol high-Cmperature inclusions
rvhich include oxides, silicates and titanates, has lerl some investigators to considcr
models in which these refractory n.raterials werc the first materials to condense in
the solar systetn. Such a sequence rvould require inodifications in thc heterogeneous
formation model given in Table 3.11. The conde'nsation of refriictorl,oxides has also
been suggested to accout.tt for the chemistry ol the ntoon. including its lor.v concen-
trations ol volatile materials.

The next stage after accretion o[ the earth \\,as one ol heating, mainly by radio-
activity. Here it is essential to bear in mind the greater effect ol the shorter-lived
radioactive nuclides as we go back in time. This is graphically illustrated in Figure
3.10, which is based on the known heat production by radioactive nuclides and their
estimated abundances in the earth.'This figure sliows that at 4.5 X l0e years ago
radiogenic heat production in the earth rvould be at least seven times greater than
today, and most ol the heat was contributed by K'0. In addition, even shorter half-
lived nuclides such as A126 may have contributed signilicant amounts of heat energy.

Under these circumstances the roughly homogeneous undifferentiated earth would
heat up comparatively rapidly. With the chondritic valucs for the radioactive ele-
ments, the tcmperatures within the primitive earth rvould increase as shorvn in Figure
3.1 l. On this basis, the melting temperature ol iron was reached in about 600 million
years at a depth ol a lew hundred kilometers; at this stage a change in regime sets
in, and the curves for later times are not realized.

Elsasser (1963) has cogently linked this thermal evolution rvith the formation ol
the iron core. He points out that the thermal evolution depicted in Figure 3.1 I results
ih the melting of the free iron in a zone at a depth of several hundred kilometers and
the accumulation ol this metal into a layer ol molten iron. A coherent layer ol molten
iron within a predominantly silicate mantle is clcarly unstable, because material of
higher density overlies that of lower density. Elsasser shows that this results in the
development of a large "drop" (Figure 3.12), rvhich thcn sinks toward the center ol
the earth, displacing the lighter silicates. It is essentially the mechanism of salt dome
or igneous intrusion, on a giant scale and in the reverse direction. The sinking ol this
large mass of molten iron to the center would translorm a considerable arnount of
gravitational cnerg)' into heat, sufficient to raisc the temperalure of the intcrior. ol
the earth by some 2000 ". Thus the process of core fornlation rvas' strongly e xothermic
and self-accelerated, and Elsasser believes thdt the time required foi such a "drop"
to form and fall was of the order ol 100,000 years.

with the movement of the free iron,.approximately one.third of the toial mass of
the earth, toward the center, the whole planet wag profoundly reorganized. while
the iron was unsymmetrically sinking the lighter lractions ol the silicate material
were unsymmetrically rising, undergoing partial fusion, reaction of solid material
with melt, follorved by fractional crystallization. Under these circumstances it is not
surprising that crustal rocks'older than 4 x LOe years have not been found. The
development ol thick, stable crustal blocks had to arvait the decay of radioactivity
and the solidification of most of the mantle.
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Time, 10e Y

Figure 3.10 Radiogenic heat formed in the Earth by U, Th and
@K separately and together plotted against time.
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Depth, km

Temperatures in a homogeneous Earth heated
by the radioactivity of the average chondrite.
(MacDonald)
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1

The development or the crust is a further probrem and one of speciar importance
to geochemistry. Considerable diversity of opinion exists. One school of ttrought pic-
tures the entire crust of the earth solidifyingas a basalt. No differentiation into con-tinents and ocean basins rvould then exist. Localized lractures in this initially thinbasaltic crust rvould channel lava, hot gases, and solutions r.". tir" hotter subcrustal
layers, and these fractures rvould provide nucrei (something rit" pr"..rt-aay islandarcs) for the nascent continents. The action of soiutions calying ,iti"o una alkalieswould produce less basic crustal rocks. Erosion and sedimcntatioi, at lrrst on a small
scalc, would accelerate the che.mical differentiation ol crustal material. This conceptpictures the continents groiving through pregeological (and geologicat) time by the
successive u'elding ol sedimentary deposits and new island aics tJ the initial .conti-nental nuclei
y'h: :ll.r school o[ thoughr picturcs the iniriar conrincnrs as rrre finar proju.t ui
the solidification of the crust. It carries the differentiation by crystallization, already
exemplified by the separation of basaltic crust from peridotitic mantle, a step farther

Figure 3.12 Stages of drop formation lrom a heavy liquid
layer. (Flsasier, 1963)

I

Diopside melling /////
./A/' 4.0 x tOe yr

1.2 x 10e yr
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and considers the continental nuclei as being ralt-like masses essentialll, of quartz
and leldspar (i.e., ol granitic or granodioritic comoosition). r\n asvmmerrical distri-
bution of contineilts and oceans nray have been produced b1, the asymrnetrical pro-
duction ol the large iron "drops."/fic first protocontinent would fornr in the region
abovc thc first largc falling drop,ind thc antipodal region would rernrrin ocearric.

Prcsent evidence suggesls that the development ol a stable crust \\,as not a rapicl,
once-for-all process.'The interval betrveen the agc of the earth antl the age of the
oldest dated rocks is significant. Great crustal instabilitl'during this interval is indi-
cated. The original continental nuclei may have been partly remelted and rebuilt
manY times before they grew to a sufficient size and thickness to rcsi;t lurther engulf-
ment. Horvevei by about 3.5 x l0e years ago the pattern of coni-rnental nuclei and
ocean basins was probably established, since rocks near this age are knorvn in Green-
land, Minnesota, and South Africa

The origin of the atmosphere and hydrosphere is discussed in detail in later chap-
ters. The growth ol the earth by accretion in a solar dust cloud suggests an initial
atomosphere lacking free oxygen-it may have consisted largely of hydrogen,
helium, nitrogen, water vapor, methane, and ammonia (methane and ammonia are
present in the atmospheres.of the larger planets) or as carbon dioxide and nitrogen
if hydrogen was low in abun$ance. The gravitational attraction of the earth is insuf-
ficient to retain hydrogen and helium, and any present u,ould gradualll' diffuse into
outer space. The evolution of the primeval.atmosphere into the present one, which
consists essentially ol nitrogen and oxygen, is pictured as beginning *,ith the photo-
chemical dissociation of water vapor by solar radiation, thereby producing free
ox)'gen. Any methane rvould then oxidize to carbon dioxide and rvater. other pho-
tochemical reactions would produce nlore comp-lex organic compounds, ultimatell,
leading to self-reproductory syste ms, in effect living matter. The possibility ol sucir
reactions has been demonstrated in the laboratory by, Miller (1957), who passed elec-
trical discharges through a mixture of methane, ammonia, water 

'apor, and hydro-
gen and rvas able to demonstrate the presence ol several carboxylic and arnino acids
in the products.

The various suggestions as to horv iife originated are summarized by cloud ( 1976).
The initial developmcnt of living matter was dependent on the preexistence ol
organic molecules such as amino acids. Holever, once cells of a kind were estab-
lished photosynthesis became possible. Photosynthesis was a revolutionarl' cvent in
earth history; it enabled organisms to collect and use solar radiation directly and
thereby utilize carbon dioxide to synthesize more complex compounds; it u,as also
responsible, for the gradual release of oxygen into the atmosphere. photosynthesis
may have originated through the development o[ certain colored compounds capablc
of acting as catalysts in photochemical reactions. These compounds were probably
porphyrins, which are easily synthesized and are extremely stable for organic sub-
stances. Porphyrins are formed by the condensation of four pyrrole clerivatives
around a metal atom [pyrrole is a live-membered ring compound with the formula
(cH)iNH] . It is extremely suggestive that porphyrins act as light receivers in the
chlorophyll of plants, as oxygen carriers in many animals, and as respiratory pig-
inents in cells. once photosynthesis was established, a vastly greater supply of energy
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was available lor organisms, whether they used light thentselves or ate others that
did so.

The length of the'period betietn rh-e establishment oi a srable crusr and ihe
appearance ol lile is difficult to cvaluate. The oldest well-dated fossils are the micro-
flora in the Gunflint chert, a Precambrian formation on the north shore of Lake
Superior, whose age is lairly rvell established at 1.9 X tO'q years. Stromatolites, lam-
inated calcareous sttuctures interpreted as lossil algac, are kh/o*,n lrom the Bula-
wayan System ol Zimbabrve, believed to be older than 2.6 X i0e i,ears, but neithL:i:
the interpretation nor the age is firmly establislied. Most ol the oldest sedirr.rentary
rocks are conglomerates, sandstones, and shales, shou,ing lew features indicating tlrat
conditions in the atmosphere and hydrosphere \\'ere very diilerent from thcse tctll;,.
Horvever, Cloud ( 1976) and others have pointed out a number of suggestive features.
The oldest lormations show a notable dearth ol limestones. rvhich first become abun-
dant in the younger Precambrian deposits. with ages less than 1.2 X 10e years; this
indicates a rather high partial pressure ol CO, in the atmosphere and hydrosphere,
acting to keep CaCO, in solution. Red beds, colored by ferric oxide produced by
oxidative rveathering, appear about the same time, suggesting an increase in atmo-
spheric oxygen over that present earlier. The most characteristic ol Precambrian sed-
iments, which are apparently unique to this s)'stem and are not repeated in later
times, are banded-iron formations ol the Lake Superior type, none of which is
younger than about 1.7 X IO'g years. These banded-iron lormations occur on all the
continents, and their formation implies a nonoxidizing, COr-rich atmosphere under
which large quantities of iron could be transported to the sites of deposition in the
soluble fcrrous state. The combined evidence ol geochemistry, paleontology, and
stratigraphf indicates that photosynthesis by green plants rvas.probably establishcd
at least 2.0 X 10e years ago, but that atmospheric oxygen was first available in rel-
atively large quantities about 1.2 X l0e years ago.,9y the end of the Precamb.rian
organic euolution ha4 produc (multi@uty
u@ t vS'"lp! gg * 

" 
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caLly lrom their present state.
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tn tt.," irt.oauctory chapter geochemistry was describcd as dealing rvith the abun-
dance, distribution, and migration ol the chemical elements in the-earth.Jhe basic
units ol geochemical investigation are tlius the elements, either in the lorri o[ atoms
or more often as charged particles or ions. Atoms and ions have a certain energy
content which changes rvhen they undergo a physical or chemical transformation. In
redistribution and recombination ol the chemical elements in minerals and rocks the
atoms or ions lose part of their energy and yield morc stable systems. Every rock
exemplifies the laws conditioning the stability of crystal lattices, iaws that follow the
general principles of the structure of matter and of thermodynamics. $eochemicalconcepts are completely meaningful when they indicate the relationJhip betrveen
atoms, ions, and crystal lattices and the factors determining their equilibrium con-

- ditions. such relations properly belong to the field oi chemistry, but in view of their
significance in gcochemistry a brief sun)mar). is givcn here.

FUNDAMENTAL THERMODYNAMIC EQUATIONS

The ideas of thermodynamics are most readily expressed in the form of equations.
Only a briel summary o[ these equations is presented here; for further information
reference should be made to a textbook of chemical thermodynamics or to thd dis-
cussion of wood and Fraser (1916) og porvell (197g) on the application of thermo-
dynamics to geological processes. A useful source of thermodynamic properties of
minerals and related substances is u.s. Geological survey Bulletin /452 (Robie,
Hemingway, and Fisher, 1978).
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, 4'the rmodvnamic svstem is characterized b1'certain lundamental properties, div-
isibie int.r two t)'pcs: (a) extensirerr eapacitl'propertics, such as mass..volume. and

entropy, rvhich depend on the quantity ol matter in the system; (b) intensive prop
erties, such as temperature, pressure, and chemical potcntial, which are independent
of the amount of matter in the system. The total energy of all kinds contained rvithin
a system is called its internal energy. (E). It depends only on the state of the systen.r

and cannot be determined in absolute values; it is the change in internal energy that
the sy'stern undergoes in passing from one state to another *,hich is signilicant.

The first law of thermodynamics states that energy can neither be created nor
destroyed. If a system undergoes a change ol state, and E, is the internal cnergy in
the first state and E, the internal energl, in the second state, then AE', the change in
internal energy, is

A,E: Ez- Er

If in this change an amount of energy q is absorbed by the system in the form of
heat and an amount ol energy w leaves the system as mechanical work, then

\E:Q-\'
For an infinitesimal change

. dE:dq-dw
The mcchanioal rvork, dw, is usually measured by a change in volume dV acLing

against a hydrostatic pressure P, in which case

dw:PdV
so that

dE:(lq-PdV
The second law ol thcrmodynamics can be stated in the following lorm: "ln any

reversible process the change in entropy (dS) of a system is measured by the heat
(dq) received by thc system divided by the absolute temperlture (?-), that is, dS
: dqll; for any spontaneous irreversible process dS > dqll" Thus, for a revers-
ible process, the preceding equation can be restated in the form. 

.

rtE:'rds_ FdV

Because many processes take place at aonstant pressure.rvith only heat energy and
mechanical energy involved and because under these Circumstances the.heat energy
absorbed by the system flom its surroundings is equal to the increment in the (E
+ Pn function of the iystem, it has been found convenient to define a lunct ion H,
called the enthalpy, such that

H:E+PV
Hence for any infinitesimal transformation

dH=dE+PdV+VdP



SOME THERMODYNAMICS AND CRYSTAL CHEMISTRY

If.the transformation occurs a1 constant pressure (i.e., dp: 0), then

dH=dq

rs
TS+PV

and

dE:TdS-PdV

dG=0

67

l that is, the change in entrratpy in any process at constant pressure is measured bythe heat received and for this reason is olten referred to as the heat of a reaction.
The Helmholtzlree energy (r) and the Gibbs rree energy (c) are dcfined by thelollorving equations:

A:E*
G=E*

The Gibbs free energy is especially significant in connection u,ith processes that taI:eplace at constant temperature and pressure. Under these conditions

dG:dE*TdS+pdv
If the reaction is reversible

Now a reversible reaction is synonymous with a state of equilibriurn, and so rve have
as a criterion ol equiribrium at constant pressuie that the Gibbs free energy (here_
a.fter referred to simply as the free 

"n".g1,i 
or the reactants must be equar to that ofthe products.

All geochemical processes may be regarded as striving toward equilibrium, whichmay be approached rather closely rvhen composition, temperature, and pressure
remain approximately constant for a long time. However, equilibrium if attained is
seldom preserved, orving to changes in physical conditions. For exampre, ir a ther,mally metamorphosed shale reached equilibrium under the conditions of rnetamor-
phism it is probably no longer in equilibiium at ordinary temperatures. However, thestudy of equilibria in laboratory experiments and by ihermodynamic methods hasthrorvn a flood ol light on geochemicar reactions, such as the origin or rocks and
minerals, the processes of rveathering and decomposition, and othei kinds of trans_
lormations going on within the earth.'

Any reaction, chemical or physical, may be characterized b1, an equation repre-
senting the transition from one state to another. If the reactani, ur" in equilibriumwith the products, AG for the reaction is zero. A rarge negative value of AG meansthat the reaction as written tends to proceed nearry to compretion; a large positive
value means that the reaction tends to proceed in the opposite direction. As a simple
example, we may consider the solubility of a sotid in aliquid; if the reaction is rep_
resented by the equation s * r, then at saturation aG is zero, whereas a larle
negative value of AG means undersaturation, that is, a strong tenaencf i" alrr"i*
and a positive value of AG signifies supersaturation.

Equations have been derived to express the effect of temperature and pressure onequilibrium. For temperature changes the relevant equation is
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d(-5GlT) : \H
dT T:

This equation signifies that, il AI1 is positive, an increase in temperature makes AG
rnore negative; i.e., il heat is absorbed in a reaction, an increase in temperature
causes the reaction to go more nearly to completion. If A/tl is negative, on the other
hand, increasing the temperature tends to inhibit the reaction. The effect of pressure

is characterized by the equation d L,G I dP : ,\V, rvhere A I' is the aggregate change

in volume that occurs when the reaction proceeds to completion in the direction
indicated. Thus, il A Z is negative, an increase of pressure makes AG more negative;

that is, the reaction as rvritten proceeds more nearly to completion. In other words,

high pressure lavors the existence of materials of small volume, that is, high density.

These two equations give quantitative exprbssion to Le Chdtelier's principle, rvhich
can be stated thus: il a system is in equilibrium, a change in any of the factors deter-
mining the conditions of equilibrium will cause the equilibrium to shift in such a way
as to nullify the effect ol this change. An interesting conclusion is that in general

increasing temperature produces the same kind ol effect as decreasing pressure. The
volume ol a substance becomes greater at higher temperatures and lower pressure.

Solubility ol solids in liquids increases as a rule with increasing temperature but is

usually diminished by high pressure.

For a chemical reaction to proceed spontaneously,.it is necessary that the total free
energy ol the products be less than that of the reactants, that is, dG < 0. The value

ol dG is a measure of the driving force or ffinity of the reaction. To predict w'hether

a certain reaction can occur it is therelore necessary to determine its free-energy

change.'The factors influencing the free energy change are (a) the composition of
the reactants and of the products of reaction, (b) their state of aggregation, (c) the
relative alnounts present, and (d) the pressure and tcmperature. The experimental
determination ol the free-energy change of a chemical reaction is olten extremely
difficult. Nevertheless, if the discussion is confined to the standard states ol the reac-

tants and reaction products, and heat capacity data are available, the problem is

often simplified, because the molal free energies of formation ol many chemical com-

pounds in their standard states are now known. Under these conditions the free-

.n.rgy change is merel; the sum of the lrec energies ol the products of the ieaction
minus the sum of the free energies ol the reacting substancis. These free energies

are obtained by multiplying the standard molal free energy ol formation ol each

substance by the number of moles that enter into the reaction. Unfortunately, fery

data are yet available on the free energies of silicates, but this information is grad'
ually being accumulated

The major value of thermodynamics in geochemistry is that it provides a general

approach to problems of stabitity, equilibrium, and chemical change. Even with qual-

itative.data it enables predictions to be made regarding the probable course of all

types of transformation. In any reaction for which-the free energies ol all possible

phases are known under the specified conditions, thermodynamic equations permit
the calculation of the relative amounts of reactants and products at equilibrium. If
the amount of the products at equilibrium is found to be very small, then the reaction

g i:.: '
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is not lavored under the specilled conditions. If the amount ol the producrs is large,
the suggestcd reaction is one that may be cxpected to go under the specified condi-
tions. In geochemical Processcs", many of w-hich proceed undcr conditions that cannor
bc reproduced in the laboratory, thermodynamics provides us with the means lor
predicting the'conditions under which certain rcactions nray occur, eyen though we
cannot reproduce thent experimentalll,. It is inrportant to realize, horvever. that ther-
modynamics cannot predict Lhe rate at which a reaction rvill proceed and does not
tcll us anything ol the mechanisrn ol the reaction.

One of the first practical applications of .thermody'namics to the solution ol a geo-
chemical problem rvas a study olthe stabitity ol jadeite, NaAlsi.ou (Kracek, Neu_
vonenr and Burley, 1951). Jadeite occurs in metamorphic rocks but ar thai time had
never been made in the laboratory; its comparativell, high density suggested that it
might only be stable under high pressures. Kracek and his co-workers examined the
thermodynamics of the following reactions by which jadeite might be formed:

NaAlSirO, = NaAlSirO6+SiO,
NaAlSiOl * NaAlSi,O, : 2NaAlSirOu
NaAlSiOo+SiO, : NaAlSirOu

I

i

I

I

I

l,

i'

],

I

By measuring the hears of solution (in HF) oT'plbite (NaAlSi,or), nepheline
(NaAlSioo), jadeite, and quartz, they rvere able to determine Arl values for each of
the above reactions. The specific heats ol these substances had been measured and
the standard entropies calculated, so il. rvas then possible to evaluate AG from the
equation aG : Arl - rA.s. The figures obtained indicated thar at 25" and 1 atm
pressure the first reaction rvould tend to proceed from right to left (i.e.,.jadeite would
not be flormed), whereas the other two reactions would tend to proceed from left to
right, rvith the lormation ol jadeite. These results show that jadeite is more stable at
ordinary temperature and pressure than- mixtures ol albite and nepheline, or ol
nepheline and quartz, and that its stability is not conditioned by high pressure. The
difficulties ol making jadeite in the laboratory are therefore to be ascribed to kinetic
factors involving activation energies and rates ol reaction.

Even ilall the relevaht thermodynamic data are not available, Miyashiro (1960)
has pointed out that it is frequently possible to derive uselul information from heats
ol reaction alone, il thc rsactions involve only:s6116s, a situation commgn under geo-
logical conditions. Il all the reactants and products are in thc sotid state, the heat
capacitl'ctranges are small and can be neglected. Under these circumstances the free

:nerg{ AGr." ol a reaction at temperature T" K and pressure p atm is given by the
lollowing equatio-n

LGr.p= LH"rnr- 7AS;r8 + pAV
LHin, : heat of reaction at298.16"K, i.e., 25"C, and 1 atm
ASiqs : entropy of reaction at 298.16"K and I atm

with all the phases in the solid state, ASr* and L,v are usually quite smali in com-
parison rvith A1llrs. Thus the heat of such a reaction at25"C urd I ut. (A/rlr,) is
nearly equal to the free energy of the same reaction at any temperature and p."irrr.
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(AG.,"). In other 
"vords, 

in reactions involving solid phases only, the lree energy ol
rcactiqn is-usually'ncarh constint throuEhour a rride range olternpcr.lture and prcs-
sure. This is illustrated by the reaction:

Mg,SiOo+SiOr:2MgSiOr
. 

lorstcrite quartz clinftnstatite

heat ol reaction AHir, : -2300 cal/mole (l)
entrop)' o[ reaction A.S;rE : -0.35 cal/deg mole

volumechange A,V = -4.0 cm3/mole

lree energy ol reaction LGr., : -2300 + 0.35 T * 0.091 P
(the AZterm must bedivided by 41.3 to converr it to cal/mole).

Clearly, the effects of temperature and pressure on the lree energy of the rqaction
are very small. A change o[ temperature of 500" rvill change the lree energ], by 175
cal, and a change of pressure ol 1000 atm will change it by less than 100 cal. There
are, however, two points to be noted. First, even in the reactions involving solids only',
the effect of differences in heat capacities cannot be neglected u'hen temperature
ranges are large. The.upper limit for extrapolation from the standard state at 25 " is
probably about 500'in.most cases. Second, under verl,high pressures such as in the
mantle, the PLV term can no longer be overlooked. For example, for this reaction
a change in pressure of 100 kb results in a change ol the order of 10,000 cal in lree
energy.

Bearing in mind these limitations, let us consider lurther examples.
For the reaction

/zNaAlSiOo * SiO, = %NaAlSirO,
ncpheline quartz albilc

LGr.r: -2500 - 0.057 + 0.016P

For thc reaction

KAISi,O6 *SiO, : KAlSirO8
lcucite ' quartz orth*lase 

(3)

LGr.r : -4800 + 1'46f - 0'053P

It is clear from these examples that AG.." cannot be greatly different from A11lr!.
We can use the available data to rrrake deductions of petrogenetic significance. ll

the SiO, content of a rock consisting of clinoenstatite, albite, and orthoclase were
gradually decreased, the preceding data indicate that the first reaction to take place
would be the conversion ofclinoenstatite into forsterite, since of the possible reactions
'this involves the smallest increase in.free energy. This would be followed by the con-

., yersion bf albite into nepheline, dnd finally by the conversion of orthoclase into leu-
cite. The order of reaction thus predicted agrees. with petrological experience. In
rocks slightly undersaturated in SiO, olivine, (Mg,Fe)rSiO4, appears instead of
pyroxene, (Mg,Fe)SiOr. At a greater degree of undersaturation nepheline appears
in place of albite, and, with a still greater degree of undersaturation, leucite is formed
instead of orthoclase, This explains why nepheline is found in association with olivine

(2)
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but not rvith (Mg,Fe)Sio, (hl,persthene); the frec e nerg) relations lavor the reaction
ol nepheline *ith hi'pe rsthene to give albite plus olivine.

Horvever, the difference in the lree energies ol reaction (l) aird reaction(2) above
is not large, and high pressures, such as tfuose at depth ol 100-200 km, could be
expected to rcverse the order of the values ol the free energies. Under these circum-
stances silica undersaturation might result in the conversion of albite into nepheline
belore the conversion ol p;'roxene into olir.ine. Considerations ol this sort indicate
that material ol basaltic composition rvhich crystallizes rvithin the crusl as a plegic-
clase-olivine rock might crystallize rvithin the upper mantle as a nephelin"-pyio^"n"
rock. A unique advantage ol thermodynamic data is that they facilitate the extrap-
olation of laboratory data to the rnore extreme conditions that can be expected in
geological processes.

71

./r,
V,}IE STATES OF MATTER

*7 Geochemistry is to a large extent concerned with the transformation of matter from
one state to another, as exemplified by the crystallization of magmas, the weathering
of rocks, the deposition of salts from solution, and generally the formation of min].
erals over a wide range of temperatures, pressures, and chemical environments .

These processes involve a change of state in all or part ol the material. Three states- '
ol matter are recognized: solid, liquid, and gaseous. This division is a useful one, yet
it should bc realized that it is to some degree arbitrary. As we generally obseive
them' these states are sharply marked off from each other by distinctive properties,
but under some conditions the boundaries lack definition, and the transitions solid
= liquid = gas may be continuous rather than discontinuous.

In terms ol the atomic theory, the state of matter ranges from complete atomic
disorder in gases to complete order in crystals. However, complete order is an
abstract concept and exists only in perfect crystals at absolute zero. At any temper-
ature above absolute zero the kinetic energy of the atoms causes them to vibrate
about their mean positions in the crystal lattice. If the kinetic energy ol the atoms
becomes sufficiently large, the crystal loses its rigidityl that is, it melts or decomposes.
Usually, fusion takes place at a definite temperature, but theoretical considerations
indicate that.the melting pqint is a temperature range, possibly too small to'measure
but nevertheless finite in theory. Melting-point ranges'have bben observed experi-
mentally'. A.special case of this phendnienon is illustrated by some complex organic
substances thar melt to give a liquid in which the molecules stiil maintain a one- or
two-dimensional orientation, which is lost at stjlI higher temperatures. .

Liquids were lormerly considered more akin to iases than to solijs, and, indeed,
beyond the criticiil point the distinction between liquid and gas ceases to have any
validity. At temperatures and pressures well below thc criticaipoint, however, liquids
may resemble solids. They diffract X-rayS, and the diffraction effects show that a

. considerable degree of order exists in the arrangement .of the atoms m molecules. A
glass is sirhply a supercooled liquid held together by bonds extending throughout the
structure, much as in the crystalline form of the same substance. The essential dif-
ference is that in the clystalline form.the atoms are arranged in a symmetrical peri-
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odic netrvork, rvhereas in glasses the degree of orientation and periodicity is rnuch
lorr er.

All matler strives to rcach equilibrium rv-i-th its environrnent. To acconrpiisir this
the atoms try to arrange themselves in such a way that the lree energy ol the system
is a minimum, and in the solid state this arrangement is ustially an ordered crystal
structure or structures. In geological terms, those minerals are lormed that are most
in harmony with the physical environment and the bulk composition of the Syst.em.
Glasses are metastable phases, and even though they ntay persist for an almost
indefinite period they alrvays tend to change into crystalline forms. Thus glasses are
uncommon in rocks, and their occurrence signifies unusual conditions of cornposition
and formation.

\,/f HE CRYSTALLI NE STATE

The most obvious characteristic of crystals that have grown freely is their external
form. Morphologi"ulLryrtullogruphy, th. f
the i o one of 32

ffietry.Neartheendolthe.eighteenthcentury,Hduycon-
ceived that the geometrical complex of crystal faces bh.aracteristic ol a homogeneous
substance must be determined by its internal struiture, the molecular or atomic

. arrangement. In l9l2 the truth of HaUy's conception was demonstrated experimen-
tally rvhen the discovery of X-ray diffraction by crystals showed that in the crystal-
line state there is an orderly, systematic arrangement of atoms. The atomic arrange-

@mical and physical properG;-6--6;rai.iine
ompound and is thus a fundamcnffi

PRINCIPLES OF CRYSTAL STRUCTURE

Since 1912 the crystal structures of many substances have been determined. Since
minerals provide a ready source of well-crystallized substances, many of the earll,
rvorkers in this field naturally used them for crystal structure investigations. As a

result, and fortunatell' for the progross of geochemistry, the structures ol many min-
erals were worked out comparatively soon. A valudble summary of the data on the
atomic structure ol minerals'has been provided by Bragg and.Claringbull (1965).
Goldschmidt and his associates also made important contributions in this field; it rvas
one ol Goldschmidt's major services to geochemistry that he early realized the sig-
nificance of crystal structure in controlling the distribution'of elements in the earth's
crust. '

. The basic unit in all crystal structures is the atom (the term atom also includes

". ion in this discussion), which may, however, be associated with other atoms in a
group behaving as a single unit in the structure. We may consider atoms as being

. made up of electric charges distributed through a small sphere that has an effective
radius of the order of I A (10-B cm). The radius can be measured with considerable
accuracy and depends not only on the nature, of the element but also on its state of
ionization and the mannbr in which it is linked to adjacent atoms. For exampie, the

i
: ...

i 'r,

t:
', :.i :,:;.
,a,:

::



SOME THERMODYNAMICS AND CRYSTAL CHEMISTRY

radiusolthesodiuntatonlinmetallicsodiurnis 1.86A,butthe radiusol'thesodiurn
ion in sodiunr salrs is 1.02 A.

The dilreren'i kinds ol interatomic Iinkage are classed inroJour bond t1,pes: the
ntetallic bond responsible lor the coherenceola nreta[; the ionic or polar bond, which
is the linkage in salts such as sodium chloride; the covalent or coordinate link present
in crystals such as the dian-rond; and the residual or van der \r/aals' bond, which is
responsible lor the coherence of the inert gases rvhen condcnsed to solids at low tem-
peratures- These lour t1,pes of bonds all impart characteristic properties to the sub-
stances in rvhich they occur and provide a convenienr basis for the classification of
crystal structures. More than one type ol bond may occur in a singl,: compound; such
substances are termed heterodesntic, and tliose in *,hich only one uona t1,pe is present
homodesmic. In heterodesmic structures the phy,sical properties, such as haidness,
mechanical strength, and melting point, are in general determined by the weakest
bonds, rvhich are the first to suffer disiuption under increasing mechanical or thermal
stra in.

It should always be realized that although these lour types ol bonding have well-
defined properties the classification is arbitrary, insofar as the bonding in many com-
pounds may be more or less intermediate. The silicon-oxygen bonds in silica and the
silicates are neither purely ionic nor purely covalent but are intermediate in nature.
The structure assumed by any solid is such that the rvhole system of atomic nuclei
and electrons tends to arrange itsell in a form rvith minimum potential energy. The
encrgy of a configuration can thcoreticall;.be calculated by applying the principles
of quantun'r mechanics, and no distinction between the different types of bonds
appears in the rigid mathematical expressions. Electronegativity, as discussed in
Chapter 5, gives some indication ol the ionic-covalent character ol a chemical bond.
Appendix I lists the estimated electronegativites lor some ol the elements. Cations
with electronegativities furthest from the electronegativity of oxygen have the high-
est ionic bond character u,ith oxygen.

Refinements ol chemical bonding theory are necessary to explain some particular
aspects ol cr1'stal chemistrl'. These include the assignment ol electrons to particular
atomic orbitals and the energy relationships betrveen thcse orbitals and the formation
of hybrid orbitals. Such considerations are useful, lor example, in explaining the
physical difterences betu'een graphite and diamond, both compounds of prr" 

"o.bon.Carbon has six electrons in the unhybridized configuration.

I s2 2s2 2p,,2r)

Thc 2p,orbital is vacanr. In graphitc a 2 sp2 hybridizcd orbital is lornrcd from a 2
s, a 2p,, and a 2p, orbita[. This strucrurc is planar wirh three lobes projecr.ing at
I 20' from each other. The unused 2p, orbital is perpqndicu lar to 2sp2. Ttre inaiuia-
ual atoms are bonded to form planar sheets of carbon atoms.'on the other hand, in
diamond the four bonding electrons form a 2sp3 hybridized orbital that.is made up
ol lour equal orbitals in a tetrahedral orientatitn. i]onding ol these leads to a thrce-
dimensional structure of great strength. Hig*r pressures are necessary to make this
structure the most stable configuration.

crystal-field theory, related to the bonding of transition-metal elements with d
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orbital electrons has proved to be useful in understanding and predicting the geo-
chemistn' of these inrportant elements. Differences in geochemioal behavio-r-betwlggll
transition elernents and other cations with similar charges and sizes may often bc
attributed to a crystal-field stabilization energy due to selective orientation ol d
orbital bonding electrons in the electrical fields formed by anions surrounding the
cation site of intcrest in a crystal- For example, the divalent ions of Ti, V, Cr, Fe,

Co, Ni. and Cu receive a stabilization energy in octahedral sites. Mn, Zn, and non-
transition elernents of similar size do not have this extra bond stabilization. Such
considerations have been used to predict, for example, the stability and concentration
ol Fe, Co, and Ni in the lower mantle. The application ol crystal-field theory to
transition-element geochemistry is thoroughly covered by Burns (1970).

Nearly all the common minerals may be iooked on as ionic structures, and we can
consider them as compounds of oxygen anions with practically all the other elements
(except the halogens) acting as cations. The oxygen ion is so large in comparison to
most cations that a mineral structure is mainly a packing of oxygen ions with the
cations in the interstices. The radii of common ions are given in the appendix and
illustrated in Figure 4.1. Hydrogen is not included, because it has unique properties.
The hydrogen ion or proton is so small that it can hardly be considered as having'
any spatial extension; instead it acts rather like a dimensionless center of positiv'e.'.
charge. The radius of the OH- ion is essentially the same as that of the 02- ion; thq '

hydrogen is embedded in the oxygen atom, and the OH group is effectively a sphere.
Because the radius ol an ion depends on its atomic structure, it is related to the

position of the element in the periodic table. The follorving rules are generally valid:

1. For elements in the same group ol the periodic table, the ionic radii increase as

the atomic numbers ol the elements increasel e.g., Be2+ 0.27, Mg2" 0.72, Ca2+

1.00, Sr2+ 1.13, Ba2+ 1.36. This is, of course, to be expected, since for elements
in the same group ol the periodic table the number ol electron orbits around the
nucleus, and hence the effective radius, increases in going down the column.

2. For positive ions ol the same electronic structure the radii decrease with increas-
ing charge. For an example, we may take the elements in the second horizontal
rou' in the periodic table, all oi which have two electrons in the inner orbit and
eight in the outer orbit:

-' Na* Mg,* Al3+
t.02 0.12 0.s3

si4+ P5+ s6+

040 0.17 0.t2

Thus in going across a horizontal row in the periodic table the radii of the ions
decrease. As electrons are lost the nucleus exerts a greater pull on those remain-
ing, thus decreasing the effective radius of the ion.

3. For an element that c&n exist in several valencestates, i.e., form ions of different
charge, the higher the positive charge on the ion, the smaller the radius; for
example, Mn'* 0.82, Mn3+ 0.65, Mn4+ 0.54. The same reason given in the pre-
vious fule applies here also; the loss ol an electron causes the remaining electrons
to be more strongly attracted by the nucleus, thus effectively contracting the
outer electron orbits and decreasing the ionic radius-
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An apparent contradiction to the first rule is provided by the rare earth elements.

The trivalent ions ol these elements decrease in radius u'ith increasing atomic num-
ber, lrom I.l4 for Lar* to 0.85 lor Lur+. This remarkable leature, knoivn as the
lanthanide contraction, is the consequence of the building up of an inner electron
shell, instead ol the addition of a new shell; as a result the increasing nuclear charge
produces an increased attraction on the outer electrons and an effective decrease in

ionic radius. The lanthanide contraction.also influences the geochemistry ol the e le-

ments lollowing lutetium; halnium and tantalum have ionic radii almost identical
rvith the elements above them in the periodic table-zirconium and niobium-and
therelore show almost identical crystallochemical properties.

In an ionic structure each ion tends to surround itseli u'ith ions of opposite charge;

the number that can be grouped around the central ion depends upon the radius ratio
between the two. Figure 4.2is a planar representation of the relationship. Assuming
that ions act as rigid spheres of fixed radii, the stabie arrangements of cations and

anions for particular radius ratios can be calculated from purely geometric consid-

erations (Table 4.1). Table 4.2 gives the radius ratio and predicted coordination
number with respect to oxygen for the commoner cations, together with the coordi-
nation actually observed in minerals. The close correlation between observation and
prediction conlirms the assumption that ions act as spheres ol definite radius; for
cations larger than oxygen, however, the coordination number is less well defined,
since the grouping is less regular. '.

Many cations occur exclusively in a particular coordination; others, for example,

Figure 4.2 Planar representation
between radius ratio
number.

of the relationship
and coordination
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'Table 

4.t Relationship betrveen Radius Ratio and Coordination
Rigid Spheres

77

Number for Ions as

Radius Ratio
(R*,."/R"".,)

Arrangcment ol Anions Around
Cation

Coorciination
Number ol Cation

0. l 5-0.22
0.22-0.,11
0.41-0.73
0.73- I

I

Corners of an equilatcral triangle
Corners of a tetrahedron
Corners ol an octahedron
Corners ol a cube
Closest packing

3

1

6

8

t2

Table 4.2 The Relationship between Ionic Size and
Coordination Nuntber rvith Oxygen lor the
Commoner Cations

Ion
Radius

(R) R/Ro

Predicted Observed
Coordination Coordination

Number Number

Cs*
Rb+
K+
Ba2*
S12n

Nao
Ca2n
Mn2*
Fe2*
Li*
Mg'*
Ti4+
Fel*
vr*
Crr*
Alr+
siI+

1.70
1.49
1.38
1.36
1.13
1.02
1.00
0.82
0.'77
0.74
0.^12

0.67
0.65
0.64
0.62
0.53
0.40

1.22
1.06
0.98
0.97
0.81
0.73
0.71
0.59
0.5 5
0.53
0.s l
0.48
0.46 -
0.46
0.44
0.38
0.29

12
8- l2
8- l2
8- l2

8

6,8
6,8
6

6
'6

6
6

6

6

6

4,O

4

'12
", 12

8

8

8

6

6

6

6
6
6

6
6

6

6
4
4

aluminum, which has a radius ratio lying near the theoretical boundary between two
types ol coordination, may occur in both. I.n such cases the effective radius depends
to some degree on the coordination, increasing moderately with increasing coordi-
nation.'f,he coordination is to some extent contro{led by.the temperature and pres-:*

:.....,

.i.
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in u,hich Si is in sixfold coordin:rtion instead ol the fourfold coordination otherwise
univcrsal in silicate minerals.

fhe strrrcturc ol ionic compounds is dc;tcrmined prinrarily by the dcmrnds ol geo-

rictrical rnd.elcctrical stability. The re\6tivc sizes of the ions and the nrode ol pack-
ing must ."rult in the ions being more or less rigidty hcld in the structure, just as in
a house buitt ol blocks, where each block must support its ncighbors. N{ore than one

structure may lullill this requirement, in rvhich case the most stable ivill be that for
which the potential energy ol the ions is lou'est. The requirernent of electrical sta-
bility means that the sum of positive and negative charges on the ions must balance.
This is not achieved by pairing off individual cations and anions; the positive charge
on a cation must be considered as divided equalll' betw'een the surrounding anions,
the number of which is determined by relative size ol the ions and not bv their val-
ency. Pauling stated this in the following rulc: "In a stable structure the total
strength of the valency bonds which reach an anion from all the neighboring cations
is equal to the charge on the anion."_Uir expresses the tendencl,of any structure to
assume'a. configuration o[ minimum*potential energy, rvherebl, the charges on the
ions are as far as possible neutralized by' their immediate neighbors.

This rule may appear more or less self-evident, but it is highly significant in the
rigorous conditions it imposes on the geometrical con{iguration ol a structure, espe-
cially ol complex substances such as the silicates. It may be called the cardinal prin-
ciple of mineral chemistry. It often explains the nonexistence ol certain types ol com-
pounds, although their lormulas rvould be quite possible according to the
requirements ol valency. For exan.rple, the feldspars havc linked silicon-oxygen and
aluminum-oxygen groups rvith Si and Al in fourfold coordination. An oxygen linked
to Si and Al has a valency olonly one-fourth left unsatisfied. This cannot be balanced
by Mg or Fe in sixfold coordination, for their contribution would bc at least one-

third. It can, however, be balanced by large univalent and bivalent cations having
coordination numbers of eight or more, since they can supply the necessary small
lractions. Hence we find the feldspars are compounds of Ca, Na, and K and do not
contain lr{g or Fe.

The above principiCs are the basis for the crystal chernistry ol minerals. They
express the conditions for lou' potential energy and so for high stabilitl'. Only very
stable compounds can occur as minerals; less stable compounds cither do not forn-r

- .in nature or soon decompose. Artificial con'rpounds have been made in rvhich these
general principles of cr1'stal structure are not closely follorved, but such substances
are not lound as minerals

.i
THE STBUCTURE OF SILICATES -,/

In all silicate structures so far investigated (except those formed at extreme pres-

sures) silicon lies between fiour oxygen atoms.J"his arrangement appcars to bc uni-
versal in these compounds, and the bonds between silicon and ox1'gen aJe so strong
that the four oxygens are always found at the.corners of a tetrahedroriof nearly
constant dimensions and regular shape, whatever the rest ol the structure may be

like. The different silicate types arise from the various ways in which these silicon-
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ox)'gen tetrahedra are related to each other, they nray exist as separate and distinct
units. or they may be linked by sharing corners 1i.e., ox1,ggns.1. Siiicate classification
is-based on rhe t)'pes ol linkages, r*,hich are as follous.: 7 --'-*'

I. Independent tetrahedral groups: in this type the siliconoxygen tetrahedra arepresent as separate entities. The resultant composition is Sioo, and a typical
mineral is forsrerire, lr!grs:o,, This division of the silicates i.' knorr,, as rhe

'' 'it 2. ffii:iffi:: J*n"o*,-rroups: in this type the siricon-oxysen terrahedra arelinked by.the sharing of one oxygen between each two t"trut ed.u. lf two tetra-
hedra are linked in this way, the resulting compositionj!_!ir-O-r; h typical mineral
is akermanite, carMgSiror, and such rubrtur"", u." &iiil as iorosilrcates. rf
more than two tetrahedra are so linked, closed units of a ring-like structure are
formed, giving compositions si,or,. Rings containing up io six siricons are

.. ''- -,. known. Typical examples are benitoite, BaTiSiror, wittr ttriee linked tetrahedra,

^ - \' 
t'--i and beryl, BerAlrSiuO'r, with six. This division of the silicates is known as the

.i t cyclosilicates./

C ]' , 1 3' Chain structures: tetrahedra joined togerher to produce chains of indefinite* I I ' :lfnt.There qgz'two principal modifications of this structureyjelding sbmewhar' , i l;:::::'-::T"r1'l:efi !1 ':,lrf chains, in. which !i:Q.,i;-iltil;;;?ilffi;;
t ' si,D ll,t^,p_{1"-1t":s, 

and (b) double chains, in which altEffi ietrqhedra in iwo par'-, I is:' 
iif','il1:,:i:J:ll'":"':",Tl]5!l?l5"tT,yre#::,:,#{#ilf**::l

9-YIi*g,r"t&r^,-r,L,l_..r- 
direction ol the crystal, and are bonded to each other by tn"ffittic elements.' J.--"ol"This division ol the silicates is knoiyn as thu;nosilicare.t.

4' Sheet structures: three oxygens of each tft.ififfiffie shared with adjacent
tetrahedra to form extended flat sheets. This is the double-chain inosilicate
structure extended indefinitely in two directions instead of jusl one. This linkage'L' gives a ratio of Si :O of 2:5 and is the fundamentgLunit in att mica and clay

At structures. ThefE-tsT6ifrilih."x1g9Tr.q]aL1f n-eir/_qrk re.sponsibie for the prin-
/i\, cipal characteristics^of min6rais-rji'ttrii type-6pei, pronorr."d pseudohexa-

'.2.1-':,--{ .. gonal habit and perfect basal cleavage parallel?t the'plane of the sheet. This! ) 'J'' _ division of the siricates is knorvn as the jhylrosiricates. €. s 
l!:".?::il:r:1,ffi;r[J.,::1"*::1.:::j::l ilffi#ii: ;:,.s::#:l
I :2. The various forms of silica-quartz, tridymite, cristobalite-have this

hi'fEngement. The quadrivalent silicon balanced by two bivalent oxygen atoms.In silicates of this type the silicon is partly replaced by aluminurn so that the
composition is (Si,Al)or. The substitution of Al3+ for 

-sio* 
requires aoaiiionui

positive ions in order to restore electrical neutrality. The feldspars and zeolites
are examples of this division of the silicates, which is known as tie rckrosilicates.

All the silicate minerals can be praced in one of the types listed in Table 4.3 (a
fa,v have more than one type of liniage in the structure).

The other constituents of a silicate structure, such as additional oxygen atoms,
hydroxyl groups, water molecules, and cations, are arranged with the silicate groups
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Table 4.3 The Structural Classification ol the Silicates

PRINCIPLES OF GEOCHEMISTRY

Classification Struclural Arrangment

Silicon:
Oxygen
Ratio Examples

Ncsosilicates
Sorosil icates

Cyclosilicatcs

I nosilicates

Phyllosilicates

Tektosilicates

I ndependent tetrahedra
Two tetrahedra sharing one

oxygen
Closed rings of tetrahedra

each sharing two oxygens
Continuous single chains of

tetrahedra each sharing
two oxygens

Continuous double chains of
tetrahedra sharing
alternately two and three
oxySens

Corrtinuous sheets of
tetrahedra each sharing
three oxygens

Continuous framework ol
tetrahedra each sharing
all four oxygens

Irorsterite, Mg.SiOo
Akcrnranitc. Ca,NlgSi,O,

Benitoite, BaTiSi,O,
Beryl, Al2BerSiuO,6
Pyroxenes, e.g., enstatite,

MgSiO,

Amphiboles, e.g.,
anthophyllite,
N{g,(SioO,,),(OH),

Talc, Mg,SioO,o(OH),
Phtogopite,
KMg,(AlSi,O,oXOH),
Quartz, SiO,
Nepheline, NaAlSiOo

1.^t.t

t: I

l:3

1:3

4:ll

2:5

l:2

in such a way as to produce a mechanically stable and eleqtrically neutral structure.

Aluminum, alter silicon the most abundant cation in the earth's crust, plays a unique

role. As discussed earlier, it is stable both in fourlold and in sixlold coordination. It
can replace silicon in the SiOo groups and also the common six-coordination cat-

ions-Mg2*, Fe2+, Fer+. etc.

The valence charge on the silicate unit, u'hich determines the nuniber and charge

of the other ions that may enter the structure, can easily be calculatcd if it is remem-

bered that each silicon has a positive charge ol four and each oxygen a negative

charge ol two. Thus, the charge on a single SiOo unilis L4 + 4(-2)l : -4; on an

SirO, unit, -6; on an SiO, unit, -2; on an Si4O, unit, -6; on an SirO, unit, -2;
and on SiOr. 0.

THE LATTICE ENERGY OF CRYSTALS

It has been pointed out that the structure of a crystal is determined by the tendency

of the constituent atoms to take up positions'vihereby. their total potential energy is

reduced to a minimum. This tendency may be expressed in terms of lattice energies.

The latiice energy of an ionic c.yital, generally represented by U, is defined as the

energy absorbed.when a mole of the crystal is dispersed into. infinitell' separated ions.

The lattice energy depends on the balancing ol (a) the electrostatic forces betrveen

ions of opposite charge, which give a resultant atiraction falling off with the square'

of the distance, and (b) the internuclear repulsive forces, which lall off very rapidly
rvith distance. The attractive and repulsive forces result in an equilibrium position ol
minimum potential en'ergy, rvhich summed over all the ions is numerically equal to
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the lattice energy ol the crystal. The greater the latticc cnergy the greater the energy
required to break up the crvstal into its constituent ions.

For binary compounds lattice energies mapbe directli.calculated from the prop
erties ol the ions by means of the following equation, originalty derivcd uy norn ana
Land6:

u:NAz'."(r=!)r \ n/
where U : lattice energy.

N : Avogadro number.
I : Madelung constant, characteristic or the type or crystar structure.

2,, z; : charge on cation and anion, respectively.
r = shortest anion-cation distance.
n = a factor allowing for the internuclear repulsion (n is usually about t0).

From the form of the equation it is clear that u approaches zero as r approaches
infinity.

Although the Born-Land6 equation applies only to binary compounds, it does
enable qualitative statements regarding the latticl eqergy ol -or" complex sub-
stances. For a particular type lattice energies are greatgr the higher the iharge on
the ions, the smaller the ions, and the croser the pu"king. Fo. an Jxample ol the first
effect, we may cite two substances with the same crystal structure, Nacl (u = 1g3
Cal) and MgO (U: 939 Cat).

The energy u of the Born-Land 6 equation is equal to the amount of work per mole
that must be expended to disperse the crystalline substance into an assemblage of
widely separated ions. As such, it cannot be equated with any directly measurable
quantity and is not to be identified either with the heat of subiimation, which is the
energy necessary to disperse the substance into a molecular gas, or with the heat of
solution, which also includes the heat of hydiation of the io-ns, or with the heat of
formation, u'hich is the heat evolved by the formation of the substance from its ele-
ments. Born and Haber devised a thermochemical cycle by means of which the lat-
tice energy can be related to measurable thermal data. This cycle is as follows, using
NaCl as an example (square brackets indicate crystalline substances and parentheses
indicate substances in the gaseous state):

[NeCt] ' .1Na.)+ (Ct )
1 -o I -,nu

tNal * (/,CI,) -j:-9 (Na) + (Ct)

The diagram represents the following cycle:

1' One mole of the crystalline substance is dispersed into ions in the gaseous state.2, The ions are converted into neutral atoms.
3; The neutral atoms, now in the form of monatomic gases, are converted into the

standard states for the elements at 25" and I atm pressure.
4' The elements are then allowed to combine chemicatly to reform the cryst.alline

substance.
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The symbols are defined by the lollou,ing thermochemical equations:

U, laLLice energy
1, ionization energ)'
6, eleclron allinity
S, heat ol sublirnation
D, heat of dissociation
p, heat ol lormation

[NaCl] : 1Na-) + (Cl-)- --=\11
(Nan)1":(Na) AH

(Cl-)=(Cl)+e L,H
(Na) : [Na] All
(Cl) = (%ClJ AII

[Na] + (]1C1,) = [NaCl] Af1

) rsoMoRPHlsM

Since the final state of the system is the same as its original state, the net change in

heat content is zero; hence

u:Q+s+I+D-E
The cycle given by this equation is'to be regarded as isothermal at 25".

The Born-Haber cycle thus provides us with a means ol determining lattice ener-
gies lor complex compounds from other thermodynamic quantities. Unfgrtunately,
lor the common silicate minerals these thermodynamic quantities are imperfectly
known. The whole question of considering geochemical processes in terms of lattice
energies has been a subject of particular interest to Fersman and other Russian
geochemists. In an attempt to get a simple method of determining lattice energies

Fersman introduced the EK concept, which is an empirical constant for each ele-

ment, representing the contribution ol that element to the lattice energies ol its com-

pounds. Thus for NaCl

[/r"c, : K(EKN" + ,EKcr) (K is an independent constant)

'From knorvn lattice energies Fersman was able to assign EK values to rnost of the

elements. i-loivever, the application of these values to the calculation of lattice ener-
gies ol silicate minerals and to the interpretation ol geochemical processes has so far
given ambiguous results. The differences in calculated lattice energies ol correspond-

ing amphiboles and pyroxenes, for example, are smaIl, sn-raller tlian the probable

error. One serious criticism of Fersman's approach is that it allorvs onll' lor the

energy associated with a specific number of ions of different elertrents but fails to
consider the energy associated with the crystal lattice as such. For example, the pre-

ceding equation rvill clearly give the same lattice energies lor all polymorphs of the

same substance. :

The termJ-sjryplisf is ap_p_lied to the phenomenon of substances rvith analogous

ggbjmWtt'ii-@Q+.4]ffiri,ffir .ffi6"' reitr'ilas " 
i ntrod'[ced-6y

MitscheiliCh in 1819, who prepared crystals of KHrPOo, KHrAsOo, (NH4)HrPO4,

and (NHJH2AsO. and found that they showed the same forms and the interlacial
angles between correspondin'g faces were very similar. By Mitscherlich's original def-

inition, substances with analogous formulas and similai crystallography said to be

isomorphous. X-ray studies have shown that similar crystallography is a reflection *of

similar internal structure, hence the rervording ol his original delinition; sbmetimes

the term isostructural or isotypic is used for the phenomenon.
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Figure 4.3 Effect of cation radius in determining crystal structure;o = trigonal; . : orthorhomUic. lefter Fleischer, .r.
Chent. Educ. 31, 450, I954)

*) Isomorphism is rvidespread among minerars and is one of the bases of their clas-sification' Many isomorphous g.orpi are recogniz".d, fo. 
"*u-pr., the spiner group,- the garnet group, and, the un,phibot" group. The basis of the phenomenon is thatanions and cations of the same ielative Jir. (i."., showing ;i"';" coordination) andin the same numbers tend to crystalrize in the sameir.u"ir." type. This is well' exemplified by sonie of the carbonate .ir..ut. (Figure 4.3). Trie anhydrous carbon-

. ates of the bivalent elements form trvo isomorphous groups, one orthorhombic andf one trigonal*salle s,een tl,rat 
-the nut*" of the strultu." i, d"t".-ired b1. rhe sizef oi the bivarent cfrffi; those mineiar, *iii, .rti";f"",.*r.gd'"[i :q.r9ium crysra,ize in#*@,j.,;..h""i1iir,.';;iio;,;*uit.i]it,un.ui9,,*"iyg1u]li39ina

I i X*li,'llu:,ge- calcium carbonate ?iar a;iriaiiiz; i;;ither strucrure, thei, I phenomenon known as polymorphism.' other substances *itfi anatogous formulas are isomorphous with these carbonates.Thus soda'niter, NaNor, ir iro'n,o.pr,ous witrr calcite, *t,r.""r',ni,.r, KNOr, is iso-' morphous with aragonite, reflectinjthe similai ,iz" oi"iir"i"lra carbonate groupsand the larger size or potassium iins as compared to sodium ions. The borates oftrivalent elements show similar relationships. Until the deveropment of X_ray tech-niques for the determination of crystal structures, it was somewirat of an enigma that
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substances as different chel'rically as calcite and soda niter could show cornplete sirn-

ila+iry in cr-sr:l lorm. Othcr isoii-roiphrrus pairs at 11t sl8lt do not even hlrve anal-

ogoui formulas. Thus rhe rare mine rai beriiniie (AlPO.) is isomorphous rvith quartz;

the true analogy is seen whcn the formula ol quartz is rvrittcn SiSiOl. Both Al and

p are similar in ionic size to Si and can exist in a crystal structure in four-coordi-

. nation *.ith oxygen; as a result z\lPOo can crystallize with the samc structute as

quartz. Sirnilarly, tantalite, FeTa,O5, is isomorphous rvith brookite, TiOr(TiTirOu);

the metallic ions are sin.rilar in size and all shoiv sixiold coordination with oxygen.

The irnportant factor in isomorphism is the similarity in size relations ol the dif-

rerent ions rather than any chemical similarity. This explains many apparently

unusual examples of isomorphism and its absence betrveen many chemically similar

compounds. Thus corresponding calcium and magnesium compounds are seldom iso'

*orphour, although these elements are similar in chemical behavior;.when it is noted

that the radius oiCa2+ is 1.00 A and that ol Mg'* is 0.72 A it seems natural that

the substitution of one lor the other without producing a change in structure is

imProbable.

ATOMIC SUBSTITUTION ...
Alter the development of reliable methods for the analysis of minerals it rvas

observed that many species are variable in composition. Substitution of one element

by another is the rule rather than the exception. When this phenomenon was first

observed it rvas described in terms of the conceptol yll!-;glution ot mixed crystals,

rvhich irnplicd the presence, in a single homogeneous crystal, ol molecules of two or

more substances. For example, common olivine may be dcscribed as a solid solution

of MgrSio.(Fo) and FerSio.(Fa), and the precise composition of any sample of

olivini may be stated in terms of Lhese end-members, such as ForrFa,r, that is,

(Mgo,rFeo jr)rSiOo. This concept and terminology remain in general use, but the light

thrown upon the structure ol ciystals by X-ray investigation has resulted in a revised

interpretation. In an ionic structure there are no molecules, the structure being an

inlinitely extended three-dimensional network;\rty ion in the structure may be

replacei by another ion ol similar radius withoirt causing any serious distortion of

th! structure, just as a bricklayer, running short of red brichs' lnay incorporate yel'

low bricks of the same size heie and there in his wall. Since,i.iineLa[ ,:l:lly--":l:-
tallize lrom solurions conraining many ions other than those'ESenti-dlTo the ni!1{at'

d. :el4i$[l& ;G miiffEffi ;iIc fi be ;in'i d1n 
led a-e" !9-T9 g:+?o*Lc#;

tfute*s_o]ig_-dvaria.uteJomposirion. lt was early lound that many isomorphous sub-

sffirffiffiffisolidsolutions.Therehasbeenatendency.to
,. equate isomorphiim and solid solution, in spite of mar\9f inconsistencies, Foi exam-

pl.,Jfr:y isomorp.hous substances show little or no solid solution, among them' cal-

il'#,T'll"ll'fi ;frl;1':5ffi ;:l*"T::::[ff ',#."'::'.:;.;:T":"#Ti;:';
in sphalerite, altho;gh FeS and ZnS have quite different crystal structures. On this

- account it mu-si be eirphasized that isomorphism is -neither necessary to nor sufficient
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lor solid-solution lormation. Isomorphism and solid solution are distinct concepts anclshould not be confused.
In atomic substiiution it is the size of the atoms or ions that is the governing factor,and it is not essential that the substituting ions have the same charge or valency,provided that electrical neutrality is mainiained by concomitant substitution else-where in the srrucrure- Thus, in passing from aibite tNrariirori to anorthite(caAlrSiro,), ca2* substitutes for Na* ind erectricar n"rtruiity'is maintained bythe coupled substitution or Alr" ror Sia+: similarly, in aiopside (ca\,IgSi,o.),Mg2n-51'+ may be replaced in part by Alr+-Arr.. Such 

"oulr.Jrruri,,r,j"";1..especially common in silicate minerals and made the interpretation of.their compo_sition exceedingly difficult before this phenomenon was recog'ized and understooc.As a general rule, little or no atomii substitution takes ptlce *tren the differencein charge on the ions is greater than one, even when size is appropriate (e.g., Zra+does not substitute for.Mn2+, nor yi+ replace Na*); this may be in part because ofthe difficulty in balancing the charge requirements by other substitutions.
The extent to which atomic substitution takes places r, a"t.rmined by the natureof the structure, the croseness of correspondence of the ionic radii, and the temper_ature ol formation or the substance. The nature of the structure evidentry has con_siderable influence on the degree of atomic substitution; some structures, such asthose of spinel and apatite, are well known for extensive atomic substitution, whereasothers, such as quartz,.show very rittle. In part this phenomenon is due to the lacko[ foreign ions of suitabre size and charge. ionic size has, of course, a lundamentarinfluence on the degree of substitution,lir". the substituting i*-,r.,urt be abre tooccupy the lattice position without causing distortion ol the stiucture. From a studyof many mixed crystals it has been found Ihat, provided the radii of substituting andsubstituted ions do not differ by more than l5%, a wide.ange of srbstitution maybe expected at room temperature. Higher temperatures permit a somewhat greatertolerance;.in this respect solid solutions are analogous to solutions of salts in water,solubility increasing rvith temperature.

This property of increased atomic substitution at higher temperatures provides ame.ans o[ determining the temperature of minerar rorrJation @)obgicar thermonte_try)' ll for a specific mineral the degree ol atomic substitutioni", 6"", determinedfor different'temperatures, the composition of the naturaily o""u..ing minerar mayindicate the temperaturqof formation. Thus the amount oriitaniu,r in soligi solutionin-magnetite as a function of tempcrature is known l. om laboroiory, investigations.
Magnetite is a common ore mineiar. provided the ore-forming soiutions containedsufticient titanium to saturate the magnqtite; thq titanium contJnroilhe minerai willindicatetheteinperatureconditionsdu.ingoredeposition.

The consequence of atomic substitutionls that most minerals contain not only theelements characteristic of the particular species, but also other elements able to fitinto the.crystal lattice. For insihnce, dolomite i, tf,"o."ti"ullr;,t;;i;;;;;i
magnesium and carcium, but dolomiies are found *tor. unutfr;;-;;o* a consider-able.content o[ iron and manganese- Traditionaily, these were described as-soridsolutions of the carbonates of all these elements, but it is more illuminating as wellas hrore correct to consider thern as products of the substiir,i"r'"i'i-n and man_
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ganese for magnesium. Nevertheless, u,e continue to use the traditional terrns solid

solution, mixed-cry'stals, arid solid sot[tion series, since the terminology ol atomic

substitution has not yet provided .expressions to take their place. The useful tern.r

diadochy has been introduced to describe the ability ol different elements to occupy
the same lattice position in a crystal; thus Mg, Fe, and Mn are diadochic in the

structure ol doiomite. The concept of diadochy, if uscd rigidly, alrvays applies to a

particular structure, two elements may be diadochic in one mineral and not in
another.

Crystal struct[re investigations have also revealed two other types of solid solution

besides that due to atomic substitution. One is knorvn as interstitial solid solutiotl,

whereby atoms or ions do not replacc atoms or ions in the structure but fit into inter-

stices in the lattice. This type is very common in metals, which take up hydrogen,

carbon, boron, and nitrogen, all small atoms, in interstitial solid solution. If a sub-

stance has an open structure, interstitial solid solution may take place even with

atoms or ions ol a considerable size. Thus cristobalite, the high-tempcrature form ol
SiOr, has been found with a considerable content ol sodium and aluminum; the Alr+
replaces Sio+, and the Na* needed to maintain electrical neutrality occupies large

openings in the cristobalite lattice. The other typg of solid solution is that associated

with defect lattices, in whiph some ol the atoms are missing, leaving vacant lattice
positions. It has been calted omission solid solution. A good example is the mineral

pyrrhotite, in which analyses always show more sulfur than corresponds to the for-

mula FeS. This was for a long time described as solid solution ol sullur in FeS.

Actually, the excess of sulfur shown by analyses is due to the absence of some iron

atoms from their places in the lattice; there is a deliciency ol Fe, not an excess ol S.

Just as in building a wall, where a brick may be omitted here and there without

affecting the stability of the structure, so it is possible to omit some of the Fe atoms

in FeS rvithout the lattice collapsing. More and more defect structures are being

recognized among minerals, thereby explaining otherwise puzzling deviations of

chemical compositions from those predicted by the law ol constant proportions.

POLYMORPHISM

An element or compound that can exist in more than one crystal form is said to be

polymorphous. Each form has different physical properties and a distinct crystal

structure; that is, the atoms or ions are arrangcd differently in different polymorphs

of the same substance. Polymorphism is an expression of the fact that crystal struc-

ture is nof exclusively determined by chemical composition, that there is olten rnore

than one structure into which the same atoms or ions in the same proportions may

be built up. Different polymorphs of the same substances are formed under different

conditions of pressure, temperature, and chemical environment; hence the presence

ol one polymorph in a rock will often tell something about the conditions under which

that rock was formed. For example, marcasite can be formed only from acid solutions

at temperatures below 450", and the presence of marcasite in a deposit thus puts

some limits on the conditions ol origin.
Two types of polymorphism are recognized, according to whether the change lrom

86
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Diamond

Graphite

Figure 4.4 Graphite-diamond equilib,
rium curve, calculated to
1200'K, extrapolated
beyond. (Nature 176, g35,

. r 95s)
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one polymorph to another is reversible and takes places at-a definite ternperature andpressure. The first tvpe is knorr as enantio_trop),una i.=*"*prifi;;y the relationship
betrveen quarrz and tridl,rnite (quartzs tridymite). The second type is known as
ltonotropy;an example.is the marcas,,J$r.ir" reration.ship, in which marcasite maylnvert to pyrite but pyrite ne'er changcs io ,r-,arcarite. wi;h monotropic porymorphsone form is arwavs inherentrl,unstabie and rhe otrr". inr,"..niii,;;;1,., rhe unstabreform always tends to change into the stobr" fornr, but the ,iaut*-to.m cannot bechanged into the unstabre form without n.ri 

"o-pr"tely destroying its structure bvmelting, vaporization, or solution. 
uvrrtw,rrr'

This distinction betrveen enantiotropic and monotropic polymorphs is useful, butthe recognition of monotropic polymorphs is usually based on experimental evidence,and investigation over.wid",*ng.r of i".p"*ture and pressure or determination ofenergy relationships of the diffeie-nt polymlrphs sometimes nai.ut.Jtnut supposedrymonotropic.p^olymorphs actualry have an enantiotropic ."r";;;;;;nder conditionslar removed from those usually attainable. The diamond_grapt ii"-i"L,ionship is par_ticularly interesting in this respect, both fromihe geological significance of the occur_rence of these two polymorphs and_from the practicaiaspect-of J"u"roping ways tomake diamond syntheticailf. For a rong time it *as unkno*n *r,.it., diamond andgraphite were enantiotropic or monotlopic polymorphs; the latter conclusion wasfavored because under raLoratory conditionrir," trunriri;, ;;;;ays diamond -graphite' never the reverse. Horvlver, it has been estaurisrr"a tr-.-ui'itl ,"tutionship isenantiotropic, and the acruar conditions of the diamond = ;;ilt;";iu,ibrium havebeen worked out (Fisure 4.4). This figure shows that the practical problem of makingdilm,ond srntheticaiiv Iies in maint;;*g ;;.;rrres wirhin the stability fierd of dia_mond at temperatures ror rvhich th" ..r.ion u"to"ity ro. its rormuiil, i, 
"pp."ciable;this has been achieved by the a"r"top."ni of speciar equipment capabre of with-standing great pressures at high temperatures. It also indicates that the naturaroccurrence of diamond in igneous rocks impries an origin at considerable depths in
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the earth,.rvhere the combination of temperature and pressurc is lvithin the diamond

stabilitl'field. Diamond is actually unstable-under the phleicat condition: in uhi'-h

it is found (and worn); that it does not change spontaneously into graphite is due

soley to the in{initesimal rate o[ a reaction which the energy relations nevertheless

favor.
Thc rate of change lrom one polymorph to another may be very slorv or'very rapid'

Sometimes the change does noi involve the breaking of bonds betrveen neighboring

atomsorions,butsimplytheirbending,lorexample'lorv-quartz=high-quartz'lorv-
leucite = high-leucite. Such transformations are almost instantaneou( at the tran-

sition temperature, and the high-temperature form cannot be preserved at lower tem-

peratures iho*"u"., original crystallization as ths high-tempera'.ure form can often

te recognired from the nature ol the crystals or from the twinning that so often

results from inversions of this type). High-low polymorphs are also characterized by

the lact that the high-temperaiut" fo.rn is always more symmetrical than the cor-

responding low-temperatuie form. Transformations other than the high-low type

require the breaking of bonds in the structure and the rearrangement of atomic or

ionic linkages. They are often sluggish and may require the presence of a solvent in

ordertoobtainanappreciablerateorchange.Thesechangeshavebee.nte.fmed
reconstructive transformations and are exemplified by.the quartz + tridymiie -=
cristobalite inversions.

Th'e high-temperature polymorph ol a substance is generally more open-packed

than a low-temperatu." ror*. The open character of the structure is dynamically

maintained at high temperatures by thermal agitations. It may also be statically

maintained by the incorporation ol fireign ions in the interstices oi the lattice' These

foreign ions will buttress the structure and prevent its transformation to a different

polyirorph rvhen the temperature is lorvered. Their complete removal is usually nec-

"rr"ry 
to permit inversion to the closepacked form stable at low temperatures' Thus

impure high-temperature polymorphs may be formed andrnaY survive indelinitely

lar belorv the normal stauitity range of pure compounds. This situation is likely to

arise in nature. This phenom.non I probably responsible for the formation and sur-

vival ol cristobalite and tridymite under conditions in which the stable form ol SiO'

is quartz. As mentionci p.*iourty, cristobalite has been found with a considerable

amount of sodium in intlrstitial iolid solution, and the sodium atoms presumably

stabilize the open structure of this mineral. The occurrence of a high-temperature

polymorph at ordinary temperatures is not necessarily to be interpreted as indicating

n.,"iurtuUltlti'; the polymorph may be simply a stable impure form'

Traniformations U"t*"", polymorphs show a close analogy to the changes

between the liquid and solid siates, being amenable to treatment by the same ther-

modynamic principtes. Under a given sei of conditions, each of several polymorphs

of a substance is characterized by its free energy; all possible polymorphic forms tend

to transform into the one with the minimum f."" 
"n"rgy, 

and that lorm is the stable

one-under those conditions. The free energy G is given by the equation G = E -
TS + pV. For changes not involving a gas phase the PiV term is small and can be

omitted. When I i, iero, G = E,ttrat ii, the free energy of a substance is equal to
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--*its internal energy. Hence at absolute zero the polymorph with the lowest internal
energy will be the stable lorm. At temperatures other than zero the entropy term is
significant, and the relative magnitudes of s for the different polymorphs may deter_
mine which form has the lowest free energy. At a transition poinib"t*"en two forms,
thc free energies of both are equal (Figure 4.5). Because ihe entropy ol the high-
temperature form is grcater than that ol the low-temperature form, it follorvs that
the internal energy of the former must also be greatei than that ol the latter. The
entropy involves the volume over which the atoms may be disordered; hence there is
a tendency lor the forms o[ higher entropy to have gi.ut.. open space available for
thermal motion. Although this does not necessarily involve op"nn"r, of the whole
structure, it olten does; high-temperature forms therelore tend to be Iess dense than
low-temperature ones. Temperature and pressure tend to impose opposite conditions:
high temperature promotes open structures, high pressures to*pu"i structures.

An interesting translormation that may be considered as a variety ol polymor-
phism is the order-disorder typc. It has been most studied in alloys, as it has impor-
tant effects on their physical properties, but it is probably rro." 

"o*nron 
in minerals

than is generally realized. A simple example is an alloy ol 50vo Cr, 50To Zn, Two
distinct phases of this'alloy exist. In the disordered form the copperatoms and.the
zinc atoms are randomly distributed over the lattice positions, *hli"u, in the ordered
form each element occupics a specific set of positions. The structures of thc two forms
are related, but the ordered one has lower symmetry than the disofdered one. There
is no definite transition point between the two forms; perfect order is achieved only
at absolute zero, and with increasing temperature the degree of order gradually
decreases to complete disorder above a certain temperatuie characteristic ol the
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structure and thc composition ol the crystal. For example the relationship between
microcline and sanidine is an order-disorder transformation, the one aluminum and
three silicon atoms in KAlSirO8 being in disorder in sanidine but ordered in microc-

- tine. This accounts for the monoclinic-triclinic leature of the polymorphism, and the
typicat ttvinning of microcline is characteristic of the trvinning olten observcd in
ordered lorms.
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{ MAGMATISM AND IGNEOUS
J ROCKS

WHAT IS MAGMA?

AS4lgr:-r: jh'-fTrl Talerla! :lig,::-::l'i-9.*1-Lava is magma poured out through

vfianic veiltS-a*nd thereby acce'ssible-'t*o our observation. l{owever, much magma

soiidifies below the surlace and can only be observed as the end product, an igneous

rock, lrom which the original nature of the magma must be inferred. Magma has

been defined as molten rock material, bui this definition is not entirely satisfactory.

It lails to bring out that magma contains volatile components which are lost as it
solidifies but rvhich nevertheless play a significant part in determining the course of

crystallization. The deHnition also fails to emphasize that the solidification of a

magma does not take place at q definite temperature, like, for example, the solidifi-
' cation of molten lead, but is generally drawn out in time and place by fractional

crystallization. The end products of such crystallization include not only the igneous

rock, but also a gas phase and possibly a -watery 
solution. Hence the history of a

nagma may be long and complcx, and th6 termination is olten not easily defined.

When does' a magrna cease to be a magma'l When the first solid phase appears'l

When a quarter, or hal[, or three-quarters of it has solidified? When all that remains
. is a watery solution? Tle diversitl' of answers to this question is in part responsible

for the vigorous contiloversies iegarding the origin of some plutonic rocks, such as

granites and granodiorites. M.agma is characterized (a) by composition, in that it is

'" predominantly silicate; (b) by temperature, in that it is hot (although the range in

temperature may begreat, say from 500 to 1200"); and (c) by mobility, in that it
will florv. Although a magma is fluid, only a minor part of it need be liquid. In this

book the terrp_:anagma is used to include all naturally ojcurring mobile rock matter
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The quesrion as to rvhether or not thcre is a "prin.rar1" magma is one that has
been ertcnsirclr discussu'd. Nlenr )'eltrs alrr Bunsen dccided that theru, \\cre t\\.o lri-
marY magmas, granitic and basaltic, and that ieneous rocis of other comrr,-rsirions
rvere mixtures of thcse two types. Bunsen's contention is apparentll,supported by the
abundances of different rock ty'pes. Thc igncous rocks ol thc globe belong chiefiy to
t\\'o typcs: granite and basalt. Da[1, estimated that granites and granodiorites
together comprise at least 957c ol all intrusives and that basalts and pyrorene ande-
sites nlake up about 98c/c o{ all extrusii,es (the latter figure seerns excessiye. since
silica-rich e1[1psi1,ss-rhyolites anri dacites-are lairly abundant). These relations
are clearly ol fundamental significance in a consideration ol magmatism. Nlaterial
ol basaltic composition may well be the single prinrary nlagnla from rvhich most
igrieoiis-aocksha-iE-been derived-lr,lajoi argumeniiin iavoi ofihii a;e $) rhroughout
leological time magma ol this comptsition has broken through the ciust and poured
out on the surface in great floods; (b) the rocks of the great ocean basins are almost
entirely basalts; (c) experimental work has shorvn that differentiation of basaltic
rlgma can yield rocli-s_gJ rilldclv varying_chemicat andfin;;;iagiA, composirion,
Inci-such diifereiitiaiioiihis been obseiula in natural occurre-rrc"I rf" ri;;;pil;
ol a primary basaltic magma in no rvay implies that magmas of other compositions
are nonexistent. This is clearly evident lrom the 1,i,.ide variety ol lavas expelted.by
volcanoes. The formation of magmas of differcnt iomp_ositions can be expiained ty
lractional crystallization of d-bllalfic mlgma anci tiie 6paration ol residual rnugrui
of diffeicnt types, 51; assimilarlin*dt maleriai of different composition. ;;J ;; ;;
escape ot'volatile substances, all of which either singly or together are adequate to
produce significant changes in compositionyr

THE CHEMICAL COMPOSITION OF MAGMAS AND IGNEOUS ROCKS

Clarke and Washington calculated the average conrposition of igneous rocks, rvith
the lollorving results;

SiO2 Al2Or FerO, FeO MgO CaO NarO KrO IJrO TiO2
59.14 15.34 3.08 3.80 3.49 5.08 3.84 3.13 1.15 1.05

All others less than 0.30 each

It nlust. ol course. be borne in mind that these figures are the average ol sevcral
thousand analyses and are of no greater or less significance than is implied in that
statement; thel' do not represent the composition of a primary magma from which
all igneous rocks may be derived, nor the composition of any particular magma;
minor constituents are omitted, as are the volatiles known to be present in all mag-
mas. Nevertheless, the'ligures do indicate that the following elements predominate:
O, Si, Al, Fe, Mg, Ca, Na, and K; that il,Aagmas_ a,re multicomqo!9gl.ty-l:q.Tj_of
*tG-aitrerent 

components do not vary randomly but arc interdependent. The frc-
quenc) relations ol the commonest rock-forming oxides have been worked out on the
basis ol Washington's collection ol 5159 superior analyscs of fresh rocks (Figurcs 5.1
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Figure 5.1 The frequency distribution oi silica percentage in
analyses of igneous rocks.
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The frequency distribution of the percentages of the major oxides in analyses o[ igneous rocks. (Richard-
son and Sneesby, Mineralog. Mag. 19,309,1922).
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and 5.2). The don-rinant oxide is silica; most igneous rocks contain betrveen 30 and
80% SiO:. Its iariation is not at all regulai. as is clearli'scL-n fronr Figure 5.1. rht,re
being two lrequency maxima, at 52.57o SiO, and 73.0% SiOr; i.e., rocks+,ith about
5?iyg-Sig, andl3.\Vc SiO, are flre,cornmonest. This corresponds rvith fieid experi-- dn.e that the most abundant igneous rocks are granite and basali. Alumina varies
comrnonll" betrveen l0 and 20Vo. I ow A!rO, is characteristic ol rocks rvith little feld-
spar or leldspathoid, i.e., ultrabasic t)'pcs, high AtrO. is characteristic ol anorthosites'lnd 

rocks conteining much ncpheline- Sodnihor,, , ..rr svnrrnetrical r;ri;,i;;. th;
common range being fron'r 2 to 5%; NarO rarell,exceedsl5To. The curveforKrO is
less regular, but most rocks have less than 6Vc,KrO, and only rarely docs it e;rceed
107o. The curves fcr FeO and FerO, are similar; both shorv a fiequency peak at about' 
1 .5% and fall off more or less regularly toward higher p".."ntu!"r. jh"_qy1q,o_f iroo.

-9ltdg-l i,l lgrcgus.tqqks seldqp exceeds l5%, except in magmatic i.on o."r. The fre-
g-U94-Cy cu-1ve for magnesia percentagc is very asymmetrical; nrost rocks havi i io*

.lYtgo co-ntent, and only ultrabasic typcs rich in py,roxene andf or olivine haue mo."
thq.n 20Vo- The curve for CaO is similar to that for MgO but is biomodal; most rocks
have less than 5Vo CaO, but a peak at about 8% is caused by the CaO contents of
basaltic rocks. Water may q91ch_ 10V9-i1t a few volcanic glasses, but generally an
igneous rock containing more than 2Vo HrO has acquired the excess by alteration.
Three minor constituents that should be deterrnined in a good rock analyiis are TiOr;.
!rO-, dnd MnO, all of which are present iq mgqt igneous iocks. Many other elements
may be found in small amounts, their occu.rence is discussed later in this chapter.

THE MINERALOGICAL COMPOSITION OF TGNEOUS ROCKS

Although more than 1000 different minerals are known, the number olspecies pres-
ent in more than 99%*6FThe igneous rocks is very small._Apart from thg qeve! prin-
cipal minerals or mineral groups (rhg s_f !!ca lninerq!g., feld$a;a; feldspathoids, otiri1,",
pyroxenes, amphiboles, and micas), only magnetite, ilmenite, and apatite are com-
nto-nly lound. and then usually in very small amounts. A statistical sludy o[ about
700 petrographically described igneous rocti fure the lollowing average mineral-
ogical composition: quartz 12.07o, feldspars, 59.5o/o, pyroxene and hornblen de 16.gvo,
biotite 3.87o, titanium minerals l.sEo, apatirc 0.6%, other accessory minerals 5.g7o.
It is-interesting to compare this averag6 mode with the norm calculated from the
average composition of igncous rocks. Thii-i'si'*e 10.02, or iEB, ab 32.49, an 15.29,
di 6.45, hy 8.64, mt4.4l, il 1.98, ap0.67.

The mineralogical composition is a basic criterion in the classification of igneous
rocks. Several hundred rock types have been named, but of these onty a fewire of
common occurrence. Figure 5.3 is a diagrammatic representation of the common
types, showing the minet'alogical composition in terms of the important rock-forming
minerals.i Th.e diagram pervc-s to- emphasize that rock types grade into each other,
and a rock name is a convenient pigeontrokj rathei than a spccies o[ fixed
composition. ':

The principal minerals and mineral groups are now discussed in detail.
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Figure 5.3 Approximate mineralogical composition of the commoner types of

igneous rocks (effusive types in brackets).

The Silica Minerals

Silica occurs in nature as seven distinct minerals: qqelg (including chalcedony), tril.

,dynri!-e, aislg.qAlp., qpgl lggh-a19lie-ute, gog"s=4e,,and $isho-vi1p Of these' quartz is

very common; tridymite and cristobalite are widely distributed in volcanic rocks and

can hardly be called rare; opal is not uncommon; lechatelierite (silica glass) is very

rare. Coesite and stishovite are high-pressure forms first made in the laboratory and

,. later recognized in the shocked sandstone at Meteor Crater in Arizona, where they

rvere evidently fonned by the instantaneous high pressure of the meteorite impact.

Jlre high-density of 4.29 for stishovite_is_dug.!o a.,c-[ange from four- !g 9!x-99o1d,!

Yqtton. Altlough lhe Si_*-O geads 4 ,t!9,qi1*.o-o1_diqa!qd. octahedral structure are

ionger than in the four-coordinated tetrahedril stiucture, the closer packing ol thc

oxygens produces a great increase in density.overthe olher silica poly4glphr
g.Quartz, cristobalite, and tridymite are the forms of silica that may' occur in
igneous rocks, and their relationships will be discussed in detail. These three forms
illustrate the phenomenon ol enantiotropism. Each hai its own stability field; at

atmospheric pressure quartz is the stable form up to 867', tridymite between 867'
and 1470',andcristobalitefrom 1470'uptothemeltingpointat l713",from 1713'
to the boiling point liquid silica is the stable phase. The one-component system SiO,
has b.een extensively studied under varying conditions of temperature and pressure;

the equilibrium diagram is given in Figure 5.4.

The addition of small amounts of HrO to this system produces remarkable results.

It has been investigated at temperatures up to 1300" and pressure.s ol water vapor
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up to 2000 kg/cni'?. The results are indicated \\,ith dotted lines on Figure 5.4. Theliquidus is lowered by.several hundred degrees. Thus, at p..rru.* abor,e 1400 kg/- cm,, quarrz merts at abou.t 1.r25', 
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'.r,i.i *.r'ii.",n ,,. more rracrionin solution being comparatively iiige. ''
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together to form a three-dimensional netrvork. but thc pattern ol linkage is different
lor each c.rf the three [orn)s; hcncL' thc drlfcrcncc in thcir crystal structu_res and their
properties. Cristobalite and tridymite have comparatively open structures, r,hereas
the atorns in quartz are more closely packcd. This is reflected in the densities and
refractive indices, which are much lorver for cristobalite and tridymite than lor
quarlz:

Nlean Relractive
Density Index

Quartz 2.65
Cristobalite 2.32
Tridymite 2.26
Lechatelierite 2.20

.55

.49

.41

.46

Each ol these three polymorphs has a high- and low-temperature modification. In
quartz, lbr example, the change from the one to the other takes place at 513" at
atn-rospheric pressure. Similary, high{ridymite changes into low-tridymite between
120 and 160" and higl-cristobalite into lorv-cristobalite between 200 and 215' .The
inversion of, high-and .fow-temperature forms ol the individual species is ol quite
another order to that between the species themselves. The three minerals have the
SiO. tetrahedra linked together according to different schemes, and this linkage has

to be completely broken down and rearranged for the transformation of one to
another. On the other hand, the change from a high-temperature to a low-tempera
turc form docs not alter the way,in which the tetiahedra are linked. Thci undcrgo
a displaccment and rotation which alters.the sl,mmetry of the structure without
breaking any links. The high+emperature nrodification is always more syrnmetrical
than the lowtemperature modification.

The high-lorv transformation of each mineral takes place rapidly at the transition
temperature and is reversible. The changes lrom one polymorphic lorm to another
are extremely slow and sluggish, and the existence of tridymite and cristobalite as

minerals shorvs that they can remain unchanged indefinitely at ordinary tempera-
tures. Once formed, the type of linking in tridymite and cristobalite is too lirm to be

easily broken, and it is possible to study the high-lorv inversions of iridymite and
cristobalite at temperatures at which they are really nietastable lorms As pointed
out in Chapter 4, the presence of lorelgn elemeqls in tlg s!1y9ture ma)' have.a_stn-

lilizing effect on tridymite and cfis[obalite. The few comprehensive anall'ses of these
minerals show the presenqe ol Na and Al, suggesting a substitution ol NaAl for $i
in the open structures; quartz on the other hand is generally very pure SiOr. Two
other phenomena of great significance should be mentionqd here:

l. Even at tempcratures below 867', especially rvhen crystallization takes place
rapidly (for example, in the presence of mineralizers, such as hot gases), cris-
tobalite and/or tridymite may crystallize, although quartz is the stable phase.

2, High-quartz and lowquartz are formed only within their stability fields, never
at higher temperatures
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From these facts the foilou,ing concrusions can be draw,n: quartz in an igneous rocksignifies that its crl,stailizarion-f+om the magma toot ptuJ"ieio* soz" (rvith dueregard for the effecr or.pressure): the pre..n'ce 
"r "riri"u"i,l or tridlmite, on rheothtii hand, prbves nothing as to ihe t".p".otu." of crystallization.

As already pointed guJ, at ordinary temperatures quartz is arways present as low_quartz' By the cr1'star rorm, nature or the trvinnin!, and othe. properties or lessdiagnostic importance, it is olten possible to determin"e trl. 
".igi""r fbrm. In this wa1,it has been shorvn that in.ncarrl all the quartz-bearing igneous rocks this mineraicrystallized originally.as high-quartz, that is, above 57i.-i, qru.,, veins and somepegmatites it crystallized originally as low-quartz. It may therefore be concludedthat the crystallization of the magma corresponding to th" 
"o,r,*onest 

quartz_bear_ing rocks took place above 573' 
-and 

the residual Jrystallization'in pu., at least atlower Jemperatures.

, ,,1aaioLfut'-a (f ni{-rr-c i

The Feldspar Group ,J

rhe ferdspars owe their ,"-,i,ffff"';j ;:,"; :;:; 
^':the most common of a,minerals- They are closely related in form and physicaip.op..,i"r, but they fall intotwo groups: the potassium and barium ferdspars, which are monocrinic or very nearlymonoclinic in symmetry, and the sodium and calcium r"rarp"., itr,e plagioclases),which are definitery triclinic. An ammonium feldspar, traii"giorite, also mono_crinic, was described in l g64.from a hot-spring deposit i; carifo;;;. A poinr of grearinterest is the solid solution,between arbite, Naaisi,o,, 
"ra """.irrire, 

CaAlrSiro,.The theory that ferdspars of intermediate composition were mixed crystals of thesetwo components was proposed by Tscherrnak in lg6g. tt is noru tnown that NaSioften sustitutes for caAl, but Tschermak's theory i, orrrrrt*i""r,noor,un"" as a firstsuggestion that so radical a substitution is possible.
The general formura for the ferdspars can be.*ritt" n wZoor,in which 

^/ 
may beNa, K, Ca, and Ba, and Z is Si ura at,-,i" Si:Al ratio varying from 3: I to l:1.Since all feldspars contain a certain minimum amount or Ar, the generar formulamay be somewhat more specificafly srared as I/Ar(Al,Si)siro;, it. uu.iuut" (Ar,si)being balanced by variation in the proportions of univarent and bivalent cations.The structure of the feldgpars is a continuous three-dimensionar network of Siooand Atoo retrahedra, with tire pos;tivery cia"r;;i:;;#,il;l:llr, earciu,n, andbarium situated in the interstices of ,r," n"g^riu"ty charged netrvork. The network of.$iQr ?h9 {!o,-te1pheg4 i-q_ela,c.ris !o lo,-rrri dsq."e gg! can adju_li !tqg[ to the sizesof_l-!r-g calell;_w}_en rhc ,satiord qi. i"Ltiveil iirgg-iii,n;i iiltmmetry iJrmono-gll&-gr,pl-eudomonocripic;rqiit tG r-ait"r cutioni'i*",ao il ,'t1ry11p i, slightly

9i1o519n Unn the syr4.g1eJ;y be_cgmer lrictintc.
The barium-containing-ferdspars are rare and of no imporrancc as rock_formingminerals, and so we will omit them from further consideration.:it. f"tasprrs mayt[ren be discussed as a three-corp-onent rvrl.*, the components being KAlsi]o8(or), NaAlsiros (Ab), and caarrSiro, tarr. cn*pt"*iti*, u."-ilrroorced by thesolid solution rerations existing u*onj these threc 

"";p;;;;;r;ro',n. occurrence ofpolymorphic forms.
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The potrish-feldspar minerals occur in scveral distinct forn.rs having different but
intergradational optical and phl'sical properties. Sanidine. the nronoclinic high-tem-
pcrature pol;morph. occurs in volcanic roeks. Conrmon orthoclase. anothcr It)onG.

clinic variety', and microcline (triclinic) are found in a u'ide variety ol igneous and

rnetamorphic rocks which have crystallized at intermediate to low temperatures.
Adularia is the n?-m9.given to a form (which n.ray be either monoclinic or triclinic)
rr'i[h a distinitive-iiystrl habit fouiid in low-temperature hydrothermal veins.

Recent research has clarified the relationship betrveen these lorms. lr'[icrocline and

sandidine are polymorphs with an order-disorder relationship, the Si and Al atoms

being randomly distributed over their lattice positions in sanidine but ordered in
microcline. The disordered form is the more stable polymorph above about 700 ", and

rnicrocline has been transformed into sanidine by hydrothermal treatment at this
temperature; the reverse transformation has not been achieved in the la.boratory,

evidently because of the high activation energy required for the ordering ol the Si

and Al atoms. O5tlroqt4g.e aqd edut-aria.arq structura!!1i-qlermedia.te benveen sani-

{!1e and microcline. Much orthoclase probably crystallized originally as sanidine.

Adularia is evidently a metastable form that develops under conditions of rapid crys-

tallization within the stability field of microcline; the r3pid crystallization prevents

the attainment ol hn-ordered arrangement of Si and Al. '-
At high temperaiures complete solid solution exists between KAISiTO, and

NaAlSirOr. The more potassic members of the series are monoclinic and are called
soda-orthoclase; indeed, most ol the orthoclase rve identify in rocks is really soda-

orthoclase rvith considerably more potassium than sodium. The more sodic members

of the series with greater than 63Vo albite are triclinic and are called anorthoclase.

At lorver temperatures solid solutions intermediate between orthoclase and albite are

metastable and under conditions of slorv cooling break down into an oriented inter-
grorvth ol subparallel lamellae, alternately ssdic and potassic in composition. Such

an intergrown is called perthite or antiperthite. ln the perthites the plagioclase occurs

as unilorrnly oriented {ilms, veins, and patches within the orthoclase (or'microcline);
in the antiperthites this.relation is reversed. Many apparently homogencous speci-

mens of alkali feldspar prove to be perthitic on X-ray examination, the intergrowth
being submicroscopic. Perthite, when heated for a long time at 1000", becomes

homogeneous once more. Not all perthites have been lormed by exsolution: some are

undoubtedly the product of p3{i_al metasomatic replacement of an originally homo-

geneous potash feldspar by sodium-bearing soiutions.
X-ray examination of potash feldspar and of albite provides the follorving expla-

nation of the'perthite lamellar intergrowth. The framework.of linked SiOo and AIO+

tetrahedra, being similar for the monoclinic and triclinic forms, is continuous

throughout the structure. At high temperatures the K and Na ions are randomly

distributed in the framework, producing a homogeneous crystal. At lower tempera:

tures ordering may occur with the formation of potassium-rich and sodium-rich

lamellae, producing alternate sheets with monoclinic or pseudo'mopoclinic and tri-
clinic symmetry, respectively. The a repeat of potash feldspar and albite is markedly
different (8.45 A and 8.14 A1, whereas the 6.and c repeats are almost identical
(12.90 L,l.U A and 12.86 A,,1.ll A). fnis accounts for the lamellae being approx-
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imatcll'pararer to 100, since the b and c repeats coincide in the r00 prane, whereasthc a repear running rhrough the ramerae .^h";;;;;;;;it_&--,ons and rength-ens in rhe potash fcldspar regiofti.
The or-Ab system has been carefury studied by many investigators (Figure5'5). Great difliculty has been experienced in tl.,".luboratory investigation of this sys-tem on account of the viscositi. ol the melts anrl th.i. "^t."."f, .jr!r,rf.r crl,stalli-zation' considerable advances have been made by the addition o'f ;;;.. under pres-sure, rvhich promotes crystanization and rorvers iti tcrnperatu.. *i,nor, afrecting thegeneral equilibrium rerarions..A pressure of 2000 kg/cm, or *"r".'iJ*ers the crys-tallization temperature by as nruci as i00 ", tt 
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Figure 5.5 Schematic 
,,TX:i,.r/":j;:rT"" rliagrarn ror the NaAlsi,o,(Ab)-KAlSiror(or) ioin at low pressure to irustrate possible rerationsfor true equilibrium and to show the nomenclatur" of the phases. Themelting ielations show a nrinimum at.ar and i"""rgrr;rr";.lting toleucite plus siliceous liq u id ior por assic ";r,;;;l ilr"r.?.r".,,,,,,,",

from a riquid,yierds a singre ferdspar in the monoclihic series monarbiter: high sanidine. At lory rempei.aturc., l"* 
^1;;; ;;;;;;"#r*il:

show little solid solution. The top of ihe unmixing ,otr.,, iounA, ti,"field of two sanidines- The ordeiing inuersions oitlieao*.*t". 
"#'positions are assumed to be first_order. The solid 1i"", ,h;;r;;;;JiIr-

libria determined in the laboratory, while the dashed f ir., ,ir." pfl^.boundaries whose rpture o,.^u.iposition r, r" a."ii."rro""a"a,no,-
cate monocrinic and triclinic structures. (From J. v. Smith, FerdsparMinerals, Vol. l, 1974. Springer-Verlag, Nerv Vo.t. Ur"J-ty permis_sion)

Monalbite - high sanidine solid solution
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among some petrologists as to the importanqe ol the water content in reducing the

temperature of nragmatic crystallizatio,f Thg system Or-Ab is aot truly' bina.r-v-

because of the incongruent melting of Or to give leucite; however, the field of leucite_

almost disappears at 2000 kg/cm'z pressure.
The shape and position ol the solidus curve are not significantly altered by the

presence or absence of water, since the equilibrium is one betrveen solids, in which
u'ater does not participate in any of the phases. This curve, dividing the two.feldspar
field (i.e., the perthite field) from the one-feldspar field, has a maximum at about
680"C at a composition close to 55Vo Ab. Thus crystallization above 680' iri the
Or-Ab system gives a single feldspar at any composition. Any point on the solvus

represents the minimurn temperature ol stable existence for homogeneous feldspar
ol that composition; if equilibrium is maintained below that temperature, the feld-
spar will begin to unmix.

The system Ab-An, long quoted as a classic example ol perfect solid solution,
also shows unexpected complications (Figure 5.6). The solidusJiquidus relations, one

ol the first fruits of research at the Geophysical Laboratory, remain largely una-

mended. lhe virtq4lly complete solid solution at high temperatures, however, is

affected by the inversion ol albite to a low-temp€rature form at about 700"; the

relationship betrvcen the low and high forms is evidently an order-disorder one, sim-

ilar to that between microcline and sanidine. The mit cell ol anorthite has a doubled
c axis rvith respect to that of albite, and two distinct structures are found, primitive
(P) and body-centered (I) respectively. These complications were first suspected

Monalbite s.s.

Intermeidate
albite s.s.

400

Low albite s.s.

0^'
U 80 . i00

CaAl2 Si2 O,
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Figure 5.6 Possible phase relations in the plagioclase series. The dashed lines' 
shown metastable curves that govern the peristerite, Boggild, and

- Huttenlocher intergrowths. All curves are uncertain except for the

solidus, liquidus, and the inversion from monalbite to high albite.
(From J. V. Smith, Feldspar minerals, vol. l, 1974. Springer-Ver-
lag, New York. Used by permission)

Body-centered
anorth ite

'-s<;g}9
High albite s.s. orderinq
to intermediate albite s.s.

Low albite s.s. + I'anorthite s.s

Low albite s.s. + l-anorthite s.s

Low albite s.s. + P-anorthite s.s
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Leucite
Kaliophilite
Kalsilite
Nepheline
Sodalite
Nosean
Cancrinite

KAlSi206
KAtSi04
KAlSiol
NaAlSiO.,
NarAluSiuOr.(Clr)
NarAluSiuOro(SOo)
NarAluSiuOri(HCO3),
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rvhen discrepancies rvere obscrveci betu,ecn the optical properties ol plagiocrases ofthe same composition fronl volcanic and plutonic-.ocks. inaicuting alstinct series olhigh-temperature and lorv-temperature piagioclases. The tow-atuite structure canaccept only a little calcium repracing sodiurn, and in the approxim"r. ,ung. An, toAn, plagioclases are usuaily subn-ricroscopic intergrowths,'tno*n 
^r 

r".ii".,i.] "isodium-rich and calcium-rich regions..plagioclases ,.,or" 
"ui.i" 

rh"" ;H;;i;;.:;r;:tallize in' variants of the anorthite struciure, and submicroscopic intergrowths orsodium-rich and carcium-rich regions mav bc present arso (Boggild and Huttenrocherintergrorvths). Thus many plagioclases that opp"o. opticalry homogeneous prove toconsist ol complex intergrowths rvhen examin"a ty f_.oy ,;.h;i;;;;.
The mutual miscibility of or and An is nearty zero at ail re;;;ratures, hence

.varieties intermediate belu,een these tr'o components do not occur. bareful analysesol homogeneous plagiocrases have shown thai the potassium content is gsually verylow, indicating that the normar amourlt oi the KAlSi,o, component in sorid sorutionis about l7o and that it seldom rises above 5%.
The composition of any ferdspar is conveniently expressed by the use of the sym-bols Or, Ab, and An for the pure components: thus Ab, ana en., would be a pla_gioclase falling in the labradorite section or the series, and orruAbuuAn, is the com_position of a possible anorthoclase.

The Feldspathoids

The feldspathoids are a group or arkali-aluminum siricates that appear in prace ofthe feldspars when an alkali-rich magma is dcrrcient in silica. rn"y'u." never asso_ciated with primary quartz. The folloiving minerals are the *o.ri*ior,unt membersof t{ris group:

Analcime, NaAlsirou. Hro, is sometimes included among the feldspathoids; itappears occasionally as a primary mineral of igneous rocks Jeficient in sllica..
The feldspathoids are not a homogen"ou, ,"ri", like the feldspars or the pyroxenes.They are 

.grouped together .o." on petrographical than *i*ruiogl"ul simil'arities"Structurally, the ferdspathoids belong to tt" t"ktorilicates, th. sio;"nd;iil;",,*
hedra being linked as in the feldspirs, whereas th.e metal ionS (and the chloride,sulfate, and carbonate. ions, when present) fit into cavities in this framework. Thefeldspathoids are readiy attacked ty acrjr. This ch-aracteristic is s"ilffi;r;;;
l!9-p-o-!-.,pqratiyply hi g h Al : S i ra tio; t h e a l u ffiu rn;?;;;';#i; ilf;;;; ;; ;;

- lattice then collapses, often with rhe formation 
"r 

g"rr,i""r, il. "'
Leucite is the commonest potassium feldspath.,Ia. ri r, ,tr"jr"i i" the vorcanic
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rocks of a few regions. It is not found in plutonic rocks, and laboratory investigations

have indicated that leucite is not a stable phase in the K,O--AI:Or-SiO, sYstem at

high pressures. Analyses ol leucite show that a little sodium may replace potassium

in the structure. Kaliophilite and kalsilite are mineralogical curiosities; kaliophilite

has been recorded in Vesuvian lavas, kalsilite in lavas from East Africa. Their optical

properties are so similar to those of nepheline that misidentification could readily

occur. On this account they may be of wider distribution than present records

indicate.
Nepheline is the commonest ol the leldspathoids and is found in both volcanic and

plutonic rocks. It is isomorphous rvith high+ridymite (cl. the lormulas NaAlSiOo

and SiSiOo). The ahalogy between NaAlSiOo and SiO, is lurther emphasized by the

inversion at 1248' ol nepheline to carnegieite, a high-temperature form which is

isomorphous with high-ciistobalite; carnegieite has not been found as a mineral.

Analyses of nepheiine generally show an excess ol Si over the theoretical amount,

the ratio Si:Al ranging up to 1.4 and the sodium being correspondingly deficient.

The phenomenon is one of Si replacing Al and the consequent omission ol sodium

ions to preserve electrical neutrality. Iqp -"-tilg eJYays corl-tai.ns somq rpotassium

replacing sodium, the.Na:K ratio ottei-being close to 3:1; this reflects the atomic

stiucture, in which one of the four positions that can be filled by an alkali ion.is

iarger than the other three and preferentially accommodates potassiurn

The Pyroxene Group

The pyroxenes are a group of minerals closely related in crystallographic and other

physical properties, as rvell as in chemical composition, although lhey crystallize in

two different systems, orthorhombic and monoclinic. Ttre group characteristics are

the outward expression of common atomig structure. The tetrahedral SiO. groups

are linked together into chains by the sharing of one oxygen atom between two adja-

cent groups; that is, in each group two oxygen atoms also belong half to the groups

on each side, giving the Si:O ratio of 1:3. The silicon-oxygen chains lie parallel to

the vertical crystallographic axis and are bound together laterally by the metal ions.

The distinct prismatic habit of pyroxene crystals is a consequence of this inte-rnal

structure, as is also the typical cleavage, which takes place between the siliconlqly;

gen chains.
The chemical composition of the pyroxenes can be expressed by the general for-

mula ( W)t-p(X, y),noZrOu, in which the symbols W,X'Y' and Z indicate elements

having similar ionic radii and capable of replacing each other in the structure. In the

pyroxenes these elements may be

. W,,,.Na, Ca
X:- Mg, Fe2+, Li, Mn
Y: Al, Fe3r, Ti
Z'. Si, Al (in minbr amount)

The pyroxenes fall naturally into two divisions, those of orthorhombic symmetry

and those of monoclinic symmetry.
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On the basis ol chemical
species are recognized:

E,nstatite
Ilypersthene

Clinoenstatite
Clinohypersthene
Diopside
Hedenbergite
Augite

Pigeonite

Aegirine (acmite)
Jadeite.
Spodunlene
Johannsehite

10s

contposition and crystal systent the lollowing distinct

Orthorhombic Pl,roxenes

MgSiO,
(Mg.Fe)SiO,

Monoclinic Pyroxcnes

MgSiO,
(Mg,Fe)SiO,
CaMgSirOu
CaFe2+SirOu
Intermediate between diopside and hedenbergite

rvith some Al
Intermediate between augite and clinoenstatite_

clinohl'persthene
NaFer+SirO,
NaAlSi,Ou
LiAlsiro6 "..
CaMnSirO,

Spodumene, although a member of the monoclinic pyroxenes, is not closely related
to the other species in the group, and no intermediate compounds are knorvn. It is
not an i2portant rock-forming mineral. being confined to lhe complex granite peg-
matites.'/Jadeite is a rare mineral of metamorphic rocks. Johannsenite.is found only
as a vein mineral. These species aie nor .""rij...a;;;;.'l """ "'"""'

The o,rthorhombic p)'roxenes range i-n composition from pure MgSio, to about
90% FeSior. The compound Fesio, is not a stable phase at ligh temperatures and
low pressure; lrom a melt of its composition silica and fayalitelrerSib.) will crys-
ta_llize. It has been reported in the monoclinic form from lithophyru" ol an obsidian,
where it would have formed at moderate temperatures. The comrnon orthopyroxenes
of igneous rocks are all rnagnesium rich. The orthorhombic pyroxenes have been
divided into a number ol subspecies based.on cornposition, sinilar to the division of
the plagioclase series. The utility of such subdivision is dubious; subspecific naines
are a burden on the nomenclature and the memory, and in g0neral a designation in
the form hypersthene (En,) is to be prererred, just as plagioJlase (Anrr) is preferable
to a less precise identification as oligoclase.

when heated above 985 " pure MgSio, changes into protoenstatite, another oriho-
rhombic phase with a different structure, which is stabie up to 1557 

j, 
*hen it melts

incongruentll' to givc lorsterite plus liquid. Protoenstatite has not been found as a
mineral, but on rapid cooling it changes into clinoenstatite, a monoclinic phase.
Hypersthene has a corresponding monocrinic phase known as clinohypersthene.-.-c_li-

-noenstatite and clinohypeqslhep-e are almost unknown in terre'strial rocks but havi-been 
recognized in ro,n" *",rorii;r. iri"rrr;i;;;;;;;;;;ffiil;;lh*; ;;;:

ltglces and augite are, however, found in basic volcanic and hypabyssal rocks and
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are kno$'n as pigeonite. Analyses of pigeonite suggest a maximum of about l0 atom
% C;.in ll/ + X * I'. The diopside-hedcnbergite series is rvell established through-
out the wholc range in composition. A limited amount of aluminunt can enter into
this series, and such,aluminous pyroxenes are called augite. The introduction of Al
into a diopside means that this Al must be divided betrveen the I'and the Z lattice
positions, otherrvise the valence demands would not be satisfred. Aegirine is con-
nected rvitir the diopside-hedenbergite series and augite by menrbers ol intermediate
conrposition, which are grouped under the name aegirine-augite.

The compositions of the naturally occurring pyroxenes are extremely variable
because of the possibilities of atomic substitution. In the general lormula p is zero
or near zero.in the diopside-hedenbergite and aegirine-jadeite series and I or close
to 1 in the orthorhornbic pyroxenes, their monoclinic dimorphs, and in the pigeonites.
Magnesium and lerrous iron are completely interchangeable. Reliable analyses ol
the common pyroxenes, the diopside-hedenbergite-augite group, show a maximum
of about TVoFe2O j (correspondingto l07o Fer* in I'); about 8% Al2Or (corresponding
to l07o or a little more Al replacing Si and a smaller Al replacement in lJ; and
about I .5Vo TiOr. Minor constituents recorded in pyroxene analyses include chro-
mium (up to 1.2Vo CrrO, in some diopsides and augites), vanadium {4Vo YrOrin
aegirine from Libby, Montana), and manganese. The miscibility gap between augite
and (Mg,Fe)SiO, is considerably less at high than at moderate temperatures; in vol-
canic rocks the pyroxenes may be lorv-calcium augite (son'retimes termed subcalcic
augite) and/or pigeonite, u'hereas in pluionic rocks the pyroxenes are normal augites
and/or orthorhombic pyroxenes almost lree of calcium

The Amphibole Group

The amphibole group comprises a number of species, rvhich, although falling both in
the orthorhombic and monoclinic systems, are closely related in crystallographic and
other physical properties, as rvell as in chemical composition. They lorm isomorphous
series, and extensive replaceinent ol one ion by others of similar size can take place,
giving rise to very complex chemical compositions. The species of the amphibole
group lorm a series parallel to those of the allicd pyfoxene group; they were originally
looked upon as complex n-retasilicatOs dimorphous with the corresponding pyroxenes.
This is not so, however; the amphiboles contain essential (OH) groups in their struc-
lure, and the Si : O ratio. is 4 : I I , not I : 3 as in the pyroxenes. The true nature ol the
amphiboles has been elubidated by X-ray studies, which have shown that the fun-
damental unit in their structure is a double chain of linked silicon-oxygen tetrahedra;
in effect it is two single chainS with alternate tetrahedra linked by the sharing ol the
oxygen, giving an Si:O ratio ol 4:1 l, instead of I :3 as in single chains. In the struc-
ture these double chains lie parallel to the vertical crystallographic axis and are
bound together laterally by the metal io-ns. The binding force between the chains is
not as strong as the Si-O bonds along the chain. This is reflected in the well-known
fibrous or prismatic nature ol the amphiboles parallel to the c axis and in the good
prismatic cleavage. Another interesfing feature of the amphibole structure is the
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presence ol open spaces within the lattice into rvhich an extra alkali atom for each
tu'o Si.O,, grouns uill fit.

The difference in ctrcmical cornposition between compounds ol the amfhibole rr pe
and corresponding compounds of the pyroxene type is not great, and it is understand-
able that it rvas overlooked lor many years and that the amphiboles and pyroxenes
ol similar cornposition were considcred to be polymorphs ol the same substance. This
is illustrated b1,the theoretical compositions ol MgSiO, and Mg,(SioO,,)r(OH),

MgO SiO, H,O

MgSiO, 40.0 60.0
Mg,(SioO,,)r(OH), 36.2 61.5 2.1

A general formula for all members ol the amphibole group can be written
(WXn1.s(Z4Or),(O,OH,F)r, in which the symbols W,X,y,Z indicate elements hav-
ing similar ionic radii and capable ol replacing each other in the structure: IZ stands
lor the large metallic cations Ca and Na (K is sometimes present in small amounts);
x stands for the smaller metallic cations Mg and Fe2+ (sometimes Mn); I, for Ti,
Al, and Fe3+; and Z for Si and Al. In the general formula the degree of atomic
substitution is as lollows:

l. Al may replace Si in the sioo,, chainq'to the extent of Alsi3or, (the amount-oi
replacement is a function ol the conditions of formation; high-temperature
amphiboles can be more aluminous than low-temperature amphiboles).

2. Fe2+ and Mg are completely intcrchangeable.
3. The total (Ca, Na, K) may be zero or near zero or may vary from 2 to 3; how-

ever, total Ca never exceeds 2, and K is present only in minor amounts.
4. ol{ and F are completely interchangeable. The maximum is 2, but it may be

less, presumably by O replacing OH or F.

with these possibilities it is clear that the composition ol the amphiboles may be
very complex. However, on the basis of chemical composition and crystal structure
five distinct series are recognized.

Anthophyllite series

Orthorhombic

(Mg,Fe)r(SioOrr)r(OH), (Mg predominant over Fe)

Monoclinic

Cummingtoniteseries (Fe,Mg).,(SioOr)r(OH)2 (FepredominantoverMg)
Tremolite series Car(Mg,Fe)r(Si4Or)r(OH),
Hornblende series CarNa._ ,(Mg,Fe,Al), [(Al,Si)4) r r] ,(OH),
Alkali amphibole series (Na > Ca), e.g.,

NarMgrAlr(Si4O 
r r )2(OH)2

NarFer2+ Fer3 +(Si4Or 
r)2(OH)2

NarFeo2+ Fe3 
+ (S ioO r r) r(OH),

The anthophyllite series corresponds to the orthorhombic enstatite-hypersthene
series in the pyroxene group. The iatio Mg : Fe ranges from 7 :0 up to about I : l; Al

Glaucophane
Riebeckite
Arfvedsonite

qoRz\
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is olten presentand can replace Si in (SioO,,) up to (AlSirO,,). with corresponding
replacements in the ( IIXIJ eleme+ts;Other substitutions are minor. N{embers ol
the anthophyllite series have been found only in rnetamorphic rocks.

The cun-rmingtonite series corresponds to the clinohypersthene serics in the pyrox-
ene group. The ratio Fe:Mg ranges from 7:0 to about l:2; that is, the cumn.ring-
tonite series and the anthophyllite series ovcrlap in thc middle con'rposition range.
Rocks containing these trvo amphiboles side by side have been described. Members
ol the cummingtonite series occur mainly in metamorphic rocks.

The tremolite series corresponds to the diopside-hedenbergite series in the pyrox-
ene group. In tremclite magnesium is replaceable by, feirous iron and also in part by
aluminum and ferric iron, silicon in part by aluminum; titanium and fluorine nray
be present, and an additional sodium ion for each two (Si4Or) groups may enter the
structure. The product of all these substitutions is the hornblende series, analogous
to augite in the pyroxene group but considerably more complex. Thus the mineral
known as hornblende has a very wide range of composition and a correspondingly
wide range in optical properties. Most hornblende'is green, but there is a dark brown
variety, long knorvn as basaltic hornblende, which is sometimes considered as a sep-
arate series on account ol its distinctive properties.

The alkali amphiboles can be considered as derived from the hornblende series by
the partial or complete substitution ol Na for Ca. The best knorvn of these soda
amphiboles are glaucophane and the related riebeckite and arlvedsonite,. although
other varieties have been described.

In vie$' of the similarity in composition between corresponding amphiboles and
pyroxenes the circumstances under which one or the other or both rvill crystallize
from a magma have been the subject ol considerable speculation. Amphiboles occur
more olten in plutonic rocks than in volcanic rocks, evidently because the incorpo-
ration ol OH groups in the structure is favored by crystallization under pressure.
However, the composition ol the magma may also be significant. The Ca:Fe:Mg
ratios ol igneous hornblendes and pyroxenes show characteristic differences; many
hornblendes fall in the composition gap between augite and the pigeonites and ortho-
rhombic pyroxenes.

The Olivine Grouf

Thc minerals of rhe olivinc group are silicaies olbivalcnt metals and cr1'stallizc in
the orthorh-ombic system. There aie a number of.species: .

Forsterite
.'Fayalite

Olivine
Tephroite
Monticellite

-Kirschsteinite

Glaucochroite

MgrSiOo
Fe25iOo
(Mg,Fe),SiOo
MnrSiOo
CaMgSiOo
CaFeSiOo
CaMnSiOo
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The only common rock-lorming olivines arc the magnesiur.n-iron compounds,
although monticellite is lound in mctamorphosed limestones and monticellite and
kirschsteinite have been recorded from basic igneous rocks. The other species are
known lrom ore deposits in metamorphosed limestones.

X-ray studies on olivine shorv that it is built up of independent SiOo tetrahedra
and that the magnesium and lerrous ions lie between irregular groups of six oxygens
and belong to two sets that are not structurally identicat. In keeping rvith this struc-
tural iype, u'hich does not have extended cliains or rings of Sio, tetrahedrur, the
minerals ol the olivine group have no tendency to form frbrous or platy crl,stals and
generally occur as equidimensional crystals. The close-packed structure ol olil'ine is
reflected in comparatively high density (forsterite, 3.22; cl. enstatite, 3.18; antho-
phyllite, 2.96;ta|c,2.82) and high relractive indices.

The composition ol olivine generally corresponds closely to (Mg,Fe)rSiOo, there
being little replacement by other elements. Substitution by calcium is evidently
strongly temperature-dependent, since olivine from plutonic rocks seldom contains
more than 0.l7o CaO, rvhereas that from volcanic rocks usually contains more than
this amount, ranging up to a maximum around lvo Cao. Manganese is present in
most olivines and correlates positively with Fe content, ranging from about o.lvo in
forsterites up to I to 2.5o/o in fayalite. Olivines from dunites generally coJitain some
nickel, olten about 0.3Vo. A noteworthy feature of olivine is the practical absence of
aluminum; evidently replacement of Mg. and Si by Al does not occur in the otivine
Structure.

The Mica Group

With their characteristic perfect basal cleavage the members of the mica group arc
readily recognizable. The composition of individual specimens may be very complex,
but a general formula ol the type W(X,nr_Z4oro (OH,F), can be written for the
group as a rvhole. In this lormula I/ is generally potassium (Na in paragonite); X
and I'represent At, Li, Mg, Fe2+, and Fe3+; Z represents Si and Al, theSi:Al ratio
being generalll,about 3:1. The different species form a typical isomorphous group,
but the phase relations have not yet been fully worked out. Two members of the
group frequently crystallize together in parallel position. Biotite crystallizes in this
way with muscovite, muscovite with lepidolite, and so forth. In the following list the
formulas have been sirnplified to an ideal type conlorming to the structure estab-
lished by X-ray investigation.

Muscovite KAlr(AlSi30,0XOH),
Paragonite NaAlr(AlSirOr.XOH),
Phlogopite KMg,(AlSi,O,.XOH),' Biotite K(Mg,Fe),(AlSi3Oro)(OH),
Lepidolite KLirAl(Si4O,oXOH),

TlLe structural scheme of mica is as fillows: The basic units, the SiO, tetrahedra,
are each linked by three corners to neighboring tetrahedra, forming a sheet. Each
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Sio. tetrahedron thus has three shared and one free oxygen; hence the composition
anti vaicnc-r are represenred br_(Si.O,o)t-. Tuo of these sheets oFlinked tetrahedra
are placed together rvith the vertices ol the tetrahedra pointing inrvard. These ver-
tices are cross-linked by Al in muscovite or by Mg and Fe in phlogopite and biotite.
I-lydroxyt groups are incorporated and linked to Al, Mg, or Fe alone. A firmly bound
double sheet is thus produced u,ith the bases ol the tetrahedra on each outer side.
The structure is a succession ol such doubte sheets, with the potassiun.r ions placed
benveen them (illustrated in Chapter 6, Figure 6.4).

The common mica of igneous rocks is biotite. Muscovite is present in some gran-
ites. Lepidolite has been recognized in a few granites, but its typical mode of occur-
rence is in granite pegmatites Phlogopite is sometimes found in igneous rocks riclr
in magnesium and poor in iron, such as peridotites, but is more common in meta-
morphosed limestones and in some pegmatites. Paragonite is a rare mineral ol
schists.

The common occurrence o[ biotite in igneous rocks in contrast to the limitation ol
muscovite to pegmatites and some granites has been clarified by the work of yoiler
and Eugster (Figure 5.7). They found that the stabiliry curve for phlogopite lies
about 300 " higher than that for muscovite and is well above minimum melting curve
lor granite. This means that phlogopite (and biotite) can form directly lrom a
magma at normal crystallization temperatures. The stability curve for muscovite, on
the other hand, lies below the minimum melting curve lor granite at low pressure,
intersecting it at about 700" and 1500 atm of water-r'apor pressure; hence nruscovite

Figure 5.7

400 500 600 700 800 900 .1000 1i00
Temperature

Relationship between the stability curves
' of muscovite and phlogopite and the mirii-
mum m'elting curve of granite. (After
Yoder and Eugster, Ceochim. et Cosmo-
chim. Acta 6, 195, 1954)
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Fe2O3 * TiO2
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Figure 5.8 Variation of chemical composi-
tion ol' biotite rvith rock type:
(,4) in ultrabasic rocks; (B) in
gabbros; (Q in diorites; (11) in
granites; (E) in pegmatites.
(After Heinrich, Am. "r. Sci.
244, 836, 1946)

ln a granite implies crystallization at high water-vapor pressure, that is, considerable
depth, or later introduction into the already crystallized rock.

Biotites .from igneous rocks are exceedingll, variable in chemical composition.
Magnesium and ferrous iron are completely diadochic, and all types are known, from
iron-free (i.e., phlogopite) to varieties in which nearly all the magnesium is replaced
by iron. Ferric iron may replace half or more of the six-coordinated aluminum. part
of the hydroxyl may be replaced by fluorine, although most analyses ol igneous bio-
tites show only small amounts of this element. Minor amounts ol Mn, Ti, Li, Na,
and Ca are recorded in analyses of biotite, and less commonly Ba, Cr, Ni,'Rb, and
Cs. There is a general trend from magnesium-rich biotites in ultrabasic rocks to iron-
rich biotites in granites and nepheline syenites (Figure 5.8). Aluminum is greatest
in biotites from granites and pegmatites and is lowest in biotites f,rom ultrabasic
rocks; silicon shows an inverse relationship to aluminum.

THE NATURE OF A SILICATE MELT

The entropy ol fusion of silicates is not high, and so the atoms or ions in the moltcn
silicate evidently have a.degree of order not greatly diffcrent from that in the solid.
It thus may be inferred that a good deal ol the structural arrangement is preserved
on melting. Since the silicon-oxygen bonds are much stronger than other links in
silicate'structures,.it is rea5onable to assume that these bonds are present to some
extent in the liquid also; that is, the anions in the melt are predominantly polymer-
ized silicon-oxygen tetrahedra linked by sharing oxygens into onc-, two-, or three-
dimensional network, similar to those in crystalline silicates but more irregular. The
high viscosity o{-qli-g4!g melts is evidenlly due to-rhe presence ol these 9qryp&l fti
con{xygen groupings.

The degree of polymerization of the silicate anions is markedly affected by the
ratio of Si (and Al) to O. The linking of the silicon-oxygen tetrahedra will be greatest
at Si: O ratio of l:2 and will decrease ai the proportion of Si decreases. This is borne
out by the increase in viscosity of silicate melts as the SiO, content incredses. The
presence of other ions is also significant. In alkali silicate melts the viscosity decreases
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in the sequence K ) Na > Li; evidently sodium is more effective than potassium in
. disruptiry the Si-O bonds and thereb', brcaking up the_ pol_r'merized anions into

smaller units, and lithium even more so. Probably bivalent cations are even more

effective in this respect; iron-rich melts are of notably low viscositl,e-\,en at high SiO,
contents. Laboratory experiments have shown, however, that small amounts ol t-l,O
have a particularly ren.rarkable influence in decreasing the viscosity, evidently'

because of the strong tendency for the reaction HrO + 02- : 2(OH)-to take place.

The oxygen links betrveen siliconoxygen tetrahedra are thereby destroyed b1' the

formation ol hydroxyl groups, and the polymerized anions broken down into simpler
groups. Since the "molecular weight" ol OH is loiv, a srnall rveight percentage ol
HrO in a silicate melt is very effective in eliminating links betrveen silicon-ox1'gcn

tetrahedra. Silicon and other complex or polymer-lorming cations such as aluminum
are termed netrvork formers while elements that give up oxygen to the predominantly

covalent cation-oxygen complexes are known as network modifiers.

CRYSTALLIZATION IN SILICATE MELTS

Through the study of crystallization in artificial silicate melts of known composition
great advances have.been made in the understanding of the geochemistry ol igneous

rocks. The principl'es of heterogeneous equilibrium govern crystallization from a liq-
uid; they express the conditions under rvhich only one of the possible crystallization
products is to be expected and under what conditions more than one may appear

simultaneously. The basic relation is, of course, the phase rule, wJrich states that in
any system the number of phases (P) pius the number of degrees of lreedom (.F) are

equal to the number of components (Q plus two, or P + F : C * 2. The phase

rule has been extended in the consideration of geochemical processes in the following
rvay: Inany system the maximum number of phases can be reached only when the

number ol degrees of freedom are at a minimum. This state can be realized by fixing
both temperature and pressure. However, it is extremely unlikely that such condi-

tions wili occur during magmatic crystallization, since it proceeds as a rule over a

great P-T range that is, these lactors remain variable and thus give two degrees of
freedom. Under these circumstances the phase rule becomes P : C: that is. in a

system of n components at arbitrary temperature and pressure no nrore than /i phases

(minerals) can be mutually stable. This extendion of the phase rulc is due to Gold-
schmidt and is sometimes knorvn as lhe mincrological p.hasc rule.

Earlier in this chapter it was remarked that despite their wide range in chemical

composition igneous rocks have a comparatively simple mineralogy in that probably

99Vo are made up essentially of seven minerals or mineral groups. This iimitation to

the number of phases normally formed by the crystallization of a magma is clearly

understandable in terms of the phase rule. Actually; considering a .magma as an

eight-component system of O, Si, Al, Fe, Mg, Ca, Na, and K, it is improbable that

as many as eight phases would crystallize lrom any composition. in that s)'stcm

because the individual components are not completely independent, some being

capable of. replacing each other atom for atom in minerals.
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wt 7"
Figure 5.9 The system albitc-anorthire-diopside. (Boucn, An. J. Sci. 190,

167, l9l5)
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Since 1905 a steady stream of publications dealing rvith equilibria in successivell,
more compler silicate systems has been issued by the Geophi,iical Laboratorv. Since
the results of this work are fully described and discussed in standard ,"-;r;; n;;;;j:ogy' no attempt is made to cover this held here. Horvever, the lollorving systenls arc
selected as illustrating the major principles that have becn developed.

The Pyroxene-plagioclase System

This system is particularly significant in petrogenesis, since con-rpositions rvithin itare reasonably close to basalts and gabbros, u,hich are often esscntially p].roxene-
plagioclase rocks. we may start rvith the three-component s).sr.em diopside {Di)_anorthite (An)-albite (Ab). The phase relations as rvorked ort by Boiven in 1gi5 aregivqn in Figure 5.9. It is now known that the system is not strictly ternary, because
some Alro, from the plagioctase enters the diopside; however, the phase relations as
established by Borven are still valid. The equilibrium diagram is dluiaea into a pla_
Bioclase field and a diopside field by a boundary curve joining the eutectic points in
the Di-An and Di-Ab systems. This boundary curve is known either as a reacrion
curve ot a cotectic line; it marks the bottom of a valley on the tiquidus surface, as
can be seen from the temperature contours. From any melt with a composition that

Diopside
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places it in the plagioclase field plagioclase cri'stallizes {lrst, and the composition of

t[e liquid moves in the directicrrs of the reaction curve: \\'hen it reaches thrs cun'e.

diopside begins to crystallize; thereafter diopside and plagioclase crystallize together,

and the compositiori ol the ntelt follorvs the reaction curve torvards thc albite-diop-

side eutectic. Solidification is complete at a point that varies according to the initial
composition of the melt and the extent to rvhich the cornposition of the feldspar

changes during crystallization. The course of solidihcation is similar for a meit rvith

an initiat composition placing it in the diopside field, except that diopside is then the

first phase to crystallize.
By the addition of FeSiO, (Fs) as a fourth component, compositions resembling

those of basalts and gabbros can be represented. This systern has not been completely

rvorked out in the laboratory, but considerable data are available lor it, and Barth

established a tentative and simplified equilibrium diagram in the lprm of a tetrahe-

dron in which each corner represents one componert (Figure 5.10). In this diagram

I represents Ab, B An, C Di, and D Fs; the point p is the Di-Ab eutectic, g the

Di*An eutectic, and r and s the (probable) eutectics between Fs and An and Ab.

The system consists of two binary solid solution series, the plagioclase series lB and

the pyroxene series CD; four binary eutectic syste.Sns AC' BC, BD, and AD, w\th

binaiy eufectics aL p, e, r, and s; and four ternary''systems each divided into trvo

fieldsbythgreactioncurves pq,qr,rs,andsp;thequaternarysystemitself isdivided

into tu'o parts by the reaction surfoce.

A (Ab)

Figure 5.10

p c (Di)

Tetrahedron illustrating the approximate com-

position of basaltic lavas. The plane pqrs rep-

resents the boundary surface Separating those

lavas that precipitate pyroxene first from those

that precipitate plagioclase first. (Barth, ,42. "I.

Sci.23l,3ll,1936)

D (Fs)

IB (An)

,/\
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Fronl a melt u'ith any contposition betrveen 11B and the reaction surface the first
;'hr:: te cr-rstallize is plreiuclrsc. Thc rrrclt rhcrebr bccou-res richcr in conrpopcpts
(- and D, and eventually itscomposition lies in the rcaction surface pgrs. When this
surface is reached, pyroxene begins to cry,stallize together rvith the piagioclase. From
then on the composition ol the melt lies in the reaction surlace and moves dorvn the
tenlperature gradient, and the crvstals ol both plagioclase and pyroxenc react rvith
the melt and change in composition continuously until solidification is con-rplete. Tire
same possibilities lor fractional cr1'stallization as in thc simpler s)stems arc presenl.
If fractional crystallization takes place, the earll.separated crystals u,ijl be rich in
An and Di and the last-formed crystals richer in the Ab and Fs conlponenrs.

Barth studied the composition and sequence of crystallization of a number ol
basalts and showed that the ideas developed frorn a consideration of the qtiaternary
system discussed above are borne ouLby the petrographic data. He u,as able to derive
'approximate coordinates for the position of the reaction surface by plotting in the
tetrahedron the compositions of those basalts that showed evidence ol simultaneous
crystallization of plagioclase and pyroxene. The points thus obtained defined the
reaction surface; he found that they iay almost exactly in one plane and that the
position of this plane agreed with the position that would be expected on the basis of
the (incomplete) laboratory stud1, of this s1.stem.

The experimental study of the cr1'stallization of natural and synthetic melts of
basaltic or near-basaltic composition has been greatly extended since the pioneer
rvork ol Bowen and Barth. The principles outlined above remain valid, but the
detailed information is much more extensivc, and possible complications and varia-
tions on the simple system have been elucidated. A con.rprehensive surnmarl, is pro-
vided by the monograph of Yoder (1976).

The KAlSiOo-NaAtSi04-SiO, System

Compositions within this s;'stem are close to some igneous rocks-the granites, syen-
ites, nepheline syenites, and the corresponding rhyolites, trachytes, and phonolites.
Investigation of laboratori' melts has shorvn that fractional crystallization olcomplex
silicate melts containing potassium, sodiurn, and aluhrinum leads always to a residual
liquid enriched in alkali-aluminum silicate. Borven therefore referred to the
NaAlSioo-KAlsio4-sio, system as "petrogenyls residua slistem." In the equilib-
rium diagram (Figurc 5.1l) thc KAlsiros-NsAlSi,o, join dividcs rhe svsrcm inro
trvo portions. compositions between this boundary and the Sio, apex approach gra-
nitic compositions; compositions below this boundary (i.e.. toward thc NaAlSioo--
KAlSiO4 join) approach the compositions of allialine magmas rvhich may crystallize
as alkali feldspar plus nepheline or leucite. The rnost significant feature is the low-
temperature trough within the I 100 " isotherm. Fractional'crystallization ol any melt
in this system rvill result in a residual liquid, the composition of which lies in this
low-temperature region. Bowep pointed out that, if fractionaI crystallization has been
ol fundamental importance in the differentiation of magmas, then those igneous
rocks that are the products ol the crystallization ol residual melts should have salic
components with bulk compositions lying in this low-temperature trough. He was
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30

KAlSi206

1750"
60 1588' 70 KArSiq

Equilibrium diagram lor the s1'stem NaAlSiO4-KAlSiO4-
SiOr. The black dots represent plots ol normative compositions
(except anorthite) of the averages ol 15 tinguaites (l), 25 pho-

nolites (B), 32 alkaline syenites (O, 19 alkaline.trachytes (D),

20,1937, and Schairer, J. Geol.58, 514, 1950)

able to pioduce many such examples from arnong the rhyolites, trachytes, and phon-

olites, and plots of the salic portion of the average granite, rhyolite, syenite, etc., all

lall in the low-temperature region, as shown by Figure 5.i 1.

Further work on the NaAlSi,Ot-KAlSirOs-SiO2 part of this system under

water-vapor pressure has established these relations even more clearly (Figure 5. 1 2).

The phase relations in this system resemble those in the albite-anorthite-diopside
system, there being two composition fields, one in which quartz is the first mineral

to crystallize, the other in which alkali feldspar crystallizes first. These two fields are

separated by the reaction curve AB. Under a water-vapor pressure ol 1000 kg/cmz,
crystallization ultimately leads to a low-temperature trough around the middle part

ol AB. When the normative composition of analyzed granites is calculated in terms

of SiOr, NaAlSirO,, and KAlSirO, and these points are plotted on a composition

diagram, the frequency clearly reflects the position ol this low-temperature trough;

that is, the fe'lsic portion of most granites corresponds in composition to the late liquid
fraction produced by crystallization in the SiOr-NaAlSirO*-KAlSirOs system.

This observation supports a process of fractional crystallization for the formation of

r l615'

\,.
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Figure 5.12

KAtsi3os

KAISi3 Os
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Weight, per cent
(bt

composition of naturar granites and its .relation to the low-melting region of the sysrem SiOr_NaAlSi.Or_XatSirOr.
(a) system under 1000 kglcm2 *rt., uupor;.;rili;;,:
the,reaction curve separating the field of qurrt, frorn that offeldspar); (6) contoured frequency_distriUriio" Jirgr^; ;; riinormative composition of over 500 analyzed granites contain_
ing 80 per cent or more of these comporier,, t"".. SO per cent
of these analyses fall within the solid black ur"ul. grt,t. una
Bowen, Geol. Soc. Amer. Mem.74, l95g)
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rlost granites and is consistent.with a magmatic origin lor them. llowever, the evi-

dence also shorvs that in lractional melting ol rocks of appropriaqe conlposition the

initial liquid u'ould have a sirnilar granitic composition'

THE CRYSTALLIZATION OF A MAGMA

From the study of crystallization in artificial silicate melts and the coordination of
the results thereby obtained with the observations of igneous petrology. inrportant

conclusions have been established regarding magmatic crystallization. Simple eutec-

tic crystallization, once believed to be common and important in nlagmas, probably,

never occurs. Nearly,'all rock-forming minerals are solid solution series. Crystalli-

zation of systems containing Such compounds takes place over a range of tempera-

ture, and the phases separating lrom the melt have a considcrable range ol compo-

sition. The course ol crystallization is dependent on the rate ol solidification and the

presence or removal ol early-formed crystals, whereas in eutectic crystallization the

rate of solidification has no influence, and the final condition is always the same,

whether or not early-formed crystals are removed. Anqther significant leature in sil-

icate systems is the frequent occurrence of incongruent melting, when one solid phase

rvill be converted into a different phase by reaction with the liquid. Thus"crystalli-

zation in a ntagma is characterized by reaction of two kinds: continuous reaction in

asolid solution series, whereby early-formed crystals change uninterruptedly in com-

position by reaction rvith the melt, and discontinuous reaction, whereby an early-

lormc6 phase reacts rvith the melt to give a neu' phase rvith a different crystal struc-

ture and a different composition. This concept ol reaction as the fundamental phe-

nomenon ol magmatic crystallization is due to Bowen and rvas developed by him into

the reaction principle.
Borven showed that the common minerals of igneous rocks can be arranged into

two series, a discontinuous reaction series comprising the ferromagnesian minerals

and an essentially continuous reaction series of the feidspars (Figure 5.13). In effect,

each of the lerromagnesian minerals is itsell a continuous reaction series, since all

are solid solutions. The reaction series that Bowen set up, on the basis both of the

laboratory study of silicate melts and the petrographic evidence, parallel the general

sequence.of magmdtic crystallization as indicated by the petrology of the igneous

rocks.
The petrological significance of the reaction principle may be illustrated by con-

sidering briefly the crystallization of a basaltic magma ol such composition that

olivine and bytownite are the first phases to form. As the temperature falls they react

more or less completely with the melt and are converted into pyroxene and labra-

dorite, and if no,fractionation takes place the melt solidifies as a Pyroxene-labradorite
rock, a basalt oi gabbro. Il fractionation takes place and some of the early-formed

olivine and bytorvnite is removed from the system, the reaction process will continue

further, and the remaining melt will act upon pyroxene and labradorite to form horn-

blende and andesine. The greater the degree of fractionation, the more extensive the

reaction pfoceqs. With a _high dggree ol frqctignalion, the whole reaction series is

gone through, and the final liquid is a watery solution rich in silica-
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Figure 5.13 The reaction series
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At this stage it is of interest to examine some of the aspects of, the continuous anddiscontinuous reaction series of Figure 5.13. First, the discontinuous ieaction seriesis marked by increasing comptexiiy or silicate linkage, the sequence being isolatedtetrahedra-singre chains-doubre cirains-sheets. Thii ,.qu"n"" is arso synonymouswith greater size of the structural units, the unit cell volumes increasing as follows;

Forsterite 2g4 A1
Diopside $4 A1

l;:L?'",,." ;ii tr
The latter part ol the series is characterized by the introduction ol fluorine andhydroxyl into the structures (hornbrende and biotite), reflecting a higher concentra_

" tion of volatiles as fractionation proceeds. i-ince uiotiie 
""rr"iri *r";;;;i ;;*r';its crvstatlization in praceof.ho.nut"na" i, ,.;["u,, .""fiffi$,;';rrr by increasing

-_ 
c..olcentration o[ potassium in the iiquid. ' 

----'r --'rsrrrvrrlu rrr I

This sequence of decreasing comir"xityof sirica.tc Iinkage in passing up the dis-continuous reaction series reflect, un ir"r"uring thermar stabirity. Any of the linkedstructures lower in the series can be disintegrat;d into fragment, ofrt.r.tr.es higher

Discontinuous reaction series Continuous reaction series

Minerals Srructu.e
tYpes ^Ja, K Sili* Ar
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in the series by heating. Thus rvith increasing temperature a mica sheet can conceiv-

ablftsdisintegrated into amphibole double chains, pyroxenc single chains, and

finally single tetrahedra, each step being accompanied by the production ol a liquid

residue. Thc melting of-hornblende to give pyroxene plus liquid and ol pyroxene to

give olivine plus liquid has been observed in laboratory experiments.

Another noteworthy feature in the discontinuous reaction series is the increasing

degree of rcplacement ol Si by Al. tn the olivine there is no evidence ol any such

replacement; in most magmatic pyroxenes the amount ol replaced Si is generally

low, but it is greater in the magmatic amphiboles, and in biotite at least one-fourth

of the Si is always replaced by Al (the Si:Al ratio in igneous biotites ranges from

6:2 to 5:3). In contrast to this feature the Al :Si ratio in the continuous reaction

series of the plagioclases shorvs a steady decrease from I : I in anorthite to I :3 in
albite and potash feldspar. The Na * K:Al ratio also shows a progressive change

frorn 0 to I in both continuous and discontinuous branches.

The structural significance ol the Al-Si substitution is evidently connected with

the distribution of bond energies. If aluminum proxies for silicon in an SiOo group,

the lower charge on the aluminum ion results in lesser neutralization ol the negative

charges on the oxygen anions, and this increment ol negative charge leads to stronger

bonding betrveen the silicate units. Substituliggo_f algmln!-rm fof siliqon iq a struature

tlrelqby tends to ir]gfease,its disintegiation temperature and consequently raises-its

position in the reaction series. This is true not only in the continuous-reaction Series,

but also in individual minerals ol the discontinuous reaction series. A!u1littu"L',"1q_b-

stituting silicon in amphiboles and pyroxenes evidently increases their thermal

stability.' 
The reaction series provides us rvith a concise statement of the segregation of the

rnajor elements during magmatic crystallization. The first-formed minerals, olivine

and calcic plagioclase, are low in silica, and the liquid is thereby enriched in this

component, the olivine is rich in magnesium, the plagioclase in calcium, and so the

concentration o[ these elements in the liquid is decreased. The crystallization of oli-

vine also changes the Mg:Fe ratio in the liquid, since this ratio is always higher in

the crystals than in the liquid ffom which they separate. In effect, olivine and all the

other ferromagnesian minerals are individual continuous series in rvhich the early-

formed crystais are magnesium-riih, the late-formed, iron-rich. As crystallization
proceeds, pyroxene becorhes the stable phase instead of olivine, and calcium may

norv be removed fuom the melt both as plagioclase and as augite. The liquid becomes

relatively enriched in Na, K, and Si. As the concentration of calcium in the liquid

falls the sodium content-of the plagioclase progressively increases; with the appear-

ance of hornblende as a stable phase in the discontinuous reaction series some sodium

may be incorporated in this mineral also."Potassium remains in the liquid until a,late

qlgle, since iican be reryoved in apprqciabte amciunts only in'biolite and irr polqih

feldspar.
According to the reaction princjple, therefore, the fractional crystallization ol a

basaltic magma under suitable conditions can lead to the successive formation of

more siliceous rocks until ultimately a granitic composition is reached. This sequence

.has been confirmed in many areas of igneous rocks, for example, the Oslo region, the
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Caledonian plutonic rocks of western Scotland, and the barhotith ol southcrn Cali-
fornia. Nevertheless, as Borven himself pointed out, lractional crl.stallization is a verr.
flexib!9 process, and trvo magmas of approximately the same iniiial compositidn mai
produce very different rock ti.,pes. one of the best documented examples of the frac-
tional crystallization ol a basaltic magma is the Skaergaard intrusitn (wager and
Brown, 1967) In this intrusion differentiation has resulted in the late crystaLlization
of iron-rich rock consisting essentially or plagiocrase (Anro), olivine (Far,), and cri-
nopyroxene close to hedenbergite. I-lere the trend of differentiation has been toward
an enrichment in iron instead of an enrichment in silica. Osborn (1962) has shorvn
that we can distinguish two distinct reaction series. The one leading to a silica-rich
residual liquid, as described by Borven, is characterisric of the igneous rocks of oro-
genic belts. The other reaction series leads to a residual liquid rich in Feo, and is
typified by layered intrusions such as Skaergaard, the Bushveld intrusion, and the
Stillwater complex. Each of these differentiation series is equally the product of frac-
tional crystallization and reaction, but the very different results reflect a difference.
in the partial pressure of oxygen during crystallization. The original reaction series
of Bowen describes rvhat happens during the fractional crystallization of a basaltic
magma under a relatively high oxygen fugacity or partial pressure. Under these cir-
cumStancesmucholtheironisremovedasnragnetite,thesilicaContentoltheliquid
is thereby enhanced, and the residualliquid is silica-rich. on the other hand, under
relatively low oxygen pressure little oi no ferric iron is present to form magnetite and
the Feo accdmulates in the liquid until it is removed at a late stage by ihe crystal-
lization of iron-rich olivine and pyroxene. It has been suggested tlat the oxylen is
providcd and controlled bl the conrinuous inpur o[ watei and possibly co,iro,
-surrounding rocks. E,ither H, or co would belost lrom the opensystem to aicount
Tor Tht chemical balance. This rheory is supported by oxygen iroiope dara, which
indicate a continuous exchange ol oxygen *itt', a ,"r".roi."oi *it", in ihe earthrs

I
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Recent work on the crystallization of natural and synthetic melts under high pres-
sures has greatly extended our understanding ol the scope and variety of magmatic
differentiation. For example, the incongruent melting ol ugsio, to give ugrsioo
and a silica-rich liquid is eliminated at quite moderate prorr."r, indicating tnat
although a reaction relation between orivine, orthopyroxene, and liquid.nuyi. u,
important factor in near-surface magmatic differentlation, it will be greatly modifieJ
in the deeper levels of the crust. Green and Ringwood (Table 5.1) haic demonstrated
experimentalll, that t!r9 l_e]! oI primary crystallizatiqn ol grthqpygo,xqne frgm b4qal_
!i-9lt-gqa !1 s.l bstanti4lly increased qt high pressure. With increasing p.1e9pq,rq tle
gqqnt .qf pl!yi.qq decrea.qes and that of orthopyroxene inc.rea-ses. The compositlon of
the orthopyroxene changes with increasing pressure, uecoming progressively richer
in aluminum. Green and Ringwood have also studied the crysta-ll'izaion of a basaltic
glass at I 100' and different pressures. up to ts kb the glass crystallizes to pyroxene
and plagioclase, but the plagioclase decreases in amount and becomes more sodic
with increasiig pressure, evidently through the incorporation in the pyroxene of cal-
cium and aluminum from the anorthite component- Above l5 kb garnet (pyrope-
almandine) appears and increases in amount with increasing pr"rrui, beinglormed
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Tahte 5.1 Crystallization ol Basaltic Melt under Differing
Conditions of Ten+pc*+ure aRd Pressure

P (kb) T Phases Present Remarks

l0 1250 ol * opx * liq ol >> opx
lzb 1250 ol * opx * ?cpx * tiq opx ) ol
15 1300 ol * opx * cpx * tiq opx >) cpx ) ol
20 1300 opx * liq
ol = olivine,

opx = orthopyroxene,
cpx = clinopyroxene.
Green and Ringwood, Nature 201, 1276,1964.

by the breakdown of aluminous pyroxene. Plagioclase disappears above 20 kb, and
quartz appears, evidently produced by the decomposition of the albite component
into jadeite going into solid solution in the pyroxene. this sequence is petrologically
equivalent to the sequence gabbro-garnet granulite (garnet, pyroxene, sodic pla-
gioclase)-eclogite. The different behavior under high pressure ol the anorthite and
albite cornponents ofplagioclase is particularly notervorthy. In this connection potash
feldspar provides a further contrast; there is no corresponding compound to jadeite
(KAlSirO6-leucite-is a feldspathoid and unstable above about 2 kb), and potas-
sium cannot be accommodated in the pyroxene structure. Under high pressures in
the lower crust and upper rnantle potassium is probably'contained in hornblende or
phlogopitc.

Thus the solidification of a magma, although governed by the simple pqqc_1plgs 
_q.l

phase equilibria and fractional crystallization, is capable of a remarkab_l_e-,v"91s4!.ility

under the variety olconditions in the crust and upper q-t'4lltlg. The.distribution of the
major elements is controlled by the sequence of mineral separation as the tempera-
ture drops and as the composition of the melt changes by the removal of some ele-
ments in the solid phases. The principles governing magmatic crystallization are,
horvever, essentially.descriptive, not expianatory. They describe hdrv the major ele-
ments distribute themselves among the different minerals but not rvhy they act in
this way, nor do they tell r1s anything regarding the fate of the minor elements. The

. explanation must ultimately depend on thermodynamic coniiderations, thc encrgy
changes involved in assembling ions of differing size and charge in particular crystal
lat t ices.

THERMODYNAMICS OF MAGMATIC CRYSTALLIZATIONTHE
'(-C:'

ia

r _*!.. :

The. thermodynary!9s 9f magmatic crystallization is controlled by the nature of the
i-q4q-pr.gsen!,.!hgit.gqq"_gltqa!ip,r11, Ibg te_r.r1pg{aturq and pressure, and the type o-f crys-
tal laltices fqrmed. In effect, the question posed is, "How do change5 in the compo-
sition and physical coriditions of the magma affect the solubility of the inany differ-
ent possible compounds?" According to thermodynamics, a solid I will crystallize
from a liquid containing A if the chemical potential ol I is less in the solid than in
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the liquid. IIo['ever, although we can state the problern, ive cannot sorve it, since thenecessary thermodl,nantic data are not available.
Cr1'stallization is ess.entiaily an ordering phenomenon. In-a crl,star the degree oforder is grcat and thc ions are arrangcd i"n a rcgular lattice. u.hcrcas in a nrclt thearrangement or the ions, although not entirery .undo*, is of a lower degree or order.From the viervpoint ol thcrnrodynamics magmatic crystallization is characterized bvthe energy and enrropy changes involved in iemoving ions rrom rhe ";;i;;il;ffi;ithem in an orderly lashion in a crystal lattice. The late of an eleurent during mas-matic crystallization is linked with its concentration in the magrna and the nature ofthe structural rattices rhat may form. The silicon 

^ra-"i;;,r1n., "ont"nt 
or themagma and the lemperature arc lhe lactors controlling the sequence o!'crystel lit-tices- These cryslal rattices. 

1:t as a sorting mcchanism for the iations. A cation canenter a crystal ratticc only ir" it is otsuitabre size and can attain its uppropriut. .oor_dination number. Since in general a number of different ion, 
"urrruiirfy 

this require_ment' that ion enters the lattice in largest amount, relative to its concentration in theliquid, which holds its position in thelattice rvith greatest ,"n""iry.'From studies ofcrystal structures and independentry of energy considerations, Goldschmidf formu-lated the following empirical rules as a general guide to the course of an elementduring liquid * crystar formation in a milticomponent system: ";"' '" LrsrtrcrrL

l' If two ions have the same radius and the same charge, they wilr-enter a given )crystal lattice wirh equal lacitity
2. If two ions have simirar radii and the same charge, the smaler ion wig enter a igiven crystal lattice more readily. v'(rr (r \\
3. If tu'o ions ha'e similar radii and different charge, the ion rvith the higher charge ;will enter a given crystal lattice more readily. :,

.J!q ryle9 essentially state that thq q4.tfon that forms rhe strongest chemical bondwill preferenrially fill a lartice sire.
Goldschmidtis rures have 

.rvide 
apprication in the geochemistry of igneous rocks;we have already seen exampres in considering the reaction princiire. calcium entersthe feldspar lattice more readiry than does iair- on account or i,, t.,igh", chargeand so is concentrated in the early-rormed plagioclase. tt . ,,,ugn"r;un., io, is some-what smaller than the ferrous ion, and magnesium is aru,ays"concentrated in theearly-formed ferromagnesian minerars, wheth'er olivine, pyroxene, amphibole, or bio-tite. However, Gordschmidt's rules have lrad their greaiest utiriry in predicting theorder of removal from. a magma noi onry or tr.," *ffi;;;;;; or, 

"i .rr" ,ir".elemcnts also. . .

chemical variations reflecting the sequence of crystallization of minerals from amagma or among serected rocks from different areas may be,illustrated by means ofvariation diagrams. variation diagrams are graphs showing ihemical constituents ofinterest.plotted against a selected variable."The variable is most often selected tor1!ecL tlrg evolutionary trend or a magmatic r-ock series. commonly the Sio, contentof individual rocks is used, since Siol tends t'o increase with mineralogical fraction-ation. For general considerations it is also possibre to use common rock names placedon. the graphs in the position of average sio, 
"or,.ni. 

sr.i,' , ai"gr"* i, shown in
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SiO2 (v!'t %)

Figure 5.t4 Variation diagram for the USGS standard rocks.

Figure 5.14 iltustrating the variations of some of the specific elcments discussed later
in this chapter. Other variables have been used to reflect evolution of a rock series.

A system often used is the Larsen diagram where the variabld (% SiO, + K,O) -
(CaO * MgO * FeO) is dsed. Triangular variation diagrams may also be uscd to
plot the mutual relations of three components or sets of components recalculated to

100%. Commonly used is the system (NarO + KrO), (FeO * FerO,), and MgO.
Rocks derived from the same initial magma generally show smooth variation dia-
grams for individual components. F.xotic rocks may plot. away lrom the smooth

curves, indicating their different origin.
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MINOR ELEMENTS IN MAGMATIC CRYSTALLIZATION

Table 5.2 E,lectronegativities of the Conrmoner Cations

Cation Elect.ronegativity Cation Electronegativity

-Itr/ien a nlinor element has the same charge and an ionic radius sinrilar to a nrajor
elenrent. u'e speak ot ir as being camoufigra i^l;";;)..i;ir],,i...on,.ining rhc
11j9r elemenr.-Thus Gari(0-62 A) is camouflaged in aruminum minerals, andHl'+ (0.78 A) is camouflaged in zirconium minerals. when a minor element has asimilar ionic radius but a higher charge than that of a major element (or the same
charge but a lesser radius), it is said lo be captured by the crystal lattice containing
the major element. Thus Bar* (i.16A) is captured b1, poiassium nrinerais (r. j
l'384). Finally, rvhen a minor element has a sirnilar ionit radius but a lower chargc
than that of a major element (or the same charge but a greater radius), it is said to
be admitted into the crystal lattice containing the major element. Thus Li+ (0.74A)
is admitted into magnesium minerals. In capture and admission of ions ol different
charge the charge balance is maintained by concomitant substitution elsewhere in
the crystal lattice.

Goldschmidt's rules are a uselul guide to the distribution of the elements during
magmatic crysiallization, but they are not universally valid and have been criticized
on that account, The major source of this lack of universal validity seems to lie in
the fact that the bonding in most minerals is not exclusively ionic, *h"r"u, the rules
are predicated on a purely ionic basis. This has been carefully considered by Ring-
wood (1955), who shows that the electronegativity of an element, a measure of its
tendency to form covalent bonds., has an importani influence on the extent to which
it uill proxy for another elenrenr o[ similar iir.. rt"r.nr, 

"iirr.'n'^, B subgroup ofthe pcriodic table have considerably higher electronegativities than corresponding
elements ol the A subgroups, and this must be considered when comparing diadoch!
between elements belonging to different subgroups (Table 5.2). Ringwood expresses
the electronegativity factor in the form of a iule: Whenever diadoctr'y in a crystal is
possible between two elements possessing appreciably differcnt clectronegativirics the
element rvith the lorver electronegativity will be preierentially incorporated becauseit lorms a stronger and more ionic bond than the othcr. In practice t'his rule is foundto apply to substitutions involving elements differing in electronegativity by more
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Rbt
K+
Ba2t
Na+
S12+

.Ca2*
Li+
Rare earths
Mg'*
Sc3*
vl+

0.8
0.8
0.85
0.9

. t.0
t.0
1.0

1.05:1.2
. 1.2' 1.3

1.35

Mn2+
Cr'*

Fe2+
Ni2+
Co2+
Zn2*
Fel+
Cu+
Cu2+

1.4
1.6

1.65
t.7
I .'7

1.7
1.8

1.8
2.0

I

l
I

I
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than 0.1. The significance ol bond type on the distribution of the elements has been

erLensivel-v rer.ie"ved br Ahrens (196{)
In orCer to evaluate the movement of an element betrveen a melt and a crl,stalline

phase, consideration must be given to its chemical nature in the liquid as well as in

the solid state. Elements that readily form complexes with oxygen or other ani<jns

olten will not enter crystal lattices until the activity oi their complex lorm is high
enough to allow new mineral phases to crystallize. Cations with ionic charges ol four
or larger and some small-radius trivalent cations occur as compiexes rvith oxygen or

hydroxyl anions in magmas. Included in this group is silicon in the lorm of SiOl-,
the fundamental building block of silicate minerals. A simple measure ol the prob-

ability ol an element to form a complex is its ionic potential or ratio ol ionic charge

to ionic radius.-P&nq!!q *!th ligh ionic potential values tend to form.complexes.
This parameter is also useful in dete.rmining the species ol dissolved elemenLs in
water solutions and is described in more detail in Chapter 6. In common magmas

elements with ionic potentials between 0.6 and 2.5 may be considered to occur as

free ions occupying holes in the network of silica polymers. Elements with ionic
potentials betrveen 2.5 and 4.8 maintain an equilibrium between complex and non-

complex species. The concentration of each species in equilibrium is determined by

the composition of the magma. In most magmas they behave as free ions but in
oxygen-rich solutions tliey form complexes. Elements with ionic potentials greater

than 4.8 form complexes that may or may not be linked to the silica network. EIe-

ments forming nontetrahedral complexes are not readily incorporated into silicate
n-rinerals and hence will becomc concentrated in residual magmas. Exarnples of such

complexes include carbonate CO;2 and borate BOlr species. If elements form tetra-

hedral complexes, the larger the charge on.the central cation the less readily is a

complex accepted into a silicate structure. Ilence. complexes in rvhich the central
charge is greater than four become concentrated in the fluid phase ol magmas. Such

complexes as phosphate PO;3, tungstate WO;2, and sulfate SO;'? lall into this cat-

egory. Likervise the larger the size of the central ion in a tetrahedral complex the

less readily it is accepted into a silicate structure. Thus GaOla and GaOo 5 tend to

accumulate in residual fluids relative to SiOo a and AIO;t. Minerals containing these

rejected complexes are commonly lound in pegmatites and hydrothermal deposits.

A more refrned approach to the behavior of the first set of transition elements of
B subgroup elements is provided by crystal field theory. These transition metals pos-

sess an incomplete inner d-electron shell. When a transition metal is surrounded and

influenced by the electrical field of anions, the ion's spherical bonding symmetry and

energy change depending on the coordination of the anions around it. A detailed
discussion of the extra or cry'stal field slabilization energy and its appiication to geo'-

chemistry is found in Burns (1970). The crystal field stabilization energy varies with
transition metals depending on whether they are in the divalent or trivalent states

and whether they are in octahedral or tetrahedral coordination. As a general rule,
the ionic sizes of the transition metals require that they have octahedral coordination
in silicate crystals and tetrahedral coordination in the parent magma. An octahedral
site preference energy can be derived that is a partial measure of the preference of
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M** ions Ni > Cu > Co > Fe ) Mn
M+++ ions Cr > Co > V > Ti > Fe

a transition metal lor the crystalline rather than the liquid state. The order ol octa-
hedral site prelerence energy ror divarent and trivalent ions is as rollou,s:
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:Zn:Mg
:Sc:Ga

These sequences match the observed order of depletion ol trace elements in theSkaergaard Intrusion illustrated by a variation diagrar.n in Figure 5.1-5. F-igure 5.15
shows the success of the above predictions rvith the notable exception or.copper. rt
has been suggested that copper does not enter easily into the silicate minerals becauseol a predictable but unusual lattice distortion, energy destabilization efl-ect.

The fate of the individual elements during magmatic crl,stallization is now dis_
cussed briefly, and is illustrated by Tables 5.i and 5.4.
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Figure 5.15 Distribution of trace elements in gkaergaard Complex pyrox-
. enes from selected rock types: . : . .

A.-The earliest olivine gabbro exposed
B. Hypersthene oliviire gabbros
C. Olivine-free gabbros
D. Hortonolite ferrogabbros
E. Fcrrohortonolite gabbros
F. Fayalite lerrogabbros
(From Curtis, CZocnl*. rt. Cosmochim. Acta vol.ZS, p. leA, f SO+).
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Tabl<t 5.3 Element Distribution in Minerals of Granodiorite Gne iss. West Greenland*

Elemem Plagioclase lr,licrocline Biorite Hornblende Tiranite Apiiite

Cs
Rb
Ba
Pb
Sr
La
Y
Nb
Mn
Ti

0.2
30

250
l6

280
0.9
0.5

<0.2

0.4
r50

1700
20

250
0.5
0.4

<0.2

1l
t20

l 400
1.3
4.0
1.1

0.4
5.6

2000
l.55Vo

<0 1

'7 .1

28
'7.3

l3
15

50
ll

3300
6900

<0 1 <0. I

<0.3 <0.3
2.0 :3.2
,1.1 4.9
48 I20

58 44
500 250
80 1.0

I 200
21.87o

After Mason, Geol. Surv. Greenland, Report No. 71,l9'?5.
+Figures are ppm unless otherwise stated.

Table 5,4 Element Distribution in Minerals of Cabbro, Muzzle River, New Zealand*

Element Plagioclase Orthoclase f{ornblende Biolile Apatite Titanite

Rb 42 >200 5 >200
Ba 510 810 440

7.8
1.5

22
35

l 600
60

420
2t
ll
21

160

6
<l
700

I 100

210
<l
l5

I
I

160

100

20
3.4%

100
60

150
260
r90
400
r60

> t00
7000
2000

73
700

23.87o
ll0

Pb
Sr
La 19

Y 5.8
Sc 14

Zr 45
Nb3
Sn <l
N{n 40
Ti 200
V8

23<t
800 1200 600

8 32
60 330
26560

28
1200 2100

Ga

<l
70

2O0 3.2Vo
8 t20

t7 20

After Mason, New Zealand J. Geol. Geoph1,s.15,465,1912.
*Figures arc ppm unless otherwise stated.

Cesium

This is the largest cation, and potassium is the only common cation it can readily
replace. Among the rock-forming minerals, it is concentrated in biotite relative to
potash feldspar (Table 5.3), evidently because the K site in biotite is considerably
Iarger than that in feldspar. However, during magmatic crystallization most bf this
element evidently remains in the liquid until a late stage of crystallization, and it is

lound concentrated in granite pegmatites in micas and potash feldspar. Maximum
contents of CsrO of 1.9Vo in lepidolite and 0.7Vo in microcline have been recorded
lrom the Varutrrisk pegmatite in Sweden. \ormally the concentration ol Cs does not
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a

t

reach high enough values to lorm separate minerals, but high concentrations ol csin some pegmatite Iiaulds nral' lead ro the rtrrmation or poltucitg CsArSi,ou.

Rubidium

The rules oltrace elentent distribution prcdict that Rb should replace K ancl this is
lound to be true. Rubidium rorms no minerars or its ow,rr, being always incorporated
in potassiun.r minerals; in igneous rocks it is in muscovite, biotite, and potash I'eldspar
(Tables 5.3 and 5.4). Since Rb+ is considerably larger rhan K*, rubi,jium ls ",rJri"iinto potassium minerals, and accordingly the Rb:K ratio increases rvith increasing
differentiation; this ratio is highest in pegmatite feld.spars and rnicas.

.Barium

The only major element of comparable ionic size is potassium, and barium appears,
therefore, in biotite and potash feldspar. Because of its higher charge barium should
be captured by potassium compounds. The available data indicate that this is gen-
erally true, barium being relatively enriched in early-formed potassium minerals.
B-arium may be accepted in the plagioclase structure, the maximum recorded being
about 0. 1%, and to some extent in hornbrende, which has a structure site large
enough to accommodate it.

Lead

Traces .of lead, the most abundant of the heavy elements, are round in the siricate
material of many igneous rocks, particularly in granites. It is evidently present as thePb ion (1.18 A), diadochic with K+. From the ionic charge alone it might be
expected that the lead in a magma rvould tend to be captured b-y potassium minerals,
but the much greater electronegativity or lead evidentry ."rrit, in a weakening of
this tendency, and lead is admitted rather than captured by potassium minerals.

Strontium

The size of the srronrium ion indicates that it can proxy lor either calcium or po(as-
sium, being admitted to calcium minerals (laiger iadius) or captured by potassium
minerals (higher charge). The data indicare that strontiunr in igneous rocks is prcs-
en-t mostly in the plagioclase and potash feldspar and that its conlentration.in specific
minerals increases as crystallization proceedb. Its abundance in igneous rocks is
somewhat variable, generally being higher in basalts and gabbros than granites.
Admittance in piace of calcium is tne aominant proc6ss of removal oi rtrontil* i.o,-,
the magma. However, this process does not operate with all calcium minerals; stron,
tium is presenr in only insignificant amounts in augite, suggesting tnrt tt. ffro*.n.structure does not readily accommodate the strontium ion. Strontium has similiar
overall geochemical characteristics to barium.
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The Rare Earths (including Y)

The charge and rhecomparariielylarge ridius (Lu 0.85 A-l-a 1.064) olthe raie

earths, coupled rvith their general low concentration, suggest that they rvould shorv

relatively little tendency to replace the major elements during magmatic crystalli-

zation, and this is borne out by the concentration ol rare earths as individual minerals

in pegmatites. However, some replacen'rent ol Cat+ by rare earths can take place in

apatite, and this minerai is the principal carrier ol rare earths in mcst igneous rocks.

Titanite, CaTiSiOr, when present, is also a significant carrier of these elements

(Tables 5.3 and 5.4). In granites and pegmatites lormed at sufliciently lorv temper-

aiures lor the epidote structure to be stable rve find the mineral allanite, in rvhich

some of the calcium of epidote is replaced by rare earths.
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Figure 5.16 Chondrite-normalized rare earth concentrations in (I) oceanic basalt from the

Mid-Atlantic ridge, (II) a composite of continental basalts, (III) granite G-1, i
(lV) anorthosite, Quebec. Note that Y is plotted between Ho and Er, since its

ionic radius is essentiallv identical with these elemcnts.
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In vieq" ol the extreme dilliculty of separating the individuaI rare earth elements

- 
in the labo:atorr'. it rvas long assunred that marked lractionation ol these elements'$as unlike-iv to occur during magmatic differentiation:-in any, event, the problem
could hardly be investigated trntil satisfactorl' methods for the analysis of these ele-
ments at trace levels were developed. Such methods have become available, and the
wealth of neu' data has shorvn that the rare earths are indeed fractionated during:magmatic processes, and in *,a1,s that [hrow considerable light on these processes.
Because ol their smooth change in ionic radii the rare earths are sensitive indicators
to different igneous processes. A ferv illustrations are provided in F'igure 5.16. ln this
diagram the data are chondrite-normalized; that is, ihe concentrattns Ibr the indi-
vidual elements are divided by tlre corresponding chondritic abundances, considered
to be a close approximation to cosmic abundances. This procedure in effect brings
out the degree ol fractionation from a primordial distribuiion pattern and smoothes
out the odd-even zig-zag pattern o[ absolute rare-earth elemlnt abundances. The
least-fractionated pattern in Figure 5.16 is that for an oceanic basalt dredged from
the Mid-Atlantic ridge, in which the individual elements are uniformly. 

"nii"h.d ,tl5 to 25 times chondritic abundances. Continental basalts show a somewhat frac-
tionated pattern, with relative depletion rvith increasing atomic number. In general,
the degree ol this ftactionation increases with increasing magmatic differentiation,
granites such as G-t'shorving the greatest effect. Presumabtylhis relative depletion
in the heavier rare earths must be matched by relative enrichment ol these elements
in some complementary material. Some peridotites show a relative enrichmcnt in the
heavier rare earths. Clinopyroxene and especially garnet are minerals that selectively
concentrate the heavier rare earths, and the retention of these minerals in the upper
mantle may explain the fractionation of these elements seen in igneous rocks.' The data for the anorthosite are included in Figure 5-16 to iiiustrate the unique
behavior sometimes shown by europium. Anorthosite is a rock consisting essentiaily
of plagioclaie feldspar, and the Eu anomaly is clearly linked with the feldspar. under
moderate reducing conditions Eu is unique among the rare earths in exisiing stably
in the divalent state; in this state its ionic radius is close to that of Sr, and it is then
concentrated in Sr-bearing minerals, which in igneous rocks are the feldspars. Thus
feldspar:rich rocks commonly show a positive liu anomaly, and this uro*uly is even 

.

more marked in feldspar-rich meteorites and lunar rocks, which crystallized under
more reducing conditions than terrestrial igneous rocks.

Manganese

Manganese is present in magmas as the Mn2r ion and in this form may be expected
to proxy for Fe2+ or for ca2+. However, manganese is much more electronegative
than calcium and probably on this account is ieldom found replacing this elemeni
(except in the apatite of pegmatites). The manganese in igneous robks replaces fer-
rous iron, and a relative increase in the Mn: Fe ratio has been noted in later differ_
entiates, indicating that the'larger size of the manganese ion causes it to be admitted
to ferromagnesian minerals. There is no crystal field stabilization energy fo. -un-ganese. Table 5.3 shorvs clearly the absence of manganese from the calcium_bearing
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plagioclase and its essentially uniform distribution in
h1'pcrst hene and olivine.

the ferrornagnesian minerals

Zirconium

The conbination of high charge and comparatively high radius (0.79 A) sets zirco-
niurn apart lrom any of the major elements ol igneous rocks. On this account zir-
conium does not enter into the common rock-forrning minerals to any degree but
appears in a specific phase, usually zircon. Zircon is most abundant in later differ-
entiates, evidently because the original zirconium concentration of a magma is gen-

erally less than saturation for zircon.

Hafnium

Halnium, having the same charge as Zr and about the same radius, always occurs

canrouflaged in zirconium minerals, and the Zr:Hf ratio remains almost constant

throughout any process of fractional crystallization, at about 50. However extreme
differentiation can result in an enrichment ol Hf relative to Zr.

"'t 
'

Scandium

Scandiu- has a radius close to that ol ferrous iron, and, in vierv of its higher charge,

scandium rvould be expected to be captured b1, ferromagnesian minerals. This is true
for magmatic pyroxenes, rvhich generally shorv a relative concentration ol scandium
(Table 5.3); it may also be present in hornblende and biotite, and is notably enriched
in titanite (Table 5.4). Scandium is not concentrated in the even earlier-formed oli-
vines, evidently because of the difiiculty in balancing the excess positive charge thus

introduced by other suitable replacements.

Cobalt

The bivalent cobalt ion is practically the same size (0.744) as the ferrous ion
(0.77A), and cobalt should thus be camouflaged in ferrous compounds. It is found,
kowevei, that the Co:Fe ratio is greatest in early-formed minerals and decreases

steadily rvith increasing fractionation. Due to crystal lield stabilization, the effective
radius of cobalt is, therefore, somewhat less than the radius given above and is
apparently'almost identical rvith that of Mg, since Nockolds and Allen found the

Co:Mg ratio to be almost constant throughout a rock series. The major part of thc

cobalt in a magma is removed in the early-formed magnesian minerals, especially

otivine.

Nickel

The nickel ion has essentially the same radius and the same charge as magnesium,

and therefore should be camouflaged in magnesium minerals. However, the ratio
Ni: Mg is highest in early-formed crystals (especially olivine) and shows a steady

{,,1
.t::
:-a:

ii.
i:a
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decline in the later-formed rocks and rninerals. Nickel has the strongest crvstal fieldstabilization eners' of the common di'rrent ions and tt r, .o*p.,"".,:".:."..iuiiJ ilJ;FJ:+ and Mgr* fJi octahedral i";r;;,;;;;:

Lithium

on thc basis of chenrical.propcrties.it might bc expcctcd thar lithium *.ould loliorrthe other alkali elements in magmatic crys-tallization. I{owever, ionic size, not chem-ical properties, is decisive in crlstallization, and the lithium ion'Ju".y much sn.rallerthan anv of the other arkari ioni (Li+0.14 A, Na- l .02 A, x. i .isAl Hence rithiurnfollows magnesium, since the ionic sizes are nearly identical; because the iithiuni ionhas a lower charge than the magnesium ion it should be admitteJ into magnesiumminerals, and this is found to be true. The Li:Mg ratio rto*, u-Ludy increase inlater-formed rocks and minerars. Strock, who mide careful *.urur.*"nts of thisratio for different igneous rocks, suggested that it could b" ;;;; an index ro thestage of differentiation reached by a given rock. Lithium is found in the pyroxenes,a.mphiboles, and particularry the micai. However, a considerabre amount remains inthe liquid unrit a verv rate stage or ditrerentiatio;,:ri;;;";it", ort"n show aparticular ioncentrar.ion of lithium, rvhich in ,h" ;;;;i;i;" of magnesiurnforms indivitiual minerars, such as repidorite, spodumene, amblygonite, and petalite.

Vanadium

vanadium is probabry present in magmas as the vi+ ion. It is rargery removed inmagnetite, in which it proxies forFe3n; its ionic radius is g."u,* ,i,"i rJ.rjffi;;;its electronegativity is much less and its crystal field siabirization energy higher.These later two factors.evidently_being responsible for the enrichment of vanadiumin early-formed magnetite. vanadium ilro o""u., in pyroxenes, u*phibol"r, and bio_

i::.'::"f;,been 
noted in marked concenrration in aegirine, o ,rir..ut with a high

Chromium

chromium is also present in magmas as the Crr' ion. The radius of lhis ion is vcr1.close to that of Fer+, but chromium shows a high degree ofpreferentiar concentrationrelative to ferric iron, being largely removed'from- u *uj.,u ro it 
" "a.ty 

stage ofcrysta[lization as chromite. This can be ascribed to the irong 
".r,rl, field stabili_zation energy of crr+ rerative to that of Fer+. chromium is airo 
"n.i"r,ed 

in pyrox-,enes, especially those from ultrabasic rocks.

Titanium

In igneous rocks titanium 
.is 

present mainry as irmenite. It can reprace Al in six-coordination and appears therefore in pyroiene, hornbrende, and biitite; it is prob_ably captured by such minerals on account oiits higher charge (Tia+-41:+y. Tita-



134 PRINCIPLES OF GEOCHEMISTRY

nium docs not appear in muscovite, probabll, because in highiy siliceous magmas it
is renrcved as titanite.

Gallium

Gallium, *,ith the same ionic charge and radius close to that ol aluminurn, is cam-

ouflaged in alurninum-bearing minerals. The someivhat Iarger size of the gallium ion

(Ga3* 0.62 A, Al,* 0.51 A) suggests that gallium would tend to be more abundant

in later-formed aluminum minerals. Measurements ol the Ga:Al ratio in igneous

rocks and their minerals shorv that this ratio is nearly constant, indicating effective

camouflage bl gallium in aluminum minerals. There is a tendency for the Ga:Al
ratio to increase in the later differentiates, and Ga is enriched in pegmatite feldspars

and micas.

Germanium

The germanium ion has the same charge and a somervhat higher radius than silicon

(Gea* 0.53 A, Sio* 0.42 A). Germanium replaces silicon, and measurements of the

Ge:Si ratio in silicates generally show little variation, indicating that it is effectively

camouflaged in such minerals; there is, however. evidence ol some degree of concen-

tration of germanium in late differentiaies.

The remaining lithophile elements are those that do not substitute the major ele-

ments because ol a great difference in ionic radius and ionic charge. On account of
lou, concentration in the original magma they remain in solution and are enriched in

the residual liquid of magmatic crystallization. These elements are 83+ (0.12 A),

Be,n (0.27 A;,-y7u* (0.60 A), Nb5* (0.64 A;, Ta',* (0.64 A), Sno* (0.69 A), T!'*
(1.04 A), U4+ (1.00 41, and Cs+ (1.70 A) and also the rare earths (0.85- 1.06 A),

Li* (0.74 A), and Rb+ (1.49 A). ttrey are concentrated in pegmatites, the only

economic source of many of them.
During the final crystallization ol the residual liquid these elements may enter the

structure ol a common mineral (Rb in microcline) or a rarer mineral (Mn in apatite);

they may enter or be trapped by a much less appropriate mineral structure (Sn in

muscovite), followed in Some instahces by transfer to an exsolved mineral; th'ey may

concontrate.in ths residual fluid till a specific mineral is formed (Cs in pollucite, Be

in beryl); or they qay be bound to the surlace of some mineral or minerals by adsorp-

tion. This last process evidbntly is effective in the crystallization of granitic rocks and

results in the attachment ol the ions o[ minor and trace elements to the crystal sur-

faces ol common silicate minerals. The binding by adsorption is relatively weak, as

demonstrated. by experimenis in which considerable arirounts of minor and trace ele-

ments have been removed from granites by leaching with dilute acids.

It might be expected that the chalcophile elements in a magma would associate

with sulfur and lesser amounts ol arsenic, antimony, bismuth, selenium, and tellu-

rium to form sulfides and related compounds. However, the only sulfides commonly

. present in normal igneous rocks are pyrite and pyrrhotite. The sulfur content of mag-
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Table 5.5

13s

The content or Minor Elements in Difrerentiates oF the Skaergaard Intrusi.nCompared to That in the Initial N{agmx* 
t

Initial
Magma

Gabbro
Picrite

and
Eucrite

(earl iest)

Olivine-
Olivine Free
Cabbro . Gabbro Ferrrrga bbros

I{eden-
bergite Grano
Granop 

. ph;,re
n) rc 

1 late;t)

40
300

Rb
tsa

Sr
La
Y
Zr
Sc
Cu
Co
Ni
Li

Cr
Ga

40
l5

130
50

200
3

r50
300
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35
20
80
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t75
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J
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700
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4
5
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3

30
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Flom \\'ager, Observator1,67. ltJ, lg4j
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mas is relativery low, and nearry ail combines with the abundant iron, Many of thechalcophile elements become predominantly incorporat"a ln ,lti"ut., rather than insulfides. This can be oartry accounted ro.-iy tt," iow thermal *uifi,y of most sur_fides' so thar surfides, f1""pt for pyrite una py.rtotite, cha.acieririi""uv segregate ata late stage and are ultimately depositea iriieins formed at comparatively lorv tem_peratures. The relative concentration of sulfur and charcophile'erements probablyincreases in the late liquid fraction oi u 
".yr,aflizing magma as a resurt of theremoval of-the lithophile elements in the silicate minerars.The work of wager and Mitchelrtrssil on rhe Skae.gaa.d intrusion has given auseful account of the distribution oi -ino. *r"ments in different rocks which areclearly related on the basis both 

"f A;i;-";
sequence or differentia,i", ; ;ffi ; *","J::'"::hH ;:JH ffffll:r;rii:minor elements in various rocks of th]s ,"qu"*" are given in Table 5.5. The amountsassigned to the initial magma are based on the analysis of material from the chilledmargin olthe intrusion. The correration;;;"", the resurts presented in Tabre 5.5and predicti<rns on rhe basis of cotosct miatlJ *,:: is striking and provides indepen-dent support for the belief that ttr" ,ocrc-J Ih" sku".guurd intrusion are the resultof differentiation by fractional c.yrtuttization.^'



136

FRACTIONAL CRYSTALLIZATION AND MELTING

PRINCIPLES OF GEOCHEMISTRY

Experintental and theoretical consid".otions ol the behavior o[ trace elements in

lractional crystallization and partial melting add valuable information on the origin

and chemical-evolution ol magmas. Models of trace element behavior are based on

the selection oi solidJiquid partition coeflrcients. r(, ol trace elements. When a mass

dnr of a liquid magmairystallizes. a poriion dx o[ the trace eletnent enters into the

solid. Under equilibrium conditions

dx
dnr

where x is the amount of trace element remaining in the magn-ra of mass nt- Inte-

gration -vields an expression lor the concentration of the trace element C- in the

magma

C- : Co Fr.-t

where Co is the trace element concentration in the original magma and F is the

lraction ol the magma not yet crystallized. The concentration ol the element in the

crystallizing solid is

C, : K Ciq.iaF(-'

For a homogeneous solid in which the most recently crystallized fraction is distrib-

uted thrrtughout earlier formed crystalline material or a bulk solid is taken for chem-

ical anetlysis, a mean value ol C, can be obtained from

e : Criquio

Under conditions of constant K curves of the concentration oi an element in the solid

phase may be determincd as shorvn in Figure 5.17. Note that with high values oi K

o t.u." element will be rapidly depleted in the magma while for low valucs ol K a

trace element will be'greatly enriched in the residual liquid phase' In real systems

such consideration are complicated by the fact that K may change rvith temperature

and compositions ol the soiid and magma and the successive crystallization ol new

phases *iU requi.e simultaneous coirsideration of two or mord partiiion systems. If
partial remelting cjl a solid phase takes place in the evolution of rock-magma system'

additional -variables must be considered.

Ol equai. interest to the crystallization of mbgmas,is the formation. of magmas by

the pariial melting of rocks. The first liquid formed has a concentration of a trace

element given by

Cr :ICo.,,o(l - Pltrlr-t)

where K is again the solidJiquid partition coeftjcient. K is usually .eplucJd by a bulk

distribution coefficient D6 for the melting of a polyphase aggregate in which two or

more phases melt simultaneously. Il different phases melt in differing proportlons

then the relationship becomes
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whereP - P" + Pu -Ktt" yr/a yola | ...

where .F and rr are the relative proportions of a and p in the liquid fractio,

and .D^ - x"
" r,," Kt/" K"tp , . . .

where x and'x are the mass fractions or phases a, p. These equations assume that
each increment of liquid is removed contrn,iorrty from preceding liquids. The aggre-gate liquid composition is given by

e, =*lt-(,-g)''"1I L \ Do,/ 
_l

and if the liquid remains at all times in equilibrium the cornposition c, is given by

C,: Co, 
Do + f.(l _ P)

Real problems are complicated by the fact that K and Do may not be constant andthat incongruent melting may take ptace. a discussion of such complications is given
by Hertogen and Gijbels (1976). Equations of this type have been used to consider

\
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the problem of whether various basalt types can be formed by the partial melting ol
hor:lcgs;iecus mantle material. It is again important to recall that qsst melting pro'

ceeds at eutectoids and hencelimultaneous equaiions must be used. Even ilone solid

is not contributing the trace element itself, fusion is providing material to the total

liquid. lf only a srnall portion ol the source rock is melted to produce magntas then
thc sl,stem is siniplifred and in some cases the fraction melted may be estimated.

RESIDUAL SOLUTIONS AND PEGMATITES

The data in the preceding sections indicate that the residual melt from fractional
crystallization ol a magma rvill in general be a siliceous liquid rich in the alkalies

and alumina, containing water and other volatiles, and with a concentration of those

r:!r-ror elements that are not incorporate$ in the lattices of the common minerals of
igneous rocks. Such a residual liquid will probably be unusually fluid for a silicate

melt on account of the concentration of volatiles. The pressure of volatiles will also

provide the driving force to inject it along surfaces of weakness in the surrounding

rocks, which may be the already solid part of the same igneous intrusion or the coun-

try rock. In this way pegmatites and some hydrothermal veins may be formed. The

literature on pegmatites is very extensive and has been critically summarized by

Jahns (l 956).
Pegmatites are commonly found in association with granites, as is to be expected

if granites are the end product o[ fractional crystallization of a magma. Granite peg-

matites consist essentially of quartz and alkali feldspar, generally with muscovite and

biotite also, and are thus similar in composition to granite; the essential difference is

in teSture, the minerals oi pegmatites being of exceedingly variable grain size. Peg-

matites are typicalty coarse-grained, and some of the largest crystals known have

been found in them. This is eyi-deSrtfy_$ue to low viscosity and concentration of vol-

atiles, rvhich allow the folniation of large crystals. Low-viscosity, volatile-rich solu-

tions permit the rapid diffusion of elements and complexes necessary for large crystal

growth. Jahns and Burnham (1969) have proposed that pegmatitic textures form
when volatile-rich magmas undergo "qecond boiling".below the critical point for the

iooling solution. Two fluid phases lorm with the more tenuous one providing space

for the growth of crystals from the more viscous one. They pfopose that if the sp-lqtion

does not pass'beloiv the critical point, Iine-grained aflite dikcs rather than pegmatites

may form.
Nlost pegmatites are chemically and mineralogically simple, consisting only ol

quartz and feldspar, but the complex ones are spectacular in their content o.f rare

elements and unusual minerals; hence they'have been intensively studied, Complex'
pegmatites are economically important and have been worked for lithium, beryllium,
scandium, rubidium, yttrium, zirconium, molybdenum, tin, cesiilm, the rare earths,

niobium, tantalum, tungsten, thorium,.uranium, and industrial minerals, such as

feldspar, muscovite, phlogopite, tourmaline, and quartz. Thcy are olten internally
zoned, and a specific rare mineral may be confined to a particular zone; zoned peg-

matites commonly have a core that consists almost entirely of massive quartz. The

geochernistry ol pegmatites is a fascinating subject. The major factors influencing

the concentration of certain elements in them have already been outlined. Many
interesting features, however, such as the localization o[one or a few minor elements



MAGMATISM AND IGNEOUS ROCKS 139

in a particular pcgmetitc or group ol'rclltcd pcgrrrrtitcs, arc as yct Iilrlc underslood.Thus the granite pegmatites in southern Nor*,a1, are noted lor their content of rareearths, and tin, lithium, and the rare alkaries are absenr. In trre pegmatites of thcBlack Hills (South Dakota) lithiunr is particurarly abundant, tin is comrnon. and therare earths are absent' Those of central Texas contain rare-earth minerals but carryno or'her unusual erements. The pegmatites on the island or Honshu in Japan arecharacterized by the presence of the rare earths and tre.yttiun.,. ihese rcgional dif-lerences nay, or course, reflect the original co,,position or the n,ragmas from u,hichthey *'ere derived, but the ..rroni for such compositionar difi-erences areunexplained.
Many pegmatites, especia,y those presg-nt in strongry metamorp'osed terrains,may have been rorn.red by rhe differeniial rusion tunu"i,.l or f.""*irting rocks. Ifpegmatites are the last rractio-n or a magma to crystailize, then it is reasonabre toexpect that the first fraction of rock to riquefy (provided suitable voratiles are pres-ent) will also have pegmatitic cornposition. The temperature of formation of peg-matites (probabry 500-700"c) has certainly been reached, in-.nury areas, duringregional metamorphism. In part the formation or p"g.uit;;, ;;; be due to srruc_tural control' Rock environments that do not retain reiidual solutions under pressuremay allow such sorutions to be disseminated throughout tne country rock causinggeneral alteration or greisen_type rocks.

Pegmatites may contain minor amounts or sulfides and arsenides. Gord has beenrecorded from some. They show-many of the crraracteristics of rrvar"ii"r^"r"r]ijj,
1nd glalngles of pegmatites passing into sulfide-bearing qrurr, veins have beendescribed. More frequentll,, horvever,-hydrothermar veins are younger than cogeneticpegmatites. The rerationship of hydrothermal sorutions to tn" nnot'rtage in the crys_tallization ol a magma is a subject of much difference or opinion.-some gcorogistsbelieve that hydrothermal sorutions are lormed u, u ,"pr."l"-;;;r" later than rhepegmatite stage, and laboratory experiments have been cited as indicating that ar-".'idyll magma of granitic composition wourd separu," on 

"ooiing'into 
two immis_cible liquids, one of rvhich. may be a hydrothermaL type solution. O-n the other hand,it has been found that during irystallization in systems containing an excess of alkaliover that required to combine with aruminu und rili"o a giu"?"iorpar, the liquidphase varies continuousry in composition from a silicate .n"tt 

"oriuini;; 
; ;;;;amount of water to.a liquid.consiiting laigely of water (i.e., there is a continuouspassage from magmatic melt'to hydiotheimal solutionl. u"*""*, as verhoogen(1949) stated in a discussion of the thermodynamics of a magmatic gas phase, ..

' ' ' the number of factors which are relevant in_ any magmatic process is much rargerthan is'usually recognized, and there u.r no-r;-it".niun, of'deciding in a generalway what a magma wourd do under the most generar circumstances. Each case mustbe examined separately and the idea must constantiy be kept in mind that what istrue. for one magma under certain circumstances is not na""rrurity i.ue for anothermagma under the same circumstanccs, or for the same magma uider different cir_cumstances." Hydrothermal activity is most certainry relatld ," *"L;,i.^;;ffi,but it is possible that the main coniribution of the cooling magma may be the heatenergy to drive the hydrothermal sorutions and the water and iir*i*o componentsmay be derived in large part from surrounding rocks.
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THE VOLATILE COMPONENTS OF A MAGMA

PRINCIPLES OF GEOCHEMISTRY

Ali magmas contain volatiie material in an amount and composilrdn not well kno*'n,
since no mcans of dircctll, sampling it have yet been devised. From thermodynarnic
data Krauskopf (1959) has calculated the compositions.of possible magn'ratic gas

systems and shorvs that observed volcanic gas compositions are explicable on the

basis ola primary magma containing HrO, COr, HrS, and minor amounts oi I-1C1,

Nr, and HF. His estimate for the average con.rposiiion ol magmatic gas (in aim) is:

HrO, 1000; COr, 50; HrS, 30; HCl, 10; Nr, 10; HF, 0.1. Major variations in the

nature ol the sulfur species may take place as the oxygen lugacity is changed; HrS
is the prcdominant sulfur species in reducing rnagmas, but SO, is more important
under oxidizing conditions.

The amount of volatile matter in magmas is also subject to considerable differ-
ences ol opinion. Here we are once more dependent on indirect evidence, such as

observations on volcanoes, petrographic examination and chemical analyses of
igneous rocks, and experimental determination of the solubility ol water and other
voiatiles in silicate melts. This evidence is in part contradictory. Some volcanologists

have stated that in certain eruptions, such as that ol Vesuvius in 1906, the mass ol
gas evolved out@ighed the solid matter ejected; in other eruptions the proportion of
gas in the mate'rial ejected has been estimated as low as 0.37o. Different volcanoes,

and the same volcano at different times, evidently present very dissimilar appear-

ances. The data on the solubility of water in artificial silicate melts have indicated
that the limiting solubility of water in a granitic melt is about 15% at normal pres-

sures for granite formation, rvhich indicates that magmas probably contain less than
this amount. All igneous rocks contain some volatile matter, mostly water, rvhich can

be'extracted by heating in vacuo, and Clarke's average of the analyses ol fresh

igneogs rocks shows l.lSVoH2O; this figure may perhaps be taken as a iower limit
lor the average water content of a magma. Current estimates run from about 0.5 to
87o of rvater in magmas.

As mentioned above, the composition of the volatile components cannot be directly
determincd. Once again we have to fall back on analyses of the gases evolved on

heating igneous rocks, on observations of materials deposited in fumaroles, and on

analyses of gases collected around volcanoes. The last procedure, although most

direct, is technically difficult and personally uncomfortable or dangerous. Among thg

n-rost satislactory collections yet made are those ol the gases'evolved lrom thc

Kilauea volcano (Table 5.6). They are similar in nature to those from seiveral basaltic
sources summarized by White and Waring (1963). Averages of such variable figures

cannot have more than qualitative significance; they show that the major cori'stituents

ol the volatile matter at this place are H2O, CO2,. and sulfur compounds and that

,, HrO is dominant. Water is usually the major constituent, generally making up over

80Vo ol the whole by volume; CO2, H2S, S, SOz, HCl, and NH4CI are often abun-
dant; and HF, N2, H2, CH4, H3BO,, and CO have been recorded.in lesser amounts.

An indication of the change iri equilibrium composition of the molecular species in

volcanic gas with temperature is shown in Figure 5.18. In addition, gaseous emana-

tions from magmas collect, transport, and deposit many other elements, Such min-
' erals as magnetite, hematite, molybdenite, pyrite, realgar, galena, sphalerite, covel-
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Table 5.6 Analytical Data on Kilauea Gases

Nfinirrum and Nfaximum lv{ole
Percentages as Collected

141

N'lininrum and l\{aximum N{ole
Percentages, Recalculated to

Exclude O,, N,, and Ar
t{ro
H2

CO,
CO
CH,
I{rS
SO,
CS,
o2
N2
Ar

1.7 _99.8
0.0 * 0..13
0.00023- 3 8
0.0 - 0 086
0.0 - 0.047
0.0 - 0. 12
0.0 - 0.16
0.0 - 0.026
0.0 

-210.0 -780.0 - 0.064

97) 
-oor0,00001- 0 43

0.80 - 2._10

0.0 - 0 0s7
0.0 - 0.023
0.000.1 - 0 67
0.001 - 0.43
0.0 - 0.026

Heald, Naughton, and Barnes, J. Geophys. Res. 6g, 546, I963
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lite, sal ammoniac and ferric chloride have been found in the throats of furnaroles

. rvhsrc_thc1'hare been depgsited direcrll'lrom gases. The Valle'''ol Ten Thousand

Smokes, Ataska provides us with one oi the best-documented exan.rples oi thc rolc oi
volcanic emanations. The rvork ol Allen and Zies shorved that the principal gas in

all the lumaroles was water-vapor. the percentage by volume ranging lrom 98.8 to

99.99. Other gases recognized u'ere COr, Or, CO' CH., [lrS, H2, Nr, ]lCl, and HF'

Although these were present in very small percentages. the total amount evolved rvas

enornlous. Thus the av€rage concentration ol HCt *'as 0.1 llTo and of HF, 0.012%,

but the total quantity oi HCI evolved in 1919 was estimated as 1,250,000 tons and

ol HF, 200,000 tons. One difficulty in discussing the geochemical significance of

these figures is that of determining horv much of the emanations is primary, that is,

rvas contained in the original magma, and horv much secondary, that is, assimilated

by the magma from surrounding rocks during its rise to the surface. A]len and Zies

believe that much of the water-vapor given off at the Valley of Ten Thousand

Smokes tvas ground water heated by the igneous material. The same difficulty arises

in assessing the amount of material in mineral springs that is magmatic in origin.

Day and Allen suggest that perhaps 90Vo of the water in the Yellowstone geysers and

hot springs is activated ground water. Precise information on these points rvould

greatly advance.our knowledge of the geocherhical significance of magmatic ema-

nations, but it is 6vident that igneous activity duting geological time has brought vast

amounts of water and other volatile matter to the earth's surface.

MAGMATISM AND ORE DEPOSITION

N{uch evidence exists for the belief rhat many ore deposits are genetically related to

magmas. Some of this evidence lies in the geological association ol ore bodies with
igneous rocks, and often with particu[s1 types ol igneous rocks, for example, tin
deposits rvith granites; sometimes gradations can be traced from pegmatites to ore-

bearing veins to barren quartz veins, and examples ol direct segregation ol ore min-

erals from magmas are well known. Nevertheless, a significant difference ol opinion

exists as to the processes whereby ore materials are extracted from their original

source, transported, and depositcd. Did all or some of the ore-forming material leave

a magma as a gas phase or a liquid phase? Was ore the magma's prime contribution

or was it heat to mobitize waters from surrounding rocks or to cycle meteoric watei?

Was the initial ore-forming fiuid acid or alkaline? What rvere the conditions of tem-

perature and pressure? Ali thesc questions and nlanl'others remain to be answered.

The large majority of mineral deposits appear to have been formed from hydro-

thermal or hot water solutions, but this does not eliminate the possibility that some

deposits, especially those closely connected to magmatic activity, may also have had

a gas phase transfer of materials in their genesis. Hydrothermal solutions may be

derived in a variety of ways, and it is reasonable to infer that a given solution may

have had contributions from magmatic waters, metamorphic waters, connate waters'

and ground waters. Oxygen and hydrogen isotope studies shows that ground waters

of meteoric origin make a major contribution to most hydrothermal ore deposit sys-

tems and that such waters equilibrate rapidly with surrounding rocks. Such water
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Table 5.7 Chemical Analysis (in parrs pcr
miltion) of Brine from the
Selton Sea Geothcrmal Field-'
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I

ph (2s"C)
sio,
AI
Fe
Mn
Ca
Mg
Sr
Ba
Na
K
Li
Rb
Cs
NHo
B
HCOr
So.
CI
F
Br
I
NO,
As
Cu
Zn
Pb
Ag
Total sulfide as H2S

5.2
400

+-i
2290
I 400

28,000
51

400
235

50,400
17,500

215
r35
t4

409
390

> 150
5

i 55,000
15

r20

I
12

8

540
102

I

t6

From Muffier and White (1969) Geot. Soc. Am.
BullerinB0, l6l.

can carry dolvn surface-dissolved material and rlmove soluble materials from sedi-
ments and volcanic rocks they pass through. Heat-mobilized connate waters are
related except that thel' have been in contabr with sedinrents for longer periods oi
time, may be ol marine origin. and have undergone earlier heating cvcles. Mcra-
morphic waters may bc gencrated in the conversion of water-rich *ii,n.r,rri .r.t.
to their metamorphic equivalents. Such waters will dissolve those elements not read-
ily incorporated into the cominon silicatehnd oxide rock-forming minerarr. n*ilr^r
water-rich fluids from magmatic differentiation ryuy form.ore leposits close to the
magma intbrface or mix with hydrothermal waters from cithe^orr."r.

Irrespecl.ive ol their source, hydrothermal solutions appear to be concentrated
solutions or brines containing up to 50 wr. vo of dissolved rotior. Euia.n.. trorn g.o-
thermal brines and fluid inclusions in minerals from ore deposits indicate that"ihe
solutions are chlorides of Na, ca, and K. The composition of the Salton Sea geo-
thermal brine given in Table 5.7 is seleited as a typical model.
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Other brines and fluid inclusions.shorv local variat.ions in the scarce metals but in
general they are found in the rangc of I to 100 ppm. The.pH of thesolutions ma\
be acid or alkaline but they; a.e generally near to neutral rvater. From the study ol
natural solutions and experirnental considerations it is estimated that most hydro
thermal solutions range lrom 50 to 550"C, have maximum pressures of 2000 atm,
and are high in chloride ion.

High chloride conccntration appears to provide rhe mechanism for the solulion
and transport of the metals in hydrothermal solutions. Sulfide ion does not appear to
be in high enough concentration to complex the metals even though they are most
olten eventually precipitated as sulfides and hot high-chloride brines will dissolve

l"'fi 

"T#[T,";]8,-ill;:ilf 

,:J.1;":::T;lT;::K]',,1i/i?;*Lfl ['"i
over 800 ppm in a 2M KCI solution.

The important problem remaining is how the complexed metals are precipitated
as sulfides or other compounds. Proposed mechanisms include temperature and pres-
sure changes that could affect the complex equilibrium and reduce the solubility.
Chemical reactions of the hydrothermal solutions with wallrocks appear to be a

major process in some ore deposits. This is especially evident when wallrocks'can
provide sulfide ions, or dissolving carbonates produce changes in the hydroth;ifoal

iljiillT;"31i::t":ffi::'JJ:ffi ,",1,?1,Iil:T:;fi [:lj:"$i#:"fi ,il'jl"o"o
We are once again faced with the crux ol so many geological problems; in general

we can observe only the final product and not the steps by which it was formed. No
certain criteria have yet been found to provide an unequivocal answer to the ques-
tions posed at the beginning of this discussion. The answers undoubtedly vary from
one ore body to another and probably from place to place within the same ore body.
Seldom can any one of the numerous determining factors be singled out as of unique
importance; the question is generally to rvhat degree each has been significant-
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SEDIMENTATION AND
SEDIMENTARY ROCKS

SEDIMENTATION AS A GEOCHEMTCAL PROCESS

Sedimentation is in effect the interaction of the atmosphere and hydrosphere on thecrust of the earth. Various aspects of sedimentation are described in t*.*, ol- rveath-ering, erosion, deposition, and.diagenesis, but no one of these frocesses works in iso-lation. The original constituents of the crust, the minerals of igneous rocks, are to alarge extent unstable with respect to the atmosphere and hyirosphere. They havebeen formed at high temperatures, and sometimes at high p."rru.", also, and cannot
be expected to remain stable under the very different conditions ai the earth,s sur-face- of the common minerars of igneous rocks, only quartz is tigtrry resistant toweathering processes. Ail the other minerals tend to att"r; uy tt e a".iion or oxygen,carbonic acid, and rvater, they are more or less attacked, and ne* minerars areformed which are more stable under the new conditions. The altered rock. rapidry
crumbles under the mechanical effects of erosion, and its constituents are transported
by u'ind, water, or ice and redeposited as sedimcnts o,,"*uinln ,oi*ion.

The key reactions in the geochemistry of sedimentation are the chemical break-
down of some minerars and the formation of others. of these, silicates ur" tt.- ,nortimportant, since they constitute more than 90vo of the earth,s crust (including quartz
as a silicate). The processes by which silicate minerals are broken down chemically
d.uring weathering have long been a subject of speculation. It was early found that
the univalent and bivalent cations readily go into solution, but the fate of aluminum
and silicon has been ress well understood. Some hypotheses assumed d;;;;;;i;;;
of aluminosilicates with the formation of colloidal iiiicic acio and aluminum hydrox-
ide, which later reacted to give ctay minerars. other investigations have shown, how-
ever, that during the initial attack some silicate minerals go into ionic solution, and

1t
t

I

i
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even the silica and the alumina are at least for a short time in true solution. At the

-surface ol a crystal unsatisfied valencies exist that are the loci of reaction rvith tvater
molecules. l{l,dration and hydrolysis folloiv, whereby' strong bases, such as potas-

siun.r, calciurn, and magnesium, are removed and oxygen anions in the crystal lattice
may be partll' replaced by hydroxyl ions, Aluminum and silicon attract OI-l ions

strongly; aluminunr probably groups six OH around it to assume its preferred sixlold
coordination, rvhereas'silicon remains four-coordinated. When first set lree these ele-

ments are in ionic solution, but the ions tend to aggregate and to form ciusters ol
collodial size. When first formed these colloidal aggregates are probably amorphous,
but, on ageing, orientation into definite crl,stal lattices, such as those of the clai'
minerals, takes place. Some silicate minerals may not undergo complete breakdorvn
of the lattice during weathering; for example, biotite and muscovite may perhaps

pass directly into clay minerals by ionic substitution, whereby fragments ol the sheet
structures may be directly incorporated in the new minerals. Likewise, the persis-

tence ol aluminum in tetrahedral coordination, together rvith the retention of mobile
cations in lome clay minerals, is olten interpreted as evidence that part of parent
leldspar structure is sometimes retained by rveathering products. The ultimate late
ol different elements thus depends largely on the relative stability of their ions in
rvater. The most stable are the alkali metal ions. followed by those of the alkaline
earths, and they are lor the most part carried arvaf in solution. Silicon, aluminum,
and iron, on the other hand, are generally: soon redeposited as insoluble compounds;
nerv minerals are formed from them at an early stage of weathering. The specific
rveathering reactions may thus be characterized as either congruent, in which the
rveathered material is removed, or incongruent, in u'hich it is in part converted to
other relatively immobiie minerdl species. Included in the congruent type reactions
are simple solution by water, water acidified by carbon dioxide, or by chelation by
organic molecules in solution. Water in contact u'ith the atmosphere contains l0-5M
H2CO,, but carbonic acid is often greatly concentrated in soil waters by the decay

and oxidation ol organic material. Incongruent reactions include hydration and car-
bonation to form insoluble hydroxides and carbonates, oxidation, most notably of

Table 6.1 Chemical Data for the Weathered Sequence Dcvcloped on Basalt at Bathurst,
New South \[/ales'

Analysis (7o)

No, Deirih SiO, AI2Or FerO3 CaO N{gO NarO KrO TiO2 HrO Total

15 cm 39.3 20.3
46 cm 36.1 . 20.6
76 cm 27 .8 18.5

107 cin 28.9 19.4
137 cm 33.4 2\.4
168 cm 37 .l 23.2
198 cm 42.2 15.2
213 cm 45.0 14.6

BI
B2
B3
B4
B5
B6
B7
B8

16.4 t.'t 0.5
21.8 0.5 0.3
33.2 0.5 0.2' 30.5 0.5 0.2
24.3 0.5 0.3
18.1 0.6 0.3
r 4.0 9.0 8.7
r 3.3 9.8 10.1

0.3 0.6
0.2, 0.2
0.2 0.1
0.2 0.1
0.2 0.1
0.2 0.1
1. r 0.9
2.4 1.5

2.4 18.6 i00.1
4.1 I 6.3 100. 1

5.2 14.3 100.0
4.8 15.8 100.4
4.1 l5_8 100.1
3.8 16.8 100.2
2.0 7.2 100.3
1 .9 1 .6 100.2

"After Loughnan (1969).
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ferrous iron conlpourlds to lorm.insoluble lerric iron oricies or hldroxides, and theu.eathering ol silicates discussed abor.e.
Irrespecti'e of the specitic rvearhering mechanisrns, tie chen.,ica] changes due torveathering are directly evident il chemical analyses u.. ,rrua. in.Jrjh a rveatheredsequence ol rock nlaterial' Such analyses have been madc on aiir"rJnt parcnt rocktypes in different clinlates. Typical data are show'n in Table 6.1. The rapid loss of

tiif q:' :::'1,.ff :: i",. lt: i:"1 :J : i l :'1,." * l * r: :, lI :j: *,:ihjl rcheniical rvearhering. The sequence illustrateJ is n,pical "fi";;r"," climares.weathering profiles in tropicai region, upp*".h alumina and at tirnes titania-richresidues due to the leaching oisio, aidedby the high concentration oiorgun;" n.id,in soil waters' some residues show increas", in purti.ular elements due to accumu-Iation ol particularly resistant minerals ,u.t 
'r, 

ilmenite, rutite, zircon, quartz, oreven gold and platinum -----, .u!rrv, -rrru

SOIL GEOCHEMISTRY 
i

weathering and sedimentation are the geochemical processes of greatest impoitanceto Iumans,-since they provide us with o-ur basic economic resource, ,h" ;;;l."Ili*;;culture and civilization can be closely corrctated with the pattern oi roit feitility.This can be directlv traced-back to ttre geoctre,ni"ul pro""rres that have been respon-sibre ror thc formation of the soit t.omih. ;;;;;, rock materiars.
The unique characteristic of soil is the organization of its constituents and prop_erties into layers that aie.related to tte preient-day surface and change verticallywith depth' The individual layers 

^r" 
,"r".."J to as soil horizons and may range inthickness from a lew inches to several feet; collectiuely, they arb known as the soilprofile' Most soil profiles comprise three principal horizons, identified from the sur-face downward as A, B, and c. The A horizin deuelops primarily as a result ofpartial loss of original material by leaching and mechani""r ."."i,"ijeluviation),resulting from the downward peicolation 

'of 
.ain rvater. This eluviated materialaccumulates in the B horizon, u'hich is thus a zone of accumulation. The B horizonis characteristicallv enriched in ctay and often rr* 

" 
*a-i."*;;;';;i";-;rown cotorfrom an accumulation of iron o^id"r. rrtino. lno trace elements are frequentlyenriched in the B horizon. The.C. horizon i, th";;;";;;,;;;;;;:ti""or".rying aand B horizons; it may be rock in situ, t.anspoited altuvial or glacial material, oreven the soil of a preceding cycle.

Because soil results from 
-the 

weathering of rocks, its composition must depend onthe composition of the rock from which it I*". ro.*"a. This statemeni iJ ouuiour, butit may be misleading' Although soils do differ in composition, they are on the whole' rather uniform in a 'given area, and the differences are primarily the result of envi-ronmental factors' The same.parent rock may. give rise to very different soils underdifferent conditions' The environmental factois include climate, biological activity,topofraphy, and time, and the most importanioitt"r. is climate. This can beseenby comparing the productivity of soils formed from the same rock type in the normaltemperate zone and in the humid tropics. In general, the soil in the humid tropicswill be much less fertile, as a result or th" irf,nse reaching brought about by high
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Range of the con'tent ol some minor elements in normal soils.

I5 ,::: ,1!_icate.more uru,suat values. (From'Mitchell, inBear, Chemistry of the soil. Courtesy 
"i n.i"i"lj publishing

Corp.)
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f,':fii-||,i[te.mperaturc' 
and the alrnost complete renovar or organic n.ratrer by

The components of a soir include not onr), rhe minerars present, bul also organicmatter, water, and air. These components are generalry not in equiribrium *,ith theenvironmental conditions, and are hence in a continual state of.hung.. The trans_formation frorn parent rock to .oil is gen"raily accompanied by a marked decreasein Ca' Mg, Na' and K, relativelysn.,ull-". rorr", of nt ana f", unainc."ase in Si. Themosr active parr of the soil is the colroidal rracrion, rvhich ;;;;, mostry or clayminerars, togerher wirh organic marrer. 1r4r";-;;;;;;";";';;;'l'r the i*po.tantagronomic characreristics or soils depend on the quanii,i 
"rotirl'"i colloids presenrand their state or aggregation- True soir 

"unno, 
be forrned ,rirrrou, the presenco ofsome organic ma*er' yri::l:-r"ar and physical u,eathering of rocks does not nec-essarily result in soir formation, as is shown by the absence?i*"rrr'i, true deserts,either tropical or arctic._Most soir p.o."rr", are directry o. ino.."try biological innature. organisms are effective ug"rt, for extracting and dissorving many elements.Because of the enormous murtipriJation .ute of mic.Jo.ganis;;, .ilIJa"r effect can

l"j:J:l':;ibre 
and is probabrv 

'ignin"uni-in the migritio" 
"i';i;;. and trace ele-

The data on major and minor elements in the parent rock can be used as an indi_cation o[ the background composition of the soil. However, background compositionin soils is also subject to considerable variation accor_d.ing-to soil type and soil horizon,particularly in well-differcntiated'profiles cha.acte.ized by marked enrichment iniron oxides or organic matter. The range of ,ulr"s for some i,rira, aao trace elementsin normal soils is given in Figure 6.2.
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The importance of trace elements in the nutritionol plants, and through plants ol
enrn'iais. ha-s been increasing!-l- r.c-alized in reccnt years. Good crops and healthy

humirns and domestic animals are closel), connected with the presence in the stlii oi
a number of minor and trace elements. The productivity of many regions has bee!

greatly enhanced by the application of certain elements in minute amounts. This

subject is essentially part ol soil geochemistry, because plants derive these trace ele-

ments from the soil, not directly lrorn the rocks. It is interesting to note that sonle

trace elements essential for animal health seem not to be required by plants. Grass

grows on soil deficient in cobalt as well as on soil with a normal cobalt content, but

animals fed on such grass develop a deficiency disease that can be corrected by the

ieeding of trace amounts ol cobalt, either directly or through the addition of coba.lt-

containing fertilizers to the soil. The possible correlation of the geographical distri-

butionol disease and soil geochemistry.is a field o[ extreme significance that as yet

has been inadequately studied. In part this is because of the extreme complexity of
the problem and the difficulty of isolating the numerous factors involved.

THE CHEMICAL COMPOSITION OF SEDIMENTARY ROCKS

.'. The chemical composition of sedimentary rocks is exceedingly variable, more so than

that ol igneous rocks, since sedimentation generally leads to a further diversification.

Considering compositions in terms of oxides, rve find that SiO, may exceed 99Vo in

some sandstones; AlrO, may reach nearly 7\Vo in bauxite; FerO, up to15% in limon-
ite; FeO as high as 60Vo in siderite; MgO to 207o in dolomite; and CaO to 56Vo in

pure limestones. In view of such variations, the determination ol the average chem-

ical coniposition of sedimentary rocks is not simple. The method used by Clarke and

\\'ashington for igneous rocks is hardly applicable becau-se ol a lack ol analyses ol
sedimentary rocks and of inadequate sampling. There is little urge to analyze these

rocks unless they have economic significance, and then they are generally ol unusual

composition.
Clarke estimated the average composition of the common sedirnentary rocks-

shale, sandstone, and limestone-by analyzing mixtures of many individual samples

(Table 6.2). Then, by using an estimate for the relative amounts ol these common

sedimentary rocks, an average for sedimentary rocks as a whole can be calculated.

Such an average'is given in Tablc 6.2 using thc figurcs shalc 80%.'sandstone l57o'

and limestone 5Vr, given by Clarke. G4rrels and Mackenzie (1911) have made an

extensive analysis of this problem, using more recent data and basing their calcula-

tion on the geochemical balance involved in the conversion of the average ign'eous-

rock into the average sedimentary rock. They calculate the proportion ol
shale : sandstone : limestone to be 81 : I I : 8, and they atriVe at an average composition

for sedimentary rock not significantly different from that obtained by Clarke. How-

ever, there is some doubt as to the acceptability ol these figures, since thel' seem to

.understate the amount ol limestone. Ronov and Yaroshevsky (1969) calculated an

average composition of all sediments, based on what is known of their distribution,

mass, and individual compositions. When their figures are compared with the pre-

. ceding estimates (Table 6.2) the differences are clearly due largely to the greater
' amount of calcium carbon'ate allowed for'by Ronov and Yaroshevsky.
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aorrn_1.r_ rn..:r, ryrposition ol Scdirnenrary Rocks

_ Average
Igneous Average
Rock Shale
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Average
Sandstone

Average
Limestonc

Ai,erage Average
Sedimenr+ Srdinrenrf

Average
Sedinrent{

sio,
Tio,
Alror
Fe,O,
FeO
Meo
CaO
Naro
KrO
HrO
PrO,
CO,
SO,
BaO
C

59.1 4
r.05

15.14
3.08
3.80
3.49
5.08
3.84
3.13
1.15
0.30
0.10

0.06

99.s6

58.10
0.65

15.40
4.02
2.45
2.44
3.tI
1.30
3.24
5.00
0. l7
2.63
0.64' 0.05
0.80

/d.JJ
0.25
4.77
1.07
0.30
l.l6
5.50
0.45
t.3l
1.63
0.08
5.03
0.07
0.05

5.19
0.06
0.8 I

0. -54

7.89
42.57

0.05
0.33
0.1'/
0.04

4t.54

T'
99_84

58.49
0.56

I 3.08
J.+ I

2.01
2.51
5.45
1.11
2.81
4.28
0.l5
4.93
0.52
0.05
0.64

100.00

16 20
0.5 8

I 0.50-t 
1_r

1.9-5

2.87
14.00
t.t7
2.07
3.85
0.r3

12.10
0.50

0.49

100r13

59T

1.1 6

35
2.6
2.6
{.6
0.9
).1
3.4

4.'1

t00.00 r 00.00 100.0
+Shale 80, sandstone 15, limestone 5: after Clarke.
tCarrels and Mackenzie, I971.
f Ronov and Yaroshevsky, 1969; includes MnO 0.16. Cl O.24.

It has been considered that the average composition of sedimentary rocks shouldcorrespond lairly closely to that ol igneous rocks, since all sedimentary rocks haveultimately been derived rrom igneous rocks by processes or *"uirr..ing. The onlypermanent change should be the loss of those elements, p.inciputif sodium, that tendto accumulate in sorution in the ocean, and the aaaition oi 
"o*pon"nts 

rrom theatmosphere and hydrosphere, such as oxygen, carbon dioxide, and rvater. Howe'er,if the figures of Ronov and yaroshevsky aie reriable, tt" u"..ug",edin-rent does notcorrespond to the average igneous rock. This apparent discrepancy in the geochem_ical balance sheet,'especially for carcium, is a significant problem. It may be rerated,in part at least. to a marked increase of pelagic foraminilers ln i".ii".y and R.ecenttim.es, Ieading ro a grearer precipitalion oi 
-catcium 

.rru"".i. lr'rorng sedimcnrsand sedimentary rocks.
'' significant features of the.chcnrical composition of sedimentary rocks are the dom-inance-ol pota;sium over sodium, alumina in excess of the i:l mole ratio to alkariesand chlcium, high silica in sandy and eherty rocks, high lime and magnesia in thecarbonates, and the presence of iron mainly in the ferrii state. These are generaliza_

ti9ns, and many €xceptions may be found. The relationship between chemical com_position and rock type in the sediments can be 
"^p..rr"d in u gro* fashion by atriangular composition diagram in'which the apices are Sior, (Al, Fe)rorxHro, and(ca' Mg)co, (Figure 6.3). Such a'diagram neglecrs ttre at[aiies, ortttrr.y 

^."'g""-erally low except in some argillaceous rocks. it is oifficutt, ir roi i*forrible, to definesedimentary rock types from chemical analyses arone by any such ;;;"- as the normfor igneous rocks. The main groups ou".iup, as Figure 6.3 shows. some tentative
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Figure 6.3 The chemical composition of common sediments' Sediments

with compositions falling in the blank area ate rare or

nonexistent.

(AI,Fe)2O3'rH20

n]'f[n Sandstones and cherts

Nlrgillaceous rocks

Figure 6.4 Weathering of primary rock-forming
Swindale, New Zealand J. Sci.' Tech.

(Ca,Mg)COg
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minerals. (After Fieldes and
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Stability decreases Quartz
Muscovite
Potash feldspar
Biotite
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limits can be stated: argillaceous rocks q,ith more than 50% sio: generalll, containlree silica, rvhereas those with more than 40vo Al2Ojcontain free alumina. To calla rock a limestone or dolomit" strouta at least impl1, that carbonate is the dcminantcomponent, and similarly in sandstone or chert free silica should exceed any othercomponeftt' Imbrie and Poldervaart (1959) have developed a proc"Jur" ro. the cal-culation of mineralogical compositions lrom chemical analyses'of sedin.rentarv rocks.

THE MINERALOGICAL COMPOSITION OF SEDIMENTARY ROCKS
The mineralogy of sedimentary rocks is characterized by two distinct types of mate-rial: resistant minerals from the mechanical breakdorvn of th. pu."nt ,o.t s, una *in-erals newly formed from the products of chemical decomposition. The latter mineralsare generally hydrated compounds, as is to be expected in substances formed in awater-rich environment. Goldich (1938) poinred out that the order 

"a;;"bt,tr;';minerals ol igneous rocks- toward weathering is the reverse of their order in thereaction series of Bowen: thus

Alkalic plagioclase
Alkali-calcic plagioclase Hornblende
Calcic-alkalic plagioclase

Augite
Calcic plagioclase

Olivine

The arrangement does not of course imply a reverse reaction series; the minerals donot invert one into the other on weathering b_ut are decomposed into their compo_

lt-il.l:.Thit 
identity ol arrangement berween Bowen's reacti^on series and Goldich,sstaDlllty sertes tndicates that the last-formed minerals of igneous rocks are more sta-bleat ordinary temperatures than are the minerals formeJ at an early stage of crys-tallization' In'other words, the differential betrveen conditions at ii. ,in,. ol forma-tion and those exisring al the surface rcflccts rh" or;;r-;i;iriiriil.", rhe comrnonsilicates of igneous rocks.. Figure 6.4 presents a scheme that shows how primary min-erals change ro successive sccondary minbrars- through ;;;;;;; processes. Theprimaiy minerals are Iisted in order of increasing ,"riitun". to *"utr,'".ini,l"o iir.secondary minerals are arranged to indicate their relation to the minerals from whichthey originate.

The total number of minerals reiorded from sedimentary rocks. is very large,because almost any minerar of igneous or metamorphic origin ,nuf-truu" at least atransitory existence in a sediment. Nevertheless, the common and abundant mineralsof sedimentary rocks are few: quartz, feldspar, calcite, dolomite, and clay minerals.Some other minerals, such as glauconite, rimonite (goethite ahd tematite), bauxite
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(gibbsite and boehrnite), and collophane (sedimentary apatite), are abundant in sed-

iments of restricted extent. and amorphous collcidaI material. such as allophane, ma1.

bc present.

Quartz and the feldspars are the abundant detrital mine rals, that is, those set lree
by the mechanical breakdown ol preexisting rocks. Quartz is very resistant to chem-
ical attack under surlace conditions. The feldspars are less resistant,:for, although
thel' ma1' persist indefinitely in sedimentary rocks, they are chemically decomposed
by prolonged rveathering. On the other hand, the alkali feldspars may undoubtedly
be lormed in sediments under surlace br near-surface conditions, since authigenic
albite, orthoclase, and microcline have been recorded. This variability in behavior
presumably reflects the environment solution probably takes place in acid environ-
ments, whereas in alkaline environments authigenic feldspar can form. Anorthite is
readily decomposed by weathering, but it is interesting to note that authigenic cal-
cium zeolites (heulandite, chabazite, laumontite, and others) have been lound in
some sediments and sedimentary rock.

Calcite is precipitated from solution either by physicochemical changes or by the
vital processes of organisms. Aragonite is sometimes the lorm in which calcium car-

bonate is deposited, but in general it does not persist, lor it inverts more or less readily
into calcite, the more stable form. The origin of iloJomite has been a subject o[ much
discussion, and gani:ral agreement has not been reached. However, geological evi-
dence indicates that many dolomites have been formed from limestones by the

metasomatic action ol magnesium-bearing waters. In many instances sea water act-
ing on calcium carbonate during diagenesis has evidentll'been responsible. For the
reaction

2CaCO: * Mg'* : CaMS (CO,), * Ca2*

Tffi
1.4 A+ zHrO + Exchangable cations

2(OH) +4O

4At

2(OH) +4O

- 

b axis 

-->

Kaolinite Montmorillonite
Al4si4o10(oH)8 l4(si4o lo)2(oHlo 'rHro

Figure 6.5 Schematic presentation of the structures ol the principal clay minerals. (Alter
Grim, ./. Geol. 50,225-275,1942)
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2K

60
3 Si + 1.A.1

2(OH)+40

4Al
2(OH)+40
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the larv ol mass action prcdicts that equilibriunr will be determined alrnost entirelv
bY the relative concentration ol calcium and magnesium ions in ,otrtion. i;;,;;;in' therrnLrd-\'nanrics ol the reaction hai'c shorvn that *,ith the conditions oi'tenl;,er-
ature and concentration prevailing in the sea the free-energ1. change ol the above
reaction is negative, that is, doloruitization will proceed sponianeousli. trxperimental
studies ol dolomite genesis arc ver),dit'llcult. due to the very slow rate of cation
ordering in the dolontite lattice. ln natural s),stems sufficienL tirne for the s1-ri' orcler-ing reactions is available.

Kaolinite, montmorillonite, illite. and chlorite, together u,ith a number of less com_mon species, make up the cray minerals of sediments and sedimentary rocks. clay.mineralogy has been the subject of intensive research in recent years, and a detailed
account has been given by Grim (r96g). The cray minerars are stable secondarf
products lormed by the decomposition of other aluminosilicates. It is significant thatall these new-formed minerals ha've layer-lattice structures, which seem to havegreater stability than other types under surlace conditions. Besides their character-
istic crystal structure, the clay minerals have other features in common. They are all
hydrous aluminosilicates. In most sediments their average grain size is very small,generally less than 0.002 mm in diameter and ranging downlo colloidal dimensions;
as grain size diminishes so does apparent pertection oi crystallinity, and probably nosharp break exists between imperfectly crystallized clay minerais and amorphous
material' which may perhaps be regarded as alumino-siiicate ger. very often more
than one clay mineral is present in a particular sediment. Not Jnty mechanical mix_
tures, but also "mixed-layer" crystals, in which molccular layers'ol more than onec_lay-mineral species are interleaved in a single crystal, have been recognized. Thus
the complications are many, and positive identificaiion or the phases in the clay frac-

Ttet M-o-
,ooo (-) (-)

in"--iffiI ,"..x1 )xl)xl
I 
'V' O^t:'t ' d^\_-,ll*A-

6 (OH)

5Mg+Al
6 (OH)

60
3Si+1At

2(OH)+4O

5Mg+et
2(OH)+4O

3Si+Al
60

3Si+1Al
60

Muscovite
K2Al4(Si6A12)Om (OH)n

Figure 6.5 (continued)

Chlorite
Mgle Al2(Si5Al2) O2o (OH)16
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tion of sediments may be considered the most exacting problem with which a min-

eralogist is faced.
The similarities and differences between the clay minerals can best be understood

by consideration of their structures (Figure 6.5). They are all sheet silicates, and

their structures can be considered as produced by the stacking ol two different units

in the direction ol the c axis. These units are (a) tetrahedral sheets of linked (Si4Oro)

sheets; and (b) octahedral sheets of aluminum-hydroxyI units, consisting ol alumi-

num ions betrveen two sheets of close-packed hydroxyls or oxygens; each aluminum
is surrounded by six oxygens or hydroxyls, that is, is in sixfold coordination. These

two types ol units are linked in the clay mineral by oxygens common to both. The

individual clay minerals differ in the relative number of the two types ol units in
their structures and in the possibility of replacement of silicon or aluminum by other

elements.
The structure of kaolinite consists of one tetrahedral sheet linked with one octa-

hedral sheet, that is, a two.layer structure. Replacement of silicon and aluminum by

other elements does not occur, and so analyses of pure kaolinite always correspond

closely with the ideal formula. Kaolinite is one of four polymorphs, the others being

dickite, nacrite, and halloysite. Dickite and nacrite are generally of hydrothermal

origin and rarely occur in sediments. Halloysite occur$in hydrothermal deposits, 6ut

it is also found occasionally in sedimentary rocks. rvhere it has generally been pre-

cipitated from acid ground water carrying alumina and silica in solution.

The montmorillonite structure has layers consisting of one aluminum-hydroxyl
unit sandwiched between two (SioO,o) sheets; these layers are stacked one above the

other in the c direction, with water molecules betrveen them. A characteristic feature

ol montmorillonite is the variable water content, which is reflected in the c repeat,

varying from 9.6 A in dehydrated material to 21 .4 A when the mineral is water-

saturated. Montmorillonite is therelore said !o have an expanding lattice; the char-

acteristic swelling properties of bentonites in rvater are due to their montmorillonite
content.

Considerable atomic substitution is possible in the montmorillonite structure; the

aluminum can be partly or wholly replaced by ferric iron (nontronite), by magnesium
(saponite), by zinc (sauconite), and by smaller amounts of lithium, trivalent chro-

mium, manganese, and nickel; the silicon can be partly replaced by aluminum, giving

the variety beideltite. The chemical composition of montmorillonite (in the group

sense) is therefore exceedingly variable.
Montmorillonite always differs from the theoretical formula in that the threeJayer

unit has a net negative charge resulting from the substitutions noted above. Many
analyses have shown this to be about twothirds of a unit per unit cell. This charge

deficiency is balanced by exchangeable cations adsorbed between the unit layers and

around their edges; these adsorbed cations are often calcium and sodium, elements

that are therefore found in analyses of montmorillonite, although the ideal structure
has no-lattice positions for them.

A common and important constituent in many clays and shales is the material
known as illite or hydromica. The occurrence of a micaceous clay material with less

potassium and more water than the theoretical composition of muscovite has been
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recognized lor nranv years. The name illite is uselul as a gcneral ternl, not as ii
specific clal,-niineral name. Sonte illite is essentially, cla1.5ir" muscovite. some is a
mired-lay'er muscor.ite-montmorilionite: and some is a mechanical admixture ol
muscovite and montmorirlonite, olten rvith some clay-size quartz.

Chlorite may be an irnportant constituent of argillaceous material. Small amounts
of chlorite adn.rixed with other clay minerals aie particularty diflicult to dctecr.
Structurally, chlorite may be derived lrom montmorillonite bi, the insertion oi a(Mg.Al)(Ofl) la1'er bet*'een each montmorillonite layer, just as"mrsco"ite is dr:ri'ed
by.the insertion ol a lay'er of potassium ions. This structural relation may also be a
paragenetic relation, since there is evidence for the forn.ration ol chlorite irorn mont-
morillonite in sea water, which is rich in magnesium ions to pro'ide the(Mg,AIXOH) layer.

Much remains to be learned of the mutual relations of the clay minerals and of
the conditions lavoring the formatidn of one in preference to anoihir. The primary
factors dctermining the nature ol a clay are, first, the chemical character or ine pai-
ent material and, second, the physicochemical environment in which alteration of
this material takes place. The structure ol kaolinite does not accommodaie cations
other than silicon and aluminum, and the formation of kaolinite is evidently lavored
by an acid environment, in rvhich all bases tend to be removed in solution. Kaolinite
also has the.highest Al:Si ratio of the clay minerals, and its formation is promoted
if the weathering processes tend to remove silica in solution, thereby enriching the
residue in alumina. This is reflected in the geological evidence for the common lbr-
mation of kaolinite by the alteration ol alkali feldspar in an acid environment, the
Na+ and K+ ions released tending to stabilize the silica in solution. Montmorillonite,
on the other hand, has an Si:Al ratio about 2; l, and other cations, such as magne-
sium and iron' are probably essential to its formation; it seems to form most readily
in-a neutral or slightly alkaline environment from ferromagnesian minerals, calcic
feldspars, and especially volcanic ash. Montmorillonite has a close structural rela-
tionship to illite (muscovite) and chlorite and evidently changes readily to these min-
erals, especially in the marine environment. The comparatively high concentration
of potassiurn and magnesium in sea water promotes this change. ittit" i, the com-
monest clay material in marine sediments and sedimentary rocks. The fixation of
potassium in illite and nragnesium in chlorite is probably an important mechanism .

in regulating sea-water composition. In general, aiug"n"rir promotes the formation
of illite and chlorite and the disappearance ol kaolinite and montmorillonite, so thar
shales and argiltites consist largely of the former minerals.

PHYSICOCHEMICAL FACTORS IN SEDIMENTATION

The geochemistry o[ sedimenLary processes is cssentially the geochemistry ol reac-
tions taking place in the presence of water. water is by no *-"un, o typicaL liquid,
and in this connection its unique properties deserve to be emphasized.'As , *l;;;;
water is unequalled; no other llquid can compare with it in the number ol substances
it can dissolve nor in the amounts it can hold in solution. The structure of the water
molecule is the key to these remarkable properties. The hydrogens are small in rela-

I

I
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tion to the oxygen atom so that the molecule is approximately spherical. Its radius

is only slightly greater than that ol the oxlgen ion. The angle betw'een the bonds
joining the hydrogen nuclei to the center of the oxygen atom is 105 " . This structurc

- results in a very uneven distribution of charge in the molecule. An excess ol positive

charge appears at or between the protons, and the opposite side of the molecule is

negatively charged. Thus the rvater molecule is a dipole. The mutual attraction ol
these dipoles makes the cohcsive forces betrveen water molecules very much larger
than lor normal liquids, which orve their cohesion to rveak van der Waals' forces.
Hence water, for a liquid ol low molecular weight, has extremely high melting and
boiling points. The liquid range of water, 100" at I atm, is unexpectedly long because

. of the pers'istence of bonding between the molecules. The energy necessary to break
the remaining bonds at the boiling point is reflected in the abnormally high heat o[
vaporization,9T2A calf mole. The cohesive forces betrveen water molecules are also

reflected in the surface tension, which is 12.15 dyneslcm at 20", compared with
26.77 for CClo and 28.88 for CuHu. Another important effect of the dipole nature ol
the molecules is to give water its abnormally high dielectric constant, namely, 80.

The high dielectric constant is responsible for its activity as a solvent lor ionic com-
pounds, because the force of attraction between ions varies inversely as the dielectric
constant of the medium, and solution ol ionic compounds is essentially a dispersion
of the ions by the molecules of the solvent.

IONIC POTENTIAL

Ions in solution attract water molecules to them: cations attract the negative ends of
nearby water dipoles, anions the positive ends. The number ol rvater molecules that
can thereby be packed around a given ion depends on the size of the ion; the bigger
it is, the greater the number of water molecules that can cluster around it. However,
the degree of hydration depends not only on the size of the ion, but also on the inten-
sity of the charge on its surface. For example, the lithium ion, with a radius of 0.74
A, exerts a much stronger attraction lor rvater dipoles than the cesium ion, with a

' radius of 1.70 A, although the charge on each is the same. As a result, the lithium
ion is hydrated, despite its small radius, whereas the cesium ion is not. The hydration
ol an ion is thus proportional to its charge (Z) and inversely proportional to its radius
(r). The factor Zlr, the ionic pbtential, is ol great significance not only for the
hydration of an ion, but for many of its properties in the presence of water. The
importance of ionic potential in sedimentary processes was first pointed out by Gold-

, - schmidt as providing a measure of the behavior of an ion toward water. The ionic' 
potentials of a number of ions are given in Table 6.3. In effect, the ionic potential is

'. a measure of electronegativity, since the smaller the radius of a positive ion and the
higher its charge, the more acidic is its oxide; and, conversely, the larger the radius
and the smaller the charge, the more basic the oxide. From the electrostatic view-
point, the ionic potential is a measureof the intensity of positive charge on the sur-
face of the ion. This concentration of positive charge on the surface of a cation repels
the protons in the coordinated water molecules. If the repulsion is sufficiently great,- some of these protons may be detached, thereby neutralizing the charge on the cen-
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C.*
Rb*
K*
Na ''
Li*
Ba2 *

S12*
(la2 o

Mn'*
Laln
Fe2*
Co2o
Mg'*
Yr*
Lur+
Scr*

-0.60
0.68
0.75
1.0
1.5

1.5
1.8

2.0
2.5
2.6
2.1
2.8
1.0
3.3
3.5
3.7

Th'-
Ce'"
Fero
7 -4+

Bezn
Alr+
Tit*
it{nt i
Nb5+
sil+
N{o6"
Brn
P5n

s6n
co*
NJ*

_1.9

4l
47
-5. I

5.7
_5.9

-5.9

6.'i
1.5
9.5
9.'7

l3
1'l$

20
25
38

.i_

il,.

ili
ii=
':;;

tral cation and resulting in the precipitation of-an insoluble hydroxide. with veryhigh repulsive fiorces, that is, trigir ionic potJntials, all thc protons are experled fromthe attracted rvafer molecules and an oxyacid anion is formed.
The ionic potential ol an elen.rcnt largely determines its place ol deposition duringthe formation olsedimentary rocks and is significant in all mineral-forming processesin an aqueous nredium. It provides an expla-nation for the similar behavior of dissim-ilar elements as, for exampre, the tendency or the hydrated ions of biilarent beryilium,trivalent aluminum, and quadrivarent titanium to precipitate together during sedi-mentation. Elements rvith row ionic potentiar, such as sodium, caiciurn, and magne-sium, remain in sorution during the processes or weathering and transportation; ele-ments'with intermediate ionic pofential are precipitated"by hydrolysis, their ionsbeing associated rvith hydroxyr groups flrom aqueous sorutions; elements rvith stilhigher ionic potentials rorm anions containing oxygen rvhich are usualry again soru_ble. when the elements are plotted on a diag-ram with ionic radius as ordinates andionic charge as abscissae, the field can thus ie divided into three parts: soluble cations, elements of hydrorysates, and elements of solubre comprex anions (Figure 6.6).

Some specific examplcs of the significance o[ ionic potentials in the behavior ofcertain elements during sedimentary processes may be cited. Iron in the ferrous stateis 
11ab]e 

in solurion (Zl r : 2.7), so ihat precipitation of iron has ," ;;;;;"J;;;
oxidation to the ferric state,. rvith , n u"h higher potentiar (z/ r = 4.7). Similarly,
manganese is stable.in solution as manganous ioii (z1r :'2.:5) and is precipitatedin the hydrated quadrivar."nl folr e[, : i.u;. rnu, in many sedimentary rocksproducts of hydrolysis and of oxidation u." urro.iu,.J i" ,rr. ,"rlr. alporit. Again, anumber of less common and rare quadrivalent elements are concentrated in hydro-lysate sediments, their ionic potentiars falring within the specified range. Forinstance, not only beryiliu* und galium, which are chemicaily simirar to aruminum,
but also titanium, zirconium, and niobium may be concentratei in bauxite, the factorof enrichment being often four- to fivefold as compared to the parent material.
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4
lonic charge

Figure 6.6 Geochemical separation of some important elements on

of their ionic potential.

HYDROGEN.ION CONCENTRATION

The hydrogen-ion concentration ol natural waters is of great significance in chemical
reactions accompanying sedimentary processes. In pure water at 25 "C the hydrogen-
ion concentration is l0-7 mole/liter. If the concentration is greater than that of pure
water at the same temperature, the solution is said to be acid; in the contrary case,
alkaline. The neutral point alters with rising temperature in the direction ol greater
hydrogen-ion concentration. As an inverse measure of hydrogen-ion concentration
we use the term pH, which is the, negative logarithm ol this factor; thus the pH of
pure water is 7.

The pH of the me$ium is particularly significant in controlling the precipitation
: of hydroxides from solution. This is shown in Table 6.4, which gives the pH for

beginning precipitation of hydroxides from.dilute solutions (about 0.02 lO and the
pH ol some natural enVironments. It will be-noticed that thg sea is slightly alkaline,
whereas most terrestrial waters are somewhat on the acid side. The pH ol many
teriestrilrt waters is controlled by the buffer system CaCOyCOT-HrO; a saturated
solution of .COr at its partial pressure of 0.0003 atm in the atmosphere has a pH of
5.7 , and a solution of calcite in .air-saturate d water has a pH near 8.4.

For the transportaiion and deposition of iron the solubility of ferric hydroxide and
. the consequent equilibria are of great importance. The solubility product of ferric

hydroxide K is given by the equation
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__But,in water [ot{] = K*/[H*], where K, is the ionization product ol rvater.
Therclore,

lF.'*l : K t?r+l'

. At a fixed temperature K and K-, are constants; hence thc concent.raiion ol lerriciron in. solution is proportionar to the cube or the hydrogen-ion concentr"tion. ro,
example, at 18" ( : l0-rE6 and ,(" : l0-i42. ttrerefore, K/f{3,_: i0a, and at pll: 7, [Fe'*] : lS-tr mole/liter; ar pfl : 6, [Fe]+l = lO-fu mieTtiter. In naruralwaters iron is present not only as Fer+ but also as Fe2+ and FeoFir. ions, and thetotal amount of iron in solution at different pH values is

SEDIMENTATION AND SEDIMENTARY ROCKS

Magnesium

Bivalent mangenese

Zinc
Copper
Bivalent iron
Aluminum

Trivalent iron

Amount
3.10-8 mg/ml
4.10-7 mg/ml
4.10-r mg/m'
5.10-3 mg/m'

__-T!T the solubility of iron at pH 6 is about 10.5 times grearer rhan atpH g.5.
weakly acid iron-bearing solutions flowing into thoqea frorineighboring laidareas
must precipirate most of their iron in the weakly -alkaline *uiin" *u,"".r. Th;, l;
borne out by actual figures that show that the average content of iron in river waters
is about I ppm, whereas in sea water the amount ii exceedingly small, about 0.00g
ppm.

The pH o[ the environment is especially significant for the transportation of alu-mina and silica in solution and their ultimaie redeposition. To illustrate this, the

Table 6.4 The pH of Natural Media and Its Relation to the
precipitation of Hydroxides

pH Precipitation oi Hydroxides Natural Media pH
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The solubility of amorphous silica and

aluminum hydroxide as a function of
pH at 25"C.

solubilities of aluminum hydroxide and silica $'ith respect to pH are plotted on Fig-

ure 6.7. At pH ( 4 alumina is readily soluble, *'hereas silica is only slightly soluble.

At such pH values alumina would be removed in solution and silica would remain

rvith the parent material. Normal sedimentary environments, however, seldom have

a pH rhis [ow. From pH 5-9 ihe solubility of silica increases slightly, but alumina is

practically insoluble. Under these conditions removal of silica can take place, leaving

alumina behind, as has been inferred during the formation of laterites and bauxites.

An explanation for the formation of either kaolinite or montmorilionite lrom the

same parent materials under different conditions is not clearly apparent from a study

ol Figure 6.7. The relative solubility ol silica and alumina do not change appreciably

over a pH range from 4 to 8. It may be that neither mineral is truly an equiiibrium
phase and each rdpresents an arrested stage in the weathering pf9!1tj: Figure 6-7

would suggest that i true equilibrium assemb-lage rvould contain AI(OH)r, a condi-

tion found in tropical areas where extens.ive bauxite deposits may form. Perhaps only

under conditions of high rainfall and high temperatures can the weathering reactions

end lorvard comple[ion before erosion removes [he weathered products.

OXIDATION-REDUCTTON POTENTIALS

Many elements afe present in different oxidation states in the earth's.crust. The com-

monest is iron, occurring as the native metal (oxidation state 0). as ferrous com-

pounds (oxidation state 2), and as lerric compounds (oxidation state 3). Similar ele- -

nrents are manganese (2, 3, 4) sulfur ( - 2, 0,6), vanadium (3, 4, 5), copper (0, I ' 2),

cobalt (2, 3), nitrogen (-3, 0, 5), and many others.
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The stability of an element in a particurar oxidation state depends on the energ),change involved in adding or renro'ing electrons. A quantirative rt]easurc for rhisenerg)'change is providcd b1,the factor knorin 
'ariourty 

u, ,t.:ro^ra""""_r;ar'.,',".
potential," "oxidation potentia[," or "redox potential,,; we u,ilI rcler to it as the oxi_dation potential. The oxidation potentiar or any reaction is a rclative figure, the rer-erence standard being the reaction at 2-5.C and I atm.

H: : 2H+ * 2e (.e: electron)

(i.e., the removal or erectrons from hydrogen atoms or the oxidation of hydrogen rohydrogen ions)' The oxidation potential oi this reaction for unil 
^"iiri," (activity isa lunction of concentration that provides for deviation t.o.n tr," t"rus ol perlect solu-tions).of the reacting substancei is arbitrarily fixed as 0.00 ;;rt, ;rd the scare ofoxidation potentials extends on either side of zero. oxidation potentials are symbol_ized by ^d rvhen the relevant reactions take place under the ,,unau.a conditions ofunit activity of the reacting substances, ana by Eh when tr," 

"^p".i."ntar situationdeviates from these conditions.
Table 6.5 lists some reactions in order of decreasing oxidation potentiar, that is, inorder of increasing reducing power, rhe reduced form"of 

^"). 
;;;pl;aving suflicientenergy to reduce the oxidized form of any couple of highei pot"ntlui. For example, 

--,.
Fe2+ reduces Mnr+, and H, reduces Fer*i 

r-- v' ^'irb^rvr vvlvrrLrol

The oxidation potentiar varies with varying concentration of the reacting sub_stances' This variation with concentration is olspecial importance in reactions involv-ing h_ydrogen or hydroxyl ions, as many such reactions do (Tabre 6.5). A variationin pH produces largc changes in oxidation potentials invorving hydrogen or hydroxyrions and must be taken into account in apprying E0 values to actuaf reactions. The

Table 6.5 The Oxidation potentials of Some Reactions of
Geochemical Signifi cance

Et (in volts)

Co'*:Co'*+e
Ni2* + 2H,O : Nio, + 4Ht + 2eMnt*:Mn'*+"-
Pb'z+2HrO:PbO,*4H+*2e
2H2O:Or*4H+*4e
N!; + 3H,O: NOj-+ tOH, * 8cFe2+:Fer++e
ryl (OH), + 20H- : NiO, * 2H,O * 2eaOH-:Or*2H,O*4e
lbo_+ 2OH- = PbO, + H,O * 2e
!9(Ou1, + oFi- = Co(OA), + e
S'z- + 4Hro = So?- + sFI*'i s,
Hz=211.+*2e
ii-H,.1 eOH- : NO; +-6H,o + 8e
Mn (OH), + OH- = Mn (Oi{;, + e
Fe (OH), + OH- = Fe (OH), * e

i.84
75
51

46
23

I

I
-t

i

i
c

J

I

;
i

I
I

0.84
0.7'7
0.49
0.40
0.2s
0.2
0.t4
0.00

-0.12
- 0.40
*0.56
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A. Il, = 2H+ * Zc

B. 2HrO : Or * *H+ i 4c

C. Fe : i.'{+ Z,
D. Pb : Pb2+ + 2,
L. Fer{ : Fcr} * .
F. NH{+ + lH,O : NOs-

: *l0Fl+t8r
H. Pbz+ + 2HrO : PbOz

*4H+*2c
K. i\,1n2+ : l\,tn:+ f 7

L. Niz+ + ZH2O : NiOr
* 4H+ *.2a

l\'{. Co2+ : Q6:+ f r
A'. H, * 2OH- : 2H2O + 2c

B',. +OH- : O, * 2HzO * 4c

C'. Fe * 2OH- : Fe(OH)r
-L )t

D'. Pb + 2OH- - PbO
'* HzO * 2t

E'. Fe(OH)z + OH-
: Fe(OH)r * a

F'. NHr + 9OH- : NOa-
+ 6HiO + 8,

H'. PbO + 2OH- : PbOz

fHrO*2e
K'. Mn(OH)e + OH-

: Mn(OH)a * r
L',. Ni(OH), + 2OH- : NiO,

* 2HzO * 2c

iffi M'-Co(OH)z+oH-

Figure 6.8

pH Co(OH)a * a

Variation of oxidation potential with pH for certain reactions.

influence of pH on the oxidation potentials of some reactions given in Tablc 6.5 is

shown graphically in Figure 6.8.

The range ol oxidation potentials ol natural environments determines the reactions

that may take place. Chemical reactions in aqueous rnedia are theoretically limited
tothoSewithoxidationpotentialSbetweenthoseforther.eactions

HrO: YrOT+ 2H+ * 2e, Eo: 1.23 volts .' (1)

2H+ + 2e = Hz, Eo - 0.00 volt (2)

The oxidized lorm of any couple with a higher potentiai than that for (l) will thao-

retically decompose water with the evolution of oxygen. Tho reduced form of any

couple with a lower potential than that for (2) will theoretically decompose water

with the evolution of hydrogen. These requirements.are not strictly met in practice

on accountofovervoltage phenomena; that is, it requires a greaLer potential than the

theoretical to produce the evolution of hydrogen or oxygen at a measurable rate.

However, the chemistry of sedimentation indicates that the potentials of these two

reactions do largely conirol oxidation and reduction under natural conditions,
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Both these reactions ilyoly" hydrogen ions. and their potentiars are thus strongryaffected by changes in. pH. The ;f r;;;;i;en above are for hl,drogen-ion concen-trations of unity,, that is, * : 0,rna ifr.-pot"ntials decrease(at 25") 0.06 volt loreach unit increase in pH. The pH or nutu.u'i'*aters is variabre, ranging from as lowas 0 in'strongly acid waters of volcanic.%;"r to I0 or more in alka'line areas wheresodiurn carbonate is nresent in solution. aI a rure, however, the pH of natural \.\,atersIics between + and 9' ,rr" g1.r11,ii".,;;ffi; within one uniroiir," iigur" ror purewater (pH : 7). For 1llt ot z tr," pot"ntij of (l) is 0.&, ,,J rro ,f (2) _ O.+ivolt. IThe porentiar oi o.'sz vort is thai ;i;;;". with pH z satu.ateJ with oxygen at760 mm pressure; for oxygen at its partiar p."rru.".rn the atmosphere (160 mm) thispotentialis reduced to 0.gl vort.] Tirese.ngirr., indicate rt", ,rrJ"*iJation potentiarsof natural environments, where the pH il;;7, shourd ri. b";;;^_ 0.41 and 0.g2volt' Measurements of oxidation poi"rtii, i" naturar waters are in agreernent withthis statement (Figure 6.9) although ;lr*;; Iow as _ 0.5 volt have been recorded
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in n-rarine-bottom deposits rich in organic rnatter; hydrogen may actually be gener-

ated is such en\-ironments.
The solution, transportation, ani Ccposition ol elements that may occui in iti'o or

nrore oxidation states are directly and porverfully influenced by the oxidation poten-

tial of the environment. For example, the high potentials required to convert bivalent

to trivalent cobalt and bivalent lead to PbO, in acid solution indicate that the min-

erals stainierite (CoOOH) and plattnerite (PbOr) are deposited from alkaline solu-

tions, lor which the oxidation potentials are much less (Figure 6.8). Figure 6.8 shows

that f<jr many reactions the oxidation potentials decrease rapidly with the increase

ol pH; generally, therefore, oxidaticn proceeds more readily the more alkaline the

solution. The potentials for some oxidations in alkaline solutions, particularly those

that result in the precipitation ol almost insoluble compounds, lie far below the

potentials for corresponding oxidations in acid solutions. This is especially marked

with respect to the oxidation of ferrous to ferric iron; in acid solution the potential

is 0.77 volt and is not affected by pH; however, as soon as the pH increases to a

ligure at which ferric hydroxide is precipitated, the oxidation potential drops sharply

to a negative ligure. Thus lerrous salts are comparatively stable in acid solution,

being only sloivly oxidized by air, but in solutions sufficiently low in acid for Fe

(OH), to be pieCjpitated oxidation proceeds rapidly to completion. Deposition of fer-

rous compounds in nature therefore demands either a very acid environment or one

rvith a very low oxidation potential, on the negative side ol zero-

The Eh-pH diagrams provide a uselul device lor illustrating the stability fields

ol different minerals in an aqueous.environrnent. These diagrams are discussed in

detail by Garrels and Christ (1965), rvith numerous examples illustrated by them'

The system Mn-HrO under varying conditions of Eh and pH provides an illustra-

tive case (Figure 6.10), the diagram showing clearly why manganese has not been

found as the native metal. Under reducing conditions in the geological environment

manganese occurs as manganous compounds in acid solutions, and precipitates as

Mn (OH), when the pH exceeds 8 (for unit activity of Mn; lor more dilute solutions,

as found in nature, the pH required lor precipitation is greater, according to the law

ol mass action). As conditions become more oxidizing, the field of manganous ions

shrinks toward more acid conditions; on the alkaline side of the diagram Mn (OH),

(pyrochroite) is successively replaced by MnrOo (hausmannite); MnOOH (mangan-

iie), and MnO, (pyrolusite). Under highly oxidizing conditions MnO, is the.statile

phase over the whole range of pH. The diagram also explains why permanganates

do not occur under geological conditions; aqueous solutions of permanganate are

unstable and slowly decompose, liberating oxygen and precipitating MnO2.

The separation oi closely related elements in the upper zone of the lithosphere by

processes involving solution and redeposition is often brought about by their distinc-.

tive properties with respect to oxidation and reduction. Thus the three elements iron,

nickel, and cobalt often occur together in primary deposits, yet supergene, or near-

surface aqueous processes result in their separation. These three elements differ

greatly in the potentials required to oxidize them beyond the bivalent state. Iron is

readily oxidized to the trivalent state in alkaline and mildly acid environments; cobalt

requires a much higher potential even in alkaline solutibn, and in acid solutions the

i
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Figure 6.10 Eh-pH diagram for the system Mn-HrO,
lor unit activity ol Mn. The dashed lines
are for the reactions for the decomposi-

l'.11. 
of water (AAt and BB' of Figure

potential required lies high abo'e that for the release of oxygen from water; nickel
does not form trivalent compounds, but a dioxide is known, [e rorrnation or which
even in alkaline solutions requires potentiars sorlewhat higher than that for the
release of oxygen from water. This is reflected in natural occurrences: the common
fo.T 9t iron in supergene deposits is hydrated ferric oxide; hydrated cobaltic oxide(stainierite) is found only rvhere conditions have been stronity o^iairrng, and the
higher oxide ol nickel is noi known as a mineral. The separaion or these three cl,-_
ments by supergene processes is'well illustrated where intense weathering of ultra-
basic rocks has given rise to lateritic materiar rich in F.ror, conientration of thenickel as garnierife, and of the cobalt as hydrated .oturti" o*ij" o,. u, .ouuria, *"a.

oxidation precesses arso resurt in a similar separation or **gun"re rro,, iron.
Manganese is often present in solid solution in primary minerals containing iron, theferrous and the manganous ions being mutuaity repiaceable. i;;;;;"r" processes,
h_owever, generally lead to fairry coniprete separation of iron from manganese, sincethe potential required to convert iron to the ferric state is;;;h'i;*". than that
required to convert manganese to manganese dioxide. The iron readily precipitates
as hydrated ferric oxide, whereas the manganese remains in solution longer and is

Mn2+

Heo

i;\\\\
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Figure 6.11 Sedimentary associetions in rclation to environmental limita-
tions imposed by oxidation potential and pH. (After Krumbein

- and Garrels, J. Geol. 60, 26, 1952)

eventually deposited under more oxidizing conditions as comparatively iron-free
manganese dioxide.

Oxidation potentials and pH are the basic controls that determine the nature of
many sedimentary products. Krumbein and Garrels (1952) have devised an inge-
nious diagram which illustrates the relation between l-hese lactors and the geologiial
materials on which they act (Figure 6.1l). In this diagram they develop the concept
of the "geochemical fence," a boundary defined by the presence of a particular min-
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eral or material on one side and its absence on the other, in effect, b1, a eertainchemical reaction. A particular geochemica[ fence ma;, represent a specific pH valueor a specific oxidation potential oi a eombination of uottr iacrors. Man1, geochemical
lences can be defined, but Krumbein and Garrels have shown that the most generalll,
useflul ones in considering sedimentary processes are-the neutral fence, at pH : 7;the limestone fence. at pll = 7 8 (at higher p[{ calcite is readily a*porit"a, at lori,erpH_it tends to dissolve); the sulfate_sulnde fcnce, determined by the sulfide_sulfate
oxidation potential; the ltre, tu'In oxide-carbonate lcnce, determi..l ,r.-l"itre o.ridlrtion
potential at which ferrous and manganous compounds (mainly .u.bonrt", in r.he sed-imentary environment) oxidize to the higher oxides; and the o.g"ni" matter fence,below which organic matter is stable and above which it oxidizes to carbon dior.ict.
As a result' rve obtain a classification of sedimentary environments based on the twosignificant parameters ol pH and oxidation potential, and even though the bulkchemistry'ofl sedimentary deposits may vary gieatly, the careful ,tuJy or their min-
eralogy rvill elucidate the physicochemical 

"ondition, 
under which they developed.

COLLOIDS AND COLLOIDAL PROCESSES

The colloidaI state is one of fine subdivision, the size range being approximately lg-,to I0-6 mrn. Colloidal solutions grade into true solutions on the one hand and into
suspensions on the other witho,i any distinct line of demarcation. The degree of
dispersion is usually greater than the resolving power of an ordinary microscope but
is less than molecular; that is, colloidar particres are generauy nlriti-ot."rrar. The
colloid particles ol the disperse phase are separated by the iispersion medium; the
whole may be referred.to as a disperse system. There are u nrrnt., of different types' o[ disperse or colloidal systems [solid-gas (smokes), liquid-gas (fogs), liquid_ri[uia
(emulsions)l , but the important type in sedimentary processes is a solid-liquid system
(sols, gels, and pastes) in which the liquid is water. Sols are systems that resembleliquids in their physical properties; thus they flow readily and do not shorv rigidity.
Gels, on the other hand, shorv some rididity. pastes are systems in which, arthough
the solid part is in the form ol discrete particles, the concentration of these particieq
has been so much increased that they form the bulk of thti system, for exampre,
plastic clay.

sols in warer are divided into two types, hydrophilic and hydrophobic. ln the first
type there is strong intcraction betweeh the particles and the water molecules, which
serves to stabilizc thc colloidal solution. In Ihe second lype there is no sLich attraction
between the particles and the water molecules, and they are thus much less stable
than hydrophilic sols and more easiry precipitated. rn.general the p".ti;[r;;ill;;
phobic sols are larger than those in hydrophitic sols. Further, *h"n u hydropirobii
sol has been precipitated by somephysicaichange it cornot 6"..uaity reconverted
into a sol by reversing this change, whereas a hydrophilic sol is generally reversible
in this respect. No sharp boundary exists between these two tyles ol sols, but the
division is usefui. Silica id an example of a substance that forms a hydrophilic sol;
aluminum hydroxide, on the other hand, forms a hydrophobic sol.

colloidal particles are electrically charged. This charge may originate in two ways:
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either by adsorption ol ions lrom the liquid or by the direct ionization ol the material

ol the particle. Some colloids, for example. lerric hydroxide, ma1' acquire eilher p.-ts-

itive or negative charges according to the environment in which they are formed. The

charges on some important colloids are as follows:

Positive
Aluminum hydroxidc
Ferric hydroxide
Chromic hydroxide
Titanium dioxide hydrate
Thorium dioxide hydrate
Zirconium dioxide hydrate

Negative
Silica
Ferric hydroxiCe
Vanadium pentoxide hydrate
Manganese dioxide hydrate
Humus colloids
Sulfide sols

Colloidal particles may be either crystalline or amorphous. Most inorganic colloids

are crystalline. The establishment of this lact has been an important contribution ol
X-ray diffraction techniques to the study of colloids.

Colloids may be produced by two procedures; either coarser particles may be bro'

ken dorvn to colloidal dimensions, or smaller particles (molecules or ions) may be

aggregated into particles of colloidal size. Most naturally formed colloids probably

Thc colloidal state is always a metastable one. An increase in the'size of the par-'

ticles will.lead to a decrease in the total surlace area, and hence a decrease in the

free energy ol the system, so that all colloids are theoretically unstable, although

thcy may remain unchanged over long periods. The charge on the particles is an

irnportant lactor in the stability ol a colloid, and this generally requires the presence

of srnall concentrations of electrolytes. Large amounts ol electrolytes, however, are

precipitants of colloids; on this account most colloidal matter is rapidly flocculated

by sea water. Colloids show great differences in relative stability. Some are stable

under wide variations in chemical and physical environments; others require care-

fully controlled conditions in order to exist in the colloidal state at all. Obviously only

those substances that form rather stable colloids are of importance in geological pro-

cesses. Unstable colloids can, however, be stabilized by the presence of other sub-

stances. Ol these the most important are organic compounds. In the geological envi-

ronment such compounds are generally relerred to as humus colloids, for lack ol
more precise information as to their nature; they are probably albumins. The pres-

ence of these humus colloids appears to play an important part in stabilizing the

inorganic colloids formed during sedimentary processes, thus enabling transport of

such material over much greater distances than would otherwise be possible.

Because silica is the most abundant material in the earth's crust and it readily

goes into colloidal solution, the role of colloidal silica in sedimentary processes has

been the Subject of a gredLt deal of discussion. Much of the geological literature relat-

ing to the transportation and precipitation of dissolved silica has been essentially

unanimogs as to the colloidal state of the silica. However, the development of col-

orimetric tests that permit discrimination between colloidal silica and silica in ionic

solution has shown that this conclusion is based on inadequate evidence. These tests

have shown that most of the silica in natural waters is in true solution. The signifi-

cance of this fact for the dissolution and precipitation of silica during sedimentation



has been carefulll discusseci b1, Krauskopr (1956). He shori,s that the origin ol-che rt
mai'be plausiblv ascribed 1tr dis<,-rlutirrn ol remains of silicecrus crrqrnrsnts and to
reprecipirarion of rhe silica (initialiv in an amorphous stare), bur nit in general to
direct inorganic Prccipi1311s..

An important prope rty ol colloidal particles is their ability to bind and concentrate
ccrtain substances through adsorption. T*,o types ol adsorption are recognized: (a)
physical or van der waals' adsorption, and (b) chemical adiorption. Both t1,pes rna1,
act together, and all gradations betrveen extremes erist. Physical adsorption is chai-
acterized by lorv heats of adsorption and by a loose bonding of the adsorbate to tiie
adsorbent. Chemical adsorption, or chemisorption. on the other hand, is characrer-
ized by high heats ol adsorption and a firm chemical bonding (i.e., by valence bonds)
of the adsorbate. It may invorve the bonding ol a foreign 

"ution 
o.i foreign anion,

or both, to open bonds at the surlace ol the adsorbent; or it may be the exchange or
substitution of a foreign cation or anion, or both, for a cation or anion at the surface.
The property of base exchange, shown particularly by clays, whereby cations in the
clay may be exchanged for other cations present in aqueous solutions in contact rvith
the clay minerals, may be considered as a particulu.iyp. of adsorption. Some prin-
ciples governing adsorption may be stated as follows:
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The amoirnt of adsorption increases as the grain size of the adsorbent decreases,
and hence ils surlace area increases.
Adsorption is favored il the adsorbate forms a compound of low solubility rvith
the adsorbent (an example is the adsorption ol phosphate ions by ferric
hydroxide).
The amount ol a substance adsorbed lrom solution increases with its concentra-
tion in that solution.
Highly charged ions are a<isorbed more readiry than lower charged ions.

I.

.,

3.

Through adsorption processes many ions may be removed from natural waters.
Thc clay minerals, especially ntontmorillonite, show a marked adsorptive capacity;
the chemical adsorption ol potassium ions by montmorillonite may result in the for-
mation of iltite. Many complex ions (for example, those containing arsenic ancl
inolybdenum) and ions of the heavy metals are also adsorbed and thusiemoved fron-i
solution by natural colloids. Such elements are olten enriched in sedimentarv iron
and manganese ores. Here we are dealing with a systematic ;'depoisoning,, ol th.
hydrosphere (analogous to the "depoisoning" effect of freshly precipitated ferric
hydroxide, utilized in medicine); without this phenomenon a number of biologicalll.
damaging elements would accumulate in ocean waters. Sufficient amounts ol many
elements, such as copper, selenium, arsenic, and lead, have potentially been supplied .

by weathering and erosion during geological time.to cause serious poisoning oi tt,"
ocean had not some process ol elimination of these substances been active.

PRODUCTS OF SEDIMENTATION

A cursory examination of sedimentary processes suggests that they rvould tend to
produce an average mixture of the individual components pr.r.nt in the parent
material and thus work against any chemical differentiation. This" however, is net
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the case; rveathering, erosion, and sedimentation lead gencrally to a marked sepa-
ration ol the major elements- As Goldschmidt pointed out. the cy'cle ol matter at the
earth's surface can be likened to a chemical analysis and to a quantitative analyiis
at that. The chemical differentiation that results is remarkable. The steps in this
geochemical separation process are as lollorvs:

l. Minerals that are especially resistant to chemical and niechanical breakdori,n
collect as granular material. Olthese, the conrnroncst is quartz-, and the product
is a quartz sand or a sandstone showing a marked enrichment in silicon with
respect to the parent material. This may be compared to the separation of silica
in the first stage of a rock analysis.

2. Accumulation of the products of chemical breakdown ol aluminosilicates, giving
a mud consisting essentially ol the clay minerals. This results in concentration
of aluminum and also ol potassium by adsorption. The process corresponds to
the second step in a rock analysis, the separation of alumina and other easily
hydrolyzed bases.

Along with the formation of argillaceous sediments, but often separated in space
and time, iron is precipitated as ferric hydroxide. In this process oxidation from
the ferrous to the lerric state precedes precipitation by hydrolysis. Concentration
of iron is the result, sometimes to the extent of the formation of iron ores.
Calcium is precipitated as calcium carbonate either by purely inorganic pro-
cesses or by the action ol organisms. Limestones are formed and calcium thereby
concentrated. This may result in aln-rost quantitative separation ol calcium, as

in a chemical analysis. Limestone can be partll,or wholly converted to dolomite
by the metasomatic action of magnesium-rich solutions and magnesium thereby
precipitated and concentrated together with calcium.

5. The bases that remain in solution collect in the ocean, from which they are
removed in quantity only by evaporation, giving rise to salt deposits. The most
important of these bases is ol course sodium, but lesser amounts of potassium
and magnesium also accumulate in sea u,ater.

The chemical breakdown ol a rock by weathering can be represented by the fol-
lowing scheme:

Al, si, (K) Ca, (Mg) (Ca,) Na, (K),
(Mg)

Resist- Hydroly- Oxidates Carbonates Evaporates
ates sates, clay Fe (OH), CaCO, NaClSiO, minerals 

":*, 
(CO,), 

,3}!,

This scheme indicates the course lollowed by the major elements during sedimen-
tation and gives a uselul geochemical classification of sediments into resistates,
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hydrolysates, oxidates, carbonates, and evaporates. Goldschmidt recognized a lur-
ther class, the reduzates, rvhich includes coat. oil. sedimenrarr.sulfides. and sedimcn-
tary sullur-. coal and-9il a1e of organidorigin and are discusseci in Chaprer 10. Sed-
imentary sulfides and sullur arso often ou,e their lormation to organic processes,
although possibly indirectly.

The fate ol the major elements during. sedimentation has been fairly weli rvorked
out' Silica concentrates in thc rcsistrte sediments. alunrina in rhr h1,drol1,sutes. irt.rn
and manganese in the oxidatcs, and calciun.r and n.ragnesium in.arbonates. A goodpart o[ the sodium re.mains in solution and eventually accumulates in the o""un;
potassium is adsorbed by the clays and may form the minerals illite and grauconite.
The fate of the minor elements during sedimentation has not been tiioroughly in'es-
tigated, and much less is knorvn about their behavior under these circumstances than
during magmatism. sedimentary processes are more complex and less uniform than
igneous processes and many factors may play a part in determining the the trans-
portation and deposition of an element; they include ionic potential, pH, and oxida_
tion potential ol the medium, cofiodiar properties, and adsoiption. Hence it is not yet
possible to make categorical statements regarding the fate of many of the minor
elements during sedimentation.

Turekian and Wedepohl hav.e-prepared a critical compilation ol the available data
for the three principal groups of sedimentary rockl-shul"r, ,undrtones, and carbon-
ates. Their figures, updated where necessary, are given in Table 6.6 together with
the averages for igneous rocks for comparison. The data indicate that the common
sedimentary rocks seldom show marked enrichment in minol and trace elements over
the amounts present in igneous rocks-in fact, sandstones and carbonates are usually
depleted in these elements- Most trace elements are somewhal more concentrated in
shales than in other types of seriimentary rocks, but the amount in ordinary shales
seldom exceeds the igneous rock average.

The resistates form the important group or sands and sandstones. euartz is by far
the commonest and most abundant ol residual minerals, and sands and sandstoncs
are sources ol silica for industrial uses. Many other minerals may appear in small
amounts in sands and sandstones, but most ol these can be decomptsed and removed
by intense weathering. zircon is one of the most persistent of minerals, and the main
ore deposits of zircon are sands from which it can be profitably separated. Magnetite
and ilmenite are lairly resistant minerals and accumulare in sandi;otn.. inouir.iuiii
important constituents of some sands are rutile, monazite, cassiterite, and, of course,
gold and the platinum metals.

The hydrolysate sediments consist in great part of the clay minerals. Tropical
w-eathering often produces aluminum hydroxides rathcr thanlhydrated aluminum
silicates, and high-alumina clays and bauxites result. In eithe. process the end prod-
uct represents a concentration of aluminum over the average amount in the earth's
crust- As was indicated in the discussion of ionic potential, many elements, especially
those in groups III and IV of the periodic table, may be expetted to precipitate in
hydrolysate sediments, and the meager data on minor elements in sedimentary rocks
bear this out. Shales show concentrations of elements of medium ionic potential and
of elements like potassium that are readily adsorbed by colloidal particles; they are
sometimes enriched in chalcophile elements, probably frecipitated as sulfides uy ttre

I

I

t

I
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Tahle 6.6

PRINCIPLES OF GEOCHEMISTRY

Abundanies of the Elements (in Parts Pe r Million) in the Principal Types of
Sedimentary Rocks

Shales Sandstones Carbonates Igneous RocksElement

Li
Be
B
F
Na
Mg
AI
Si
P
S
CI
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
Cc
Pr
Nd
Sm
Eu
Gd

66
3

100
740

9,600
15,000
80,000

273,000
700

2,400
r80

26,600
22,100

l3
4,600

130
90

850
4'7,200

19

68
45
95
19

1.6
l3
0.6
4

140
300

26
160
iI
2.6

. 0.07
0.3
0.1
6.0
r..5

'1)

5

580
24
50

6.1
.24

5.8
1.1' 5.2

15

0.x
35

210
3,300
7,000

25,000
368,000

170
240
l0

10,700
39, I 00

I
l,500

20
35

XO
9,800

0.3
2

X
l6
t2
0.8
I

0.05
I

60
20
15

220
0.0x
0.2
0.0x
0.0x
0.0x
o.x
0.0x

' 1.7
0.x

XO
16
30.
4.0

15

)- t

. 0.8
)-L

5

0.x
20

330
400

47,000
1,200

24,000
400

l,200
150

2,'700
302,300

I
400

20
l1

I,100
3,800

0.1
20

4
20

4
0.2
I
0.08
6.2
3

6r0
6.4

19

0.3
0.4
0.0x

'0.09

0.0x
0.x
0.2
1.2
0.x

10
6.3

t0
1.5
6.2-
r.4
0.3
1.4

20
2.8

10
625

28,300
20,900
8l,300

277,200
i,050

260
r30

25,900
36,300

22
4,400

r35
100
950

50,000
.)\
'15

55
70
15

1.5
r.8

0.05
2.5

90
3'15

33
165

20
1.5

- 0.07
0.08
0.1
2

0.2
0.5
3

425
'30

60
8.2'28
6.0
1.2
5.4
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Table 6.6 (Continued\

Element S hales Sandstones Carbonates

177

fgneous Ro;ks

Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
w
Hg
TI
Bi
Pb
Th
U

0.9
4.3
t.2
2.7
0.5
2_.2

0.6
2.8
0.8
t.8
0.4
1.0
0.4

20
12

3.7

0.6
2.6
1.0
1.6
0.3
t.2
0.4
3.9
0.0x
1.6
0.3
0.5
0. 17

7

1.7
0.45

0.2
l.l
0.3
0.1
0.1
4.1
0.2
0.3
0.0.\
0.6
0.2
0.2
0.2
9
1.7
2.2

0.9
3.0
1.2
2.8
0.5
l..i
0.5
3

2

1.5
0.15
0.8
0.1

t3
9.6
2."1

j"l

.,iii.:'
':ll:::l'l

TurekianandWedepoht, Bull.Ceol.Soc.Am.,72, 175,lg6l,withmorerecentdata.Thefigures'for
igneous rocks are given for comparison. (For some elements only order of magnitude pstimates air" .?rd9;
these are indicated by the symbol X

HrS often generated in marine muds. The most remarkable hydrolysate sediments
from the geochemical viewpoint are the black bituminous shales und th" bauxites,
both of which have originated under rather special conditions. The black shales were
deposited slowly in a strongly reducing marine environment rich in organic matter.
Sulfide ions rvere evidently present, produced by the reduction of sulfate. Analyses
of black shale are characterized not only by a considerable content of organic carbon,
but generally also by much sulfur, present mainly as FeS2. Enrichment of the follow-
ing minor elements has been noted; V, U, As, Sb, Mo, Cu, Ni, Cd, Ag, Au, and
metals of the platinum group. vanadium has been produced commercially from such
shales, and they are far more significant than all the primary deposits as a potential
source ol large amounts ol uranium. It has been suggested that the minor elements
were accumulated by the vital activity of the organisms now represented by bitu-
minous material, but this is far from certain. Judging from the chalcophile naiure of
many of these elements, precipitation from solution as sulfides seems a more roason-
able explanation. A linear increase of uranium with increasing carbon content has
been demonstrated in some ol these shales, but this does not necessarily imply that
the uranium was present in the organisms that furnished the carbon. The uranium
content also shows an'excellent correlation with the abundance ol colloidal size
grades in the sediment; this might suggest that the uranium is present in the clay
mineral, which in these black shales is generally illite. The evidlnce indicates thai
the conientration of uranium is not the result of tiological activity but of later chem-
ical processes probably related, in part at least, to the presence of organic,matter in
the sediments. Some phosphatic shales, such as those of the ?hosphoria formation in
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\.\'yon.ring, Idaho, and N,lontana, shorv similar geochemical leatures, especiallf in the
enrichrnent in vanadiunt and uranium; thel'seem to have been deposited under sim-
ilar conditions, that is, oxygen-deficient marine environments where organic matcrial
rr'as accumulating and the rate ol sedin-rentation u'4s very slow. Bauxites have a dif-
ferent pattern ol enrichment and often shorv a concentration ol beryllium, gallium,
niobium. and titzinium; ol these gallium is actually being extracted as a bl,prodrict
lrorn the production of aluminum.

The most irnportant oxidate is ferric hydroxide, u'hich, ii pure, gives rise to a sed-
imentary iron ore. Manganese is also deposited as an oxidate sediment in the form
ol hydrated manganese dioxide, and such deposits or their metamorphosed equiva-
lents are the significant sources of manganese ore. The adsorptive power ol precipi-
tated ferric hydroxide and manganese dioxide hydrate is very great; hence many
minor elements are found in oxidate sediments. The pattern ol enrichment differs;
hydrated manganese dioxide, being a negatively charged colloid, adsorbs cations,
rvhereas ferric hydroxide; generally a positively charged colloid, adsorbs anions.
These adsorbed elements are sometimes in sufflcient amounts to be important com-
mercially, either as profitable byproducts (e.g., Ni in some sedimentary iron ores, W
in some manganese ores) or as deleterious impurities (e.g., As in some iron ores).
Vanadiurn, phosphorus, arsenic, antimony, and selenium have been reported in sed-
imentary iron ores in larger amounts than their average abundance in the crust; Li,
K, Ba, B, Ti, Co, Ni, Cu, Mo, As, Y, Zn, Pb. and W have been reported in notable
concentrations in manganese ore.

The common carbonate sediment is, ol course, limestone, u,hich consists essentially
ol calcite. Calcium carbonate may also be deposited as aragonite, but it is doubtful
rvhether aragonite rvill persist for any considerable time in a geological formation,
since it tends to change to calcite. Whether calcium carbonate was originally depos-
ited as calcite or as aragonite may have significant geochemical consequences; the
structure of aragonite permits ready substitution by larger cations, such as strontium
and lead, but not the smaller cations, rvhereas for calcite the reverse is true. Hence
the minor elements in a limestone wi[] probably differ in kind and amount according
to the nature ol the calcium carbonate in.the original sediment.

The evaporates are quantitatively unimportant as sediments but are highly signif-
icant in the interpretation of geological history. Geochemically they are ol special
interest as a type ol deposit rvith a mode ol fsrmation that can readily be reproduced
in the laboratory. They have been well.descqibcd by Stewart (1953). As earl1, as

1849 Usiglio made experiments aimed at elucidating the conditions of formation of
salt deposits, but his results.werc unsatisfactory, becauSe he worked with sea uater,
a highly complex solution with whibh he failed Lo get reproducible results. Later the
problem was tackled'from the other direction by van't Hoff and his co.workers, who
began by' studying the solubility relations of all the possible compounds that might
be produced by the evaporation of sea water. Working initially at 25" , they deter-
mined the equilibrium relations in the simple two.-component salt-water systems and
then extended these researches to multicomponent systems. Similar investigations
were made at 83", and specificreaclions involving the appearance or disappearance
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ol individuat compounds rverc studied at the temperature ol reaction. van,t Hoff,ssuccess in w'orking out phase relations and appli'ing these rt'sults tcr natural occur-rences ol evaporates (especiatll' the Stassfurt deposits.l was one ol the first lruits ofthe application of physicochemical principles (in this case the phase rure) to georog-
ical problems.

.As 
sea water evaporates under natural conditions, calcium carbonate is the firstsolid to separate. The precipitation of calciun carbonate may bc follorved by that oldolomite' but there is no evidence that extensive ceposits or doromite ha'r beenlormed in this way. Indeed, evaporation of sea rvater in a crosed basin cannoi giverise to thick carbonate deposits-sea water r000 m deep wourd giveontl,a rerv cen_

. timeters ol I.imestone.
with continued evaporation calcium sulfate is deposited. Depending on tempera_ture and salinity, either gypsum or anhydrite may be formed. In salt solutions olapproximately the composition ol sea rvater at 30" gypsum will begin to separatewhen the salinity has increased to 3.35 times the no.*ui value; after nearly one-halfthe total amount of calcium sulfate has been deposited anhydrite b""o*", the stablephase. when the solution has been concentrated to one-tenth of the original bulk,halite starts to separate. Anhydrite and halite then precipitate together untiI the fieldof stability of polyhalite, KrCarMg (SOJ.. 2H2C., is reached.

. Y?:, eva.porate deposits contain carcium carbonate, carcium sulfate, and sodiunrchloride; evidently conditions under which other salts could be a"porit.a have seldombe-en-attained. Only wheh an evaporating body of sea water lias been reduced to1.547o ol the original volume do potassium and magnesiu. ,ntt, i"gin to crystallize.Important deposits of these salts are worked in Germany, in the Texas-New Mexicoarea of the United States, in the province of perm in th; u.s.s.R., and in saskatch_ewan, Canada.
The further course of crystallization can be discussed in terms ol a triangular dia-gram having corners which represcnt Kr, Mg, and Son and which shows the com-pounds in equilibrium with halite and saturated solutions at a particular tempera_ture' Figure 6' l 2 is such a diagram for 25". It shows that the continued isothermal

evaporation ol sea rvater reads to the crystailization of blcidite, Nartvtg (so4)r.4Hro.
The composition of the solution rollows a path directly u*uy fro* the point corre-sponding tp blddite and soon crosses the boundary into the field of epsomite,
MgSoo '7Hro. Epsomite then begins to crystallize, and the further course depends
on s'hether the previously separated blodite can react with the solution. If it does, itwill be resorbed; under natural conditions, however, it may be crustea ov;;il;;;:
tively removed from the system. In either event, the patn or crystallization eventually
reaches the-boundary between the fierds of epsomite and kainite, KMgsoocl. 3H20,and then follows this boundary curve, the two salts crystallizing together. The succes-sion is hexahydrite-kainite, kieserire-kainite, kieseri,"-"arr"riii?,'riJnrurry the rhreesalts kieserite-carnallite-bischofite separate until evaporation is complete. During allthis, halite and small amounts of calciuln salts are still being deposited. polyhalite,
which began to crystallizd almost conteriporaneously with haiite, ceases to form dur-ing the course of separation of kainite.
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The accompanying table illustrates the theoretical profile to be expected lrom the

e:::it-,;a:;.-,;l Lrl sea $'ater at 25". This theoretical prolile sho$'s a geleral correspon-

cicnce u,ith the succession in natural salt deposits in most areas. Commonly one linds

limestones and dolomites passing up into calcium sullate and halite, rvith or u'ithout
poll,hatite. The usual forrn of calcium sullate in natural deposits is'anh1'drit,.- rather

Kieserite, carnallite,
bischofite

Kieserite, carnallite
Kieserite, kainite
I{exahydrite, kainite
Epsomite, kainite
E,psomite
Bl6dite
Potyhalite
Anhydrite
Gypsum
Carbonates

Anhydrite
Bischofite zone
Carnallite zone

I

f Kainite zone
I

lPotash-lree magnesium sulfate
I zone

' Pol'huli,. ,on.
Anhydrite zone
Gypsum zone
Basal limestone and dolomite

I{alite

than gypsum. The correspondence with the higher parts of the theoretical profile is
less marked, however. For example, sylvite, rvhich does not appear in this profile, is

the important potassium salt in many deposits. Epsomite and hexahydrite have gen-

erally lost water of crystallization and have been converted into kieserite. A bischol-

. ite zone is rarely developed, probably because complete evaporation is seldom if ever

achieved in nature. Van'r. Hoff's investigations at higher temperatures showed that
most of the mineralogical features of natural deposits can be explained by assuming

either a temperature of evaporation considerably higher than 25 " or recrystallization
at some higher temperatures alter burial-a rnild thermal metamorphism. The latter

suggestion is highly plausible.

TOTAL AMOUNT OF SEDIMENTATION

Thc total amount of scdirnentation during geological timc is clearll; a figure olgreat
importance for quantitative geochemistry, and a number ol attenlpts havb been made

to calcula-te it. Such calculations are ggnerally based on data regarding the amount

and composition of ocean rvater and the average composition ol igneous and sedi-

mentary rocks. If we can assume that the total sodium content of sea water is derived

from the weathering and erosion of igneous rocks, this quantity will be propbrtional

" to the total amount of sediments. Clarke used thc following data:

1.l4Vo

2.83Vo

937o lithosph er.e, 7 Vo hydrosphere

Sodium content of the ocean

Average sodium content of
igneous rocks

Composition ol the l0-mile crust

Polyhalite
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fields of e\.aporate minerals at 25" . (After Stervart.
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From these figures the ratio betrveen oceanic sodium and rock sodium is about r:30.Hence the sodium in the ocean i, 
"qriuui"rt to that contained in r/30 of alr theigneous rocks of the earth's crust to 
" a"p,n of r0 miles. rhi", r."ction amounts to54.8 x 106 cubic miles. Hor'ever, the 
"utJuLtion is subject to correcrion, for it restson the assumption that-all the sodium accumulates in"tr,e sea. ihis is not so; thesedimentary rocks contain sodium, 

"ren 
if ln ,u"t, smailer amount than the parentrgneous rocks. Clarke put tire average sodium content of sedimentary recks at 0.90o/o,or'35% of the ar;erage in igneous.oitr. rrr*, of the oiiginal sodium, less than 65%has come ro rest in rhe sea. The esrimare of rhe amoun,;Gr;;;, ;ocks required rogive the present sodiunr content 

"f 
th";;;'must therefo."*b" in"."ured by a factorof at least.100/65, from 54.g X 106 cubic miles to g4.3 X iOi 

"rui" miles. Anallowance for a r(i% increasc of volume oir"a- i,n"n,rry rocks r.on, tt. parent igncousmaterial by oxidation, carbonation, and hydration gives a figure of about 93 x 106cubic rniles, or 3'7 X IOscubic uro*"t .t i- the toiar uotu,,,z oir.ffi;;;;;i;during geologi.car time. This 
"orr.rponJ, ,o u .o"t shell nearry 2500 feet thick envel_oping the whole earth. If .the materiat *e.e confined to tt,. 

"ontinentar 
platforms(roughly cjne-third of rhe area_or trr. gr"u"i,'its thickness would be about 7300 feet.Goldschmidt used a roT:*!r1 diffirent'procedure to calcurate the totar amountol igneous rock weathered durin! g"ologi""i',i." una'in"-#"r",r'", the differentsedimenti' For each square centimJteroitr," 

"urtt', surface, tt.r"-u." 27g kg of sea

Aphthitalite

Picromerite

Mg

Epsomite

Kieserite
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\\'ater: and because sca water contains 1.07% sodiun.r (a later figure than Clarke's

" 1.147c). the ll8 kS cont:ins I qr: kg -f s,iiuri.r. The average sodium content of
igneous rocks is 2.El% and ot-sedimeniar-v deposits approxinrately 1%. ln the process

ol u,eathering a certain anlount of the nraterial is leachcd away, and Goldschmidt

estimated that the mass of the sedimentary deposits is 0.97 of thc original igneous

. rocks that gave rise to them. :

Let X be the amount of igneous rock croded per square centimeter of earth's sur-

face. Lct I' be the amount ol clastic sediments de positcd pcr square centimeter of

earth's surlace. Then, Y : 0.97X.

t.El
Sodium content of igneous rock per cm' : 

100 
X X

Sodium content of clastic rock per cnl' = * * 
"

However, the sodium content of ocean water per square centimeter = 2.91 5 kg.

Therelore,

2.83 Y

,- .- loox-loo=2'915
and X: 160 kg/crni

), : 155 kg/cm,

The value ol 160 kg/cm2 gives a figure of about 3 X I0E kmr for the total amount

ol igneous rock rveathered during geological time. ir r,alue close to that obtained by

Clarke.
These calculations overlook two factors: the sodium removed from the ocean dur-

ing geological time in the form ol salt deposits and that added by way ol volcanic

exhalations and in solution in magmatic waters. Both these items are probably small

in relation to the sodium cycie as a whole, and they rvork in opposite directions. In

addition, of course, the calculations fail to take into account the sodium that may

have been present in the primitive ocean; anlr 5u"1.' sodium rvould reduce the amount

of weathering necessary to produce the present sodium content of sea water.

Goldschmidt also calculated the quantity ol calcium and magncsium carbonate in

sedimentary rocks. He estimated the average content ol noncarbonate CaO in sand-

stones and shales to be 0.6Vo and concluded therelore that CaO in excess ol this

figure is present as calcium carbonate. Similarly, the average amount of noncarbon-

ate MgO w-as estimated to be 2.6Vo. A balance sheet for the cycle ol calcium and

magnesium iri sedimentation was then derived as follorvs:

In thc ocean Ca 0.00042 X 278 = 0.1l7 kg/cm'?

Mg 0.00130 X 278 = 0.361 kgf cm2

ln igneous rocks
In carbonate-free sediments

160 kg igneous rocks contain

155 kg carbonate-lree sediments contain

CaO
5.08%
0.6Vo

8.128 kg
0.930 kg

Mgo
3.49Vo'
2.6Vo

5.584 kg
4.030 kg
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7.034 kg CaO

-lillll9:-
12.551 kg CaCO,

183

278 kg sea warer contain 0.117 kg Ca 0.361 kg N{g
corresponding to _ _0 164 kg CaO 0.598 k; Iv{;O

Therefore, thc lolrowing amounts of calcium and n.ragnesium carbonates (per squarecentimeter) must be present in the sedimentj:

0.956 kg N{gO
1.043 kg CO.
1.999 kg MgCO,

Assuming that alI the magnesium carbonate in sediments is there as dolornite, CaMg
(CO,)r, rve obtain these figures: 10.170 kg CaCOr, 4.312 kg.CaMg (CO,)r..I_Ience
the total amount of sedimentary rocks per square centimeter of the earth's surface
is.l55 kg clastics, 10.2 kg limestone, and i.q kg dolomite; the combined co, in
sedimerts is 6.562 kgf cmz. From the above figures and the densities of these rock
types the total average thickness of sediments can be calculated.

Volume
Mass/cm2 Densitl, (cm,) Thickness

Clastics (sandstones and shales)
Limestone
Dolomite

Table 6.7 Estimates of the Relative Amounts of the Common
Sediments, Based on Geochemical Calculations

155 kg 2.65
10.2 kg 2.7
4.4 kp. 2.9

169.6 kg

clarke's calculation lor the total sedimentary rocks of the globe gave an approx_
imate thickness of 2-500 feet or 762 meters. The agreement ['etweJn the figures of
Goldschmidt and Clarke is good, considering the asJumptions lnuotueo in both cases.

-- 
Goldschmidt's computations have been exiended and iefined by later investigators.

The resulting estimates for the relative amounts of the common sediments are col-
lected in Table 6.7. The later results do not differ significantly from those ol Gold-
schmidt, but the calculated totaI mass has increaseJconsiderably. The importance

58,491 58-5 m
3,7'17 38 m
t,st'I _]!n

639 m

Shale

Sandstone
Limestone and dolomite
Total mass (X l0,'g)
l. Goldschmidt, 1933
2. Wickman, 1954

.8 t7 il ll
9 .9 8 15

1066 . 2050 2500 3200

748t'7483
91

9
865

3. Horn and Adams, 1966
4. Carrels and Mackenzie, l9iI
5. As 4, but including allowance for submarine alteration of

volcanic rocks.
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oi calculations ol this kind lies not so much in precisely deterrnining the amounts of
each sedin.rentarl'class but rather in elucidating the general lL'3tures ol ihr' gr'.r:henr-

ical e1'clc.

The results of the geochemical computations are in some disagreement u'ith field
measurements of the relative percentages ol sedirtientary rock t1'pes. N{easurements

ol stratigraphic sections consistentll, give greater percentages of limestone and dolo-

mite than indicated from geochen'rical calculations; for example, Leith and Mead

assembled the data for 708,000 leet of sedimetrtar)' rocks in North America, Europe,

and Asia and obtained the following percentages: shale 46, sandstone 32, limestone

and dolomite 22. Such compilations must be used rvith caution, since the identifi-
cation ol a formation as a limestone, a sandstone, or a shale is liable to be very gross;

shales olten contain considerable sand, sandstones may carry much clay, and the

term limestone is applied to many rocks with only 50% or so of carbonate. Never-

theless, it is clear that carbonate rocks are more prominent in the geological column

than one might expect from geochemical calculations based on their derivation lrom
continental igneous rocks. Garrels and Mackenzie have discussed this problem and

present evidence lor the derivation of much ol the material of the carbonate sedi-

ments from the alteration o[ submarine volcanic rocks. The results ol their calcula-

tions (Table 6.7, column 5) clearly provide better agiegment with the observed pro-

portions ol sedimentary rocks.
Garrels and Mackenzie also discuss the variation in the proportions ol the different

types of sedin.rentary rock over geological time. They note that the ratios of sedi-

mentary rock types shorv striking changes over the past 2 X i0e years. Carbonate
rocks make up 25Vo ol the sedimentary rock mass of Phanerozoic (Cambrian-

Recent) age, but only about 57o of rocks 600 million years to 2000 million.years old.

Evaporites are roughly 5Vo of the Phanerozoic rocks. but much less then lVo of older
rocks.

SELECTED REFERENCES

Bathurst, R. G. C. (1975) Carbonate se(liments and their cliagenesis (second ed.).

658 pp; Elsevier Publishing Co., Amsterdam.
u',l;;I,?J:il,\:'J+"ff '{:{:;:#KilJ'f":,"""J.'^,if },1i1*i}Jil:'li}i;

different aspects of soil geochemistry; the article on trace elements by R. L. Mitch-

'Berner, 
R. A. (I971). Principles ol chemical sedimentology.240 pp. McGraw-Hill

, Book Co., New York. The application of thermodynamics and kinetics to the elu-

cidation of problems of sedimentation, especially diagenesis
Braitsch, O..(1971). Salt deposits, their origin and composition.29T pp. Springer-

lerlag, 
N"y 

Io.rO;.A 
comprehensive discussion ol salt deposits and the physical

chemistry of their formation.
Degens, E. T. (1965). Geochemistry of sediments. 342 pp. Prentice-Hall Inc., Engle-

wood Cliffs; N.J. A survey ol the applications ol low-temperature geochemistry to

the study ol sediments and sedimentary processes.



SEDIIVlENTATION AND SEDIMENTARY ROCKS 185

t

n

F-eth, J. Il., c. l'{. Roberson, and w. L. polz.er (1964). Sources of mineral conslif_
uents in u.ater lrom granitic rocks. Sierra Nevada. L/.5. Gcol Srtr,-e1, Ifater_Sup_
p!;' Papi,r, l-i3-;-1. \\'earhering process of grantte.

Garrcls, R. i\{. and c. L. Chrisr (r965). solurions, minerals, and eqttilibria.450 pp.
Harper and Rorv, Nerv York. A comprehensive account o| the piinciples of-solu-
tion chcmistrl'and thernrodynamics as applied to mineral equilibria in sediments
and sedimentary rocks.

Garrels' R. N{. and F. T. N{ackenzie (r97r). EttorLrtion of'secrinrcniar1,rock.s.391
pp. w. w. Norton & Co., New york. A comprehensivl account o[ the origin oi
sedimentary rocks and their development in space and time.

Goldich' s. s. (1938). A srudy in rock rvearhering. J. Geor.46, r7-58. A carefulr.,
documented account of the chemical and mineralogical chang", proau"",i [y
weathering on a granite gneiss, two diabases, and an imphibolitJ.

Grim, R. E. (1968). Clay mineralo,gy (second ed.). 596 pp. McGraw-Hilr Book co.,
Ne$' York. An authoritative work on the structure, composition, properties, occur_
rence, and mode of origin of the various clay minerals

Harris, R. c. and J. A. s. Adams (1966). Geochemical and mineralogical studies on
the weathering of granitic rocks. Amer. J. Sci. 264, 146_113.

Horn, M. K. and J. A. s. Adams (1966). computer-derived geochemical balances
and element abundances. Geochim. Cosmochim. Acta 30, 2:.g-zgg. A nerv
approach to the determination of elemental abundances in the crust and in major
sedimentary rock types. using a computer program.

Imbrie, J. and A. PoldervaarL (1959). Mineral compositions calculated from chem-
ical analyses ol sedimentary rocks. J. sed. petrol. 19, 5gg-595. This paper pro-
vides a carefully reasoned procedure for obtaining a quantitative mineralogical' composition from the chemical analysis of a sedimentary rock.

James, H. L. (1966). chemistry olthe iron-rich sedimentary rocks. u.s. Geol. surv.
Prof. Paper 440-W.61 pp. IDara ol Geochemistry (sixth ed.). chapter W.] A com_
prehensive account of the composition, distribution, and gcochemistry of iron-
stones and iron-formation.

Krauskopl, K. B. (1955). Sedimentary deposits of rare nretals. Econ. Geor.,50th
Ann. vol., 113-463. An exhaustive compilation of the data on the occuirence and
amounts of rare metals in different kinds of sediments and sedimentary rocks and
a discussion of the physicochemical laclors involved.

-(1956). 

Dissolution and precipitation ol silica ar. lou, ternpcrarures. Gcochirt.
cosmochim. Acta 10, l-26. An account o[ experirnental wori on the solubilitl, ol

_ silica at lorv temperatures and the geological applications of this work.
Krumbein, w. c. and R. M. Garrers (r952). origin and classificaiion olchemicai

sediments in terms ol pH and oxidation-reduction.potent ials. J. Geol.60, I -33. A
careful study of the pH and oxidation poteniiali of the common sedimentary
environments and the rcsultant mineralogy.

Loughman' F. c. (1969). chenicar *eatiering of the siricate nrinerars.l54 pp.
American Elsevier, New York. A short but comprehensive review of chemical
weathering.

Pettijohn, F. J. (1975). sedirnentary rocfrs(third ed.). 628 pp. Harper & Row, New
York. An excellent source ol information on all aspe.cts ol sedimentary rocks,



186 PRINCIPLES OF GEOCHEMISTRY

especially uselul because of the carelull)' chosen groups of analyses of different
rock t1'pes.,

Ronov, A. B. and A. A. Yaroshevsky,(1969). Chenrical composition of the earth's
crust. In P. J. Hart (ed.), The earth's crLt.tl and upper mantle,37-57. American
Geophysical Memoirs 13. Contains a detailed presentation of volume, mass, and

average chernical composition ol continental sedirnentary and volcanic rocks and
the oceanic sediments.

Ronor', A. B. and A. A. Yaroshevskl'(1976) A nerv nrodel for the cliemical struc-
tures of the earth's crusl. Geochemistrl; International 13, no. 6, 89- 121 .

Stewart, F. H. (1963). Marine evaporites.53pp. Lr. S. Geol. Surv. Prof. Paper 440-
Y. lData of Geochentislry (Sixth ed.), chapter Y.l A brief but comprehensive
account, both physiochemical and geological, ol marine salt deposits.

Weaver, C. E. and L. D. Pollard (1973). The chemistry of clay minerals.2l3 pp.

American Elsevier, New York. A comprehensive account of the clay minerals in
sediments and sedimentary rocks.

Wickman, F. E. (1954). The "total" amount ol sediments and the composition o[
the'raverage igneous rock." Geochim. Cosntochim. Acta 5,97-110. A careful
evaluation ol the data available for the calculation of the amount ol igneous rock'
rveathered and the amount of sediments formed during geological time. " '



7
ISOTOPE GEOCHEMISTRY

The study of the isotopes ol s'.)me chemical elements has bcconre one ol- the irost
important and polverful tools in geochenristry. Variations in the relative abundances
ol the isotopes ol an elernent nray result lrom several types of geochemical rcactions.
The measurenrent and understanding.of these ctlrnges in ,niny cases give clues to
these reactions. Elements usually selected for isotopic investigations include those
with trvo or more isotopes that have rneasurable isotoiic abunda-nce differences. Mass
spectrometers used lor thc sensitivc anall'ses are capable ol measuring variations in
the isotopic abundances u'ith prccisions in rhe vicinity ol 0.01%.

Isotopic variarions rnay be divided into tivo major groups: (a) those due ro the
radioactive decay ol unstable nuclides, rvhich causes variations in the isotopic conr-
position of the stable daughter products and (b) rhose due to variations in nonradi-
ogenic isotopes most often produce<j by exchange reactions, kinetic reactions in bio-
logical systems, or physical-chemical processes such as evaporation or diffusion.
Radiogenic isotopes most often studied are those of argon, strontium, lcad, and nco-
dymium. These elements may shorv significant variations due to the length ol tirne
their parent radioactive nuclides have had to decay and the original concentrations
ofthe parent and daughter nuclides. strontium isoiopes have pi:oven to bc a po.ii.,
ularly useful tracer to indicate whether the magma that lormed an igneous rock
originated in the crust orthe mantle. Magma derived from the upper nintle .hor,i
a lower concentration of sTSr due to the lorver concentration o[ the radioactiv.e parent
"Rb in the mantle than in the crust. stable isotope variations are most pronounced
in the low atomic rveight elements hydrogen, cu.bon,-o^ygen, and sulfur. Note that
these elements may all be found in volatile or fugitive ipecies as well as in solid
phases. Stable isotope variations occur and are most easily detected when the relative
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mass differences between the isotopcs are relatively large, such asrH and 2H orr2C
and rrC sith a ntass differences oi 100'? aqd Sjc Isotopic variations are more likcll'
io occur in the lorv atomic rveight elements than those of higher atomic weight. With
increasing temperatures the fractionation ol the stable isotopcs decreases, thus thev

shorv grcater lractionation in sedimentary systems than in magmatic rocks. In gen-

eral tlie dcgrec ol stable isotope fractionation decreases from the ntaterials lornted

at the surface of the earth to those lound at deptli. R.ecl,cling ol surficial ntaterial

through the upper ntantle tends to rehomogenizc the isotopes.

STABLE ISOTOPES

As noted above, non-radiogenic variations in the relative isotopic abundances of sev-

eral elements have been detected in nature. For the elelnents H, C, O, and S the

observed differences are of geologic interest. The variations measured by mass spec-

trontetry may be reported as absolute ratios such as '80/'60, but they are more olten
reported in terms of a lactor 6 in per mil (9oo) or parts per'thousand, where:

/ R samnle \;:l--t 11000
\ R standard t

and R is the ratio ol trvo selected isotopes in a sample or standard. The use ol this

t1,pe of lactor minimizes systematic errors in rneasurement between different spec-

trometers and laboratories. In Table 7.1 the mcasured isotope pairs lor the commonly

measured elements are given, together u'ith the naturally observed isotopic ranges.

Iror oxygen tire per mil variation is lorrEO/'60 and the standards commonly used

may be either standard rnean ocean \\'ater, SN{OW, as defined by Craig (1961), or

PDB, the carbonate from a Cretaceous belemnite first used as a standard by Urey

Table 7.1

Per Mil Isotopic Variation, 6 of
Heavier Isotopc

l

:..1
-J

Elcment rvith Isotopic Standard Used
Minerals and Natural

Rocks Waters
Isotopes

Measurid

Hydrogen
Standard mean ocean s'ater
(sMow)

Carbon
Calcite-PDB (belemnitc)

Oxygcn
SMOW

Silicon
Quartz vein, Mother Lode,
California

Sutfur
Canyon Diablb meteorite troilite

tllltll. (Dll1) - 180 to +20 -410 to *5i)

ttcf t2C' -J5 to +'5

,.o/,ug

,osi/r8si

r4s/r2s

,2 to +36

-2.2.to *3.2

-45 to +60

-50 to + l5
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et al. (19-5 l). L,ikeuise rH/'lj variarions are rclerrccl to SNfO\\,and rrCl/,rrC,,,aria-

tionS to PDB. Troilite (FeS) lronr the Canl,on Diablo nlet!-orite is thc strrndard used
for !S,i-':S. Several ol the briginal staider,ls hirle been esscntialir e.\heusred. bur
laboratories today nta1, use secondary standards calibra.ted against thcse original
niaterials. Positive or negative 6 values indicate enrichment or depletion ol the heav-
ier isotopc in the sample relative to rhe standard.

The isotopic variations are due to mass'differences between the isotopcs that lead
to sntall diflcrences in the vibration fre:quencies of the atoms in a molccule or cr1,stal.
As a result ol the differing vibration lrqquencies, the Ihernral properties of the iso_
topes, such as internal energy (f), heat capacity, and entropy (S), vary and may
lead to a fractionation in the distribution olthe isotopes betrveen trvo phases. For the
distribution of '80 and 160, for example, a separation constant a between tivo phases
may be calculated as 

- - 
R^ (,,o/,uo) phase r= (rc/160) phase B

In equilibrium systems it rnay be shorvn that a is'thc equilibriunt constant ol a iso-
topic exchange reaction if the reaction is written for the exchange of one atom. Such
an equilibriur}.l constant may be calculated using.statistical mechanics or measured
for a number of phases of geochemical interest. The constant is temperature-depen-
dent and hence a useful natural thermometer for geochemical systenis. The fraction-
ation factor a is related to 6 by the relations:

" : I 1:'1]::: rooor,ro = 6, - 6,. ando = r r 6, - 6g

I + dB/1000' "u) 
1000

For biological systems it is difficult to precisely prcdict fractionationi produced b1,
rate-controlled or diffusion reactions, but they may be measured in tl,pical systents.
Generalizations that may be made about isotope fractionation include: (a) bonds
lormed by light isotopes are rnore easily broken than those ol heavy isotopcs; (b)
rroleculcs rvith light isotopcs u'ill react more readily than those rvith heavl isotopes;
and (c) lighter isotopes sho*' prelerential enrichments in irreversible chemical reac-
tions. The measured isotopic variations are a lunction ol the flri.ctionation processes
and the original isotopic composition ol the starting materials. The results may give
inloimation on (a) the temperature ol lornration of rocks and minerals, incLuding
fossils, (b) chemical and phi'sical processes that have affectcd rocks during or follorv-
ing their fornration, and (c) genetic relations.among rock and meteorite t],pes.

oxygen is the most abundant element in the earth's crust and hence many oxygen-
containing systems are available lor study. The nrass spcctroscopic measurements
are most often made on oxygen in the lorm of Cor. Figure 7.1 shorvs 6r80 decreases
with increasing temperature in natural rvaters. and lower-lcmperature matcrials
show larger variations in 6r8o than do the high-temperature igneous rocks.
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Figure 7,1 Oxygen isotope variation in commort rocks, minerals, and waters.

The oxygen' isotope lractionation in igneous rocks approaches equilibrium, and

hence a-, values may be calculated and temperatures of formation determined. The

measurod values may be cornparcd u,ith experinientally detcrmined fractionation
cur!'es as shorvn in Figure 1 .2. ln this figure n.rineral vs. water curves have been

plotted. Irrom such data, 6'80 differences betrveen coexisting mineral pairs can be

used to indicate temperatures of formation or a graph sirnilar to that shown in Figure

7.3 rnay be deternrined and the temperatures estintated directly.
It niay be noted that minerals in ii,hich Si-O-Si bonds predominate become

enriched in '8O. Bonds oi the Si-O-Al type and Si-O-Mg types shorv less frac-

tionation. Quartz shorvs the highest r8O enrichment of the cot'tlmon rock-forming

minerals, foilorved by the leldspars, muscovite, amphiboles and pyroxenes, biotite,

and olivine. The oxides r.nagnetite and ilmenite shorv the least l'ractionation. The

rcsults oblained in mdn), igneous rocks indicate that their minerals rvere in equilib-

' rium rvith a large reservoir ol constant ''O/'uO ratio. The diffusion ol oxygen in tlie

crust and upper mantle appcars lo be rclativcly rapid.

SULFUR ISOTOPES

Meteoritic troilite.has a remarkably constant r4S/r2S ratio of 22.21,and may perhaps

be considered to represent.primordial sullur. The 3aS content ol sullur in components

ol the earth's crust varies by about 50 %o on either side ol this standard, as illustrated
in Figure 7.4.:Ihe variations, which appear large in vicw of the relatively high atomic

rveight of sulfur, are due in large part to the action of sulfate-reducing bacteria that
produce sulfides enriched in. r2S rvhereby the sullate remaining becomes enriched in
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rtS This nrechanisnl can account for the increase ol rtS in oceanic sulf'ate residual
alter bacterial reduction. Thc II,S produced is remo'ed fronr the ocean bl.precipi-
tation as iron and cther heavr.-metal sulfides. Processes s'uch as theloxidation and
reduction reactions oi H,S, So., and S during volcirnism, and sulfide-suliate equilib-
rium under magrnatic or h-vdrotherrnar conditions, may be rocaltl, important. rvlost
h1'drothermal sullide deposits do not shorv great isotope variations. indicating the
suilur comes lrom a primitivc reservoir or a htrmogenized system. Exotic v'alueslrom
selected deposits nlay' indicirte that hvdrothermal sulfur is from a fractionated sedi-
mentary source. Such surlur may' be light il deri'ed lrom sedimentary sulfides or
hear,f il derived lrom sedimentary sulfate.

One of the more successful applications ol sulfur isotopcs has been in demonstrat-
ing that the elemental sullur in the salt domes of Louisiana and Texas rvas formed

Temperature oC

600 500 400 350

Ca lc ite

d
c
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106i.-2,K '2

Figure 7.2 Experimentally determined oxygen isotope frac_
tionation curves for selected mineral_HrO sys_
tems.
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b1' thc bacterial reduction oi sull'ate in the gvpsum or anhvdrite cap rock. These salt
dtroles are capped bi,'anhy&ite-apparentl) precipitated in an inland sca. Thc rrS/r{S

ratio in this anhl'drite is a reletivell,constant 21.85. The anhl'drite rvas reduccd by
the bacteria Desulfovibrio, which used accumulating petroleum as their energy'
source. The petroleurr was oxidized to CO, rvhile the sullate was being reduced to
I-I,S. The HrS then reacted ivith residual sulfate to produce native sulfur. This nrech-
anisnt is supported by isotopic nreasuremcnts ol H,S in the salt dorne cap rock. rr'hich
has ir 2 to 5% highe r t'S/"S, cornplenrenting tlie e nrichrnent in ':S cap rock h1'drogen
sulfide. Native sulfur in cap rock is slightly lieavier than the associated hydrogen
sulfide and lighter than ttre associated sulfate, r,erilying its production b1, the SO., -
I-irS reaction. The sullur data are supported by the r3C/'2C ratios ol calcite cap iock,
r.r'hich are lo*,er than those of sedimentarl, carbonate but are siniilar to those of
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-50

petroleum, thus indicating that the
oxidation of petroleurri.

CARBON ISOTOPES

193

calcite carbon dioxide was derived lrom the

0

Figure 7.4 Sullur isotope variation in common rocks, waters, and volcanic gases.

-20-30

carbon, like sullur, sho*,s large isotopic differences in geochemicaI samples. The
variations ma1' be ascribed to the action ol organisn.rs u,ith isotopic lractionation
caused b1' kinetic effects and also to the ability of carbon to exist in a large nunrber
ol compounds in naturirl systems. The data in Figure 7.5 shorv that the heavier car-
bon isotopc'rC tends to be concentrated in carbon-oxygen inorgirnic compounds.
Sincethg reference standard lor carbon isotopc *."rur.L"nts is"a lbssil carbonate
shell, manl'ol the reported measurements havc negative 6rjC values. Seyeral aspects
ol organic carbon isotope studies and additional carbon isotope data are included in
chapter I0. In addition to the stable isotopes ol carbon r2c and ,c, an exceedingly
small amount of the radioactive isotope lac may also be found. ,oC in natural systems
is noi detectable by mass spectrometry

Meteorites exhibit large carbon isotope variations. This appcars to be due to the
presence of several carbon phases in the different types of meteorites. The carbonate
phases in carbonaceous chondrites have 6rc values near ]_60%o whereas the coex_
isting hydrocarbon phases are around -r0%0. The whole-rock value of 6rrc of
-7 '2%o for the Murchison C2 carbonaceous chondrite may represent a reasofrable
value for total terrestrial carbon. Figure 7.6 shows that atmospheric cor, carbona_
tite, and diamond deposits arso have carbon isotope varues neai this value.
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Figure 7.5 Carbon isotope variation in natural carbon-containing materials.

When chemical fractionation of carbon takes place in the geochemical c1,cle, iso-
topic fractionation also occurs. In volcanic and fumarole gases methane carbon is
lighter than carbon dioxide carbon. Methane in Yellorvstone and New, Zealand
fumaroles has an average 6'rC ol -28%o rvhile associated CO, has an average 6rrC
of about *4%0. Comparison of these values with those calculated lor the reaction
CO? + 4H, = CH4 + 2HrO indicates that these gases equilibrated at about 200 to
300"C. These calculations compare w'ell lr'ith bore-hole rheasurements, and, becaLise
ol the slorvness of the equilibration in the above system, indicate that the componenrs
eristed at these temperatures for a long period of time.

Most inorganic carbon isotope lractionation is due to equilibration efiects. The
equilibrium of carbon dioxide in the atmosphere with bicarbonate in the oceans is
described by the equation:

H'2CO1(aq) + rrCO, (gas) : H'rCOi (aq) * '2CO, (gas)

This reaction ha5 an equilibrium constant of about 1.005 at 20 " C, and the measured
values 6rrC ol -7 in atmoipheric CO, and -2 in oceanic bicarbonate are in agree-

. ment rvith this. Likewise the equation HrrCO, (aq) + Car2CO, : Hr2CO: *
CarrCOr, with an equilibrium constant ol 1.004 at 20'C, predicts that il isotopic

I

i

t
I
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oquilibriunnvere attained, the urarine carbonates rvould have a 6rrC about 49i hear-
ier than the rnarine bicarbonate lrorn rihich they rvere derived. \/ariations lrorn this
i'alue in measured s)stcnrs nral indicate that biochemical metabolic icitcr.io-ns cause
kinetic isotope effccts conrplicating this s1,stem. Any local variations in the d'rC ol
natural *ialers ri'ill directh'affect the 6rrC in carbonates precipitated fror.n them.
Such variations.ire tltore likell'to be found in frcshil,ater s),sterns than in ocean
rvater. Changes in carbon isotopic conrpositions over the gcologic record nra! have
occurred in natural reservoirs in the geologic past. Any real diffcrence-r are ntest
easily explained by variations in photosynthetic activity. Slight nraximums in drC
ratios in Devonian and Cretaceous times are perhaps due to the development of land
plants and florvering plants in these tirnes..The major diffrculties in interprcting sucll
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Figure 7.6 Isotopic abundances of carbon (Craig, 1953, Geo-
chinr. Cosntochittt. Acta, 3, p.60).
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changes conle fronr our inabiliti'to evaluate slorv secondarl'. exch:rngc re.rctiorls in

these sanrplc-s over t-he long iim_e pci'i.rls since the ir de3riiti.rn

HYDROGEN ISOTOPES

Because the relative ntass difference betu'een the trvo stable isotopes ol h1'drogen 'l{
and 2H (deuteriurn. D) is larger than anv other isotope pair, hldrogen shorvs thc
greatest isotopic fractionation. Fractionetion up to 707o or 7001)uu lias been recorded

on geochemical samples. The 6D values for common geochemical materials are

shori,n in Figure 7.7. The standard for the deuterium measurements is the sante

SMOW used for oxygen isotopes. Note in Figure 7.7 that most samples have dD

values Iighter than the ocean water, rvhich is essentially constant in its hydrogen

isotope composition. Since the vapor pressure ol [{DO is lorver than [{,O, evapora-

tion rnechanisms thus remove the isotopically lighter molecule lrom ocean rvater.

This fractionation is paralleled by a similar and smaller fractionation ol oxygen in

the same waters. Measurements ol precipitation shorv that rvaters near the equator

have both hydrogen and oxygen isotopic compositions near that ol ocean rvater,

rvhereas snow near the poles may have D.values of less than -300760 and 6'80 values

in the rang'e'gl -45%o to -50%0. This lractionation is quite regular rvith respect to

tatitude and rnay be explained by assumiirg the earth's atmosphere is acting as a
giant condenser. As water evaporates or condenses D and '80 are conccntrated in the

liquid phase. The relationships betrveen 6'7H, (6D) and 6'80 are show'n in Figure 7.8.

Only rarell, does the isotope composition of natura[ \\'aters fall arvay froni this line.

The variations therefore provide unique fingcrprints for meteoric waters. Meteoric
waters that becomegroundwaters exchange their oxygen isotopes ivith carbonatc and

srlicate minerals that they come in contact rvith. The hydrogen isotopes, horvever,

show minimal exchange since there is relatively little hydrogen in the rocks the water
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Hydrogen isotope variations

Figure 7.7 Hydrogen isotope variations.
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L::I'liiTi,kiX,l-:-f','#,1['ff'1.'."''i'""!'i;':::: ili,::":':l"i:::T:]l
exchangc u,ith local rocks, the dD values remain constant, supporting e lltct('oric
origin lor the hydrogen. If it wcre diluted by primordial hydrogcn the lines rvould be

skcrvcd rather than horizontal. The same effect is also noted rvhere nonequlibriunr

evaporation takes place, as in the acid t1,pe hot springs ol Yellorvstonlr National Park.

OTHER ISOTOPES

lsotopic investigations of H, C. O and S have sholvn them to be the most uselul

elements for elucidating geochemical systems. Other elements have been studied

rvith less success. Nitrogen isotopes in natural organic compounds show variations in

6r5N of about l0%o above and below the standard atmospheric nitrogen. The mech-

anisms for producing these changes are not rvell understood. Likewise silicon isotopes

show, variations in 6r0Si of about 2%o in igneous and sedimentary rocks. Other ele-

ments ol minor interest, such as selenium and boron, have measurable isotopic vari-

ations. The changes in selenium are attributed to biochemical activity, and boron to

selective incorporation of r0B into clay rniograls as compared to the h-eavier 
ilB

isotope.

GEOCHRONOLOGY

An interesting and rvidely used application ol mass spectrometric isotope studies has

been in the absolute dating ol geologic events. [n order to use isotope studies for
' geochronologic purposes, careful studies ol radiogenic daughter products ol radio-

active nuclides and the concentrations of the parent radioactive nuclide must be

made. Such systems are knorvn as accumulation clocks. In addition it has also been

possible to directly study the decay of short-lived radioactive nuclides, notably 'aC.

These methods are knorvn as deca1, clocks. In either method the precision ol the

geologic date determined depends on instrumental sensitivity, sample handling, and

sample properties to be discusscd latcr.
The radioactive nuclides commonly used in geochronology are given in Table 7.2.

- Note that all of these are accumulltion clocks except lor raC.

RADIOACTIVE DECAY

Radioactive decay may take place in several ways. In the systems commonly used

for geochronology the uranium and thorium isotopes decay through a series of a and

,, 0 decays until'they change into stable lead isotopes. The details ol these decay

schemes are given in appendix II. Rubidium-87 changes by B decay into strontium-

87 and carbon-l4 changes by B decay to nitrogen-14. Potassium-40 may decay by

one of two alternate routes: by B decay to calcium-40 or K electron capture to form

argon-40. The argon-40 daughter product is the one used.to date geologic samples.
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Table 7.2

N uclides Ilali-Lile (1'r) x ()'r-')
Effective

Range (1'r) Nfaterials

"u-*Pb ,1.47 X l0'
0.71 x 10,
l.3g x l0r0
.1.88 x l0'0

1.06 x l0I
l.3l X 1O'q(total)

5730

l.J-s Y 16-to
9.72 X l0-r0
4.99 x l0-rr
I.42 x l0-r'

6/54 x t0-t'
0 4.72 x to-to
x 5.85 X l0-l

l.2l x l0-l

2r5u_207Pb

2r2Th_208Pb

8',Rb-,,sr

rlrsm_1111\d
ooK-toAr

,OC

l0?- 10,
l0?- l0e
l0'- l0e
l0?-l0e

1o'q

104-l0e

0-t0l

zlrcon, uranlntte
zircon. uraninite
zircon, nionazite
micas. igneous and

metanrorphic rocks
igneous rocks
micas, hornblend, sanidine,

igneous and
metantorphic rocks

wood, charcoal, bone,shells

The usefulness ol radioactive decay ror dating old events is based on the assump_
tion that the rate of decay is constant rvith respect to time and chemical statc, tem-
perature, pressure or other environmental factors of the radioactive parent isotope.
The rate ol decay of a radioactive nuclide is a first-order kinetic reaction. If l/ is the
number of atoms present at a given time and x is the decay constant lor the radio_
active nuclide the loss of Nrvith time is * dN l dt : ),N. Iniegration ol this equation
'and letting N6 be the initial number ol radioactive atoms yielas the relationship

From this equation the relationship between the half-lile ol a radioactive nuclide and
the decal' constant mai' be derived by substitution % for /v/A( which gives /nu,,_,,,.
= 0.693/I.

Since most ol the radioactive dating techniqucs used in geochronorogy arc rong
half-lived accumulation clocks, it.is convenient to put the decay cquations in teims
ol No the atoms of daughter nuclide and N the atoms of par.nt nuclidc present at
the time an age date is measured. The relationship is

' 
N D:' 7r('sit - 1;

If the half-life is long with respect to the measu."a ug"'the relationship may be
simplified by the approximation

ND

_ _ ^-Ir
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The fact that the deciil, ol the uranium isotopcs to lead isotopes takes place b1' a

serics ol sequenrial dccals is vcrr. usclul in gcochronolog)' in that it-allori's th.- hllll-

Iives ol the long-lived radioactivc isotopes to be measured u'ith t.nore accurac)' than

the1, could by direct measurement. In these sequences rvhere internlediate nuclcar

species are in radioactivc equilibriuni or being lorn.rcd and decaying at the same rate'

the decay constants and nuclide abundances are rclated by X,1{, : \,N, : X,'\r :
.... IIence the direct measurement ol the hali-tife or decal'constant lor:l short-

lived intermediate allo,,vs the decay constant of the long-lived rate-deterrnining decal'

to be calculated.
For a radioactiye isotope to be uselul for geochronology, sevcral criteria must be

satisfied. Either the radioactive isotope must be continually replenished as in the casc

ol r4C, or the half-lile of the radioactivity must be about the age ol the earth so that

significant amounts remain. The half-lile must not be too long or the production of

daughter product will be too lou'. The parent nuclide must be moderately abundant

in rocks and significant detectable enrichment ol the daughter nuclide must take

place. In addition the rate of decal' ol the parent must be known and the initial

content of the parent and/or the daughter rnust be determined. Also the system must

be closed such that no parent or daughter isotopes are added or subtracted by any

process other than raditactive deca1,, or such change must take place in a iegular

and orderly inanner.

Uranium-Thorium-Lead Methods

The uranium-thorium-lead S)'Stem was one ol thc earliest accun.rulation clocks used

in geochronology. The uranium and thorium $'ere concentrated in uranium-rich min-

erals, olten in pegmatite deposits, and rvere sometimes accompanied by lead-bearing

sulfide minerals, so that corrections for the isotopic composition ol the original lead

could be determined. The presence of three separate but related radioactive clocks

in the sa1.re system allowed checks to be n-rade with respect to the basic pren.rises ol

geochronology. Il the three dates obtained u'ere similar the results were termed con-

cortlant. If different dates rvere lound they '"vere called discordant. While in the early

days of radioactive geochronologv it ri'as ah.vays hoped that concordant dates rvould

be obtained, we now ltave developed our understanding ol the systems involved to
' 

sometimes successfully use discordant dates to elucidate the historl' of a rock mass.

The requirernent of the pegmatitic uranium minerals greatly limited the scope ol tlie

early work. Today most uraniuni-lead dating is done on zircon cr1'stals in common

igneous rocks. Seldom are samples other than igneous rocks dated b1' accun-rulation

clocks.
Natural uranium isotopes 2"U and 'r5U decay through a series of intermediates to

form 206Pb and ,o,Fb. The single Th isotope "'Th decays to 208Pb. The intermediate

products in the decay chain have low concentrations and are not the cause ol real

errors in the calculated radioactive dates. Diffusion ol an intermediate nuclide may

cause aalculated ages to be anofralous.
For minerals older than several million years, the radioactive dates for the three

systems may be calculated by the equations
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In addition a lead-lead age ma)'be calculated lron-r the equation

20?pb 2r5U (erIir_I)
2ooPb - x8t.j ( crr,r,_ l)

Natural uranium has a 2rsu7r:8U ratio ol l/r37.g and this can bdused in the above
equations. In the lead-lead equation it is not necessary to measure the absolute quan-
tity ol lead or uranium but just the radiogenic 20rpb/206pb ratio.

In order to correct lor the original concentrations of lead isotopes use is made ol
the nonradiogenic 20apb. If 20tpb is present in a uranium minerat, the presence of
original leid is confirmed and must be correcred lor. The best ,rai, to do this is by
direct meadurement from an adjacent lead-bearing, uranium-thorirm-f."e mineral
formed at the sante tirue as the mineral to be dated. As a second choice the isotopic
composition ol lead lrom the general erea nra) be uscd for tlrc correction.

In an ideal closed sl.stem a plot mal be made shorving the locus ol pairs of the
ratios ol "oPb7"tu and 20iPb/235U that have the ,u*. og.. Such a plot as shorvn in
Figure 7.10 is knorvn as a concordia plot. It illustrates tireexpcctcdratios in closed-
system sanlples ol diffcrent ages as marked on the curve. Ferv actual data fit on such
a curve but rather lall on lines similar to thc example also shown in Figure 7.i0. The
distribution of the data points for discbrdant data is interpreted to be due to the loss
of radiogenic lead lrom the minerals. In rnany such discordant data plots the data
points fall on straight lincs, lvhich may be extrapolated back in time to intersect the
concordia curve. The point ol intersection with the concordia curve is the starting
time of thc radioactive clock. At one time the intersection ol the straight line at the
lorver end ol Ihc concordia curvc u'as inlerprered to bc thc episodic tinlc ollcad Ioss.
Furthcr study has indicated that although such a process would give the observed
distribution of data points, a similar distribution may be obtaineJby, a constant or
increasing diffusion of lead throughout the age ol the rock in mani- cases. IJence it
is usually the upper intersection that proves to be ol greatest interest and use.

An indication ol thc age ol lead deposits may be obtained by measuring the lead
isotope contents. By assuming that the composition ol lead in iron meteorites is thp
same as the composition ol primordial lead at the tinre thc earth's crust evolvcd, a
lead evolution diagram may b6 constructed sliowing the evolution of lead isotopes
over geologic time. In order to construct such a diagram an assumption must be
made with respect to the ratio ol uranium and lead present ih the earth. Figure 7.1 I
shows a lead evolution diagram for a system with a present-day z:sg7zorpf, ratio of
9.
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Nleasurements of lead lrom some ore deposits give concordant ages and fall on

such a srnooth curve. This indicatcs that thei have been extracted at a givr-n tir':re
lrom a region o[ averase U-Pb distribution and hence have the composition ol ordi-
nary or common lead at that point in the earth's history. There are horvever, manY

lead samplcs that isotopically diverge from this regular system. These so-called

anomalous Pb systems are explained by the contribution ol lead lrom local U-Th-Pb
systems that have not been rvell mixed into a crustal ai,crage. An anontalous lead

curve is also sho*'n in Figure 7.1 l. The extensioti oi the line abcve and beyond the

common lead curve indicates that a uranium-rich source, such as granitic crustal
rocks, has added excess radiogenic lead to the sarnples. It may be that thorough
isotopic mixing may require transpori ol material into the upper mantle by subduc-

tion. Partial melting of crustal materials may produce anomalous lead. The study of
lead isotopes may give much geologic insight intq the origin ol lead ores but great

caution must be taken lest serious errors arise from false assumptions.

^^r dla
c,oo'",-z

2o1 Pbl 235u

Figure 7.10 Concordia plot for the U-Pb system. Ages in years.before present

are marked on the Cgncordia curve. A typical set of measurements
. is shown by Discordia. The intersection o[ this line with Concordia

is interpreted as the age of the sample.
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::#
Figure 7.ll Diagram of pb2o?/pb20{ vs. pb206/pb2N indicating the pri-

mordial isotopic comp6sition and a growth cu.ue lor oicli_
nary lead corresponding io a source region in which Urr8/
Pb,oo (today) = 9-9. The isotopic composition of Iead varies
according to the time ol isolation lrom the source region.
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Potassium-Argon System

The decay ol 40K to a.Ar has been'one of the most widery used reactions rbr geologic
age deternlination. It is espccially uselul in the age determination of. rocks a ferv
hundred thousand years old that are diltrcult to daL by other techniques, as r.vell aslor older samples. This is primarily because argon is an inert gas and can be mea-
sured easily' and accurately in snrall quantities. The majoruo,ir"", o1error are old
inherited argon and contamination by atmospheric argon during the anaryrical pro-
cedure' Potassium is one of the most abundant elements in the earth,s crust and is'found in many rock-forming minerals. Thea.K half-tife of l.3l X 10e ycars is opti_
mal as con.rpared to the age of the earth and the rate of decay. Argon does not cntcr
into chemical combinations with other elements and only rarjy is it ,"t"in"d directly
in minerals as they lorm from magmas. unrortunatery radiolenic argon has a ten-
dency to leak out of some minerals and care must be taken in selecting the proper
rocks or minerals for age dating. Argon loss is increased by heating.

Potassium -10 .uy decay in two ways; b1'p decay to iorrn orC"a and K-electron
capture to lorm o0Ar. only the latter is extensively used because calcium is a common
element in rocks and o'ca is the most abundan! isotope of calcium. The branching
decay requires a modification of the fundamental age ietation equation to give

Ordinary Pb growth curve

Primordial composition
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, \, t \, \ '"Ar,
A: 'K

I1= -lnI
*'here X is the dccay constant ol 10K, tr, is the rate ol decay of ooK to'oca and X, is
the rate of decay of ooK to *Ar. The ratio ol B decay to K-electron capture is ahout
8.1/1. Il total potassium is deternrincd in a dated samplc it rnust be corrcctcd to
account lor the fact that conrnron Potilssiunr contliins 0.01l9 atom % ooK. Corrcction
lor atmospheric contanrination ol ltrgon can be corrccted lrom the kno*n atouric
ratio ol t6Ar:"Ar:ooAr in air of 0.377:0.063:99.60. Most of the argon in thc atnto-
sphere has come from the decay of aoK.

Studies have shorvn that the micas and hmphiboles have the best argon retention
of common rock-forming minerals, hence thel' are used most commonly' lor age
determinations. Feldspars are rather.poor argon retainers. With an1'of these m.in-
erals metamorphic alterations drive out the argon and a K-Ar determination on a

metamorphic rock usually gives the date ol the metamorphic event.
In K-Ar age determinations total K is usually' determined by chemical methods.

Argon is released from the sarnple by melting in a vacuum system and cleaned up
by removing chemically active volatiles released rvith it. It is analyzed in a mass

spectrometer and the abttndance ol radiogenic o0Ar evaluated by adding a measured
rsAr spike and also correcting for atmospheric contarnination.

Care must be taken in the interpretation of K-Ar dates. They are best used in
conjunction rvith the other dating rnethods and often indicate metamorphic events.
For 1'ounger samples, the technique is invaluable and nray be used for rvhole-rock
analyses as wcll as mineral separates.

To avoid some ol the problerns rclated to Ar loss a technique known as tlie aoAr

- r'Ar method has bcen developed. It consists of converting a lraction ol the pK 
in

the rock to 'eAr by neutron activation and then heating the sample in incrcmcnls to
release both the "Ar and ooAr. If thcre has been no loss of toAr the proportion ol
released 'eAr and aoAr rvill remain constant with increasing temperature and a datc
rnay be calculated. Il a rock or mineral has lost radiogenic aoAr the released ratios
u'ill vary and indiiate a date is unreliable. Under sor.ne circumstances the data n.ra1'

be saved il the interpretation can be nrade that the early release of argon comes frorn
the open sites and the later-released argon is lrom sites that have good retention.

.Thus 
thc high-tempeiature-rcleased argon ma)/ yield a reliable age.

Rubidium-Strontium Method

The long hall-lived decay ol mRb to 8?Sr has been particularly useful for dating rel-
atively old geologic events. Although Rb is not a particularly abundant element, it
is. concentrated in K-rich minerals. The method has been used in minerals and rocks
with high K contents. Corrections must be made for any primary 87Sr incorporated
in a rock or mineral upon solidification. This rnay be done by analyzing .a nearby
rubidium-free mineral for its strontium isotopic composition. The determination of
this correction provides the major analytical uncertainty with the method.

Natural Rb contains 27.8 atom 7o of Lhe radioactive t'Rb and 12.2 atom % *tRb.

,i,J
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As erpected thc isotopic r],,rkLu1.orsr nrer varv ricpending on its seoc.cnricar his-torr'' A long period in conrAct rvith s'Rb ,r.ill in.r.,r,. its proportio. of !,Sr. In anrr-lses the isotopic conlposition and abundance ol Sr is measurcd-rr.ith a nrass spec_tronleter' This nlethotl is mosl 0ften used to determine the Rb aLrund,rnce as ,,.eil.Alter the radiogenic s'Sr is dererrnined the age of a rock nra' be round using thesllndard rrge relrtiorrsltip.

,:]r,,,-[]II .R1.,

A uselul nrethod for deterntining the prinrarr.*,S.7rur.- ratio in a rock is by con-structing a Rb-Sr isochron. This is done t,, anar-vzing severai nrinerars and a u,hore-rock sample trom rhe ru.*"..9:-\ bodl,to give;.;,.r:,i;";;;;;;';;. plotting andcalculations. If the sa,re_initial 87Sr/86sr *ul t.upped in the different phases and theyhave remained as closed syst:T: ou., the age or the rock trr.n irrJ minerals u,ithhigher Rb contents will have. higher "S./rut'ro,'os and a prot oriolur present_day']Sli"l: vs 87Rb/86Sr will be'a straigtlt rin". rn. initial 'S17s6Sr rario will bedefined. by.the intercept rvith the zero ;nU7,;a ."rL'"rJrrr" ,il."j, tormation ofthe rock will bc given by

I/:pln(l *.slope)

:.1 .r:

.tl :l
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An interesting Rb-Sr isochron or strontiun.r evoluti.on diagram for rocks lrom theGodthaab arcr of Grecnrand is sh.\\n in l.igure 7 t2 il;;;ir rrr,rr.o .ppear robe part ola unilorrn sysrem. ra, on a straiiht rine, and gr"" o p.rn,,iliI';liliG;value of 0'7009' The slope y'ierds an ag" orlbout 3740 milrion years
Isochrons have proven to be verl' ur"rur in the study or ro.t, ir,"i gi* difrerent ordiscordant ages in an arca. Studies rt,,or'tt.,"i rvhole-rock samples usually ress thana cubic n.reter in size are closed sl.stems during metamorphisrn whire mineral grains

l;J'[i:,t#JXl],t*ot''tncc 
crchange and honrogenizarion or rrre Sr isoropes ci-urirg

Such an homogeniza.tion.caus.cs a resetting of the isochron to a horizontar line asillustrated in Figure 7.13. At this time the ridioacti'e clock wourd be reset and thestrontium *'ould de'elop. a ne\v isocrrron [o give the date or the metarnorphic event.Horvever, the isochron through the rvhole-r3"k on"lyr", *oura not. o. arrered, andthe analyses and protting or differenr rvhore-rock-silor.r';;;a'i.*ia" a datc rorthe original evenr. A diag_rarn iilustrating an ideal t\yo-stage isochron for both rocksand minerals indicating both the initiai igneous and later metamorphic events isshown in Figure 7.r4. rn pracricc .or" r."l-r-tu". .r;r,l-r";;iil;., gcorogic his-tory that the strontium evolution diagram is difficult if not impossibre to interpret.The determination or initial E?Sr/eSr ratios can provide interesting informationabout the origin ola rock. Irit is assum"a ttri,norr or thc earth;s Rb is concentra(edin the crust, magmas derived from the l*rr Uff have higher r;Srfr.r, ratios rhanthese derived from the mantre. Such an assumption is supported ,by the fact thatoceanic basalts have initial 87Sr/s6Sr 
values of about 0.702 to 0.705, reading to theconclusion that the Rb/Sr value in the upper mantle is about 0.02. lnitial ratios in
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Figure 7.14 Schematic isochron diagram for rvhole rocks (open circres)
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con-rprising the whole rocks. The rvhole-rock isochron corre-
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a.nd ErSr/865r in individual whole_rock specirnens at the later
time of mctamorphism is tjenoted by B and C.

granitic igneous rocks.mal,be in the range of 0.704 to 0.7r1 with Rb/Sr ratios of
about 0.25. Mag'ras derived rrorn melted crustal rocks wilr thus have higher sisr/
E6Sr ratios than rlrosc lrom an uppcr mantlc sourcc.

Carbon Dating

The carbon-l4 method used for dating rerativery'recent geologic events is a decay
clock rather than an accumulation croik. Unlike the radilactiri i*ropu, or U, Th,K, and Rb, which have survived since the origin of the elements, carbon-r4 is being
continualll' produced by the capruie of.neutr"ons uy ,i,.g"r-'iq';ii. upper armo_
sphere. The earth is constantly being bombarded bycosmiJrays that f.odr"" nuclear
particles upon collision with atmospheric molecules. Neutron, ,r* 

"up,ur.d 
by nitro_

gen according to the equation

:,{'

,lX

'.,8,,'

t'Rb'uut, 

-
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rJNrrr-r'C-lH

Th. ''C is radioaciir.e uith a haii-liie ol about 5730 1ears. ThE carbon fornred reacts
quickll'rvith ox1'gen to forrn radioactive CO, rvhich enters the photosynthetic c1,cle

together rvith stable carbon COr. The partially radioactive atnrospheric CO, enters
and exchanges rapidly rvith the h1-drosphere and biosphere rvitlr respect to the 'aC
hali-liie. Living plants, animals, and their carbonate hardparts had a natural radio-
activitv ol about 15 disintegrations/rnin-g of carbon until it u,as changed by the
activities ol humans. The burning ol lossil fuels has added CO, to the air to provide
a dilution ol about 27o ol the normal value. The dilution ol raC b1, this extra CO, has
been more than counterbalanced by the production ol 'aC by thermonuclear explo-
sions. Bomb testing has temporarily increased the I{C to ahnost double the normal
level.

The carbon-14 decay clock is starti:d rvhen a pieceolwood or other material stops
its exchange rvith the atmospheric reservoir by death. When this occurs, decay of 'aC
sets in and allorvs the time ol the start of the clock to be estimated. The pracision of
this calculated date is controlled by analytical technique, contamination, and the
nature of the sarnple. A piece ol trunk ri'ood lor example has a range of initial dates
depending on the location of the sarnple *'ith respect to the core ol the trunk. A
radioactive date may be calculated from the equation

,:1'nli\17
rvherc rYe is the equilibriuni I'C actir.,itl' and Ap is the present r{C activity. The
activitl, is most olten determined by converting the cleaned carbon samples to CO,
ahd counting the CO, in lorv-background proportional counters. By convention the
ages are calculated using a decay half-liie of 5568 years, which is about 3% less than
the recentll' determined half-lile values. Il a large enough sample is available it is

possible to obtain a date (rvith a maximum error ol about * 150 years) of a sample
up to 50,000 years old.

Anali'tical factors lirnit thc range ol 'oC dating to about 50,000 years. The inter-
pretation of IlC has been invaluable in elucidating the geologic cvents of the recent
Pleisiocene and Holocerre, and in providing a solid time foundation lor archaeological
spcci niens.

Carc must bc iaken in cvaluating rrnd usingr{C dates. lt is possible lor old or'tt
free carbon to be added to sonle geologic reservoirs such as rvhen deep ocean \\'aters
are carried to the surface or limestone dissolves in lakes. Basic to the assumptions.
upon rvhich 'oC dating is lounded is an assumed, relatively constant rate of raC pro-
duction. Careful measurements of tree-ring dated woods shows this is not exactly
true. If necessary, borrections may be attempted fbr such varidtions.
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THE ATMOSPHERE

INTRODUCTION

Although the atmosphere makes up onll' a small amount ol the total mass of the

earth, its influence on the chentistry of the earth's surlace is appreciable. It acts as

a transporting medium for the components of many of the geochemical reactions

that take place on the surface ol the earth, such as the transport ol oxygen, carbon

dioxide, and rvater, u'hicli are essential in the chemical rveathering process. The

atnrosphcre is an important part ol the geochernical cycle of n.rany elements includ-

ing sullur, carbon, and the halogens derived from sea spray or biochemical processes

aird distributed by atmospheric turbulence. Some minor constituents ol the atmo-

sphere are geochemically important. Carbon dioxide, whose concentration is only a

lew hundre<lths o[ one percent, provides the rarv-material for plant life. Ozone . most

of rvhich is present in a diffuse la1'cr (thc ozonosphere) rvithin the stratosphere, plal's

a vital pait in absorbing ultraviolet radiation; il this adsorption did not take place

the ultraviolet radiation at the earth's surlace rvould be latal lor most forms of life.

The presenee of an atmosphere is essential for a liquid phase or hydrosphere to exist.

THE COMPOSITION OF THE ATMOSPHERE

The atrhosphere'is simple in composition, being made up almost entirell'of three

elements; nitrogen, oxygen, and argon. Some of the compondnts, including the major

constituents, are constant in concentration at least over short-term variations.

Alihough rve have evidence that some have changed slowly over geological time, the

geologic record indicates the atmosphere has had a fairly constant composition over
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The Composition ol the Atrnosphe rc et (ircrund l_cvel

Nitrogcn, N. 7g0.g10
Ox,r'gen. O. 209..160

Gas

;\rgon. Ar
Carbon Dioxide. CO.
Neon, Ne
Helium, He
Kr1'pton. Kr
Xenon. Xe
H1'drogen, IJ,
Nitrous Oxide, \rO

Conceltration
br'\'olunie

(ppm)

9-l10
3 2a)

18.18
< a/-r,t{
I .14
0.08 7
0.5 5
0.3 3

Concentr:rtitrn
br, \\'eight

(ppm)

75i r)|
2.1 I ..100

12.E80
49r-t

12 61
0.7 24
3. -r0
0.3 9

0 038
0.-50

the last r08 to l0e years. o-lher components, notabrv water, show great variationso'er short periods or tirne. water vapor in the atmosphcre may range up to to 4vo,The carbon dioxide concentration in the atmosphere is being increased rvith theincreascd consumption of lossil fuels. The average cor.r'rppsition of the atmosphere atground le vet is given in Tabre 8.1. According ,o iuogoiro,;i;;, ;i; vorumc concen-lrations give directry the relative number of the differenr molecules and atoms.con'ection currents maintain constancy or the proportions of the different com_ponents at ere,ations below 60 kiror,eters. Above that level, gravitationar separationaccording to n.rorecurar u'cight nral be observed. Iror this reason, thc layer below,60kilon.reters is orten spoke, of as the homosphere. The geochemistrl,of the atmosphereconcefns itself r,ainry w'ith this region and its reactions rvith the Iithosphere, bio_sphere, and hydrosphere. Geophysic]sts, horvever, have studied the upper atmosphereextensi'ely and have shown that many interesting physical una piot"rr"mical reac_tions takc prace in the rcgion abo'e 60 to 100 kirometers and as the ntmospherediffuses into space. Figure g.r ilrustrate. ron-," or the properties, structure, andnomenclature or trre atmosphere. The atmosphere.gradualiy tirins out into interpran-etar' space, and above an 4rtitude of 60o kirom!ers rh; 
"i;";;;eric moreculesdescribe free clripticar orbits in the earth,s gravitational fierd_ Figure E..2 shoivs therelationship of the constituents to cach othJr and the changes that takc prace as afunction olaltitude. Tlrc aimosph.ri. 

"onrfon"nts 
are giuen as number density or thenumber of nlolecules pcr cnr-'. Notc thc parallcl lines at the lou,er altitucjes for mostconstituents' Notabre exceptions.are. Hro, o:, and atomic o^yg"rr- l,o,nic oxygenproduced by photochemical reactions upp"a., ut ror"", arrirude;;;n atomic nirrogenbecause or the.greater bond strength #,r-," r.il.;i;;i;.;;;';;:"", that at analtitude ol approximatery 240 kilimeters atonric oxygen becomes the predominantatmospheric species. At higher elevations lje and H p-redominate.

Although in conrposirion.rhe armospr,... .un u. ilk.d";;;;'as beco,ring uni_formJy morc.diffuse upuard, it does rho* ro." structurar fcalures or remarkabrcphysical significance. The rower part or the atmosphere in which convection is prom_inent is knorvn as the troposphere. Above this is the stratosphere, so nanted because
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it appears to be strati{red in a number ol layers bettveen rvhich no strons vertical

circulation scenls to eriist. The boundarl betseen the troposphc:': l:rd thc strstL-

sphere varies both rvith the latitude and rvith the season, but can Lre placed at a

height of about l0 to 15 kilometers. In the troposphere. tltc tentpcrriture decreiises

w'ith increasing height, rvhdreas in the stratosphere the tentperature is independent

of altitude. Above about 80 kilometers. the stratosphere passes into the ionospherc.

In this region, the atmospllere is rcndered conducting by ionization induced b1'ultra-

violet radiation lrom the sun.

The calculated mass ol the atmoSphere is about 50 X 10r0 g; one of the latest iind

most careful estimates gives 51.17 X 1020 g lor the total mass ol dry atmospherc,

that is, without any water vapor. In considering the chemical composition ol tlie
atmosphere, it is important to remenber that the composition evcn for the nonvari-

able elements is not a static equilibrium but is kept constant by balancing kinetic

processes. An important concept in considering these mobile or lugitive elements that

make up the atmosphere is the term "mean liletime" which gives the mean, or aver-

age, time that a given molecule resides in the atmosphere. For oxygen it appears that

the average oxygen moleculc is recycled about every 2000 years. For carbon dioxide,

the mean residence time is approximately 30 1'ears For nitrogen, the time is much
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400

Figu.re 8.1 Structure and composition ol the atmosphere
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Figure 8.2 v.rti.ur o,r,Jllill"i , u,n.,orotn""n.;::ffi.l,,r1.. ,r.r^.e to 250 km. (Arrer Air ForceGeophysics Research Directorate, I 960.)
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The b:rlance o[ or1'gen in the atn.rosphere is regulated by the biospherc through
photosr nthesis. The exchange rate is _rnuch greatcr tlian that o! nitrogcn so thc

o\)'gen is passed through the c1'cle in about 2000 years. The lack ol evidence for
ntajor short-term fluctuations in the ox),gen content ol the atn.rosphere in rccent gco-

logic time suggests that the addition and depletion processe! must be rvell balanced.

The main source of oxygen is photosy'nthesis, rvhile the main sinks are respiration
and oxidation by decay or u'eathering. About 99% ol the oxygen released by photo-

slnthesis is used up by'oxidation olthc organic rnaterial produced in tlie sanre pro-

cess. The excess oxygen is available because ol burial of organic rnatter before it can

be reoxidized to COr. Since there is evidence that the oxygen content of the atn.ro-

sphere has increased over geologic tirne, it is interesting to speculate whether oxygen

l.ras reached a steady-state plateau or wilI continue to slorvly increase in the future.
Carbon dioxide, like oxygen, is involved in photosynthesis but the main process

controlling its concentration in the atmosphere is its solubility and reaction with
water. Carbon dioxide is much more soluble in water than oxygen and nitrogen. The
proportional solubility of COr, Or, and N, is 70:2: l. Most free oxygen and nitrogen
are in the atmosphere u,hile most free carbon dioxide is in the oceans. In addition
rnuch carbon dioxide is also tied up as calcium carbonate on the ocean floor or as

ancient carbonate sqdiments on land. Carbon dioxide in the sediment-oceifl:atmo-
sphere system buffers its content in the atmosphere to an essentially constant value.

. Carbon dioxide's role in photosl'nthesis rnay be generalized by the equation

nCO, * nH,O = (CH?O), * nO,

The rate ol the exchange of carbon dioxide is rapid through the photosypthetic pro-

cess and the reverse process of respiration or decay.
In addition to carbon dioxide, carbon also is found in the atmosphere in the lorrn

of carbon monoxide, methane, and more complex organic rnolecules. The carbon
monoxide may be produced by photochemical oxidation of organic matter or by dis-

sociation ol CO,. The methane is primarily produced by bacterial decay of organic
matter. It is removed from the air by'oxidation.

As indicated in Table 8.1 the other rneasured constituents of tho atmosphere arc

the noble gases, notably argon. They are atomoph,ilic elernents since they' do not e nter
into chemical reactions that can cause them to be removed. All are present in small
amounts, smallcr than their molccular u,eights in relation to nitrogen rnight lead us

to expect. Argon is anon'ralously abundant with respect to tlie other noble gases

because it is a daughter product lorrned by the radioactivc decay of aoK in the earth's
crust and has been accumulating steadily over geologic lime. Helium; a radioactive
decay product as alpha particles, is depleted because of its ihemically inert hature
and low atomic weight rvhich.allows it to be slowly lost by diffusion into space.

Variable Constituents of the Atmosphere

So far rve have been discussing the constituents of the atmosphere that are present

in all samples ol the a.ir in amounts that do not vary appreciably from time to time
or lrom place to place. Other constituents must also be taken into account. Variable
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Table 8.2 \Iariable Constitucnts of the
..\tntosphere at Ground [,r.r.cl

21s

Gas
Concentration

(ppm bl.Volunte)

HrO
ol
SO,
I{rS
CO
cr,l4
N,O
Nl:lr

200 -.10.000
0.07

-<0.00 I to I

to 0.0001
ro 0.2
lo2
to 0.02
to 0.02

constituents of the atmosphere are given in Tabre g.2. of these. the most importantis water vapor, rvhich nray be pr"r"n1 in amounts varying rrom 0.02 ro4vobyweight.The content of rvater vapor depends on a numb". oi fr-.tor., of ,,ur,i.t., temperatureis the most significant; thus the average annual values lor differenr latitudes are 0",2'63 val.,%;50" N,0.92 vor. %;70" ri, o.zz vor.To.water vapor in rhe armosphereplays an'important part in regulating crimatic conditions. water vapor, together withcarbon dioxide, is responsibre for the important temperature .ont.ollirg mechanismknown as the greenhouse effec\. solar radiation or certain orurLugtt , ma), passthrough the Hro and co, molecules and strike the earth,s .u.t^"..'H..e the radiantenergy is rcemitted at longer *,avelengths and is absorbed bf itr. rtro and co,thereby warming up the atmosphere. It"has been estimated tnaiit the earlh *,ere 57ocloser to the sun the increased radiation wourd 
.be 

enough io p,o,rr.. a runawaygreenhouse effect which would voratirize the earth,s hydrJsphere and produce quite' 
a different planet from the one on rvhich *. no* live. on the earrh today the absorp_tion of heat brings about a. croser approach to uniformitl, in the temperatures ordifferent latitudes than rvould exist on a dry earth.

Sullur compounds are present in the atmosphere in variable quantities ancr nray' be considered as contaminants, rather than norrnal constituents. Flydrogen sulfide isa product of putreraction, and smalr quantities are also given ofr, to;ethe r rvith sulrurdioxide, by volcanoes. An important rocar source o| sulfur compounds in the air isthb cornbustion ol coal'-and the highest 
"oni"rt.utions ol such compounds are loundin industrial arcas. Sulfurou, gur"i are temporary constituents or al,. insorar as theyare readily soluble in water and are washed out by rain. The total amount of sulrurthereby circulated through the atmosphere is by # ..lrr'irr,rrii""r,, carefur mea_' surements over a period of years at Rothamsted; England,,h";; i;;;'il;;;#;;of 7.8 kg of So, was a-nnually precipitated on each acre of land ,at the agricurtureexperimenrat sration rhere. rn addiiion tt. ,trorpir;;1.;;;;";ts su1-ate surfurderived from sea salts by the same pro."r, as the sodium.chloride discussed berow.This material may be deposited in ihe raln or by^the dry_fall of acrosols from thcatmosphere. It has been estimated that about 30% of "r."rprr.ri"lo, results fromhuman activities. The average grobar residence time rri'io,'-;;;;J, oo ourr.

,-Ji;
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Measurements have been made in n.ran1' localities to eraluate the amount ol cont-

bined nitrogen brought to the surlace rrl the earth in solution in rain water. Thcse.

hgures vary lrom 1 to 6 kg per acre per year, n-rainly in the fornl of a,nironiunl
nitrate or ammonium sulfate. A large part ol this has been added to the atmosphere

by the decomposition of organic nlatter at the earth:s surface, but some is due to the

inorganic production of oxides of nitrogen. Nitrous oxide is produced in the soil b1'

bacterial activity, and the small concentration of this gas in the atmosphere can be

regarded as a steady state between the biological production and the direct or indi-
rect decomposition of the gas in the uppcr atmosphere. The maximum nonbiological
fixation ol nitrogen is estimated to be about 0.0035 mg/cm2 ol surface per year,

coiresponding to about one-seventh of the mean annual precipitation ol nitrate nitro-
gen in temperate localities. Figure 8.4 illustrates a detailed balance sheet lor all the

compounds ol nitrogen between the atmospherg, the biosphere, and the ocean.

Although the figures given are estimates lrom manl' sources, it may be seen that
there are many small, complex, and rapid cycles involved in the distribution of nitro-
gen species in the atmosphere.

Ol the temporary constituents of the atmosphere, sodium chloride is very impor-

tant. Figures for the amount of this substance precipitated upon the land by rain and

aerosol dry-lall range from 9 to 90 kg per acre annually. Most il not all represents

salt raised by spray from the ocean. As rvould be expected, sodium chloride in the

air is greatest near the sea and rapidly diminishes au'ay lrom the coast. The atmo-

spheric circulation of salt has received much attention, since cyclic salt ol this kind
is largely responsible for the sodium chloride of inland waters.

The other halogens-fluorine, bromine, and iodine-have also been detected in

the atmospherg. Fluorine is probably put into the atmosphere as an industrial con-

taminant liberated by the burning ol luel and the calcination of material containing

fluorine, or released in the manufacture of phosphate lertilizers from rock phosphate,

which alrvays contains some fluorine-bearing apatite. In places this results in an

I
Denitrification

I

I

B iological
fixation

1 08 - 1 0e rN/yr

Figure 8.3 Geochemical cycle of nitrogen.
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accum[letion on grasslands that may be harmful to anintals. Fluorine as I-lF has
been released b1.'volcanic activitf in Iceland. causing a scrious problcn.r riith fluorine
poisoning ol sheep after volcanic eruptions. Bronrinc and iodine appear ro t c univer-
sally-present in the atmosphere in very small and variable antounts; analyses of rain
rvater shorv 0.03 to 0.002 mg/liter ol bron-rine and 0.002 to 0.0002 nrg/liter of iodine.
The ocean is probably the main source of these elements, although sonte are contrib-
uted by industriel gases. The ratio of Cl:Br:l is 100:0.34:0-00021 in sea *,ater and
about 100 : 5 :0.5 in rain rvrtter; this indicates a mode rate enrichntent ol broniinc and
an enormous enrichment ol iodine in atmospheric precipitation. Iodine is readily lib-
erated lrom its compounds, and because it has an appreciable vapor pressure at
ordinary temperatures it can easily exist iree in the atrnosphere.

The influcnce ol the internal combustion engine on atmospheric geochemistry has
become increasingly marked in recent years, especially in large cities. The automo-
bile is a primary source of carbon monoxide; atmospheric carbon monoxide begins
to be hazardous to humans at concentrations of about 100 ppm, if this level is main-
lained lor several hours. Such concentrations may be reached occasionally in areas
of heavy traffic. When combustion takes place at high pressures, as in the cylinders
ol an internal combustion engine, poisonous nitric oxide is produced, and this is

oxidized in the atmospherre to nitrogen dioxidc, a still more toxic gas. A lurther
source ol atmospheric pollu[ion is the lead compounds used as antiknock agents in
gasolines. Sinceleaded gasolines were introduced in 1923 more than 2.6 million tons
of lead have been converted into lead alkyls and burned in automobiles. The present
annual production ol lead alkyls is equivalent to about 300,000 tons ol lead. The
average cumulative lead contamination in the northern hemisphere is about 10 mg/
m2 from gasoline burning alone. In highlf industrializcd and motorized areas the
amount of lead voided into the atmosphere is many times greater than the a\rerage.

THE EVOLUTION OF THE ATMOSPHERE

The evolution of the atmosphere is ol great interest and l.ras been the object ol exten-
sive study. The question is primarily one of long-term cycles or changes ol the atmo-
spheric components as opposed to the shorter term balance discussed in the previous
sections. The investigation ol these.cycles and'changes is difficult since samplcs of
earll atmosphercs arc r)ot rvailtblc. Ho\\'cver thcre may'bc clucs containcd in
ancient sediments lornred in contact with these atmosphercs and in evidence related
to the origin and changes in living organisms. As rve have seen, plants play a critical
.role, particularly in the control ol lree oxygen in the atmosphere, and the history of
oxygen apparently is intimately tied to the evolution of plant lifle. The evolution of
the atmosphere can be discussed in terms of the following:

1. The composition of the primeval atmosphercs
2. Additions during geological time.
3. Losses during geological iime.

Although the quantitative results produced by these processes are often difficult to
evaluate, considerable data have been accumulated. These data are discussed briefly
in the following sections.
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The Composition of the primeval Atmosphere
Our ideas as io tlte composition of tlre prin.reval irtnrospherc-arc conditionecl largelr,
b1' thc nrode of origin that rve ascribe to the earrh and to its vcr1. earll. hisroi-;.
According 1o thc planetesimal hypothesis, the particles aggregating to r.o.m the earth
had no atrnosphcre associated ivith them; the prinreval i,.Jrpr,.?"originated lroni
the gases occluded or combincd rvithin the planetesimals and relcased b1,the heatand chemical reactions accompanying and rolrorving aggregation. on trri, rrrri. ii"
constitucnrs ol the atn'rosphere have been largely, ii noi e,iti."t1,, exhaied fror.r.r theinterior of the earth. The strongest evidencelor this lies in 

" "onrpr.ison 
bet*,een

terrestrial and cosnric abundances ol the elenrcnts. Table g.3 providcs such a conl_parison in terms ol a deficiency factor, based on the assump.riln that silicon, as anelement lorniing stable, nonvolatile compounds, has the same relative abundance
both in the earth and the solar system. In ihe last column of rable g.3 the deficiency
lactor is expressed on a logarithmic scale in u'hich zero represents comparable abun-
dance in the earth and_throughout the solar system, that is, neither enrichment nor
deflciency. The truth of the assumption that silicon'is an element that has the same
relative abundance in the earth and in the solar system is supported by the fact that
cornparable elements, such as sodium, magnesium and aluminum hlso ha'e defi-
ciency factors near zero: that is, their terrestrial and cosmic abundances;;.;i;;
same order. The degree ol precision of these deficiency lactors is not great, but qual_itatively they are undoubtcdly significant. The much grearer deficiency r.actor ol
helium than hydrogen can be ascribed to the retention or hydrogen by chernicar com_
bination *ith other elements; helium, being an incrt gas, 

"onn-ot 
be retained in this

Table 8'l The Abundances of Some Elernents in the E,arth and in the Solar System as a
Whole

(atoms/ 10,000 atonrs Si)

Atomic
Number

Whole E.arth
(a)

Solar System
(b)

Deficiencl, Factor
tog (b / a)

108

107

I-l
I-l e

C
N
o
F
Ne
Na
Mg
AI
Si
P
S
CI
Ar
Kr
Xe

I

2

6

1

8

9

l0
l1
t2
l3
l4
15

l6
17

l8
JO

54

6+
3.5x10,

7t
o.2l

35,000
2."/

1.2 x 10-6
460

8,900
940

10,000
100

l,000
32

5.9 x l0-4
6 x l0-8
5 x lo*e

))v
t.4 x

9,1,000

6.4
l5

3.1

_s. I

0.9
0.5
9.8
0.1

0.1
0
0
0.1
0.7
0.3
5.6
7.2
6.5

:r:lirl

29,000
280,000.8

8,300
. 600
I0,600'

950 l

10,000
130

5,020
5't

220
0.87
0.015
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Table 8-4 Summary ol Data on the Probable Che nrical

- - Composition of the Atmosphe re dr-rring Stages I. 2.

and l

Stage I Stage 2 Stage 3

lvlajor components
P> l0:atnt

Minor components
lo-'?<P{10-aatm

Trace components
l0-4 < P.1 10-6 atm

CH.
Il, (?)

H, (?)
H,O
N2
H,S
NH,
Ar

He

N2,

HrO
CO,
Ar

Ne
He
cI{4
NHr (?)
SO, (?)
H,S (?)

Ar
l{rO
CO,

Ne
He
CHo
Kr

N.
o2

way. A similar relation is evident when the deficiency factors Oi o*rr"n, nitrogen,
and neon are compared; clearly, chemical activit)' has played a significant role in the
rctention of the gaseous clcrnents. The deficienc),of these lighter constituents in the

earth is explicable with either the nebular or the planetesimal hypothesis; horvever,

as Table 8.3 shorvs, the heavy inert gases are also deficient. Krypton and xenon are

about a nrillion times less abundant in the earth than their irnmediate neighbors in.
the periodic table. Sincc their nuclear properties are not strikingly dissimilar to those

of their neighbors, it is reasonable to expect these rare gases to be of the sante order
ol abundance. Il the earth condensed directll' from solar matter, krypton and xenon,

unlike the lighter elements, should have been completely retained becausc ol their
high atontic rveight. Their deficiency therefore is an in-rportant point in favor ol sonte

lorm of the planetesirnal hypothesis rvhereby'some fractionation of volatile elernents

took place be[ore the eartli's accretion.
The evolution of the atmosphere on an earth formed by. planetesimal accretion has

bcen carclully discussed bi'Holiand ( 1962). He distinguislred three stages in its evo-

lution (Table 8.4). The aicretion of the carth was an exothermic process, and this,
plus radiogenic heat, would soon result in magma generation. Holland speculates
that the chemistry of volcanic gase5 at the first stage in the evolution of the atmo-
sphere was probably very different than it is today. Before the formation of the core,
metallic iron would be present in the upper part of the mantle (if the planetesimals
were similar in composition.to ordinary chondrites, the metal would be part of the
accreting material; il they u'ere like carbonaceous chondrites. mctallic nickcl-iron
would be formed as the material heated up). Volcanic gases in equilibrium rvith lree
iron would consist largely of Hr, HrO, and CO, with minor aniounts of Nr, COr, and
HrS. Hydrogen was probably the dominant constitue.nt. As the gases cooled the CO
and CO, reacted with I-I, to form CHo. Whether nitrogen may have reacted to form
NH, depends on whether the rate of escape ol hydrogen from the planet was suffi-
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cienth' slo* to perntit thc existence of an :rppreciable
earth's surlacc ri,as cool enough and nearlt. all the *.ater
stituents ol the atntosphere lr.ould then be CH. and I{,.

221

hl,drogen pressure. If the
condensed. the ntain con-

The duration ol the first siage $'as determineci b1'the tinre thrri. elepse.l bL-r\\,ucn
thc accrction ol the earth and the flormation ola core b1,the gravitational separation
ol the metallic iron lronr the n'rantle. t{olland suggests that this dicl not exceed 500niillion ycars' The retttoval ol the rnetallic iron phase leit a siliceous mantle essen-tialll' like that existing today. and subsequent volcanisnr \\,as accomp:rnied by. gases
nluch more oxidized than those ol the first stagc, and probabil similar rn eoinposition
to the Ilarvaiian volcanic gases today. water u,as the dominant cornponent, and cor,co, Hr, Sor, and N, minor constituents. The atmosphere during thc second stage
w'ould. contain largely N, with minor amounts ol co, and Hro. Fhotochemical dis-
sociation ol water vapor in the upper atmosphere ruoutd p.odrce oxygen and hydro-
gen, with the hydrogen escaping into outer space. However, the free oxygen would
not accumulate in the atmosphere, but *,ourd bc used up in oxidizing the more
reduced constituents of the volcanic gases.

_ Tlie second stage came to an end when oxygen production exceeded oxygen use.
The problem of the time of appearance of free oxygen and its mode of formation is
an intriguing one. Increasing knowledg. and und"istanding of precambrian rocks
h.as contributed greatly to the solution ol this problern. cloud (r976) has summa_
rized the combined evidence or paleontorogy, stratigraphy, and geochemistry. The
evidence indicates that green-pltint photosynthesis exisied at leasi 1.7 to 2.0 billion
ycars ago and that atrnospheric oxygen first began to be availablc in relatively large
quantities probabty about 1.2 biltion years ago. From the time ol the lirst available
photosynthetic oxygen until about 1.2 billion years ago ferrous iron, carried into large
tvater bodies or the ocean by reducing surlace waters, may havc served as a vast
oxygen sump, retarding the e'olution o[ free oxygen to the atmosphere. Cloud
remarks that the existence and facies ol the unique sedimentary precambrian iron
fornrations ol the Lake Superior type possibly reflect the onset :rnd nature of early
photosynthesis. Typical precambrian iron lormation rocks range in age lrom about
2.7 to 1.7 billion years before the present. The ol<jest lossils, ol possibly algal origin,
are apparentll' somervhat older than 2.6 billion years. cloud suggests that the
appearance ol oxygen-generating organisms in the hydrosphere u,is necessary to
trigger the deposition ol this type of iron formation, ana thrt deposition ceased at
somc point ol ctlmpensation or cvolution bcrrvcen 1.7 and 1.2 billion years ago. As
early as about 1.2 billion years ago there was enough oXygen in the atmosph-ere to
produce extensive red beds (nonmarine sedimentary rocks colored by ferric-oxides).
By the beginning of Paleozoic time, about 600 miilion years ago, 

"no,rgir 
oxygen had .accumulated in the atmosphere to pcrmit the evoiution o[ the- metazo", trriii..ir.Janimals). Thus the buildup of oxygen in the atmosphere was gradual and did not

reach its present concentration until quite late in eaith history.
circumstantial support for a reducing atmosphere during the early history of the

earth also comes from scientistsinterested in the origin of tile. Many theories, fol-
lowing the early rvork of Miller and Urey (1956) on ih" production of organic mol-
ecules by energy release in simulated protoatmospheres, are based on the predicted
presence ol cH., Hro, and sometimes NHr. Mixtures proposed are often based on
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analogy ol the reduced atmospheres observcd on the major planets. In hranl' respects
such thcorics arc ditlicult to rcconcile uitlr the lou nobte urrs rbundunecs. shich
indicate that thc earth \\'as devoid of an atnrosphere sometime during it.s early his--
tor\', rvhereas the atmospheres ol the Jovian planets appcar to be printary and cap-
tured during each planet's accretion. The earth may have lost its prinreval atmo.
sphere during a hot ear11, historl' or b1,an explosive stage in the developnient ttl the
sun knorvn as the Ilitashi stage. during rvhich any truly prinritive atn'rosphere on the
cartli w'ouid be blorvn awal'.

To understand the chemistry and evolution o[ the atrnosphere of the eartir, ir is

also important to study the atmospheres of the other planets. Such a study has olten
been termed "comparative planetologl'." Since the atmospheres of the other planets
are accessible to observation either directly or rvith space probes, their composition
is aniong the first planetary data that may add important inlormation to enable us

to better understand the chemistry ol the earth's atmosphere.
We have seen that the planets can be divided into the tcrrcstrial planets similar to

the earth and the large outer planets, *'hich have different prbperties, printarily in
their atmospheres, due to their large size and lorv temperatures.

For comparison with the earth's atmosphere the two most important planets are
Venus and Mars. We have seen that Venus may be considered a twin ol the earth
in terms of its size. Likewise, rve might expect that the atmospheric evolution may
shorv some similarities. Mars, being smaller, has lost gases by diffusion at a greater
rate than the earth. The measured atmospheric pressure on Mars is 7.6 mbar. Direct
measuremcnt of Mars' atmospheric composition and isotopic ratios allow cornpari-
sons with the earth's atmosphere (Table 8.5). N{artian atmospheric carbon and
oxygen isotope ratios are similar to the earth's. The ratioroN/'5N is 277 for the
Earth and 165 lor N,[ars, rvhile ooAr/'uAr is 292 for the Earth and 3000 lor Mars.
The present atmosphere on Mars represents a small part of the total atrnosphere
evolved since its lormation. The relative abundances of noble gases shorv a similaritl,
to those on the carth and in ordinari' chondritic meteorites. The atmospheric evolu-
tion ol the atniospheres of the trio planets is significantly different. They n.ra1'have
accreted different proportions ol volatiles during formation and the smaller.mass ol
Mars has permitted greater difl'usion ol gas away from the planet.

Observations ol the atn-rosphere ol Venus ihdicate that it is n-rade up primarily of
carbon dioxide'This has been determined both by spectroscopic measurenrehts.from
Earth-based telescopes and fl1'-by vehicles, and by a dircct mcasurcment by a Rus-
sian Venus landing, Indirect mcthods make it di{hcult to determine the nitrogen con-
tent because the spectroscopic detection methods are not sensitive to this element.
The atmosphere of Venus has been reported to be from l0 to 100 times morc dense

than Earth's. The composition is approximately 95% COr, lTo HrO,27o N2, and less

than 0.017o Or. The surface tempsratures of Venus are close to 600"C. With such
lenrperatures. it is impossible that the surface of Venus wbuld have a h1'drosphere

and, hence, the a[mosphere may be made up of all the fugitive elements that have
been added by inoiganic processes over the history of the solar system. Ctouds of
sullur compounds including SO, and HrSOo are observed in the atmosphere ol
Venus.

i
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Table 8.5 Cionrposition ol
Vcnus

the Lorier r\tr-nosphere ol l\.Iars and

Composirion (\-oiuntc)

C'ias Milrs* Vcn ust

CO, 9 5 .3).Va

2.7C,L

l.c'gi,
0. I l9,a

0 07vo
0.03qc (r,ariable)
2.5 ppnr
0.3 ppm
0.08 ppm
0.03 (variable)

7.6 mbar

9L6n
I 3. 5 

(r;,

20 pprl
60 ppnr

01%
6-10 ppnr

I 80 ppm
9l bar

N2
Ar
or
CO
IJ:O
Ne
Kr
Xe
o,
SO,
pressure

*From Owen et al., J. Geoph. Res. g2,463:' (1977).
tFrom Oyama et. a!. Science 203,802 (tg79).

- An interesting comparisl'n ot.tt 
" 

atmosphere of the earth and venus may be madeby taking all of the carbon and nitrogen of the sedimentary .rocks of- Earth,s crustand adding them to the atmosphere as carbon dioxide and molecurar nitrogen. whenthis is done, we shorv that the mass of the atmosphere nray be increased 6 to 22 tin.Iesand that, like the atmosphere of venus, carbon dioxide rvould now nrake up oyer 90o/ool its mass.

Because of the snrail amount of nitrogen'contained'in sedirnentary rocks, trreabsolute abundance ol nitrogen only doubles ancl it becomes a minor constituent
compared to tlie carbon dioxide. This overall sirnilarity betrveen venus and E,arthindicates that they ma1'sltarc a similar chernical history rvith respect to their fugitive
elements. [:[orve'er, on Earth rire evolved to produce an oxygen atmosphere. Theoverrvhelming abundance ol carbon dioxidc in Lhe atrnosphe.e'i venus couplecl rviththe greenhouse efl-ect has causcd it to have an extremely high surlace temperature,prohibiting the condensation of water and the control ol carbon dioxide by the solu-tion of Co, in the hydrospherc rvith the subsequent precipitation orcarbonales. Ureyhas sugrested that the type ol chemical reaction MgSiO.' +- CO, = nU*aO,"* i,b,requires the presence or riquid water to act as a catalyst. The high surface tenrper_atule oj 

J11s ^Rrecludes 
the presence of this riquid warer uid ,t," consequenr

removal ol CO, from its atmospherc.

Atmospheric Additions During Geologicat Time
The following additions have been made to the atmosphere during georogical time:

I Gases released by the crl.stallization of magmas.2. oxygen produced by photochemical dissociation ol water vapor.
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3. Ox1'gen produced by photosl'nthesis.

1. lleliunt froni ihe raCi.ractive decal of ursnium and thorium
5. Argon lrom thc radioactive decal'of potassiunr.

6. Gases added by the solar u'ind. comets, and meteorites.

Carbon dioxide and a ver1,small amount of rnethanc are contributed to the atmo-

sphere by the vital activitl' and decal' of organisn.rs, but this material is cvclic in
nature since it ri'as ultir.nately derived lrom the atnlosphere.

The contribution of igneous activity to the atmosphere is considerable. \\/ater
vapor is by lar the most abundant volcanic gas, but it is rapidly condensed and added

to the hydrosphere along with other readill' soluble gases produced by' r'olcanism,

such as HCl, HIr, HrS, and SOr. Next to water, carbon dioxide is probably the most

irr-rportant contribution ol igneous activity to the atmosphere. Much of the [-{rO and

CO, is secondary, having been picked up from surrounding rocks during the ascent

ol the magma, or recycled material carried down in subduction zones. Igneous activ-

it1, is evidently the source of the CO, needed to replace that locked up as carbonate

minerals and lree carbon during geological time. Rubey (1951) in a classic paper

carefully evaluated the contribution of igneous activity to the atmosphere and hydro-

sphere, and his results are given in Table 8.6. The excess volatiles unaccounted for
b1'rock weathering must be the amounts present in the primeval atmosphere and

hydrosphere, plus that added by igneous activity during geological time' Frorn

Rubey's data it seems reasonable to assume that the laiter quantity far exceeds that
originally present.

Sorne nitrogen has also been added to the atmosphere lrom magnretic sortrces

during geological time. It is usual to ascribe the nitrogen recorded in volcanic gases

to atmospheric contamination, and most ol it probably originates thus. Horvcver,

analyscs indicate nitrogen as a constituent of igneous rocks and so presumably ol
magn.ratic gases. The nitrogen content of igneous rocks of all compositions, lrom
ultrabasic to acidic, is remarkably constant^ averaging about 0.04 cmt N,/g. or 0.005'

rvt %. The nitrogen is largely present in cheniical combination becausr an al.precia-

Tabte 8.6 Estimated Quantities (in Units of 1020 Grams) of Volatile Materials Norv at or

Near thc Earth's Surfacc
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Table 8.7 Production and Use ol Oxygen

7 ttlol ,'tr',rrrrrd BrOdu, f ir,t
Bi, photosl.nrhesis in excess of decav
By photodissociation ol water vapoi follou,ed b1. hydrogen

escape

Total
Totol eslitnated us(
Orid:rtion ol [crrous iron ro ferric iron during uctthcringOridati,r. .r[ S . rtr SO, ] tiuring ,,;;ii,;;;;" '

Oxidat ion ol r olcanic gases
CO to ('Or
SO, to SO.
H, to HrO
Total

Free in atmosphere
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ble amount is driven off as ammonia when the rocks are fused rvith Narcor. chem_ical combination of the nitrogen is borne out by the nitrogen: n.gon .utio, which is2000 in igneous rocks as against 120 in the atmosphere. 
e -'o-

A balance sheet for the production and consumption or.itmospheric oxygen hasbeen pro'ided by Hoiland (Tabre g.7). The photochemicai.dissociation or rvatervapor in the upper armosphere, with the subsequenr ;r";p;;i;;iror.n inro outerspace, is a process that has been adding to the carth,s ,rppiy of free ox_ygen through-out its history. Horvever,,the estimateJamount p.oarcJin trris rvay is insignificantcompared rvith that con;ibuted by photosynthesis. -

Thc total amount of oxygcn .eleased by photosynthesis can be calculated if *,eknorv the amount of organic carbon ttrat 
'ras 

been ,,fossilized,, in the sedimentaryrocks' Rubey estimates^that the total organic carbon in the sedimentary rocks is theequivalent of 250 x I020 g Cor, which-would correspond to trr" fiotosynthetic lib_eration of l8l X 1020 g oxygen

, fo.rea.sonable explanation of the organic carbon of sedin.rents other than a bio-Iogical origin has been.proposed, so we"rnay assume rgr x 1020 g oxygen has beenliberated by photosynthesis apd not .".onu".ted to carbon dioxide by decav or respiration. As indicatcd earrier the crues for the earry buirdup or o*ygJnln;i";#;_
sphere come from the interrelations of this atmosphere witir sedimJntary rocks andthe biosphere. The rossil record provides evidence for the period of the rise of pho-tosynthetic organisms. The production of oxygen by the deco,position of water mor-ecules b-y ultraviolet light is lirnited to about"to-r of the amount now in the atmo-sphere' ln this reacrion thc warer molccure is sprit urorr","irr.*;.;;, i;,;b,l';;;
I.:"I:i'r .Many 

radicars recombine ro *u,". uu, some hydrogen is rost by diffusionrnto space, thereby producing an oxygen buirdup. A limiting fa"ctor to the buildup oroxygen by this process is the formation of ozone,.or. ozonJabsorbs urtraviolet lightat 
,the. 

wavelengrhs needed ror phorodiss""i;;i;;;;J,* ;;;;is rrre urrraviorerradiation from decomposing the water morec'ules in the to*". u,n-,orpt 
"r..The lo$'oxygen content in the early atmosphere would have allowed the ultravioletradiation to reach the earth's surface una p.oau"" ; iil;i 

"r"""rn,"",. Ancient
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sediments have been found that are less oxidized then their prescnt-da1,' counterperts.
In these sediments there is eAidence thet conrp,:unds cl ur:niun:. sull'ur. n'lr1n93nesc.

and iron *,ere in a reduced state. All are readily oridized elements under present

atmospheric conditions. Uraninite, UOr, of apparent detrital origin has been found

in sediments from South Africa more than 1.8 X 1O'q ycars old. Likewise detrital
pyrite has becn found in sediments of similar age. Under prescnt atmospheric oxygen

levels both rvould undergo rapid rveathering. It appears that around 2 X l0n 1'ears

ago the earth's atmosphere was not oxidizing.
In view of the lethal radiation at the surface, it has been proposed that photosyn-

thetic organisms began to develop under enough \4'ater to provide suitable shielding.
These organisms would produce ox)/gen, much of rvhich rvould be used up in oxidiz-
ing reduced chemical species but some ol u'hich *'ould diffuse into the atmosphere.

When the oxygen reached l%a of the present atmospheric level, developing organisms

could change over from fermentation to respiration. This has been referred to as the

"Pasteur point." By this time the ultraviolet light rvould be well enough shielded so

that only a ferv centimeters of water was needed for protection and lile could undergo
an explosive evolutionary increase. Cloud and others have suggested that the Pre-

cambrian banded iron formations were formed at this stage. These sediments, again

about 2.7 to 1.8 X 10e years old, coitta-in both lerric and lerrous iron. It has been

proposed that ferrous iron weathered'from rocks in an essentially oxygen-free ter-

restrial environment was oxidized and precipitated when it was rvashed into the

plant-containing oxygenated water. It is also important to note that calcite and dolo-

mite in the early sedimcnts indicate a neutral rather than h1'drogcn-rich reducing

environment, since under the latter conditions CH. rather than CO2 rvouid be the

dominant carbon compound.
When the oxygsn released by photosynthetic activity reached 10-'ol the present

atmospheric level about 4 >i108 years ago (Silurian) the earth's surface was shielded

from harmful ultraviolet radiation. Lile could now progress to the water's surlacc
and to land and the oxygen content could grow until it reached the present level.

Radioactive daughter products are also produced in the earth and degassed into
its atmosphere. The rate ol production ol helium is 1.16 X l0-7 cmr/g of uranium
and 2.43 X l0-E cmr per gram ol thorium per year. A simple calculation based on

the amounts of uranium and thorium in the earih and an.age of 4.5 X 10e years

shows that the quantity ol helium liberated by radioactive decay during geological'

time is greater than that now present in the atmosphere. This difference is explained
by the loss of helium from the earth into interplanetary space, rvhich is discussed in
the next section.

Argon has three isotopes,'6Ar, r8Ar, and aoAr, ol which aoAr is b1 lar lhe nrost

.abundant (the percentages of ruAr,'1Ar, and aoAr in air are 0.307, 0.061, and

99.632). The amount of argon on the earth is anomalously high when compared u'ith
that of the other inert gases. This is evidently due to the production.of '0Ar b1' the

radioactive decay of aoK throughout geologic time. Much of the argon thereby pro-

duced has probably remained occluded ih the potassium minerals where it originated,
but sufficient has been liberated to the atmosphere to give it a comparatively' high
argon content.
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Atmospheric Losses During Geological Time
.'\tnrosphcric losses during geologic timc mar*-beph-vsicar, as in thc ross-or hl,drogen
or helium to spacc b1 difrusion, or chenrical, by reaction betrieen the atrnosphere
and the hydrosphere, biosphere, or lithosphere. Somc irlportant loss mechanis.rs can
be sumntarized under the lollorving catcliories:

l' Loss ol oxygen b1'oxidation of hy'clrogcn to \l,ater, fcrrous to lcrric ir.trn, sulfur
compounCs to sullates, n)angancse cornpoui.rds ttr nlsxgrn"re ciio::idr. and si*i-lnr reactions.

2- Loss of carbon dioxide by the formation or coar, petroleunr, and disscminated
carbon from the death and burial ol orsanisnrs.

3' Loss ol carbon dioxide by the lormatiori of calcium and magnesium carbonates.4. Loss ol nitrogen by the formation or oxides of nitrogen in the air and by the
action of nitrilying bacteria in the soil.

5. Loss of hydrogen and helium by escape lrom the earth.

Removal oloxygen is observablc wherever rveathering is taking place. Ferrous iron
oxidizes readily to ferric iron under most surface cond]tions, as"is eviaenced by theyellorv or red colors produced by ferric oxides in n.rany sediments. Figures for the
average cornposition of igneous rocks sho*, more Feo than Feror, whereas for sedi_mentary rocks the relationship is reversed. Iron is the principai 

"onru,,,", 
of oxygenduring weathering,'but manganese is converted lrom the bivalent to the quadrivalent

state, and oxidation converts sulfidcs into sullates or lree sulluric acid. From Table8.7' however, it is crear that the principal consumption or free oxygen has beenthrough the oxidation of volcanic gases, especially h1,61qg...
Thc loss of carbon dioxide rrom the atmosphere ty d-eposition as carbonate and

organic carbon in sedimentary rocks was estimated byRubey as totaling 920 x I0r0g' wickman (1956) has published some revised figures. u. ptac.s thc amount ofcarbonate carbon per square centirneter of the earth,s surface at 2420 + 560 g andolorganic carbon ar 70o + 200 g. Taking the figure oi 3100 g/cnr2 for the totalamount of carbon transferred from the atn.rosphere to the sedimJntary rocks, this isequal to a total ol r58 x 1020 g carbon, or 5g0 x 1020 g cor. The latter iigure is of
the same order ol magnitude ai Rubey's.estimate but consideiably rower. Th" rlg;.;;
show clear[1 that rhc amount oI carbon dioxide dcposircd in scji,n.ntrrl rocls far
exceeds the amount in the present atmosprrere, hydrosphere, ancl biosphere (about
1-5 x 1020 g), and thus indicate that large amounts or"..uon aioxide niust have
bee.n released or recycred from magn-rati-c sources throughout georogicar time to
laiqt_ain organic activity. wickman's figures show, in addit]on, tnir ru.?or" 

";;;;;
^d]||l* 

has been removed as limesrone.and doromite than as ,coal 
"; ";;;;."-r!,u"J;carbon.

Nitrogen is removed.from the air by both organic and inorganic processes. fheorganic processes include nitrogen-fixing microorganisms livin[ in the root nodulesol certain plants, ioil organisnrs (both aerobes anJanaerobcrt. ini ;;;.";ir;;;;;
algae. Inorganic processes produce oxides of nitrogen by erectricar discharges andphotochemical reactions in the'atmosphere. The anriunt of o.guni"uity fixed nitrogen .
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grcatl)'exceeds that fired b1,'inorganic processes; Ilutchinson (1954) carclulll,ana-
l1 zcd the gcochc-mical c1'cle of nitrogen and estirpated biological tlxation at C).003 to
0.07 mg Nr7'cnir pcr )'ear lor the land suriace.iolthe earth, nonbiological firation at
not more than 0.0035 mg Nr/cnr2 per vear. Nluch ol this nitrogen is erentuallS'
returned to the atn.rosphere by the decay ol organic matter. SOme, howo,cr, remains
in the scdime nts and in a ferv placcs niav be sullicientl)' conccntrated to forn'r nitro-
genous deposits, such as thc Chilean nitrates; lo*'er conccntrations ol nilrogen are
lound in guano deposits. I-Iutchinson gives a figure ol 67 to 108 g/cnr'zol the earth's
surlace for the amount of fossil nitrogen in sediments; of this fossil nitrogen he esti-
mates that about 8 g/cm2 have been derived from the rveathering o[ igneous rocks,
so that 60 to i00 g/cm2 have been abstracted lrom the atmosphere. Assuming a

figure of 80 g/cmr, this amounts to a total oi 4.8 X 1020 g nitrogen removed lrom
the atmosphere during geological time, a very small amount compared to that ol
carbon dioxide.

The loss of gases by escape lrom the earth or any other planet depends on the
strength of its gravitational field and the mean square volocity of the gas nrolecules.
The mean square velocity is the velocity whose square is equal to the mean of the
squares of the individual velocities; it varies inversely as the square root of the molec-
ular rveight ol the gas and directly as the square root ol the absolutotenrperature.
At 0" the mean square velocity is 1.84 km/sec lor hydrogen, 1.31 for helium,0.62
for rvater vapor, 0.49 lor nitrogen, 0.46 for ox)'gen, and 0.39 for carbon dioxide. At
100" thesevelocitiesareincreasedbylTVo. Foranybodythereisaso-calledvelocity
ol escape which may be calculated lrom the formula

2GM,': 
o

rvhere I,'is the velocity, G is the gravitational constant, M is the mass of the body,
and R its radius. For the carth the gravitational constant is 6.61 X 10-8, the mass

5.97 X 1027 g, and its radius 6.31 X 108 cm; therefore, the velocityof esca;re is 11.3
krr/scc. Even if the mean velocitl, of the molecules is considerably less than the
vclocity ol escape, an atmosphere will gradualiy be lost by the escape g[ last-moving
molecules from its extreme upper region, u'here the lree paths of the molecules are
so long thal they stand a chance ol getting au,ay'rvithout being stopped by collisions.
Jeans showed that an atmosphere rvill be stable throughout geological time (> 10n

years) il the mean square velocity of the rnolecules is less than one-fifth the vclocitl'
of escapc. On this basis no loss ol gases into interplanetaiy space should heve taken
place-since the earth cooled to its present temperature,.becausg,even for hydrogen
the mean square velocity is considerably less than the velocity ol escape. The situa-
tion is, however, not quite as simple as it may appear. First, hydrogen and helium
atoms colliding rvith metastable oxygen atoms in the upper atmosphere acquire suf-
ficient momentum lor their velocities to exceed the escape yelocity. In addition, tem-
peratures in the upper atmosphere are considerably higher than at the earth's surlace
(recent estimates suggest temperatures between 200 and 1200" at altitudes ol 120

to 700 km, as a result olabsorption of ultraviolet radiation);-this sufficiently increases
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Figure 8'5 calculated effective time of escape of gases for earth,
Venus, Mars and the rnoon. (Aftei Jastrorv and
Rasool in Introduction to Space Science, W. N Hess
ed; Gordon and Breach, New york 1965, p 616.)

the mean square u"to"iti", of hydrogen and heliurn to permit their escape. The factthat no more than one-tenth the arnount ol helium supplied by radioactive disinte-gration during geological time is present in the atmosphere shows that such escapehas occurred venus, rvhich is closer to the sun and or a higher temperature thanE'arth' and Mars, although cooler but ol a smaller size, boti wiu rose gases morerbadily than Earth' The calculated effectiue iimc of escape of gases lor these threeplanets is shown in Figure g.5.

CONSTAI.ICY OF ATMOSPHERIC COMPOSITION

Geological evidence indicates a uniformity in climatic and biological conditions since- early Paleozoic times that could not rrave existea had the atinosphere been subjectto marked changes in composition. Nevertheless, minor changes in atmospheric com-pobition have been tugg"rt"d as possibtf responsible for climatic. variations. Fbr' example' the onset of glacial periois has been ascribed to a decrease in carbon diox-ide, since this gas is a' selective 
"br";;; f;Jroru, radiarion. on the orher hand,water vapor perlorms a similar funcrion, and its p.d;;;;i'" 

"',*"ron.re in largeamounts far outweighs the climatic significanc" or cor. il";;;;;6inion is thar
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onl), a small part ol clirnatic r,ariations can be attributed to varf ing CO, content o[

the atn.rospherc.

Ilskola nrade the intcresting suggestion ol a correlation bet*'een periods oi rapid

organic evolution and periods during which carbon dioxidc rl'as available in greatest

antounts. He pointed out that rapid organic evolution has coincidcd rvith rvorldrvide

orogeny. During orogenic periods igneous activity is at a maxintunt; hence the iiddi-

tion ol carbon dioride to the atmosphere also reitches a ttraritnum. The increased

supall, ol carbon dioxide rvould stimulate organic activity and be at least a contrib-

utor)' lactor in the evolution ol higher lorms of life.

.Ccnsiderable interest has been aroused by the prospect o[ a markcd increase of

carbon dioxide in the atmosphere as a rssult ol the greater use ol lossil luels in recent

years. The latest ligure lor the amount ol coal mined apnually is 1.63 X 10e tons;

assuming an average ol 78Vo C, this would produce 4.67 X l0'5g COr. For oil the

annual production figure is 3.4 X 1O'g barrels (1 barrel : 160 liters); assuming a

density ol 0.9 and an average ol 85VoC, this rvould produce 1.53 X l0r59 COr' The

total CO, produced by the burning of the annual production of coal and oil is 6.2

x 10'5 g, or about 1/300 ol the amount in the atmosphere today. This might suggest

. tt.,at at the present rate ol consumption ol fossil fuels atmospheric carbon dioxide

-'.rvill be doubled in 300 years. Horvever, in this connection the irnportance ol the

hydrosphere as a reservoir ol carbon dioxide should be en.rphasized; its significance

has been discussed by Broecker and co-*'orkers (1979). Sea rvater contains 20 g

CO,/cmr ol the carth's surface, as against 0.4 g/cm'?in the atmosphere Oceanic and

atmospheric carbon dioxide are interdependent, the lormer being a lunction of the

partial pressure ol CO, in the atmosphere. Thus to doublc the partial pressure ol

carbon dioxide in the atmosphere rvould require the addition of n.ruch more than is

now present therein, because most of that added rvould be absorbed by the ocean;

similarly, to decrease the carbon dioxide in the atmosphere by one-half u'ould require

the removal ol many times the present content. It is apparent that the oceans, b1'

controlling the amount of atmospheric CO,, play a vital part in nraintaining stable

conditions suitable for organic lile on the earth.
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THE NATURE OF TI4E
HYDROSPHERE

"-r.

The hydrosphere is the discontinuous shell of rvater-fresh, salt, and solid-at the
surface ol the earth. It comprises the oceans with their connected seas and gulfs, the
lakes, the waters ol the rivers and strearns, ground water, and snow and ice. The
oceans are clearly ol first magnitude, for they cover an area of 361 x 106 krn2, or
10.87o ol thc carth's surface. From the mean depth of 3g00 m. the volume ol thc
ocean waters can be calculated to be 1370 x 106 km3. At the surface the density ol
sea water ol normal salinity at 0"C is 1.028, and it increases rvith depth because of
the slight compressibility of water under increased pressure. It is more diflicult to
arrive at an accurate measure of rvater in the other parts of the hydrosphere but an
estimate is given in Table 9.1. seawater thus cornprises about 9i% of the weight ol
the hydrosphere and its composition can therefore bc taken rvithout serious error as
giving an average composition of the hydrosphere.

The circulation of the waters in the hydrosphere provides a mechanism for geo-
chemical changes through weatheiing and transport ol dissolvcd and solid materials.

Table 9.1 Distribution of Water on the Earth

Volumc, kml Mass, g

Seawater
Fresh water lakes
Saline Iakes and inland seas
Rivers
Groundwater
Icecaps
Water vapor

1.37 X 10'
1.3 x 105
1.0 x 105
1.3 x l0r
8.4 x 106
2.9 x l0l
1.3 x 104

.41 x 10'z4

.3 X 1020

.0 x 1020

.3 X'10'8
4 X l02l
9 x 10'z2

8.
2.
l..3 X 1Ore
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The annual evaporation ol rvater lronr the occan cf 3.5 X l0t kn'r'and lanci area of

7 X l0'krnlisreturncdasprecipitationof 3.2 X 105km'totheoceansand 1.0 X
l0j kmr to thc land areas. About 68% ol'the land aiea is drained to the Atlantic
Ocean but the constancy of ocean composition indicates that searvater nlixitlg erlsL's

all but local variation in its chernical cornposition.

THE COMPOSITION OF SEAWATER

Trvo arbitrarily defined quantities, the chlorinitl'and the salinity, are used by ocean-

ographers in discussing the composition ol seau,ater. The chlorinity is determined by

the precipitation of the halides rvith a silver salt and is essentially the total amount

in grams of chloride, bron-ride, and iodide contained in I kg of seawater. assuming

that the bromide and iodide have been replaced by chloride. The salinity is a specif-

ically defined quantity, slightly less than the total weight ol dissolved solids per kilo-

gram, and can be calculated from the chlorinity or determined from a measulement

of physical properties such'as density, refractive index, or elcctrical conductivity.
Both chlorinity and salinity are customarily expressed in grams per kilogram (g/kg)
ol seawater or parts per thousand (%n). In the open ocean the salinity averages about

35%o with a regional range between 32 and 31%a,but rises to as Fluch as 4l%o in the

Red Sea and the Persian Gull, where evaporation is high and inflow and precipitation
lorv, and decreases rvhere fresh rvater from rivers or melting ice enters the ocean.

Hon'ever, in all samples of seawater the relative proportions ol the major ions are

practically constant, thus the determination ol one constituent provides a nteasure ol
the others. Because of the homogeneity of searvater among the most accurate data

ol geochemistry are those regarding the ocean

Early knowledge of the average composition of seawater.was provided by Dittmar,
who in 1884 carelully analyzed 77 u'ater samples, representative of all oceans and

taken both from the surlace and from the depths. These samples had been collected

on the voyage around the rvorld of H.\V.S. Challenger (1812-1876). He determined

the halides, sulfate, rnagnesium. calcium, and potassium. On composite samples he

found the ratio ol bromine to chlorine and estinrated the carbonatc. Sodium was

calculated by difference by subtracting the sums ol the chemical equivalents of the

negative and positive ions. This procedure was"followed because Dittmar rvas unable

to achieve satisfactory direct determinations for sodium. Dittmar's rvork showed that
there are no significanl rcgional diffcrcnccs in the relativc composition of searvater,

and his average values can be used to represent the ratios between the major dis-

solved constituents. Since 1884 much research has been devoted to the chemical com-

position ol searvater. Ncvertheless,'the figures obtained by Dittmar agree closely u'ith
those'accepted today as the best availablg a remarkable tribute to his work.

Ttie figured for the major constituents are given in Table 9.2 and are relerred to
a chlorinity. of l9%0, which is taken as the standard .concentration of seawater.

Because ol the constancy of the relative proportions of the major constituents any

one may be used as a measure ol the others, and chlorinity is the most readily deter-

mined. The complexity ol searvater makes it impossible by direct chemical analysis

to determine the total quantity of dissolved solids in a given sample. Furthermore,
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Table 9.2 The \iajor Dissoh.,cd
( ons(itucnts,if Sc:rs :rtr.r

Ion

CI
Ilr
SO,
Ilcor
F
IJTBOT

Mg

Sr
K
Na

r 8.980
0.06-5
2 619
0 140
0.001
0.026
t.2'72
0.400
0 008
0.380

r0.556

34.471

5 5.05
0. r9
7.6 E

011
0.00
0.07
3.69
I. 16

0.0-3

l.l0
30.61

99.99

Cl : l9ilr percenr

Total

reproducibre results cannot be obtained by e'aporating seawater and weighing theresidue, because sonre.,f thc components, particularly chroride, are lost in the the

l.::ijri^t"r 
ot drving. I{ence, rhe use or inair"ct n.,.ihod, u"r"a''on the chrorinity

The elements given in Table 9.2 arr- the major dissolvcd materials and show littlerelati'e,ariation in the open sea. N{inor antr-trace.r.nr.ni, p."r.nt m^y be sepa_ra.ted into two groups: those involved in biological c;,clcs and which shorv variations
litl rlsllct to depth and ocean basin or both, and ,i,or. *t o." ."po.t"a variationsrn concentration are indepcnden_t orsalinity and not ouuiouriy a"pito. uurin depen-dent. Table 9.3 gives availabre data on the amounts of ail elements in seawater. Forc, N, and o separate concentrations are given for individuar chemical speciesbec.use ol important differences in their distribution. The elements in category Aare those directly proportional to salinity; those in catcBor_y B are the nulrient andother elements invorved in biocheniicar cycres; ana those in categor),C are those notinvolved in biochemicar cl,cles and upp.u, to be independent of ihe salinity.It should be realized that ihe quniity of trre chemical data availabre is uneven,because some figures-are.based on the anarysis or a single sampre and man1, of thesamples rvere laken lrom inshore surface ,,ui".r, which for minor and trace elementsmay not be representative of the ocean as a rvhore. The concentrations o1. erementsin group B fluctuate from prace to place as a result of biorogicar activitl,. These fluc_ruations are ofren relared to the iepth at u,hich ,h_;;;;;;;;';;k;;,^;il;;;;,

activity being greatest in surface and near-surface waters. i"Lir; J"y u" rerativelydiminished in surface rayers through abstraction by organisms. Silica is arso removedfrom surlace waters in this way, una it, 
"onr*, in seawater generally,il; ;;"grl;;increase with depth. The distribution of phosphorus is greatrl, affected by organisms;this element is markedry e:nriched in tne aeefe. parts of the ocean as a result of thedissolution ol dead organic matter. A typicaivertical phosphorus profile is shown inFigure 9.1.
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Table 9.3 Elements Present in Searvater and The ir (leochenrical Characteristics

Elcment

Scau'ater
Concentration

(irgl I iter)
Principal

Dissolvcd Species

Concentration
Dissolved in Residence

Stream Wa-tcrs Time in Ocean
Categor)' (sglliter) (Yr)

FI

He
Li
Be
B
C
C(org.)
N
N
o
o
o
F
Ne
Na
Mg
AI
Si

P

x lOt

Ll x t08
7 X l0-r
1.7 x l0l
6 x l0-4
4.5 X t0'
2.8 X 104

lxlo']
1.5 x l0r
6.7 x ro'1

8.8 x lOE '
6xt0'
t.8 x 105

1.3 x l0r
0.r2
lxl0'
3 x t05

H,o
I{e(gas)
[-i+

B(oH)r, B(oH),-
HCO;, Cot'?

N, (gas)
NOi
HrO
oz
SO;,
F-
Ne(gas)
Na*
Mg*'

si(oH),,
sio(oH)i

HPO.-,, H,PO;,
PO;,

SO;,
cl-
Ar(gas)
K+
Ca *2

Sc(oH)3
Ti(oH)i
vor(oH)r-,
Cr0;2, Cr*'
Mn*'

Co*r
Ninz
Cun'
l_n '

*(or).
HAs0.-2, HrAsO;
seo_:.ba
Br-
Kr(gas)
Rbf
Srt2
Y(OH)i 

.

MoO;'?

AgCl,

,

l0

-
100

6,300
4,1 00

400
6,500

20

r,800

2,100
15,000

0.004
3

0.9
I

1

6't0
0. I

0.3
't

20
0.09

' 0.2

.20

I

:

0.6

-a

oi

:.1 x to'

1.8 x l0'

s.z x to'

6.8 x t0?
1.2 x t0?
1.0 x 10'?

1.8 x 104

1.8 x 105

lxt08

rfrou
1.0 x 106

<4 X l0{
1.3 x 104

8.0 x l0r
2.0 x 104

1.0 x 101

2.0 X 10'l

1.6 x 105

9.0 x l0'
2 X l0o
2.X 104

{ x 104

5 X l0'.
2 x 101

1X108

5 X 106

4 X 106

7X105

+xro:

B

B

A

B

I
;
C
C
C

1
-
C
A

A

1

C

S

CI
Ar
K
Ca
Sc
Ti

Cr
Mn
Fe
Co
Ni
Cu
Zn
Ga
Ce
As
Se
Br
Kr
Rb
Sr
Y
Zr
Nb
Mo
Ru
Rh
Pd
Ag

90

9.0 x l0r
1.9 x l0?
4.5 x t0?
1.9 x l0'
4.1 x 105

<4 X l0-r
I

2

0.s
2

3

0.4
't

3

t0
3 X to-':
7 X lt-'?
2.6
9 X lo-'?
6.7 x 104

0.2
1.2 x l0'
8Xl0l
I X l0-l
3 X r0-'
0.01

1.
o.,

,?
'/-"q

ssi.tsi
E'A

'ec--
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Table 9.3 Elements Present in Seawater and Their Geoche mical characteristics
(cont i nued )

237

Elemenl

Seawater
Concentration

(pglliter)
Principal

DissolvedSpecies Catcgory

Concentralion
Dissolved in Residence

Stream Watcrs Time in Ocean
(pglliter) (y')

?,

C
C

cld
In
Sn
Sb
Te
I

Xe
Cs
Ba
La
Cc
Pr
Nd
Sm
Eu
Gd
Tb
Dy
FIo
Er
Tm
Yb
Lu
IJf
Ta

Rc
Os
Ir
Pt
Au
t{g
TI
Pb

0. 1

<20
0.8
0.3

60
5 x l0-,
0.3

20
3 X l0-r
I X l0-l
0.6 x l0-l
3 X l0-l
0.5 x l0-l
0.1 x t0-3
0.7 x l0-l
1.4 x l0-,
0.9 x l0-l
0.2 X l0*l
0.9 x l0-r
0.2 x l0-,
0.8 x t0-l
0.1 x l0-r
<8 x l0-3
<3 X l0-l
0.1

Tot

,r,o'
0.2
<0. I

0.03

0.02

cd"r

,o,, ,
Xe(gas)
Ls'
Ban 2

La (oH)3
Ce (OIl)0,
Pr (OH)o,
Nd (oH)i
Sm (oH)i
Eu (OH)0,
cd (oH)i
Ip (oH)3
DvtOH)0,
Ho (OH)0,
Er (oH)i
Tm (OH)o,
Yb (ot-t)or
Lu (Ou)!

WOn-'

i.,;
HgCl;'?, HgCl!
Tl*
Pbcli, PbCI+,

Pb*2

Rn(gas)
Rat2

Th(oH)0.

UO,(COr)ir

t.orto

oiro'
4x10'.
6x10'?

r.2; lo'

ziro'
8 x 101

4Xl0?

._

5o
.-.

3 x 106

;

C
C
C
C
C
C
C
C
C
C
C
C
C
C

:

7

0.02
20
0.2

o.o,

o.oo,
0.07

J

::::l

Bi
Po
At
Rn
Ra
AC
Th
Pa
U

6 x 10-rr
I X l0-,

<5 x l0-{
2.0 x 10-6
3

C

0. I

; o.oo

After Goldberg, Broecker, Gross, and Turekian, Marine Chemistry ifi Rodioactivit! in the lv{arine Environment,
National Acadcmy o[.Sciences.
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Figure 9.1 Ve rtical distribution ol tl pical inor-
ganic phosphate concentration in the
North r\tlantic and Pacific oceans.

Other nutrient components such as

nitrate sho'*' similar curves ivith
depletion near the surface.

tzJr
Phosphorus concentration

in pGram atoms P/L

Sea',vater also contains gases in solution. Since the atmosphere and the ocean are
in contact, a relation must exist betu'een the amount of the gases in solution and
their partial pressures in the atmosphere. The surface waters are in equilibrium or
near equilibrium rvith the oxygen and nitrogen of the air. It is generalll, assumed

.tJ-rat nitrogen dissolved in seawater does not enter into chemical reactions; hence, its
cdncentration is not subject to appreciable variation. Oxygen on the other hand plays
an active part in metabolism and in the decay' ol organic matter, and its percentage
varies considerabll'lrom place to place. The atmospheie also regulates the carbon
dioxide content of surface waters, but the relationship is complex because carbon
dioxide is present in sea*'ater in lour distinct chemical species; lrce carbon dioxide,
carbonate ions, bicarbonate ions, and undissociated HrCO,. The carbon dioxide con-
tent ol seawater, rvhich is the most important factor controlling thc solubility of
CaCOr, is also dependent on the nature and amount of biological activity. Amrnonia,
argon, 'helium. and neon have been recorded in searvater. Hydrogen suifide is olten
locally present (probably in part as sulfide ions rather than free gas), and may bc
u'idespread in stagnant bottorn waters. Table 9.4 gives sonre data on dissolved gases

in sea*,ater.

Table 9.4 Dissolved Gases in Seas'atei*

Concentration
(ml/l)

Oxygen

Total carbon dioxide
Argon (residue after removal of N)
Hclium and neon
Hl drogen sulfide

+seawater of l9%o chlorinity at 0" in equilibrium *iih normal dry atrno-

sphere will contain 8.08 ml/l oxygen and 14.40 ml/l nitrogen.

. 0-9
8.4- 14.5
34-56
0.2-0.4

1.7 X l0-4
0-22 or more

::,j

'.:r-
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THE COMPOSITION OF TERRESTRIAL WATERS

10

0

Although+hrtotal anrount ol terrcstrial.$'aters is insignificant in conrpirrison riith
the total nlass ol the h1'drosphere. these waters are iniportant geochcmically,. because
thev are responsible for most ol thc ri,eathering and erosion of the land nrasses and
because of their importance to hurnan activitics. A knorvledge of their amount and
conlposition is clearly essential to an understanding ol the evolution ol the ocean and
as background inforrnation for the analysis of human intcractiorr llith and pollution
of lresh-rvater systems. The uItiniate source of rnost tcrrestrial \i,atcrs is riirn,
although sonle magmatic rvater may be added lrom volcirnisnr and through rhermal
springs. Part of the total rainlall runs directll, off into srreams, part is taken up as
ground rvater and may ultimately reeppear as springs, part is retaincd by the for-
n.ration of hydrated compounds, and part is returned to the atrnosphere. Because ol' the solvent power of water the runoff from the land is never prr. HrO but always
contains dissolved material. The amount ol this dissolved matirial, ho,"ever, differs
greatly from time to time and from place to place. Figure 9.2 illustrates the distri-
bution ol various constituents in terrestrial u,ater in the lorm of cumulative curves.
Note that the major dissolved constituent is bicarbonate HCO;, derived lrom thc
solution of atmospheric CO, in rain u,ater and the addition ol CO, by organic activitl,
in soils. other common constituents include Na*, ca++, sol:, and-cr-, in part
added by cycled sea salts via precipitation and dry fallout and in part by the weath-

0.'l

. 
. Parts per million

Cumulative curves showing the distribution ol various
mostly for the United States from various sources. (S.
geology, John Wiley, 1966.)
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Figure 9.2

r0010

constituents in terrestrial ivater. Data are
N. Davies and R. C. N- DeWiest, Hydro-

No; /

Total
d isso lved
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ering ol rocks, The composition of terrestrial waters in contact rvith igneous rocks

mav to thc trrst qpproxinra{ittn bc ctrnridcred iit dric ki ihe rcacti.rn ol COr-rich

u,aters rvith plagioclasc feldspar and dark minerals such as hornblende, pvroxene,

and biotite. Typical rveathering reactions such as CaA[rSirO* + 2CO: + 3H,O :
AlrSi,O5(OH)i + Ca2+ + 2HCOi shorv the effect o[ the carbonated rvater on

igneous minerals to producc clay minerals and soluble ions. Also critical to the rate

ol the dissolution proccss is the presence of organic compounds to assist the break-

dorvn at mineral surfaces.

It has been estimated that the total annual rainlall on the land areas ol the earth
amounts to 123 X 1018 g, ol rvhich 27.4 X 10rB g drains off to the sea. Clarke esti-

mated that this water carries 2'l .35 X l0'o g ol dissolved material, rvhich gives an

average salinity lor river u,ater of about 100 ppm. Actual salinities are very variable;

. analyses of river rvater show salinities from 13 to 9185 pprn, but figures greater than

1000 ppm are uncommon. Clarke's data shorv that the concentrations of carbonate,

calciun-r, and magnesium rise rapidly rvith salinity until limiting values are reached

at about 200 ppm; higher salinities are largely due to increases in sodium, sulfate,
and chloride. Waters ol salinity up to 50 ppm drain areas consisting mainly ol
igneous or metamorphic rocks, whereas for salinities of 50-200 ppm the drainage is

largely from sedimcntary rocks; higtier hgures indicate large-scale human contami-

nation or drainage of arid regions wh'ere saline soils are common.

Ctarke computed an average composition of the dissolved matter in river rvater by

rveighting the composition ol the water lrom different river systems in proportion to
the total suppiy ol dissolved material. Revised figures based on more recent data

have been provided b1'Livingstone (1963), and are given in Table 9.5. Livingstone's
data indicate a mean salinity of about 130 ppm.

The compositions of individual rivcrs and lakes can vary appreciably lrom the

average. Table 9.5 indicates the composition of dissolved solids in selected rivers,

illustrating the major chemical types Ca-HCO,, Ca-SOo, and Na-Cl. Note that the

rvorld, discharge-rveighted, mean chemical composition lies close to the Ca-HCO,
type rivers, indicating that the other t1,pes make up only a minor portion oi the total

Tabie 9.5 Dissolved Solids: Composition ol Various Rivers and Other. Waters (ppn.r)

Total
Dissolved

SiO. SolidsI-ICOI FeCaMgNaCISOo

World average
Dilute Ca-HCOr-Amazon

River
Ca-HCO,-Missis!ippi River
Ca-SOo-Colorado River
Na-Cl-Jordan River
Seawater
Great Salt Lake

3.0 t.'l . r.8
4t . t5 il

289 I 13 t24
t't 4 4'13 253

27oO 19000 I 1000
6680 55480 33 l 70

0.61 13.1 I 14

0.05 1 .0 36

0.02 5.9 22t
0.01 t4 853

i 310
0.003 3 34,481

203,490

5 8.4

17-
101

r8l
238
140

tt.2 6.37.8 4.1

1.1

1.6
.30

1l
l 300
2760

15.0

4.3
34
94
80.

410
160

ti'
l. ..
1 .,,,
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ll'able 9.6 Che mical Composition oi Nile

__ \{ud and 1\,Iississippi Silr

lr. *r*'*,

241

siol
Al)ol
Fc,0.
lv{gO
CaO
K.O
Naro
CO,
H"O

4-s.10
r5.95
I1 25
l. b-{

1E5
r.95
0.8 5

?

6.10

69.96
r0.52

1'+/
1..11

2.t7
2.30
1.51

1.40
J. /6

'J
t.

'1

I
t

I
I

l
I

I

I

I

Dara from Clarke (1924).

discharge. The chemical composition of a river is a lunction ol precipitation amount
and composition together rvith the rock types, retief. and vegetation oi the area which
it drains' The precipitation that supplies a river basin reaches the river system in two
rvays: first, by direct runoff and, second, as groundrvater through soils and rocks.
Groundwater provides a more constant source rvith respect to airount and compo-
sition than does runoff, rvhich may account for seasonal dilution effects in some river
systems. Groundwater passing through limestone basins will be high in ca or if in
dolomite high in both ca and Mg. High percentages of evaporites iommonry found
in arid regions rvill contribute high cl and Sol- to ri'ers. The pH of rivers varies
lrom lorvs ol 4 in tropical streams having high organic acid and high dissolved silica
contents to values above 9. The average pH value, horvever, is between 6 and g.

In addition to dissol'ed loads rivers may also carry a high suspended load, usually
larger than the dissolved load by a factor ol about 4: t. This suspended material
carried to the shores ol the occan is estimated to be lrom t00 to :0'o x l0'4 g each
1'ear. The chernical composition ol this suspended load is difficult to cstimate. Table
9.6 gives dara on n"rud and silt lrorn the Nile and Mississippi Rivers compiled by
Clarke.

Lake ['aters generally are slmilar to those ol the rivers that leed them. Exceptions
occur in closed basins rvhere evaporation and salt accuhulation is high (Table 9.5),
in closed lakes cfosely'related to volcanic phenornena, and in takes'of high organic
activitl' often caused b1' the polluting acti'ities of man. Many closed basins hav-c
accumulated salts u'ith compositions similar .to sea\\,ater. indicating that they were
lcached from rnarine evaporates or marinc sediments. volcanjc or ourg,essing u"riui,y
can produce exotic concentrations in closed systems due to the additiin of HF, HCl,
or HrSoo. In both lakes and the oceari, living organisms depend on the.availability
of the dissolved nutrients nitrogen and phosphorus. Il excesi nutrients are added to
a lake, rapid organic grorvth may take place. The natural metabolism ol this excess
organic matter may use up the dissorved oxygen in the waters, producing an anoxic
condition that is hostile to higher forms of life. This process, .ull"d 

"ut.ophication,may greatly upset the chemical balance ol a lake.

j. ''. '

il':t,,lrr':
li,f,.
i'
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GAINS AND LOSSES OF THE OCEAN
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Comparison sho*s that river u'ater and sealr'ater- are opposites in chentical characte r.

ln scawater Na > Mg > Ca and Cl > SO. = CO,, in average river rvater Ca )
Na > Mg and CO, > SOo > Cl. In addition, over 90% of the chloride and a good

deal ol the sullate in river u'aters is cyclic, being derived ultimatell'from the oceans

via the atntosphere. [-lence the average con'rposition nrust bc adjusted l'or these clclic
salts in discussing its effect on oceanic composition. This correction has bcen trtade

in Table 9.7 by assuming that alt the chloride in river water is cyclic and nrodilying
the amounts ol the other elements in the proportions in rvhich thel'occur in seawater.

The assumption is somervhat arbitrary, but the resulting figures undoubtedly'givc a
truer picture ol the net contribution to the sea of n-raterial in solution.

A complete summary developed by Garrels and Mackenzie shorving the estimated

annual flux ol varidus chemical species into the ocean basins is given in Table 9.8.

Much ol this material is in the form of, suspended solids and does not imrnediatell'
affect the chemical composition of the ocean water as a rvhole.

Evidently lactors other than the supply of dissolved material in runoff fron'r the
land regulate the composition of seawater. Many reactions take pl4ce in the sea to
alter the balance ol dissolved substances. Adsorption and base exchalrge by particles
ol sedin-rent remove some ions lrom solution; other ions react with sedimentary
material to form ncw minerals, as for example glauconite and phillipsite. Biological
activity is responsible lor the extraction of much ol the dissolved material. This is
particularly true lor calcium carbonate, rvhich lorms the hard parts ol merine organ-

isms, and for silica, rvhich is used by diatoms and radiolaria.
It is not knorvn lor certain whether the addition of dissolved matter has brought

about progressive changes in the relative composition of seawater during geological

time. [n any event, such changes must be exceedingly slow. The total quantitl' ol
dissolved solids in the ocean, assuming an average salinity of 35%o and a rnass ol

Table 9.7 Composition ol Dissolved Solids in River and

Seawater

River Water

- 

Seh Water River Water lcss

ppm Percent (Vr) Cyclic Salts (%)

HCOr
SO.
CI
NO,
Ca
Mg
Na
K
Fe
sio,
Sr, H.BOr, Br

58.5 48.6
tt.2 9.3
7.8 6.5
1 0.8

15 t2.5
4.1 ' 3.4
6.3 5.3
2.3 2.0
0.7 0.6
13.1 I 1 .0

l 20.0 100.0

0.41
7.68

':90
1.r 5

3.69
30.62
1.10'

*,
I 00.

54.6
9.6
0.0
-0.9

13.9
3.4
2.5
2.1.

0.7
12.3

r00.0
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Tablc 9'8 Estimatcd Annu:rl Flux ol Various Chenrical Species inro and gur ot thc ()ccan
Llnirs ol lOra g)
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Brsins (,{ll Values in

N{arinc
Aerosols Dust Erosion

Pcrcent of
Torals Total

sior
AI
Ire

4.4

0.2

121.0
| 1.9
I2.2

L' 0..1

0. l
ll0

l.E
l).6
06
0.1
0.6
0.,

(.a 5.0 5.5 0 6It'lg 1.4 2.8 0.2K 68 1.9 0. INa 2.1 2.0 0.291 2.6 0.3So. 3.8 0.4IICO] 19.0 8.3 2.0
Totrl 39.3 170.6 +l
Percenl o[ lotirl 16.6 j 2.O l.g
Others (NOy organic matter, fluorine, sulfide, eic.)
Estimatcd grand total

1.-5

0.1
0. 1

0. 1

0.1

I
*
2.3
1.0

t
0. I

0.7

0.2

2.5 0.5
I .0 0.2

i ,10.8

17.0
ll.l
I I,E
.1.9

5.6
55

{_+

? 17 I

60
/-

6

_5

2.

t2

100

I?J
'1.3

01

0.1

0.4
02

.-3-4
- 240 X 10to gl1,r

Alter Garrels and Mackenzic, E|olution ol sedinrcntart, rocks W. W. Norton, New york, I97l

1413 x i02rg,is49.5 x 102'g.Thetotal amountolmaterial insolutioncontributed
annually by runoff lrom the land (42 x l0r1 g) is only an infinitesimal fraction, 10,r,of this amount; it is nevertheless significant ii terms ol the length ol geological time.

THE BALANCE OF DISSOLVED MATTER IN SEAWATER

It is generally believed that the ocean is, to a large degree, in a steady-state condition,whereby the amount of an element introduced per unit timc is balanced by an equalamount deposited in the sediments. Accepting this hypothesis or a steady-state con_dition, w'e can then defrne a residence timl inl.ears for each elcment, being the totaramount of that element in solution in the oceans divided by the amount introducedby the rivers per year, corrected for airborne cyclic material.

T*
dA/dt

Calculated fesidence times for many elements are given in Table 9.3.

, Although many independent assumptions are invorved in these calcurations, boththe absolute and relative varues for most of the residence times seem reasonabre.Sodium has the longest residence time,-;i,nin un order of magnitude of the age ofthe oceans. This long residence time reflects a lack o[ reactivity of sodium in themarine environment; it.is not-readily incorporated in the common sedimentary min-'erals, no.is it removed by biologicaireactions. The abundant cations K, ca, and Mghave residence times of the order or. 106 to 107 years. E,lements of lorv abundance inseawater have short residence times, especiaily ihose tirat might potentially be avail-able in considerable amounts. The very low ."rid"n"" time of manganese, r 400 years,
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is eiidentl_v related to 1,. ,g11lovill lron.r solution by" oxidation to the tetravalent sttrte

and precipitation as thc manganese dioride nodules that are abundant orer rvide

areas of thc ocean tloor. Silicon ancl aluminum are among the elenrcnts rrith itte
s.hrtrtcst residencc tinres. N,[uch silicon is removed lrom solution by'the activitl'ol
organisms; aluminum apparently has no biological function, but is probably rapidly
removed from solution as nervlv precipitated clay ntinerals.

The signilicance ol residence tinres for practical geochen.rical problcms is illus-
trated in prcdicting the behavior ol artiticiiil radionuclides inlroduced into thc ocean

by nuclear explosions or as wastes from reactors. The radioiosotopes ol strontiun.t

and cesium, both hazardous to living organisrns, have very higli residence times, rel-

ative to their hall-lives.. Ilcnce, the radionuclides oi these elements, if introduced inlo
the ocean, arc not rapidly precipitated; they remain in solution and are available to

marine organisms.
Goldschrnidt made an interesting study ol the balance between supply and

removal ol several elements in searvater. The basis o[ his comparison rvas the total
amounts ol different elements supplied b1' rveathering, disintegration, and sedimen-

tation during geological time. According to Goldschmidt, about 160 kg ol igneous
. rocks hal'e bcen weathered lor each square centimeter ol the earth's surface. Since

" .there are 278 kg of ocean water per square centimeter, approximately 600 g ol rock
' havc been rveathered for each kilogram ol ri'ater in the oceans. The 600 g of igneous

rock hai,e therefore been the potential source of the dissolved matter supplied by
rveathering to I kg of seawater. Ol course, onll' a part of this 600 g oi igneous rock
has actually dissolved and remained in solution. Goldschmidt drerv up a balance

sheet rclating the potential supply ol several elcments in 600 g ol igneous rock to the

amounts present in solution oi I kg of seawater. The percentage in solution was

obtained by dividing the amount of each element in searvater by the potential supply.
The most striking leature is that the concentrations ol a lew elements are lar greater
than can have been supplied by rveathering. These are common anions of seawater;

chloride, sullate, borate, and bromide. L,ither they were present in grelt an.tounts in

the primeval ocean or they have been supplied largely from volcanic gases and ther-
mal springs throughout geological tirne. Judging by the data available on arnounts

and composition of igneous exhalations, the latter alternative is adequate to explain
at least the. rrajor part of these "superabundant"'elements in sea waLer.

The concentration ol a given element in searvatcr is a lunclion of its rate ol
removal b1' che mical or physical means as r.,'ell as its rate ol addition. Ir{echanisms

ol rerroval include entrapmcnt in pore spaces in sedimcnts. chcnricrrl and biochcnr-' ical precipitation, ion exchange reactions u'ith clays and zeolites, and precipitation
as evaporites in isolited basins. To evaluate the chemical environment in rvhich these

reactions may take place, a knorvledge ol the ionic concentrations.. pH, and oxida-
tion-reduction relationships in seawater is important. Such data are not alu'ays read-
ily available and, hence,.definite predictions ol chemical reactions are olten diflicult.
Most of the data in the chemical literature are for dilute sqlutions and only quali-
tatively applicable to seawater. In evaluating simple solubilities not only must
changes in solubility products and ionic activities be-taken into consideration but
changes in ionic Species as rvell. Table 9.3 shows that the chemical species lor many

l.: ,

i:r,
=lj
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Table 9.9 Solubilitl ol Some Tracc Elcments in Searirtter
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Element
I nsoluble

Contpound

Calcuhted C)bserved
Conccntrlrlion Co11.ep1;111ts1

nroles/I, nroles/L

Sr
Ni
Co
lla
La
Th

10. s

r0 -'

l0 -'
I 0-'
l0 il

I0-r2

SrCO,
Ni(oH),
CoCO,
BaSO,
LaPO.
Thr(P04){

3 x l0 .

2 x l0-r
2 x 10 r

1x i0,
I x l0-rl
2 x l0-'2

9X
IX
7x

1.5 x
)J

I \/
I 

elements in searvater are not simplc cations but complexes \\,ith the predominant
anions. Table 9.9 illustrates the differences bet\\,een expected unJ our..u.a concen-
trations of elements in sea water based on their expected most insoluble salt. It ma1,be seen that the sea is .greatry undersaturatea in att or these ions w,ith the possibre
exception of barium, lanthanum, and thorium.

' Krauskopf (1956) has made an extensive study ol the lacrors controlling the con-
'- centrations ol Zn, Cu, pb, Cd, Ni, Co, Hg, Ag, Cr, N{o, W, and V in seawarer. []e
'irivestigated in detail four processes lor the removaI of these elements: precipitationof insoluble compounds with ions normaily present in sea *,ater; precipitation bysulfide ion in local regions_of low oxidation potentiar; adsorption by materiars such
as ferrous sulfide, hydratcd ferric oxide, hydiated n-,nngun"r. dioxiie, and cla1,; andremoval by the metabolic action of organisms. I{e shoived both by calculation andexperiment that sea rvater is greatly undersaturated in all these ions; that is, precip_itation ol insoluble compounds cannot be responsible lor the observeclconcentrations.
Local precipitation of sulfides is a possibre contror rneihanism for some of the ere_ments,but is probably not the chiefcontrol because the concentrations are unrelated
to sulfide solubilities. A_dsorption is a possibre mechanism for all erernents except v,w, Ni, co, and cr; if Cr is assumed io be rerr-roved by local reduction and precipi-
tation of the hydroxide and the other four elements by tiological processes, the exist-
ing concentrations can be rairry adequately accountecl ror. Adsorption processes sup_plemented by biological removal atso lrrnish an explanation loi the dist.ribution olminor and trace mctals in marinc sedimentary rocks. - " "-""" "'

With lerv exccptions therefore alt the elements have becn potentially available in
nruch larger amounts than are actually present iu seaivater. Tire solubility of its com-
pounds, physicochemical factors such as adsorption and coprecipit"ti"rl""a rrior"g
ical activity control the removal of an erement rrom sorution. probably ;";; i;;i,river water are precipitatedas insorutrre compouna, ur roon rr-i6 enrer rhe sea
because of the difference in chemical ejnvironment. Some elements are removed from
solution by complex reactions between ions in solution and solid material, which maybe. particles in suspension or bottom sedimelts. Such processes are termed
halmyrolysis.

. An interesting example of halmyroll,sis is the accumulation ol radioactive material
in the upper layers of deep-sea r"dirn"ntr. The breakdo*;"i;"ul; J.u*ut., resurts
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in the production ol 2tTh (ioniurn), u,hich is coprccipitatcd alruost qLrantitativell'

*'ith rirTh and accuntulates in the bL)ttonr scdinrents. giving thcrn abnornralll high

radioactivity. The half-lile of :rTh is 81,000 years, hence, the anrount ialls otT rvith

the age oi the sediment; that is, the 2rTh to'r'Th ratio is greatcst in the surface

laycrs and decreases belorv. It thus is pcssible to estimate the agc ol different [a1'crs

in deep-sca cores. Some valuable results on rates ol dcposition ol deep-sca sedirlrents

have been obtaincd by this method; it has becn show'n that red clay in the central

P3cific accunrulates at a rilte ol about I rttrtr in 1000 1'ears, rvhereas the red clay in

the Atlantic generally shows a deposition ratc that is considerably more rapid.

A remarkable leature of searvater is the very lorv percentages ol certain p.risonous

tnetals and metalloids, including some, such as selenium and arsenic, that forn.r sol-

uble coniplex anions and therefore might be expected to accumulate. The quantities

ol these elements potentially supplied to the ocean during geological time are so great

that a serious poisoning action would have resultcd had not sonte process been active

in eliminating them.
Biological activity is undoubtedly ol great importance in controlling the concen-

trations of many of the elements in the sea, not only the abundant ones, such as

calcium and carbon, but also rarer ones, such as copper, vanadium, and phosphorus.

For exarnple, the concentratidn-of copperand iron is extremely low in searvater, but

one or the other is an essential constituent of the blood of many marine animals.

Organisms remove from solution elements that would not otherwise precipitate and,

if conditions arc such that some ol the organic material becomes a pcrmanent part

ol the sediments, this process must play an important part in controlling seawater

corlposition.
Oi particular interest and importance in the chgmistry ol seawater :rre the reac-

tions that control the pH and redox potential. The oceans lunction effectively as

buffer systerns liaving the ability to assimilate both acids and bases 
"vithout 

n.rajor

changes in pH. The pH ol ocean water sampled near the surface almost alrvays has

a pl-I of between 8.1 and 8.3. The buffering action in seawater has been attributed
to both carbonate-CO, and silicate systems. In the carbonate-CO, system the bull'-

ering reactions and related equilibrium constants at 25"C are

CO,lgas) + H:O (liquid) : H,CO,laqucous; Kp : 10-'5

IJ2COT (aqueous) : H" (aqueous) -1- HCOi (aqucous) K, : lQ-0r

I{CO, (aqueous) = H+ (aqueous) + COr= (aqueous) K, : lQ-to:

CaCO, (solid) * HrO (liquid) : Ca** (aqueous) + COi (aqueous) Ksp : 10-8r

For an atmospheric CO, pressure of 3 X 10-a atmospheres the equilibrium pH lor
the system is close to 8. This model assumes that the CO, pressure is independently

fixed by biological activity. Large changes in this CO, partial prcssure wotrld result

in only small changes in pH. Addition of acids through volcanic or other sources

would lead to the dissolu'tion ol CaCO, and the eventual production ol COr, again

with little change in pH. Alternatively the reaction of silicates rvith seau'ater in

reactions of the type
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Na* leldspar -i- [{+ (aqueous) : kaolinite f Nar (aqueous) + SiO,
ma1'fir the pH orthe ocean_ard hence-reg.rate the atiirospheric pressure ol-Co,. In
:jl;Hl,:r;'in'j.ilI#1," IrrBoj : H;Bo and orher',ninu,,...,ion. n,.1 

"r,o
r e s o r v e d d u e r o, n. . J!,! ;iil il,,I',j1.:"",Ix J,l ; T T:,: :: [ : n:: 

"..:lTJ 
ij 1iconclude that arr reactions pla1,a part; the caruonate-Co, s1'stem on a short timescale and the ion-exchange silicate system on a longer tiri.,".r".t". Ntackenzie andGarrels (1966) suggesred that reactionr .on.iining both sl.sterns ni,n. ,i.p.

Al silicates * carions + SiO, + HCOi = carion Al silicate + CO, + [{,O
na1'play a large part in controlling the distribution of cations in searvater.In normal seawarer the half r"rJtion that controts the oxidation potential (Eh) is

2H2O : 02 + 4H+ * 4e- Eh (25"C) : 1.23v

The concentration of dissolved molecular oxygen in most parts of the ocean is veryclose to saturation relative to.the atmospr,.." i-it is a highly oxi{izing solution. Theoxygen partial pressure may be increased by oxygen p.oolu"iion oy f i'ytoptunkton orreduced by organic decay. For a partial pr"*u." of oxygen of 0.j-atm and a pH ol
,Son#ff ffijl or seawater is calculatea to be 0.85v. fr.rrr."Ju"tres are usualry

THE HISTORY AND EVOLUTION OF THE OCEAN

A review of the riterature revears that ideas concerning the history and evorution ofthe ocean are quite specurative Trr. 
"u.ry 

ti,ory of the hydrosphere, rike that of theatmosphere, is tied to the ross or voratiles from the 
"a.th 

to i,, ,".i"... whether thisprocess has been fairry constant over georogic time o. o""r.."J;;;;"r. rapid rateearly in the earth's history is open ,Jq""r',i"r. Atso of interest are changes in thechemical composition of seawater. porriiiiiti", include the addition rif dissolved saltsto water essentiaily fresh or the constant buirdup of sea*ate. ;;i; . compositionsimilar to what rve have 
,toluy: rur"o"iorogi"al and stratigraphic records provideevidence that the dissolved rult, in o""an wu"r'". t ur. not greatly differed over the last600 niillion years and most rikely ou.r,r,"lari 3.bilrion-yearr. rrrino. changcs, suchas the addirion o[oxygcn io rhc armospt".. una h;;;;;;;;r;;,; thc oxidarionpotential of the seawater, would not affect the mean dissolved salt content but wouldallow iron in the ferrous form to exist in it" *u,".. Under pr-esent conditionsiron isoxidized to the ferric form and precipitated. lA cdnsideration of this history oiirr. *"urs involves three main concerns: thesource and rate of accumulation of rvater, the addition of anions, and the addition ofcations.

tril;""r*'ical 
evolution ol the oceans may be discussed in terms of the following
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l. The rvater condensed from a prin'ro'al atinosphere and the chloridc has been

adde d -Irroughout geological tl-me (constant volume-volcanic chlorirje

h1'pothesis).

lJoth $,ater and chloride are thc result of initial condensation (constanI volutne-

constant chloride hypothesis).

Both components have appeared gradualty (volcanic ocean-volcanic chloridc

hypothesis).
The chtoride was present as metallic chloride on the earth's surfacc, and the

rvater has been added throughout geological time by volcanic activity (volcanic

ocean-constant chloride hypothesis).

The unilormitarian view that the composition of the ocean has been similar to that

at the present day as lar back as the Archean is borne out by the available data' We

knou, that magmas contain water vapor and gases Such aS carbon dioxide, hydrogen

chloride, hydrogen fluoride, and hydrogen sulfide, and that, therefore, these have

been continually added to the hydrosphere. Much of the water, and some of the other

gases also, may be cyclical. On the whole, it appears that no one ol the above theses

ian be accepted as presenting the full story. Current ideas on the origin of the eartlt

suggest theiormation o[ an ocean as soon as the surface w4-'i-sssl enough lor water

to condense. The amount ol water in and the salinity of tlie prirnitive ocean are

unknorvn. Throughout geological history the oceans have grown by the addition ol
primary magmatic water. This growth may well have been considerably more rapid

in earl1, gcological time, when a thinner crust, higher average temperature, and a

greater production o[ radiogenic heat probably resulted in more vigorous igneous

activity. The nature of sedimentary rocks and fossils indicates that the content of

dissolved substances has probably remained much the same, approximate constancy

of composition being maintained by the complex chemical reactions outlined in the

previous section.
Whether igneous activity has provided sumcient rvater [o account lor all or the

greater part ol the hydrosphere is still a matter ol dispute. For exarnple, Verhoogen

1fS+A) concluded that the total lava extruded since the beginning o1'the Canlbrian

cannot exceed a volume of 3 X 1022 cm3 or, adopting an average density ol 3.3, a

mass ol I X 1023 g. Even if this lava were acoompanied byas much as 107o ol its
nrass.o[ water,.not more than O.lVo Of ihc ocean can have been added since the

beginning of the Palaeozoic or less than 57o during the rvhole of geological time.

How,ever, Verhoogen's estimate does not appear io include submarine volcanic activ-

ity, whiCh is probably as ryidespread as.terrestriai volcanism and rvould thus incrcase

his figures by a lactor o[ three.

I-f the oceans have increased in volume throughout geological time, we are faced

with the prbblem of .correlating this with the relationship between continents and

ocean basins. If the aixount of seawater has incrcased continually, then the ocean

basins must have increased in area or depth or both. The areal relationship ol con-

tinents and ocean basins during Precambrian time is very poorly known. Since lor

the most part the oldest rocks are concentrated in the central shield areas, with

younger rocks around their edges, it has been.suggested that continental crust has

grown ihroughout geolbgical time. This iniplies a considerable reduction in the area
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occupied b1' the ocean, and the se:r {'loor must necessarill, have beconrc clecper in
relation to the continental levcl.

For a di-rcussion ol the chemical changes taking place in sea*ater, G_arrels and
N'[ackenzie (197i) have divided ocean history into three tin-re periods: the earliest
oceans, the oceans 1.5 to -1.,5 billion years before the present, an<J nrodern oceans.
Thcv speculate that the earliest oceans would be madc up ol w,ater ivith dissolvcd
gases such as IIrS, IlCl, IJF, and HBr. Thc cher.nically irctiveocean rvould vigorousll,
attack the earth's crust to dissolve out cations anr1 silica, leaving ii residue ol alurninir
and silicates. This would neutralize the aciclicanions in the t,atcr, creuting an ucean
perhaps rvith a salinitl' similar to that todil1,. As the seaivater became more neutral
CO, rvould be dissolved as well.

Our oldest sedimentarv records from 3.5 billion I'ears ago support the unilorm
ocean idea. Between 3.5 and aboul 1.5 billion years ago there is evidence for slorv
but continuous chemical trends in the sedimentary.rocks and the ocean composition.
Dominant mineral-ocean interaction at that time rvould be of the type

l4H2O *6NaAlSi,Or*3FeCO,* I 5MgSiO,* 3CaCt, :22SiO:
albite siderite cnstatite silica

*6NaCl *3MgrAlrSi3O,o(OH)8+3CaCO, +FerSirO,(OHJ.
chlorite calcitc greenalite

5MgSiO,*CaAlrSirO** CO, : Mg,At,Si,O,.(OH)8+ a;t-O, +4SiO,
enstatite anorthite chlorite silica

and

FerSirOr(OH)o+ 3CO, :3FeCO, l,2SiOr+ 2tIrO
greenalite siderite silica

The unique clraracteristic ol these reactions is thc presence ol ferrous iron. The
reactions as lvritten contain nrinerals that are irnportant in the 2-billion-year-old
banded iron formations. Likewise manv ol the rocks in the 3.5-billion-year-old
Onverrvaacht lormation olsouth Alrica are cherts, indicating a higher dissolved sil-
ica concentration in the early oceans. Today this is controlted by organic activitr,.
The calculated CO, pressure at 25"C in an atnrosphere coexisting wit| siderite,
greenalite, and amorphous silica is about l0-2 5 atnr-an order ol nragnitude greatcr
than it is today. The pH rvould be about neutral. About 1.5 billion years ago the
seawater began to take on its modern characteristics u,ith a lltean seawater con-rpo-
sition in approximate equilibrium rvith calcitc, K-lcldspar, illite-monturoriilonitc,
and chlorite. There is some evidence for periodic compositional changcs but these.
are ol only nrinor magnitude.

SELECTED REFERENCES

Baas-Becking, L. G. M., I. R. Kaplan, and o. Moore ( 1960). Linrirs ol tlre narural
environment in terms _of pH and oxidation potcntials. J. Ge,ol. 6g,243-2g4.

Broecker, w. s. (1974). chemical oceanogiaphy. 214 pp. Harcourt Brace Jovanov-
ich, New York. A general view of chemical oceanography with many references
lo more detailed studies.



250 PRINCIPLES OF GEOCHEMISTRY

Ullis, A. J. and W. A. J. Mahon (1917). Chemistrl, and geothernldl-systems.392 pp.
.Acadenric Press. Nen York. A good revie_rv ol hot rvaters and brines.

Garrels, R. N'{. and F. T. i\'{ackenzie (1971). Evolution of sedimentaiy rocks.391
pp. W. W. Norton & Co., Neu' York. An interesting and uselul approach to
material transler by water.

Holland. H. D. (1978). The chentistry of the atntosphere and oceans.351 pp. John
Wilei, & Sons, Nerv York.

Kitano, Y. (ed.) (1975). Geochemistry of vtater.45-5 pp. Dowden, I{utcheson & Ross

Inc., Stroudsburg, Pa. A collection of selected papers on water chemistry. Bench-
wark Papers in Geology, Volume 16.

Livingstone, D. A. ( 1963). Chenical composition of rivers and lakes. U.S. Geological
Survey Prof. Paper,440 G.

Martin, D. F. (1970).. Marine chemisty, Vol. 2, 451 pp. N{arcel Dekker, New York.
Theory and applications of element cycles in the ocean. Volume 1 discusses ana-
lytical techniques.

Riley, J. P. and R. Chester (1975-76). Chemical oceanography (second ed.). Aca-
demic Press. Nerv York. Six-volume work with 34 chapters by individual authors
on the chemistry of ocean waters and their interaction with sediments.

Rubey,w.w.(i951).Geologichistoryofseawater.Bull.Geol.Soc.Amer.62,
1 l l l-1 147. A critical discussion of the evolution of the oceans, based on a careful
evaluation of the geochemical data.

Stumm, W. and j. J. Morgan (1970). Aquatic chemistry.583 pp. Wiley-Intersci-
ence, Nerv York. An introduction to chemical equilibria in natural waters.



10Ii5-HfiHF=oFrHE

The concept of the biosphere was introduced b1 Lamarck. The term is used in trvosenses, one denoting that part of the earth capabre or sustaining life and the otherthe sum total of livrng mitter-plants, animals, and microorganisms. In the firstsense it appears to cornprise a narrow zone at the surface or-tt,"'t ya.orphere and thelithosphere' and this ind-eed is the region in which life is most prorific, thanks to lhelavorable conjunction of water, ai., ina radiant energy. However, the zone or life ismore extensive than this: insects and spores tiaue been colrected at high altitudes,living organisms have been dredged fro, the ocean bottor. at great depths, and bac_teria have been found in oir-weil brines rror,r. rvithin the upper crustal layers.The influence or the biosphere in geocheniistrl, covcrs an even greater range. Non_living nraterials ol biochemical oriiin are accurnulated or transported over largeareas ol the earth and greatly influence the distrib-ution and u."rirutution of many' erehenrs. The geochemistrv ot the uiospherc ,""t 6. ;;r;;;;; biogeochemistryas in the Russian school developed by vernadsll,, o. u, o.gnni. geochemistry. Ineither case it is important to rearize that it has an arbitrary distinction from bio_'chemistry' Whereas,biochemistry is primarily concerned *itr, 
"n*rni"al 

reactions' taking place within tlvins orqSnis.r,'o.gon;" geochemistry is concerned with themovement of elements cont.oll"d by rivilg organisms. such an erementar barancewould entail the kinetics of the movementif eremental matter inlnd out of organ-isms as well as the.mass of the biosphe.e iotn living and deaa- Atthough the bio_sphere has a smalr mass, rarge amounts of, material move through it in dynamicequilibrium and it has strong interactions with its surrounding .nuir?n."nt. In manycases it is difficurt to separate the geochemical rore 
"r 

ri"iig ,rir,un.., from thegeochemical'rore of organic material formed uf,".;;";";,.rir,"" 
"r 

the organisms.
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The biosphere controls rnany ol the earth's unique characte ristics. Biogeochentical
rcactiLlns L)iten apprn:rch c:quiiibriurn rrnll' slorvll; hcncc, ni.rnthcrntodt namic-eq+iliE-
riurn situations are often sustained in the biosphere.

The biosphere developed later than the other geological spheres, since lile can
hardll, have begun before surlace conditions were much as they are today, presum-
abll' u'ith an atmosphere and a hydrosphere. I-low' much later is ktrgely a ntatter ol
speculation. Well-preserved fossils first appear in Cambrirrn lornrations, but organ-
isrns cornplex enough to leave tossil remains l.nust surell, have been preccded by a

long evolutionary cycle. Even in very ancient Archean lormations, slates and schists
containing lree carbon are found, and many scientists have assurned that this lree
carbon is the residue ol some forrn of lile. It is of course also possible to svnthesize
organic materials by inorganic reactions, and it is perhaps not unreasonable to
explain the initial accumulation of some organic compounds on the earth's surlace
by a large influx ol organic-rich carbonaceous chondrites or comets early in 1he

earth's hislory. The oldest sedimentary rocks containing carbon cornpounds are the
lsua rocks in Greenland rvhich are approximately 3.7 billion years old. Structures
believed to bc those of primitive algae have been recognized in limestones of the

Bulawayan system ol southern Zimbabrve, one of the oldest Precambrian s),stems,
with an age of about 2.6 billion years. On the north shore of Lake Superior rvell-
preserved microlossils identified as bacteria and blue-green algae are lound in cherts
of the Gunflint formation, about 1.9 billion years old. It thus seems probabte that
lile began more than three billion years ago, but evolved comparatively slowly until
the devclopment ol green plant photosl,nthesis, apparently about 1.8 to 2 billion years
ago. Once the atmospheric oxygen had risen to sufiiciently liigh levels for respira
tional metabolism (approximatell' one to three percent of present atmospheric oxy-
gcn), metazoa could develop. This was perhaps about one billion years ago.

In the material sense the biosphere is made up ol a group ol complex organic
compounds. Living matter consists ol a relatively srnall number of organic molecules
including alcohols, fatty acids, amino acids, and purines-out of which are built up
the nrore cornplex molecules of the carbohydrates, proteins, fats, nucleic acids, and
lignin. Liie lias one common material characteristic, the presence ol protein mole-
cules, and one common physiochenricaI process, the steprvise lormation ol organic
substances carried out practically isothermally. 'Living matter can, in general, be
divided into the trvo great classes: plants, or prodtrcers, and animals, or consumers.-
Because animals are compietely dependent on vcgetable mattcr for their nourish,
ment, thcy cannol be considered as independent organisnts but rather as parasitic on
the plants that constitute their food. The assimilation ol carbon dioxide by nreans ol
chlorophyll and light is of dominant importance lor lilc on this planet. The process
can be expressed by the follorving equation:

6CO2 + 6HrO = C6H,,O" + 60,

Iror the reaction as wrii.ten AG = 688,000 cal and LH : 67i,000 ca[. Because AG
is positive, energy must be supplied if the reaction is io go lrom lert to right; this
energy is provided by solar radiation. In this way the radiant energy ol sunlight is
converted into the chemical energy ol organic compounds. The reverse reaction is



J.

THE NATURE OF THE BIOSPHERE 253

one ol biologicai oxidiit-ion. or respiration, and the cnerg-\.thus liberated nra,r,appear
as hcat or irs \vork. A rairly closc barance presumabl;.exists bet*,een photos-r.nthesis
and rerrrirrtion. although or,er the u.hole of gcological tinie respirrition h.rs beenerceeded bv photosynthesis, the surplus energy derived therelronr being stored inpreservcd orgrrnic n)ltter. in parr as corl rrnti petrolcum. Plrotosl nrlrcsis cannot add
ox)'gen to thc earth's surface unless some organic producrs lrre q,ithdrali,n fronrrcoridltiurr

Nlicroorganisnls are critical to th",.o.nenrical reactions ol'thc biosphere. l-hebulk ol organic reactions take place through these minute but irbundant orgarli:inrs.
Some chenrical changes catal1'zed by organisms, like photosynthesis, are unique,
having no inorganic analogs. others could on11, take place slow.5, or rarelv in natural
s)'stems' Microorganisms allow the fixation ol nitrate fron.r'n.roiccular nitrogen, andin anaerobic s'stems derive energy by the reduction of sulrate to sulfide and the
reduction ol iron. Such reactions often lea'e their fingerprints on the geochemical
cycle' The action ol microorganisms can also control the chemical environment inlimited areas. In unbu.ffered poors the rapid removar of co, through photosynthesis
can allow a rise in alkalinity to a pH of over l0 with a high E,h, wiereas the action
of thiobaccilli can in other environments lead to \\,aters with a pH of less than l. The
presence ol reducing compounds such as CH,, phenors.,'and HrS can creare u very
lou, Eh in biologically active areas. - 

" , '
Although rnost organic material formed in the biosphere is rapidly recycled toHro and cor, it plays an important rore in geochemicar retrctioni arong the rvay.

Particularly evident is the influence ol orga,iic materials in rveathering reactions.\Vithout organic acids and organic chelating agents, as rvell as the direct action ol
nricroorganisnrs on minerals, chenrical \\'eathering would take place much more
slorvly' Those organic molecules not imnrediatell,destroyed by thf action ol.micro-
organjsrns can utrdergo progressive change bi nonbiological processes. The natural
biopolymers can be broken dorvn into simplei compounds by hydrolysis. The more

i:n'il,:Tffffi j, :::'i[fl :l.;:il:",i':Jii :Tr,: lil_i:: ::*m,l' *"Iand coal' Metamorphisnl can lurther degrade these nraterials to anthracite and
graphite, riith the lurther loss of simplc hy.drocarbons and carbon dioxide.

.THE MASS OF THE BIOSPHERE

Looking on the bibsphere as the sum total ol living nlilttcr, we ma), attempt to deter-
nline its mass. I-Iere, hou'ever, rye are laced rvith many diflicultils, diflrculties that
werc not preseni in other gcochcmical calculations. The mattcr oi tfr" biosphere is

. 4ot unilormly distributed, as is, for example, that ol the atmosphere. It is also in a. constant state of change, and the cycle of changes is very rapid. The rire span of any
organism is minute in comparison to geological time, ona t1.," lile cycles of different
organisms are inrnrenscll'varied-cornprri-, say. the lile of a ,"a*ota tree u,ith rhat
ol a protozoan.

In spite ol all these difficulties, quantitative work in biogeochemistry demands
some idea ol the total amount ol matter in the biosphere, Borlhert (1951) estimated
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that the total amount of carbon in livingorganisms is 2.8 X i0'r g. Thc total annual
productivity is also aninrportant figur.- in dis.-ussi.-rns..f lhe biosphere. Recent esti-

mates foi the total annual production ol organic carbon are i i 8 X 10e tons for ter-

restrial environments and 55 X l0e tons lor marine environrnents, a grand total ior
the earth ol 173 X lOe tons. As we rvill see in the section on the carbon cycle, the

mass ol carbon in living r.naterial is several thousands:times less than the nonliving
organic or graphitic carbon in crustal rocks.

The mass ol the biosphere is insignificant in comparison to that ol other geocheur-

ical zones. According t0 Rankama and Sahan.ra, the relative rveights ol thc hydro-
sphere, the atmosphere, and the biosphere are expressed by the lollowing {igures:

Hydrosphere
Atmosphere
Biosphere

69, I 00
300

I

In spite of the negligible mass of the biosphere, how'ever, it is a zone of great chemical
activity, and its geochemical effects are ol considerable significance. Its signilicance
can best be realized in terms of the turnover ol material taking place therein. If the

mass ol the biosphere has beeri approximately constant over the last 500 million
years and if the average life cycte were one year, then the total amount of matter
that has passed through the biosphere in that time is comparable with the total mass

of the earth. Of course, mosl organisms appear to us as inconspicuous blobs ol
organic matter that have a certain life cycle, reproduce, die, and leave their sur-

roundings very much as they were belore. This picture is, hou'ever, a lalse one. We

noted in a previous chapter how most ol the free oxygen of the atmosphere has been

produced by the chemical activity of plants. An individual organisrn secreting cal-

cium carbonate does not change the character of the earth much, but during geolog-

ical time such organisms have taken calcium in enormous amounts from a dilute
solution in seawater and thereby lormed most of thc carbonate rocks. An even more

remarkable separation is the deposition of silica by radiolaria and diatoms from sea-

rvater, rvhich contains as little as 0.02 to 49/silicon pcr ton. Millions of square kilo-

meters of the ocean floor are covered rvith siliceous sediments, and cherts, repre-

senting deposits ol such organisms, are common in the geological colunln. The

organically deposited carbon in sediments has been extracted from an atmosphere

which throughout geological time has probably never contained more than a lerv

hundredths ol a pprcent of carbon dioxide. In addition, every organism has some

metal compounds in its structure, and thc biosphere is thus of considcrable signifi-

cance in the migration and concentration ol many elements.

In considering the effect of the biosphere on geochemistry it appears that much of
the change.from living material takes place (immediately after death) by the decom-

posing aciion of microorganisms, followed by the deposition of organic material and

the subsequent dispersal or concentration of the chemical elements by the preserved

organic compounds. Questions commonly considered by organic geochemists include

whether an organic or carbon-rich material is biogenic or abiogenic in origin,
rvhether it was originally terrestrial or marine, and whether the present material rvas

formed in situ or has rnigrated through permeable materials.

Ti
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THE COMPOSITION OF THE BIOSPHERE
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If an estiniate ol the mass ol the biosphere is difllcult. an estimate ol its ayerace
composition is even nlorc so. Living mattcr iaries greatll,in composiiion. The aruli-
lytical data are rather variable in quatitl', an<J our knorvledge ol the relative amounts
ol different organisnrs present in the biosphere are little more than educated guesses.
Water is the principal conrponent ol alI organic matter; rvooC contains about -50%and vertebrates about 667o, u'hereas marine invertebrates ma1, be more than 90%
[{rO. Table 10.1 provides data on the ultinrate cornposition oi biclogical mareriai.
The metabolic role of the invariable elements is fairll, rvell undersrooJ. tn"y, can be
roughly classified into energy elements (C, O, Il. N), macronutrients (p, Ca, lfg, f,' S' Na' Cl - Na is essential lor animals, but not for plants), and micronutrients (Fe,
Cu, Mn, Zn, for both animals and plants; B, Mo, and Si lor plants only; and Co and
I for animals only). A few ol the variable elements, such as yanadium and bromine,
may play an important play in the metabolism ol some organisms, but for many of
them no biological function is known. Many trace elements, whether or not theyare
essential, are noxious above quite low levels. Differences in the composition of various
species or individuals exist, but the similarities are on the wholo greater than the
differences.

In all, over 60 elements have now been recorded in analyses ol organisms, but
many ol these are "ultramicro" constituents. Great difficulty is experienced in clean-
ing organisms for analysis, since inorganic matter on the surface and in the digestive
system is not easy to rentove, and many published data are therelore suspect. The
statement that an elemenl is "present" in one species and "absent" lrom another

Tabt'e I0.I Distribution of Elements as percentage Body weight of organisms

Invariable

Primary 60- I
Secondary

l -0.05
Microconstituents

<0.05

Variable

Secondary Microconstituents Contaminants

'He
Ar

.Se
Au
Hg
Bi
TI

Li
Be
AI
Cr
F
.Ni
Ge

.As
Rb
Sr
Ag
Cd
Sn
Cs
Ba.
Pb
Ra

Ti

Br

B
Fe
Si
Mn
Cu
I
Co
Mo
Zn

Na
Mg
S

CI
K
Ca

H
C
N
o
P
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nra), give unwarranted prominence to comparatively snrall differences in conccntra-
ti,ln that happen to span the limits of sensitivity of the analvtical rncth,d uscd. F.ri-

an ele ment to have biogeocheniicaI significance it nust either be shou'n to pilrticipete
in the liie ol the organism or else to be consistently present in concentrations greater
or much smaller than that in the environment.

When the data on the occurrence of thc different elenre.nts in organisms are plotte d

on the periodic table, certain relations are apparent. The inr,ariable elements (except

iodine and n.rolybdenurn) are all ol lori' atomic number, belonging to the first fcur
horizontal rows in the periodic table.

The probability that an element pla;'s an important part in n'retabolism depends
on its ability to participate in the aqueous colloidal systems constituting the bodies
ol living organisms. Common elements are more likely to occur than rare oncs, elc-
ments usually soluble in aqueous systems more than those highly insoluble. Hutch-
inson (1943) shorved that ionic potential is significant in this. He shorved that ele-

ments of comparable crustal abundance are very unequally taken up by plants. When
the ratio between the percentage ol an element in plant material and the average in
rocks is plotted on Goldschmidt's ionic potential diagram (Figure 10. 1), the corre-
lation is readily seen. Elements o[ low ionic potential, rvhich form soluble cations,
and those ol high ionic potential, u'hich lorm soluble anions, are'rsadily assimilated.
The elements of intermediate ionic potential which form insolu'ble hydrol1'sates are

unavailable and generally pla1, no part in metabolism. Since plants sustain lierbivo-
rous aninials and, ultimately, carnivorous animals as rvell, thc same features apply
to these organisms.

Since plants make up the bulk ol living material and animals depend on plirnts for
sustenance, an estimate ol the distribution of elements in marine and land plants.

may give a first approximation of the chemical'conrposition ol the biosphere. Such
a compilation put together by Bowen (1966) is given in Table 10.2. Note that the
concentrations are based on dry plant tissue and hence do not include thc hydrogen
and oxygen fron.r the rvater in the analyzed organisms. Also included in Tablc 10.2

are the estimated abundances in soils. The average soil is a nrixturc ol mineral matter
rvith living and dead organic material.

Some data on chemical composition ol specilic organisms are reproduced in Table
10.1. llwccomparclhesefigureswiththosefoitheaveragcabundancesolthesamc
elements in the earth's cruit, u'e find that h ferv are decidedlyenriched.in organisnrs.
I{ydrogen and oxygen head the list, ol course, since organisrns are so largely rvater,

but carbon, nitrogen, phosphorous, and sulfur are also conccntrated b1' the vital
activities ol animals and plants. Considered in terms of the ash, instead ol the living
material, several mbre elements are enriched-Na, K, Br, and I in a marine inver-
tebrBte such as Calanus firu4archicus; Ca, K, Cl, Mg, and B in alfalla: P, Na, K,
Cl, Br, and I in humans. On the average, however, plants and animals concentrate
relatively lew of the elements. Fxceptions are knorvn, especially lor plants, that are
often capable o[ taking up large amounts ol an element if it is readily available in
the soil. A classic example is afforded by some o[ the plants associa(ed rvith selcni-
ferous soils ol the rvestern Great Plains of the United States: selenium contents as

high as 1.5%have be6n reported in some specimens ol locorveed (Astragalus race-
mosu.s). The ability of certain plants to reflect the prdsence ol unusual concentrations
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Figure I0'I concentration ratio of elements in terrestrial plants and in the crust, in relationto ionic porenrial. (Hurchinson, llal, p. ::Zy

of a particular element in the soil and subsoil has bcen applied to the search forhidden ore bodies' Biogeoche micaI prospecting is based on the accumulation of traceelements in plants, rvhereas geobotanicar p-ip".rirg.*."nt.ut", on speci6c prantsthat grow where a specific trace element is present in the soil.
. Generllly' however, the most remarkable examples of chemical concentrationthrough biorogical processes are provided uy ,rr.in" o.g^nirrn.. The ability of many
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Tabte 10.2 Distribution ol Selected

Elenients in Drl Tissue of
lvlarine and Land PIants. (in

Ppm)

E,lement
Marine Land
Plants Plants Soils

Afi

AI
As
Au
B
Ba
Br
C
Ca
Cd
CI
Co
Cr
Cs
Cu
F

.Fe
Ga
Hg
I
K
La
Li
Mg
Mn
Mo
N
Na
Ni
o
P
Pb
Rb
S
Se
Si
Sr
Ti
v
w
Zn

-Zr
After HMJ Bowen, Trace elements in biochem-

i-rrly. Academic Press, 1966.

0.25 0 06 0.1

60 500 71,000
30 0.2 6

0.0 r 2 0.002
tz} 50 l0
30 14 500

140 15 5

345,000 454,000' 20,000
10,000 18,000 13,700

0.4 0.6 0.06
4'100 2000 100

0.'t 0.5 8

1 0.23 100

0.07 0.2 6

11 14 20
4.s 0.5 200
700 140 3 8,000
0.5 0.06 l0

0.03 0.015 0.03

1500 0.42 5

52,000 14,000 I 4,000
10 0.085 30
5 0.1 30

5200 3200 5000
s3 630 850

045 0.9 2

I 5,000 10,000 1000

33,000 1200 6300
3340

470,000 4r0,000 490,000
3500 2300 650
8.4 2.'7 l0
't .4 20 100

12,000 3400 700
0.8 0.2 0.2

I 500 200 330,000
1400 26 300

12 I 5000
,2 1.6 100

0.035 0.07 I

r 50 100 50

20 0,64 300

i
:11

il

?
,i:i
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Table 10.3 Elementary Composition 1\\'eight percent) .f Dill.crent Organisms

Calanus Finnur<hictts
- -(, copepod)* Allalla (lucerne)'t

25s

iv{ani

o
C
II
N
Clr

o
C

n. l0' Li
N

n. l0-' P

Ca
K
S

(_)

II
C
N
('l

Na
K
S
P

8.2
7.0

4
3

'1

7

I.5

9

2

6

Ca
Mg

Fe
Si
B

Br
I

Cu

9
5

5

4.6
1.6

2.5
2

7 9.99
10.21
6. r0
1.52
r .05

5.4
2.9
1.4
1.3

71.90
l l.t4
0 ?)

8.2,s

1 .06
5.80
1.70
1.037

9.3
2.'7

2.5

7.0
4.O

3.6
-3 .5

2.5
1.5
I

n. l0-'? Mg
CI

n. l0-r Si
'Fe

"-. - Al

n. l0-a B
Rb
Mn
Zn
Cu
F
Moll

n. l0-5 Ti
Ni
Br
Ti

n. 10-6 I
Co

n. I0"

n. 10-' S
P
Na
K
CI

n. l0-2 Mg

l0-r Fe
Si
Zn

to-' Rb$
Cu
Sr
Br
Sn
Mn
I

n. l0-5 Al
Pb
Ba
Mo$
B

n. 10-6 As
Co
Li$
v$
Ni

62.81
19 37
9.3 I n. l0'
< 1r'

i 3r.

6.4 n. l0-l
6._l

2.6
2.2
1.8

4 n. l0-l

5 n. l0-l
4
2.5

9 n. lO-a
4

^
2

2
I
I

5

5

J

2

2

n.10*r

n. l0-6

n.

Mo
Ti

4
2.4
2

Co
5

4
3

2.6
2.5

i:i
all:1
i-1.::i..:

:lii;

fi:::'

..1-'r'i,

:*'r::

I;:'l

,:;..
l:7.

ia
t2'

As,Sn,Pb,Sr,Ba n. I0-.
+Vernadsky, Z. Krist. Mineral- petrog. Abr. B. Mineral petrcg_ Mitt. 44, lgl,1g33.
tWater, ?S.lVo; org.,22.4; ash,2.45%; frcm Bcrtrand, 1950, p. 442.
tWater, 60Vo; org.,35.1Vo; ash, 4.3Vo; from Berrand, 1950, p. 442.
$Mean figure for marnmals.

llNormally in plants, 3.10^r-
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nlarine invertebrates to extract clllciunr carbonate rrnd ol di:ltonls irnd radiolaria to

exrract sitica has alreadr been nrentioncd. Brontine i: conccntratcd as dibronloin-
digo. rhJ classical Tyrian purpie dye, in some specics oi ,\Iurer. Sorne species of thc

- ruarine ascidians effect thc remarkable concentration ol vanadiunt to 0.01%, com-

parcd to its concentration of 0.00000027o in searvater.

Sorne sponges and.corals are rich in iodine, but nrarine plants are particultrrll'

:[T:';.;;ll::'::l:,:I:iI'[T:.:"d[1J:ili:::i jT;..r^ff ::1ffi ,i]11'.'11;
copper 200 times that in seawater; along rvith many other marine anin.rals their

respiratory fluid is hernocyanin, a close relative ol hemoglobin, but rvitli copper

nstead of iron as an essartial constituent.

THE BIOGENIC DEPOSITS
' We have been considering the composition of living organisms as a background to

' the understanding of deposits in the geological column rcsulting lrorn biological

activitl,. Such deposits may be called bioliths and can be divided into two groups: the

noncornbustibles and combustibles. The most important noncombustible is limestone,

H:l;: ji:?;'"'1,:l";,::illia1,ii'ffi :L:;:x1i:s,:':Jx:'";'',-;:;ffi [.i::]:
umn is difficult to prove, since the silica in organisms (diatoms, radiolaria, and

spongcs) is present as opal, u,hich is easily' reconstituted b1' diagenesis with the oblit-

eration ol organic structures. Horvever, sea rvater is not saturated rvith SiO2, and

the relore the initial deposition of silica lrom solution in sea w'ater trust be biogenic.

Chcrt is a general term for sedin.rentarl, nonclirs.tic siliceous matcrial, and it nlay

occur dispersed as nodules, generally in linrestone, and sometimes as the majc,r part

ol rvhole geological formations hundreds and occasionally thousands of feet thick.

Bran.rlette(1946) hasgivenacarefulaccountof oneolthesegreatchertforrlrations,
the Monterey ol Caliiornia, and surnmarized the rvork ol previous investigators on

this and sintilar deposits. Tlie Monterey chert lends itscll to the elucidation of the

rnode ol forrnation ol these rocks, since it is geologically young (Miocenc) and little
altered. Its original nature is therelore morc ccrtainly deciphered than that ol oldcr

iorniations in rvhich diagenesis and mild metairorphisrn li:rve caused solution snd

lsdrrposition ol the silica rvith the obliteration of primary structures. Bramlette con-

. cludes that the silica *,as depositedoriginally as organic retnains, mainly diatoms. In

effect, the Monterel, cherts and probably most other such deposits arc prirnarily

orga-nic in origin.
Microorganisms piobably play a considerable role in the formation of many bio-

genic deposits. The evidence for this is carefully presented b1' Bccrstecher (1954).
' 

Bacteria and algae are capable o[ great chemical activity. Several typcs precipitate

hydrated ferric oxide, utilizing the energy of a reaction ol the type

. 4FeCOr + 02 + 6HrO : 4Fe(OH), +4CO, * 40,000 cal

Some geologists consider that organisms have been responsible lor the deposition of
iron ores either b1, this type of mechanism or the indirect oxidation of ferrous iron

b1' ox1,ge n-producing algae. Living organisms can also be the mechanism by rvhich
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c\tenslve lllarine sedimcntar)' phosphate deposits nra,r' be l'trrnred. Insoluble calciunrphosphate front the organisnr.: hai,i p.arrs and phosph:te in the,rrg.]ni. ;.iitricruirsnial borh contribute ro deposirs of calclunt phosphate.
Because or the dericacl of rnicroorganisms they serdonr lea'e an1, recclgnizabletrace behind them, so the positi'e idenlification ol rossil racteria-is exceedingly dil-flcult. Hou'ever, the dernonstration of a bacterial origin ro. a"po.ir, in the georogicalcolunln may be obtained indirectly. A case in point is the occuirence ol's,lfur tlepos^its in scdimentarl.rocks. These iave been iri,esrigared b1, fr.ir^r.O Kulp (195?)Anaerobic bacreria can reduce surfates to hydrojen ,uraa", una the rorn,iatirrn orrhcse surur deposirs has been ascribed to rh;ir 

"",r"ir1,. 
irrir-i,].,po6,..i, has beengreatly strengthened by rvork on the sulfur isotopes. Bacterial ..d-*tion of sulfatc tosulfide results in a highcr "s7'ot ratio in the sulfide than the sulrate rrom which itoriginated. Surfide and.sulfur of the deposits in salt domes or Lorirrunu and rcxashave higher 'B/t's ratios than the associated sulfate, indicating enrichment in r2S

during thcir formation. It is believed that bacterial reduction of ialcium sulfate pro-duced hydrogen sulfide, rvhich then reacted rvith more carcium ,uri"i. to produce thesullur of these deposits' In this case the bacteria use the sulfate 
^, 

ii"l. energl, sourceand petroleum hydrocarbons as their source or carbon-ricr, urirai"g nrateriars.Sulfides are among the most ubiquitous biogenic n,in"ruts..$rtiite is reduced bybacteria ro form hvdrogen surfide, o,t i.t, ,"u.i, ;;; ;;;; ii.r, ,r.,,". pyrite, acomnl,n constituent in sedirnentary rocks, may act as a scavenger to accumuratechalcophilic trace elements.
The great majority or the organic n.rateriar in the earth,s crust is in the forrn ofdispersed morccules in t.he sedimentar),rocks. Figure r0.2 iilustrates the carboncycle, and shows that. dispersed material greatly outweighs the concentrated endmernbers of the tu'o principar di'isions, co"iond pet.or.uri. Geochemically, alr thesematerials represent concentrations or carbon compounds produced by organic activ_itv. The srudv of the origin or the biogenic ,,nt..iar pr.;;;r"l;.";;rt"or"ing probrems:the nature and composition.of the plrent organisms; the modc ol accumulation ofthe organic material; and the ..u.tion. ruhe.eby it i.vas transrormed into the endproducts.

As indicated earrier. micro,organisms pray a iarge part in the degradation anddecomposirion of biogenic moleJules. o"i"niing on-tr,. ,1,p., 
"i "r"iecules 

and thechemical environment, individuat biogenic n.,J""u1", rnay be.prcscrved, degraded, orcompletel;'decomposed..The initiar 
*bioporyrners 

in living o.gonisms {irsr undergohydrolysis and microbiar degradatior, ;#;g'free simpler biornonomers such asamino acids, carbohydrates, fatty acids, and other organic melecules. Some ol thesc

:i,]ff !:["Iff:"f: _by _metabor 
ism or oxidatt;; l;' ;i;;;";;';i;", remova I by

can,bep..,".u"ainil:ir,ft".;.,ji;,il_:?xil::';["";.Jo;:i]:x:i,:l;]:i:Iffi1
and new geopolymers may' be accumurated by .inorganic processes. These rvourdinclude "humic acid" complexes, porymerized ripids, ."o ,.i;r. inis mareriar maybe further changed by diagenesis uni tn"..ur reactions to form still more complexpolymers and geomonomers cracked off by the ,i;.;;i'.;;;u"rr. or"or.ts of rhesereactions include petroreum, natural gur, bitu*"n, kerogen, and coar. Further meta_morphism mav form carbon-rich ant-hracite una g.rfiii", ,;;#;;th the mobire
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( Hydrocarbon)
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C+H+O
(N+S)

Figure 10.2 Diagram showing generalized relation among the t)'pes ol carbonaceous materials. (Altcr
Devine et al., The role of humic acids in the geochemistry of uranium. Proc. 2nd Intern. Confr.

Peaceful Uses of Atomic Energy, vol. 2, 1958).

light molecules, carbon monoxide, carbon dioxide and methane. Figure 10.2 illus-

trates the geochemical relationship of the various types of carbonaceous materials.

Primary starting materials may b'e of two types, sapropelic or humic. Hun.ric mate-

rials, the remains ol woody plants, contain significant amounts of oxygen. nitrogen,

. and sulfur in addition to their carbon and hydrogen, and are the precursors of coal.
- Sapropelic materials are th'e remains ol fresh u'ater or marine lorver-order plairts,

and are the precursors of petroleum. Kerogen is a somewhat vaguely defined tern-r

for dispersed carbonaceous material in sedimentary rocks. Pyrobitumen is carbona-

ceous material insoluble in CSr; bitumen is the soluble fraction. The proportion of
pyrobitumen to bitumen increases as sapropelic materials undergo progressive

diagenesis.

THE ORIGIN OF COAL

Geological evidence provides ample justification for the beliel that coal has been

formed from terrestrial plant remains. The chief constituents of plant material are

- celluose and lignin, atthough a great variety of minor components-proteins, essen-
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Figure 10.3 Functional groups with oxygen in var_
ious coals. (After Van Krevelen,
1961.)

26s

tial oils' organic acids and their salts, tannins, etc.-enter into the composition orvegetable matter. The empiricar formura or c.eilurose i, c"rr,ror'uno ,tr", of llrninapproximarel-r C',H',or. so rhar the-r'do not differ greatrf i, ,rr" 

"#ri* 
proportionsol carbon, hydrogen, and oxygen. Th. ,trufiu.e of lignin is, however, aromatic*thatis' made up oi ring-rike groups or carbon atoms,.the benzene ring being a famiriarexample-in contrasr to thc aliphatic nature of cellulose. o, tii, account someauthorities believe that rignin is tie chief moth.. substance of coar, since the break_dorvn products of coal are largely aromatic. In addition, Iignin is resistant to attackby microorganisms, rvhere", 

""irrlor" i, ."uaity a".o.pJrJ in,o 
"u.uon 

dioxide,methane, and aliphatic acids. However, it has been shorvn that ceilurose can be con_verted into aromatic compounds under conditions similar ,"-,rr"r.J*ri"ved to existduring coar formation. The story is, of .ou.r", more involved than the simple con_version of rignin or celrulose into coal substances. Neither celrulose nor lignin con_tains nitrogen, yet nitrogen compounds are important in coal. Some of these may bederived from minor constitutents, such a, piun, p.or"rns, but the nitrogen content ofcoal is relativery high compared with that of mosr pranrs. i; ;;;"", suggested,therefore, rhat bacreria play a major pu.lin ih. first stages of tt" ioi*utron of coar,since the nitrogen 
"ort"nt 

or uu"t"riu .;", ,; b B%. oxygen in coal is consideredtobepresentashydroxyI(orphenolic),carioxyl,methox}lund"u.uo,ylgroups.
This is illustrated in Figure r0.3, which shou.s that ,n ttre trigner-runl 

"o"r, 
the phe_nolic and carbonyl groups are retained but the otr,.., tuu" f,""" ffir"a.
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Table lAl The Average Conrposition of frucls

Wood
Peat
I-ignite
Bituminous coal
Anthracite

From Clarke, The Data of Geochentistry. p.713.

The translormation of vegetable matter to coal involves two stages, one largely

biochemical and the other metamorphic. The biochemical stage is essentially part of
the conversion of vegetable matter into peat, during which microorganisms are active

in reconstituting the organic matter- Peat lormation involves the lollowing processes:

(a) rapid decomposition of water-soluble substances; (b) slow decomposition of the

cellulose compounds, the nature of the peat depending to a large extent on the com-

pleteness of decomposition o[ these compounds; and (c) gradual accumulation of the

cell substance of the microorganisms, which accounts lor the increase in nitrogen

content. The biochemical stage is eventually brought to an end rvhen conditions

become unsuitable lor bacterial activity, either by burial under inorganic sediments

or by the dcvelopment of toxic conditions rvithin the organic matter. Beyond that

stage metamorphism, the action of heat and pressure, is responsible lor coalification.

The progrcssive change [rom rvood through peat to coal can readily be followed

bl,chemical analyses. Table 10.4 gives the average compositions of wood, peat, and

three successively higher ranks ol coal-lignite, bituminous coal, and anthracite.

Rank is a measure of the degree ol metamorphism a coal has undergone' Various

suggestions have been made regarding the geological lactors that have determined

thc rank of a coal. Some of these are (a) the length ol time since burial (Paleozoic

coals arc generally high-rank, Tertiary' coals low-rank), but many exceptions are

knorvn, and it is norv believed that time has no direct influence on rank; (b) the action

of heat lrom earth movements or lrom igneous intrusions; (c) preseure resulting fron.r

contpression during folding and faulting; and (d) increased pressure and temperature

resulting lrom depth of, burial. Of these the latt6r is most readily evaluated and has

been formulated into a rule (Hilt's rule): .ln a series ol coal seams t'he trxed carbon

increases and the volatile matter decreases u'ith depth. Hilt's rule has been applied

to many coal basins, and the decrease in volatile matter is generally of the order ol
O.2-0.yVo per 100 feet ol descent. Suggate has analyzed lhe depth-volatile relation-

ship in a number of coal-fields and has demonstrated (Figuie 10.4) a general pattern

ol depth-volatile distribution lor British coals from low-rank bituminous (42Vo vola-

tile mattcr) to anthracite (5% volatile hatter). He presents good evidence that depth

ol burial is the cause ol rank increase, except in dreas o[ contact metarnorphism. .For

the translormation o[ peat into low-rank bituminous coal he estimates a depth of

burial of 7500 feet aid for translormation into anthracite with 5% volatile matter a

depth of burial ol about 19,000 feet. These data can be uscfully applied in reverse

to determine original depth of burial of coal seams whose present position is the

result ol tectonic movements or erosion.

49.65
5 5.44
12.95
84.24
93.50

6.23
6.28
5.24
5 55
2 81

0.92 43.20
112 3656
I .l l 20.50
I.52 8.69
0.97 2.12

:,
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Depth in.thousands of meters berow a'erage coar with 42fi voiatire marier

Figure 10.4 Depth-voratile relationship ror British bitunrinous
and anthracite coals, calculated on a dry, ash-frce
basis. (After Suggate, Geol. lfag.93,212, 1956.)

chemically, the passage from wood to anthracite is mainll, an increase in carbon
coupled with a decrease in oxygen. Hydrogen also decreases, but much less rapidly.
The process is essentially.one of reduction. The H : o ratio (rveight percent), which
is I :8 in celluloseand l.:J in wood, increases to 1 : 1 in anthracite. The changes in
composition from peat to afrthracite in ternrs of the changes in carbon and hydiogen
are shown diagramrnatically in Figure 10.5.

The processes outlined above give an empirical account of the translormation ol
plant material to coal. Little, however, is knou'n of the chernical reactions involved.
van Krevelcn (196 l) has provided ir usclur sumrnary ol the state ol knorvledge in

Bituminous

Per cent carbon

Figure 10.5 Compositional changes, caliulated on a dry, ash-free
basis in the series from peat to anthracite, in terms. of the content ol carbon and hydrogen the_so_called
coal band.
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this iruportant field. Research on the chen.rical constitution of coal has indicated that

- rhe coai nrareriai consists esscntiallr of conrpler organic substances of higlllrqlscular

iveight. Study of the breakdoivn products ol coal shorvs that these compounds are

largell, aromatic and that the degree ol aromatization increases rvith rank, until

ultin-rately complete aromatization to graphite may be reached. The oxygen is evi-

dentll, prescnt as OH and COOII groups and is expelled during rank increase as

*'ater and carbon dioxide, or in the initial stages by selective leaching by ground

$,ater. The rapid drop in hydrogen content front bitunrirlous coal to anthracite is a

reflection of tire expulsion of methane at this state ol metamorphism. Nitrogen is

present in coal as amino groups or substituting lor carbon in the ring structures. The

evidence of the chemical reactions of coal suggests that the carbon in the ring s1's-

tems is largely saturated; that is, the rings are naphthenic, and that six-membered

rings predominate.
Maximum alteration of coaly n-raterial produces graphite; this altcration is anal-

ogous with -the netamorphism ol rocks, although the organic compounds in coal

' react more readily to increasing temperatures and pressures than do minerals' Coal

composition is in fact an extremely sensitive indicator o[ the degree of alteration not
' onlv of its own material but also ol the enclosing rocks. However, even at the anthra-
"'- cite stage the enclosing rocks are usually indurated but would not be described as

metamorphic. In a few areas, such as the Narragansett basin ol Rhode Island (Quinn

and Glass, 1958), it has been possible to lollorv in the field and in the laboratory the

transition from coal metamorphism to rock metamorphism. The change in the coal

is indicated by an increasing degree ol graphitiz-ation, as shown by the appearance

ol graphite reflections in an X-ray diffraction pattern. The anthracite is practically

amorphous to.X-rays, and the enclosing rocks shorv only a minor degree of recrys-

tallization. With increasing metamorphism the rocks grade successively into chlorite

schists and then into biotite scliists. The meta-anthracite in the chlorite schist gives

fairly well-defined graphite reflections, and in thc biotite schist it is a well-crystal-

liz-ed graphite.

THE ORIGIN OF PETROLEUM

General agreement exists that the source mat6rial of petroleum was.biological and

rvas laid down in a sedimentary environment, although the tlieory of the inorganic

origin ol petroleum dies hard. There is some uncertainty whether nonmarinc sedi-

n1"nt, or" to be entirely excluded as pctroleum source beds, but the predominance

of lrarine sediments in oil-bearing formations supports the belief that the parent

material of inost petroleum was deposited in a near-3hore marine environment'

Important cluei to the origin of petroleum may be derived from a knorvledge of

,. its composition. Crude oil sho*s a remarkable constancy ih elementary cbmposition'

Generaily it has a carbon content of 83 to 87Vo,a hydrogen content ol 11 lo l4%,

and othei elements, mainiy oxygen, nitrogen, and sulfur, up to a maximum ol about

5To. Over 99?o of many 
"rua" 

oltr consists of carboi and hydrogen only. The ash

content is uniiormly low, from 0.001 to 0'05%'

In contrast to this uniformity and simplicity o[ elcmentari composition. crude oil
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shorvs a great variabilitl'ancl cornplexitl'rvith respect to tire compounds that nra' bepresent. It consists of . variabre nrixture or a Iarge nurnber 
"r 

difr;.;;l r;;;*^- jFhese 
hl"drocarbons n.ray begrouped into three hornolo-eous series. (a) parafiins. iiiththe general lorniula C^,[J,,n.r, (b) ci,cloparaffi.ns or "";ii.I;r, .ing ,yp" h1.dr,car-bons w'ith rhe gene*ar rormura c,H:,i 

"na 
(.) benzenoid hyd.;;;.;;"s, with the gen-eral formura c,Ir2,-,6. The proportions or thesc major typcs va11, considerabh. rronrone crude to another, and cr.ude-s are distinguished as O"rlmri.,,r";il";, 3,,ffi]zenoid according to the predominant type.

If crude petroreum is assumed to be a mirture in tirern-iodynamic cquiiibriunr, itshould be possible to carcurate its composition, 
.provided adequate therrnodynamicdata on the many possible hydrocarbons are avairable. N{uch rvork on the free ener_giesolhydrocarbons has been carried out at the U.'S. Bureau orstandar,ls and erse-*'here in recent years. Some or the significant resurts of this *,ork are summed up inthe following statements;

Paraffi-ns are comparatively the rnost stabre hydrocarbons at lower temperatures.In an homologous series the stabirity ircreas'es as the number of carbon atonrsdecreases. Methane is the most stabie hydrocarbon.
The.stability ol the naphthenes does not differ greatly from that of the parariins.In the temperature rung:.nrost directry concerned with-oir genesis benzenoidhydrocarbons are ress stabre than the co.responding satuiat"a"r,ya.o.u.uour.

l.
t

3.

4.

Because of the rvide variation in amounts ol the difrerent hydrocarbons in crudes ofapproximately the same burk composition it is evident ,t ui 
"rua. 

oit i, no, a ther_rnodynamic equiribrium mixrure. The composition of a crude probably dependslargely on the rerative reaction rates or the competing reactions that have beenresponsible for its formation. However, oils from older strata as a rule contain moreparaffins and more voratile (i.e., row rnolecurar weight) hydrocarbons than those fromyounger formations. This suggests that increasing age is reflected in a croserapproach to thermodynamic equilibrium.
other clues as to origin provided by the composition of crude oil are the presenceol heat*ensitive compounds, such as porphyrins and compl.^ nii.og.n-rubstitutedhydrocarbons, which are d.ei.ompor.a ut t".p"ratures around 200"c. Temperaturesof 200" c arc not exceeded'in petroleum tormation, and probably the maximumtemperature has generally been much rower. This i, ,uppori"a uy ln overall corre_lation betrveen the occurience or oir and th" ,unk or coat within the same generalarea: oil.c.annor bc expectcd whcn rhe rank or 

"out "*"".0, ^ ""ir,, valuc, bcslexpressed b1', the fixed cS.rbon content (fixed carbon in excess or zo% usuaily signifiesthe absence of petroreum). oir is crearly more sensitive to metamorpr,ir* una is read_ily destroyed by conditions that merery cause an increase of rank in the coal.. Jhe nature of the originar organic matter from which crude oir has been formedis a subject of considerabre controversy. It is conceivable that p.acticarty any organ-ism' animal or piant, may have .ontiibut"d to the formation of petroleum. Since,however, the plankton are the.most abundant organic material in the sea and fo.nthe food of higher organisms, it is reasonable to consider their composition as rop_resentative of the composition of the raw materiar from which p;;;;i.r* has been
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Table 10.5 Elementary Che mical
Comp.rsil i.rrl,--l Orl: ric
Substances

Object C H O

Phytoplankton
Zooplankton
Pelagic deposits
ContinentaI plants
Humus of the soil

formed. Data on the chemical composition ol plankton and other organisms as sum-

marized by Vinogradov (1953) are given in Table 10.5. Clearly the conversion ol the

original material to petroleum must involve the elhcient removal of oxygen-

Plankton, like higher organisms, contain carbohydrates, proteins, and fats, and

small amounts of hydrocarbons havc been found in diatoms. On death planktonic

organisms are either eaten or sink to the bottom to become part of the marine sedi-

ments. Oceanographic investigations have revealed the environrnent of deposition

whereby organic matter riray be preserved for burial and ultimate transformation

into petroleum.
Reducing conditions are clearly necessar),, since oxidation rapidly decomposes

organic matter into carbon dioxide and rvater. The environrnent must also be inimical

to carrion-eating animals for which dead organisms serve as food. These conditions

arg present on the ocean floor in places ri'here the bottom waters are Stagnant, espe-

cially in basins and troughs. They are also present to a less extensive degree in

swamps, constricted lagoons, and brackish marshlands. In such areas'Organic matter
sinking to the bqttom is not destroyed in the usual manncr but is decomposed by the

action ol anaerobic bacteria. Putrefaction takes place, and the product is a black

mud known as sapropel. A present-da1' example is the Black Sea, where n'ater cir-

culation is restricted and bottom sediments u'ith as much as 35% organic matter

have been recorded (the average marine sediment contains abott 2.5Vo organic

mattcr).
Sapropel is believed to be the parent substahce ol petroleum, just as peat is the

parent substance o[ coal. The conversion ol sapropel to petroleum probably involves

both biochemical and inorganic process, although the relative part each of these pla;'s

is the subject of much'difference of opinion. There is good evidence that bacterial

action is important in.converting carbohydrates and proteins into compounds that
may change into hydrocarbOns. Chemically, the conversion of organic matter to
hydrocarbons can be represented schematically by the equation

(CH'zO)'=xCO'+YCH'
carbohydrate carbon dioxide'hydrocarbons

that is. a reciprocal oxidalion and reduction in whiclr part of thc organic material is

completely oxidized to CO2 and part completely reduced to hydrocarbons. However,
this is certainly an oversimplification. Biochemical processes probably first produce

r< 1.
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latty' acids, rvhich are later conr.'crted into hydrocarbons b1,a series ol reactions
ini'olvine fission. condcnsation. cvclation3nd dehydration. These reactions ma1, be
promoted by catall'sts. in tvhich connection the significance of clal,dcserves to be -
enlphasized. Clay particlcs are strong adsilrbents and therebl, bring loreign mole-
cules into close contact. [n addition, such molecules are n<it fixed at random but are

::#i:':;,:T';:i.[:11T, i:i,rl: j".:l: J:ill'' 
a'Iso'1o each o'l her, w he re,h ev

A controvcrsial point ol much signif rcancc in discussing the oriein ol oil is the tinrc
factor. Since little oil has been produced lrom rocks )'ounger than Piiocene (and that
may have migrated from older rocks), the rvidell, accepted vierv has been that the
lormation of oil is a slou' process. This vieu,rvas seerningl; conflrmed by the failure' 
of past investigators to detect liquid hydrocarbons in recent sediments. However, thc
situation was completely changed by the rvork of Smith (1954) and others, who have
succecded in extracting paraflin, naphthene, and benzenoid hydrocarbons from
recent marine sediments. The quantity of free hydrocarbons varied up to 11,700
parts per million of dried sediment. That this material.has formed in place and is not
petroleum migrating frorn older lormations is proved by carbon-14 dating, which has
indicated an apparent age of about 10,000 years for the hydrocarbons. Extrapolation
of the data lor sediments ol the Guli ol Mexico off Louisiana and the Santa Cruz
Basin offCalilornia givcs cstimates varying |rom 4,500,000 to 10,400,000 barrels ol
crude oil per cubic mile ol sediments in these areas. The problem of the ultimate
source ol petroleum.thus appears solved; horvever, the hydrocarbons in recent sedi-
ntents still differ significantly from the asscmblages in crude oil. For example, the rr-
paralln hydrocarbons extracted lrom recent sedin.rents show a strong predominance

. ol ntolecules rvith an odd nun.rber ol carbon atoms, whereas no such prelerence is
noted in crude oils. I-lydrocarbons ol lou' rnolecular weight are lacking in recent sed-
iments, but they are abundirnt in nran1, crude oils. Evidently the organic matter
deposited rvith the sedin.rents nrust undergo furthcr evolution during the generation
and accumulation of petroleum.

THE CONCENTRATION OF MINOR ELEMENTS IN BIOGENIC DEPOSITS

In terms of the average composition ol the eatth's crust, coal and petroleum are
greatly enriche-d in carbon and hydrogeri a.nd sometimes in nitrogen and sulfur. In
addition, the biogenic deposits olten shorv rernarkabie concentiations of rare ele-
ments. The classic example rvas Goldschmidt's discovcrl,of I .G% Georin the ash of
a coal from the Nervcastle district in England.(a figure that has been surpassed by
the finding ol up to 7.57o germanium in the ash ol lignite from the District of Colum-
bia). Goldschmidt folloived up this discovery by a systemaric study of the geochem-
istry of coal ash. Table 10.6 is a summaty ol some of his results. The figures in Table
10.6 are for the average content of "rich" ashes, ahd individualsamples,such as the
Newcastle ash rvith l.6vo Geor, may show much higher enrichment factors. Addi-
tional daia are available in a paper ty Swaine, in wf,ich he compards the trace ele-
ment contents in Nerv South Wales coal ash with those recorded in the literature
(Figure 10.6). The reinarkable feature of these results is the heterogeneous.group of
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Tahle 10.6 Rare Elements in Coal Ash

Contcnt in
earth's crust Factor ol

(g/ton) Enrichment

Average Content
in Coal Ash (g/

Elemelt ton)

B

Ge
As
Bi
Be
Co
Ni
Cd
Pb'
Ag
Sc
Ga
Mo
U

600
500
500

20
45

300
700

5

r00
2

60
100
50

400

l0
1.5

2

0.2
2.8

25
T5

0.2
l3
0.1

22
IJ

r<l.J

2.7

60
330
250
100

16
l2
9

25
8

20
3

7

30
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300
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' s: Range commortly found (liierature values for oihet coals)

- - 'Range commonly tourrd (90% of N'S'W' values)

=: Mean Contents
:: ::: vatuei iesi tha n detectability (of certain magnitude)

Values rarelY found
__j__ Values of uncedain magnitude

Figare 10,6 Range of trace element contents of coal ash; solid bars ar.e for data

from the literature, open bars are for determinations on Nerv

South Wales coals. (Swaine, Technical Communicatio'n 45, Divi-

sion of Coal Research, C.S.I.R.O., Australia, 1962 )
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elements found in coal ash. These elements differ u'idely in their geochenrieal bchar,-ior' Both chalcophilc and lithophile elcrnents are prescnt, although thc cSalcophile
predominaie- Ionic or atomic radii are apparenr[] nor significant,]o, rt . urro";;ri;;' in the coal ashes embraces elements *,ith smail, mediuri, and large radii.

Several possibilities ma1'be suggested lor the enrichment ola ,i. elenrent in coalash: 
:

l' The elentent rvas accumulated b1'the vital processes ol thc plants that iur,red'ihc parr:nt n-ratcrial ol the coal (ptrssibll ioilLru,c.l bi, sclectiveiecav v, h,:, cb' the
rare element was further concentrated).

2. The element was precipitated rrom ground *.ater b1, adsorption or chemicar
reaction during coalifi cation.

3' The element formed part ol the nrineral matter deposited along rvith the organic
material.

The third possibility can be discounted, because there is no reason to expect mineral
matter deposited with organic material to be especialry rich in rare elements. In.addition, Goldschmidt's analyses showed clearll, that the rare elements are not pres-ent in the mineral matter, sincc the concentrations ol these elements are usually
greatest in low-ash coals and least in those rvith high ash content. The first possibilitv
may be responsible for some instances ol enrichment ol trace 

"le-.rts, a[;;;il i;general plants shorv little capacity to accumulate elements from the soil. Gold-
schmidt favored a concentration during decal,of the.plant remains whereby the more
soluble elements were [eached out, leaving others ritained cither as insolublc com-
pounds or as nretal-organic complexes. The second possibility, how,ever, seems to pro-
vide particularly favorable circumstances for concentration ol rare elements. The low
oxidation potentiat of the medium u,ould reduce sulrur compounds to I1rS, and
thereby lead to the precipitation of chatcophile elements, many ol which are rnark_
edly enriched in coal ashes. Another significant process is chelation of metallic ionsby complex organic molecures, especialry by prLenolic groups present in humus in
peats.

Experiments have sho*'n that hurnus has considerabre capacity for absorbing avarietl' ol cations lrom solution and retaining them i, stable combination. This pro_
cess has been held responsible for the enrichment of uranium in some lignites, in
rvhich the uranium has been leached from overlying strata and is especially concen_
trated in the upper part of the lignite. Difl'erences in individual trace elements in
coals can thcn bc attributed to thc aiailabilirl and conccntrationt of tn.r".r.];,i;"i;
in the groundwaters in contact with the lorv-giade stage of the coai. Subsequent lossof the oxygen-rich groups on the coar molecules apparentry i"ur", tt. .l;;1";;;
trace elements behind to accumulate.' comparcd rvith coal. petroleum (including asphahitcs and bitumens) is far morc
specific in the concentration of rare elernenti. vanadium shorvs a itrong affinity for
petrole um, and over 7 avo Y 20 5 has been recorded from petroleum ash. Some shipping
companies have found it profitable to buy fuel oil frgm a particular locality, since the
ashes can be sold as vanadium ore. In ih. frrou, Minasragra deposit in peru the
vanadium occurs rvith asphaltite. Goldschmidt believed thit the typical elements

lt
t:
,a'
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associatcd with petroleunt and bitumen-vanildium, nlolybdenum, and nickel-are
present as or_qan(rmerallic compounds rvhich n.rigratc rvith thc hldrocarb_ons. FJe

pointed out that these elements are effective catalysts ltlr the synthesis ol hydrocar-

bons; hence thel' may' have been active in lacilitating the lorrnation ol petroleum

lrom organic remains. Thcse elemcnts may have been extracted from sea rvater by

organisms that utilizcd thenr in the lorm o[ metal-organic porphyrin con.rpounds. The

porphyrin compounds are erceedingly stable and have been recognizcd in shales,

asphalts, and petroleurn dating back to the Paleozoic; thc)'are evidentll'able to rlith-

stand the ordinary processes of diagenesis. The great enrichment ol some of the trace

elements indicates that a secondary exchange nrechanisru is most likely the reason

for their concentration. Porphyrin molecules, rvhich are themselves very stable,

appear to exchange their original cations lor others during the n-rigration of the host

petroleum in contact rvith connate marine and other groundrvaters. Il this is the case

trace element concentrations give little help in learning the original source of the

petroleum.
As discussed in Chapter 6, the black bituminous shales also shorv unusual concen-

trations ol minor elements. An economically important example is the Mansfeld
. "Kupferschiefer" ol Germany, rvhich is a bituminous shale rvith a considerable cop-

',. per content. It is rvorked as a copper ore and is markedly enriched in As, Ag' Zn,
' Cd, Pb, V, Mo, Sb, Bi, Au, and the platinum metals. The increased interest in ura-

nium in recent years has revealed that this element, too, is olten enriched in the black

shales. conlents ol up to 400 g/ton being not uncommon.

THE GEOCHEMICAL CYCLE OF CARBON

Carbon, although not one of the more abundant elements in thc earth, plays an

important role, perhaps the most important one, in geochemistry, because carbon

compounds are essential for every known form ol lile. The geochemistry of carbon

is close11, linked with that of, the other essential elements ol organisms, especially

hydrogen, ox),gen, nitrogen, and sulfur. Various aspects of the carbon cycle have

bcen studied for over a century. In 1913, Goldschmidt developed the concept of the

carbon cycle in both its biological and geological aspects and made quantitative

estimates ol the amount of carbon in the different parts ol the cycle. Some ol these

stin-rates have been revised by later workers, especially Borchert (1951) and Wick-

man (1956). The geochemical inventory of carbon is given in Table 10.7. The great

mass of it is tied up in rocks and does not become involved in the short-rarlge. cycle

of carbon at the earth's surface. It should be remembered horvever that this buried

. carbon is equivalent to the free oxygen produced during geologic time.

Figure 10.7 illustrates the interrelation.between the carbon cycle and the sulfur

"' cycle and their mode of controlling the oxygen cycle.

Much rvork has been done in recent years on variations in the ielative abundances
' ol the stable isotopes of carbon, hydrogen, oxygen, sulfur, and nitrogen in or asso-

ciated rvith organic material in the biosphere. Living organisms are capable of frac-

tionating the isotopes ol all these light elements. Generally they will enrich the

lighter isotope ol a pair, either in their celi tissues or in the metabolic products, as a
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Tahle 10.7 Ge:ochenrical lnvcnttrrr. of ('arbrrn rn the E3rrh's Crust (Hunt, i972)
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Gr':phiiii,-r"
t)rganic Carbon'

CarL,on a-i C3rb,ln
Dioxide or Carbonares'

Volcanic rocks
Cranitic rocks
Metarnorphic rocks
Sedimentary rocks

Clal,stoncs and shales
Carbonates
Sandstones

Petroleum
Nonrese rvoir
Reservoir

Coal
Dissolved in hydrosphere
Atmosphere
Biosphere (land and water)

2,200
1.300
1,500

8,900
i,8LrQ
1,300

:00
I

t5
0."1

0l

2,700
r,000
2,600

9,300
5l,0ui
3,900

-3 8.3
0.64

- r9.000 - 7 t,000
+in units of l0r8 grams.

function ol kinetic rcactionrin u,hich the lighter isotope reacts more rapidly. craig
(1953), wickman (1956), and others have made,r.,un.,jn1.ururemenrs o116."r:67r:i
ratio in materials from different gcochemical environmcnts and found small but reg-
ular variations (Figure 7.6). The rcsults indicate.that photosynthetic organisms are
enriched by 10 to 20vo inr2C relative to the starting utn,orph".ic or diisolved co,
ratios' Land plants shorv a greater r2C enricliment than ,,-ru.in. organisms reflectinj
a difference in 6'3C betrveen atmosphcric co, oi'-7 to -10 aniocean HCO, ol
-l to -2. Degradation of the organic matter causes the regenerated co, to be
lurther enriched in the lighter isotope. As might be expectei, repeatecr cycles of
organic productivity and dccay in a closed slrstem may lead to enrichments oi ,rC up
to 9Va' In organistns the light isotopes of H and C are prelerentially enrichecl in fats.
The high concentration of r2C in.petroleum is attribuied to its oriiin from the deg-
radation ol latty acids.

In 1941 wickman, in one of the earliest applications of isotopic variations in
geology. used the datl then availablc on ,rc/,,c ratios in an ingenious calculatio.n to
determine the amount ol organic carbon in .sedimentary rocks."The basis lor his cal-
culation is that the differences in r2c/rc ratios bet*,een carbonate carbon and
organic carbon represent fractionation of the two isotopes frorn original crustal car-
bon of uniform isotopic composition. Ir thc total amount of carbon-ate carbon is l,
orgahic. carbon, .8, their isotope ratios, x and y, and the isotope ratio of original
crustal carbon, z. then

A y-z
B z-x

wickman discussed the concept or "crustal carbon,, at some length and has shorvn
that the "c1", ratio lor diamonds, for carbonates of probable mJgmatic origin, and
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Figure 10.7 Interaction between the biogeochemical sulfur and carbon cycles and their mode of con-

". rates. Numerical values.siguify total oxygen contents in l0t5 metric tons either as molecular
oxygen, oxygen sink (FeS), or equivalent amount of oxygen released (C organic).From R.
R. Brookes and I. R. Kaptan in Encycllpslia of GeochemLstry (R. W.-Fairbridge, ed.),
t97 2.
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ior a nunrber of graphites all give consistent values tbr this ratio around an a\reragcol89'11::t'lit]'he accepte<J as the figure lor z. Then,lsing the figures gi'en aboic-for the "c7''t ratio in carbonate roJks-and in fossir organic carbon and his earlierestimate ol 2420 + 560 gf cm2 of the earth's surface lor l, he calculated that B is700 + 200 gf cn'tl. This corresponds toa content ol 0.41 + 0.l3voCintheaverage
shale, a figure consistcnt rvith direct anall,tical data.
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1 1 METAMORPHISM AS A

I i GEocHEMIcAL PRocESS

Metamorphism ntay be defined as the sum of the processes that, rvorking belorv thc
zone ol rveathering, cause the recrystallization of rock material. During metamor-
phism, the rocks remain essentially solid; if ren'relting tirkes place a magma is pro-

duced, and metamorphism has passed into magmatisrn. Metamorphism is induced

in sotid rocks as a result of pronounced changes in temperature, pressure, and chem-

ical environmcnt. These changes affect the ph1'sical and chemical stability of a min-

eral assen'rblage, and metamorphisn'r results from the effort to establish a new equi-

librium. In this rvay the constituents ol a rock are changed to minerals that are rnore

stable under the new' conditions, and these minerals may arrange themselves rvith

tlie production of structures that are more suited to the nerv environment. Meta-

morphism accordingly results in the partia! or complete recrystallization ol a rock,

with the production 9l nerv structures'and nerv n-rinerals.

It is not lcasiblc to define a sharp boundary betweeri diagcncsis-thc complcx o[
processes that converts a newly deposited sedimeniinto an indurated rock-and the

onset of metamorphism. As was discussed in the preceding chapter, the alteration ol
peat to anthracite and ultimately to graphite is essentially a metamorphic process,

but the enclosing sedimentary rocks shorv.little change except induration until the

carbonaceous matter has been considerably graphitized. Nearly all salt deposits show

evidence of partial or complete recrystallization follou'ing burial, because they con-

tain numerous minerals that are highly sensitive to the moderate increase in tem-
perature accompanying burial to the depth ol a few thousand feet. Many tuffaceous

sediments, especially those that contained large amounts of volcanic glass, have been

partly or completely recrystallized to zeolitic rocks, whereas interbedded lava florvs

are likely toshow little alteration. Clearly, the onge! 9f metamqlphism 931nqt.Ee
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THE CHEMICAL COMPOSITION OF METAMORPHIC ROCKS

dcfine! in terms ol a {rxed temperature and prcssure, and depends also o. the n.rin_
eralogical composition and labric or the rock. Even rocks oi practicallr. the same
chemical composition. sav a granite and a rh-,,.olite ash. mav react very., differently,
due in part to smalrer grain size, higher permeability, and hencc to a greater surfacc
area exposed to fluids in the case ol the ash. Metamorphism can be understood on
the basis of the fundamental principles ol thermodynamics'and kinetics trri ,lr. gl*,
va'ety ol possible rock types and en'ironrnents make predictions diffrcult.

The three factors ol hcat, prcssure. and chernicalll,'active fiuiCs are the ir:rpeilire
forces in metamorphism. The heat may, result from ihe gene.al increase ol.tenrp.s;_
ature with depth or to contiguous magmas. Pressures n.ray be resolved into trvo kinds:
hydrostatic or unilorm pressurer which leads to change in volunre; and directed pres^
sure or shear, which leads to bhange o[ shape or distortion. Differences in rocl.. orload pressure and fluid pressure ma1, lead to different metamorphic reactions in
ch.emically similar systems. whether the rock is permeable 

"ni utto*, fluids to
migrate to lower-pressure areas is of great importance in determining chemical equi-
librium. Roc\g load pressure may be highei than fluid pressure tit the reverse is
.19-t pqqslble. lhe aglign of chemically active fluids is a most importanr factor in
metamorphism, lecausc cven when they do not add or subtract -r;.ri;j l;;; ,;;
rocks th-ey promote reactio-1r by solution and redeposition. when they add or subtract

:11.]]11,1" 
process is called metasomarism. probabry some d"gr.e 

"r 
,","r"rr" r*

accompanres most metamorphism but it appears that only Hro and co, move to
any significaht degree so-_that most metamoiptric ..u"tions tur,. pru." in nearly iso-
chemicalsystems. This allows us to determine the parent rocks ol metamorphic rocks
with reasonable ease.' water is the principal chemically u"tir.nria, und it is aidedby carbon dioxide, boric acid, hydrofluoric and hydrochloric acids, una ottf.
substances.
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The bulk chemical composition of metamorphic rocks is exceedingly variable. It may
correspond to that ol any ol the igneous and sedimentary rocks, 

"and 
metasomatism

may produce a composition different again lrom these. It is, however, often possible
to determine the nature of thb original rock from its chemical composition even after
it. has been totally recrystallized and the original structure compleiely destroyed. we
have seen'how sedimentary rocks can be irore extreme in their cornposition than
igneous rocks, and this feature aids in the elucidation ol their metamorphosed equiv-
alents;- Some o[ the chemical criteria that may .be- use! to esta.blish an o_riginally
-sedimentary origin of meramoqphic ,o"r,r'ur"i'r)-;"-;;;";;;;;;irr, which wilt
appear as c when the norm is calculated (il C exceeds 5vo, a sedimentary origin may
be suspected; il c is greater than rlvo, a sedimentary origin is armost certain); (b)Kro ) Naro combined with Mgo > cao (this feature is characteristic of argil-
laceous rocks, especially those containing apireciable amounts oi illite and mont-
mo-rill0nite); and (c) a very high Sio, conteni (say greatei than g0%,,or mo,re than

'.02" 
Q in the norm), which suggests that the ,o"k *u, originaily a sandstone or achert.u'
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The bulk chernical composition ol a rock rna)' remain constrlnt during lltetilmor-
phisnt listrchcmical nrci:rmcrrphism). or it ma1'changc through the introdtretion and7!

or removal of materiai (allochemical metan-rorphism). Ilven isochemical metanlor-

phism involves some transference of material, although it nlal' be over verl' sn.rall

distances. For example, ntetacrysts of manganese garnet are not uncomnton in nlctil-
morphosed argillacous rocks, even though the average mangancse content ol the par-

ent rock may be only 0.1%. Manganese hiis been transferred fron'r the surrounding

rock and concentrated in the garnet nletacr)sts, but thc distancc ol nrigretion is quite

sma[[, of the order ol a millimeter. Most metamorphic rnigration, except for volatile

components, takes place in the millimeter or centimeter range. The main impelling
force in metamorphism is the addition ol heat to provide the energy ol activation for

ncrv mineral phases to form, small mineral grains to grow to larger size, or poly-

morphic transitions to take place. The distribution ol Qlements in these reactions

generally lollorvs the rules already discussed for magmatic systems.

Allochemical metamorphism or metasomatism raises the question as to how the

introduction or removal of material has taken place. Most metamorphic rocks shorv-

ing extensive chemical change have limited distribution, such as contact metamor-

phic aureoles around intrusive magmatic bodies. Three means of material transport

n4y be suggested: transportation in a gas phase; transportation by liquids; and trans-

pbrtation involving neither of these. The last process may be visualized as a migration

ol atoms or ions along crystal boundaries or even through. solids, and its significance

in metamorphism has been a subject of acute controversy. That such a process is

possible is universally accepted. The controversy, like so many others in geolog;',

rages around the magnitude of the effects this lorm ol material transler has actually'

produced in the rocks.. Some rvorkers ascribe to it the alteration of cnormous volumes

of material; specilically, !! ha; !_eeq stated that granite masse-s ol batholithic ditngn-

sions are the result of allochemical metamorphisn.r ol preexisting rocks without the
' intervcntion ol liquid or gls plrqses, Other rvorkers state that migration ol ions in

and through solids is an insignificant lactor in metamorphism at best, being com-

pletely overshadowed by other types ol transportation, and that in any case the

requirements for extensive migration of this kind arc unlikely to be realized under

the usual conditions ol metamorphism.
On the u,hole, the evidence favors the lattdr vierv. Measurements ol diffusion in

silicates indicate that the rate ol migration of ions in solids of this kind is much too

slorv to produce extensive changes, even in the time available during c1'cles of meta-

morphisrn. Metamorphic reactions could take place in the absence of a fluid phase,

brit the presence of water will greatiy increase the speed ol such reactions and lowe r
'the minimum temperature required. A laboratory example is thc iormation of for-

sterite.from MgO and quartz; when the dry solids were heated together at 1300'

only about 10% reacted in two hours, whereas at 600', in the presence ol water vapor

under pressure, reaction was virtually complete in the same time. Water and Other

volatile substances are practically omnipresent, at [east in small amounts, in all rocks,

and are also set lree in large amounts both by igneous 
-activity and by progressive

metamorphism, thereby providing a universal and effective medium for the transport

ol material.'field obscrvations and laboratory bxperiments indicate that metasoma-



METAMORPHISM AS A GEOCHEMICAL PROCESS 281

:l
at
'n:
:Li

,::

i
.a:.

ft

tisrll is essentiitlly the result ol introd-uction or renroval ol material in a fluicl phase.Korzhinskl' ( l9-55) has suggesred thc iollow ing sequence ol rclative mobilitl. rangingfrom the ver)'nrobile H,o to the essentialry iirnobilc Arro, and rio,:
H,O, CO,, S, Ct, KrO, No,O, F, CaO, Or, Fe, MgO, SiOr, p:O5. AI2Or, TiO2

The limited diffusion ol O, in rocks is illustrated by the fact that n.rinerals in closeassociation in some nletanlorphic rocks indicate significant differene:es in oxygeniugacity rvhen thel'*ere formed. on the other handl"yg",, iroiop.-riroi", indicatcthat t.Iro can migrate easii;' in nretamorphic rocks and ii,o o^yg!" .^.i ong". ,uithrock oxygen.i,
Data on minor and trace elements in metamorphic rocks is tirnited ard qeneral-

' izations are flew' In areas of broad regional metamorphism the distributicn of traceelements, like major elements, is contiolled b1, the narur. 
"i rlr. ;;;;;t rocks. Con_' tact metamorphism with replacement of sediments, especially carbonates, *., ,i"*economically significant amounts of some elements to be concentrated. Elementscommonry concenrrated by contlgt meramorphisrn incrude F", z;, il,un] cr';;sulfidesandW,Sn,andTiasoiidic"on-,pound,.

THE MINERALOGY OF METAMORPHIC ROCKS ..
Since the chemical compos.ition of metamorphic rocks is so varii,i, it is to be expectedthat their mineralogy will b.e correspondingly diverse. tn aooition, metamorphicrocks are lormed under a wide range ol t".f"..tures and pressures. and even if no
"luTt in bulk composition takes flace u *ine.al assemblage stable under certain(P' Q conditions may be replacediy a totally d,ifferent assemblage under other (p,7) conditions' In these circumstances it is notovorthy that the mineralogy ol meta.morphic rocks is not more.complex: this is largely due to the stability of ,o*" 

"o.-Iit,,il,[.r"ls 
over considerable ranges of bulk composition una of physicat

A Iist of some common siricate minerals of metamorphic rocks is gi,en in TabreI l'1, along rvith information regarding their relative compositions. ?i.," ngur", i,Table l1'1 are derived from the ideaiformulas o[ the minerals, all reduced to acommon basis of 24 (O, OH).icjns.-The ligures do not take into account possible ionic
- substitution, such as n-ragnesium for ferious iron or ferric iron for aluminum. Thetable provides a useful ntca_ns for determining *t ra 

"Jairionr 
o"r' *uiru",ions arenecessary in the translormation of one mineral io anothe r or ."trt.a coilporition unalor indicatin^g the minerals that may appear in rocks of specific bulk composition.

" " 
ItH' il' ff 

.;j, 
i:: H:; ;:Jn' I iil,l,jJ;:fi ff ;l[ xn* * x*llfu rcates' quahz is prgsent in silica-rich rocks ovei practically the whole range of meta-morphic conditions (at high temperatures and low pressures tridymite and cristo.balite may form). The feldspars u." 

"o*,non 
and abundant; ort inJiriaual speciesshow marked differences in occurrence. Albite is found over'a widorang" or"orai-tions' Except for the occurrence ol paragonite in a few schists, jadeite in eclogite,lnd glaucophane in glaucophane schists,.-utoit" is the principal carrier of sodium in
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Tabte tl-l The Composition ol lvlinerals ol Nletamorphic Rocks irr Atonric Proportions,

Based on a Common Content oi 2'1(O.OIIt Ion-s

N{ineral Fornrula Si AI N{g Ca Fc Na K

Quartz SiO, 12

Andalusitc, l

sillinranitc,
kyanitc Al:SiO5 -5 - l0

Cordierite lvlgrAloSirO,, -'7 -5 -l
PyropelvlgrAlr(SiOo),646
Chlorite Mg,Al(AlSi,O,o)(OH), 4 *3 -T
Enstatire MgSiO, 8 8

Anthophyllite Mgr(SioO,,)r(OH), 8 7

Talc MgrSioO'o(OH), 8 6

Serpentine MgrSirOr(OH)o 5 8

Forsterite MgrSiOo 6 12

StauroliteFerAlrSioOr,(OH)492
Chloritoid FerAlr(AlrSirO,oXOH), -4 -8 -4
AlmandineFerAlr(SiOo)r646
CummingtoniteFer(Si.O,,)r(OH)r.878
wollastonitecaSior. 88
Grossular CarAldSiOo), '- 6 4 6

Zoisite Ca,Alr(SiOo),(OH) -6 -6 *4
AnorthiteCaAlrsiror66 l
DiopsideCaMgSirOuS44
TremoliteCarMg,(SioO,,)dOH)r852
Jadcite NaAlSirou 8 4

GlaucophaneNa,MgrAlr(SiiOr),(OH)r823
Albite NaAlSi.o* 9 3.
Potash fcldspar KAlSirO6 9 3

Muscovite KAtr(AlsiroroxoH), 6 6

PhlogopiteKMg(AISi,O,J(OH),626

metamorphic rock. ,Potash feldspar occurs more usually as rrricrocline than as ortho-
clase, conditions of mctamorphism being gqncralli' lavorablc to thc crys(allization ol
the ordered lorm. Anor{hite is rare in metamorphic rocks, the conrmon calcium alu-
minum silicate being zoisite or epidote.iPlagioclhse composition is often a sensitive
indicator of metamorphic grade; in the Lowest grade rocks it is pure albite, and the
calcium content increases as lhe gradc increases.]

Minerals of the inosilicate group, that is, the pyroxenes and amphiboles, are com-
mon and abundant constituents.in metamorphic rocks. Some amphiboles and pyrox-

' enes are virtually confined to these'rocks, lor example, jadeite among the pyroxenes,

and anlhophyllite, cummingtonite. tremolite, actinolite, and glaucophane among the

. amphiboles. In general, the amphiboles are typical of metamorphic rocks lormed at
low and moderate temperatures, the pyroxenes of those formed at higher tempera-
tures. However, diopsidic pyroxene is often associated with hornblende or with cal-
cite in calcareous rocks at'iairly low grade.

Minerals rvith layer lattices, that is, the phyllosilicates, are especially character-
istic of metamorphic rocks. Jalc, serpentine, the chlorites and chloritoids, and mus-
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covite and biotite are corllrrtoir and u'idcspread. sonrc of then-r being practicallv con-fincd to these rocks. The clav nrinerals ol sedir,enta.1. .o"t r""r. ;;;;i.;;;,;susceptible to recrl'stallization. and argillaceousTocks are thus especiattl.suitabte for
tracing the initial stages ol rnetarnorphism. ln this conncction ygder and Eugster
( I 9 5 5) hirve recognized a series ol su btle change s in the crl,stal st ructu re ol the cla1,
mica. fronr a one-laver. randomly stacketl polynroroh to a one-laver ordered poll-
n.rorph to a t$'o-la)'er ordered polymcrph during progrcssive nrctamorphisin. Siniilar
changes can be expectcd in othcr phvllosilicates, such as the chlorites.

The nesosilicates are commoil and abundani in rnetanrorphic rocks, anc soiue ol
then.r, such as the garnets, epidote, and the aluminum silicates, are especialll,typical
of such rocks. The nesosilicates in general are closell, packed structures and ,,voul<j
be expected to sho*' marked stabirity under high p..rrui". The alunrinum silicates_
kyanite, sillinanite, and andalusite-are round in metamorphic rocks rvith high alu-
minum content. Stability ielations of these three poll,morphs are illustrated in Figure
11.1. Kyanite has a considerably higher density than the other polymorphslnd
indicates conditions of high pressure, although it occasionally or.u.. as a vein min-
eral. Andalusite is characteristic ol thermalty metamorphosed rocks and appears to
be unstable under stress. Sittimanite is rvidespread in high-grade metamorphic rocks.
Under extremely high temperatures typified b1' the contact action ol basic lavas the
mineral mullitc, which rcsembles sillimanite closell. but is ol somervhat different
composition, may appear. The garnets occur lrequently, in metamorphic rocks. Their
composition is, ol course, conditioned by the bulk composition ol the rock, but they
are also sensitive indicators ol metan.rorphic gracle. In tlre lorvest grades of meta-

tt Anclalusite

K1a,r tg aa..
Sillimanite

Figure rr.r ,,.0,,,,, fietds of olJ;,'Lr"r",,
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mc)rphism the only garnet lound is the rnanganesc vlrict-v spcssartine. At someu'hat
highe r gradcs trl rcgional nrctamorphisnr almandinc_nra1' belornred, *hcreas grrrncts
rich in tht pyrope component are lornred onll' at high metanrorphic grades. I-hc
crrlciurrr-iron grrnet ilndradite is chrnrctcrijtic ol lirncstoncs that huvc bu,:n nrc-tl-

' somaticalli,altered by iron-rich ernanations. The zoisite-epidote group is a conrnron
constituent of rnetanrorphic rocks of lo\\,and mediunr grade. N'[inerals oi this group
irre important carriers of calciurn and alunrinum in such rocks.

In general it can be said that the distinctive silicates of metamorphic rocks are the
inosilicates and the phyllosilicates. This is not due to chance; they are minerals rvith
lairly high density, the formation of *,hich is lavored by increased pressure; their
structures generally tolerate considerable atomic substitution and may therefore
lorm under variable bulk composition ol the rocks. Some nesosilicates, especially

. minerals of the garnet and epidote groups, are also characteristic ol many metamor-
phic rocks. Many of the tektosilicates or framervork structures, on the other hand,
sho\\, a marked instability under conditions ol rnetamorphism, probably because ol
tlieir distinctly open lattices.

The role of aluminum in the silicate minerals of n.retamorphic rocks deserves men-
tion. We have seen that aluminum is capable ol either sixlold or fourfold coordina-
tion uitlr oxygen; in sixlold coordination it is structurally similar to"nlagnesium or
ferrous and lerric iron, rvhereas in fourfold coordination it acts [ike silibon. A distinct

. correlation exists between the type ol coordination ol aluminum and the grade of
metamorphism..'In general, four-coordination ol aluminum is promoted by increasing
temperature; thus the amount of aluminum replacing silicon in such minerals as the
amphibolcs, pyroxenes, and micas increases at higher metamorphic grades. The
effect of pressure is less obvious, but sixlold coordination is more economical of space

and should be favored by high pressures. N{inerals containing four-coordiridted alu-
minum are characteristic of igneous rocks and the products of thermal and high-
grade regional mitamorphism. t'hereas in sedimentary rocks and loiv- to medium-
grade metamorphic rocks aluminum t1'picalll' occurs in six-coordination.

Manl othcr mincrals bcsides the silicates discussed here occur in metrrnrorphic
rocks, but generally in quite minor amounts. An exception should be made lor calcite
and dolomite, which rlrake up the greater part of some metamorphic rocks. Their
stability is a direct lunction ol the partial pressrire of carbon dioxide during meta-
morphism, and they n.ray thus be stablc over a rvide range of tenlperatures and pres-

sures, provided sufficient carbon dioxide is prescnt to prevcnt decomposition. Iv{ag-

ltesiunr carbonate is nruch more readill dccolnposcd than calcium carbonlte. and
therefore calcite is stable to higher metamorphic grades than dolomite.

The calculation of the quantitative minerilogical composition of d metamorphic
rock lrom its chemical analysis is a much morg complex procedure than.for,an

. igneous or sedimentary rock. Metamorphic rocks may crystallize over a wide variety
ol physicoch?mical conditions, and the $ame chemical composition ma)r correspond

- to several different mineralogical compositions, depending upon the specific condi-
tions (cf. Table 11.2). Of course, the problem is greatly simplified ilthe qualitative
mineral composition is known from microscopic exa-rnination. Barth has developed
procedures for calculating normative mineralogical compositions ol metamorphic



rocks, sinlilar in principle to the nofnrs cll igncous rocks; hc distinguisSes catiinorrns.
mesonorms. and epinornrs f'oi- rocks oi high-. rrediunr-, and lori,-gr:icle rletanr,or_
pllism rcspcrriuci\.

THE STABILITY OF MINERALS

' stabilitf is an envirodnrental prttpcrtl . Iror exa[nple, calcite is said to be stable at
ordinary'tenrperatures and pressures. So it is, but onll,in the sensc that uncler specific
conditions it ren.rains unchanged indetiniteli,. Il'it corrres in conurct ivith tjilure hy,cro-' chloric acid, it becomes lar from stable. StaUllity, must therefore be defined not onl;,
in rospect to pressure and temperature, bui also as regarcis chemical environment.
Strictly speaking one cannot'speak ol the stabilitl, ol a single phase (mineral) in a
rock, independent ol the associated minerals and the pore fiuias. Most discussions ol
particular minerals or mineral associations assume an irtdiflerent chemical environ-
menl, in which stability is a function ol physical conditions onl1,.

,,JI;:,1ffiHlJi,::ii'l;,:1T,i,?,iilx'llilifl ::lT::it,;i:l,J;ii;il,ll"*1';;
particular circumstances and which therefore has no tendency to change. A mineral
rissociation is unstable rvhen it is not the association w,ith the lowest lreJenergy under
ilie specific conditions, and when the rate ol change to an association rvith lorver lree
energf is appreciablc. A metastable association is one u,ith more than the minimum
free energy lor the system, but in rvhich the rate of change to an association u,ith
lorver lree energy is so slorv as to be undetectable-an input of energy' is required to
make the translormation take place at a finite ratc. Stabititl, thereiie involves two
independent factors, thermodynan.rics and kinetics.

THERMODYNAMICS OF METAMORPHISM
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The thermodynamics of metamorphism can be expressed in terms of the transfor-
mationofamineral association A* B -i- c...intoadifl-erentassociation L1, M+ I/ . .. according to the equation

A+E+C :Li'M+N..
For this change to take place the net free energi, ol I * M + 1t.... must be less
than that of A * B + c "' ; that is, the freeenerfy changemust bc negatiie. This
condition can be expressed in the fo[owing way:

However, in general thc lree energy changc is obtained indirecrll, usually by thc
application ol the second law ol thermodynamics, as expressed in the lollorving lorm

LG = A,H * IAS
in which ArY is the enthalpy or heat ol reaction and as the entropy change.

The application of the simple thermodynamic equation to the consideration ol
actual reactions is complicated by the variation ol AS and A/1 with temperature and

k,

!
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prcssure, and in order to studl' a reaction ovcr a range of tenrperatures and pressurcs

one must have data on compressibilitr'. specitic hert. and thernral expansion loJ the
diflerent phases. lnaddition, lS and J11 have not been measured lor manl'reactions
o1'geological significance. Such mcasurernents rvould provide basic data lor signifi-
cant advances torvard thc elucidation of lundanrental geochemical problems. Ilorv-
ever. qualitative statements based on [-e Ch.{telier's principle are olten possible.

Increased pressure rvill cause a reaction ttr run in a direction such that the total
volunrc ol the sv'stem dccreeses. lncrcri:ing lcnlperature favors endothermic rcac-
tions. Since the volume change accompanying metamorphic reactions (except those
involving Bas pIn5.r; is generalll small in cornplrison to thc heat ol reaction. ten-
perature changes are more significant than prcssure changes in displacing
equilibrium.

Metamorphic reactions may be divided into four general types.

l Solid-solid reactions involving no Iiberation or addition ol volatilcs.
2. Dehydration-hydration reactions involving the loss ol HrO with a temperature

increase or the hydration of rocks by the addition of heated water.

3. Decarbonation reactions involving the loss ol COr.
4. - Oxidation-reduction reactions often brought about by the loss of oxygen by the

.'production ol volatile CO or CO, fron.r reduced carbon species.

A typical example ol solid-solid reactions is illustrated by the polymorphs ol
AlrSiO5 shorvn in Figure I 1.1. N,lany studies ol this system confirm the general shape

ol the phase diagram, but the location ol the triple point is not unambiguously knon'n
because of the sluggishness ol the reaction rates.

The slopcs o[ equilibrium curves can be predicted lrom the Clapeyron relation

dP t.s
,lf - Jl-

Thermodynamic studiss have been applied to the investigation of the lormation ol
jadeite (NaAlSirOu) in metamorphic rocks. Jadeite is a rare mineral and in spite ol
its sinple chemical composition its laboratorl' synthesis proved diftjcult. It is, of
course, a phase in the sl,stem NarO-AlrOr-SiO2 and is intermediate in composi-
tion between albite and nepheline. The therrnodynamic data show that jadeite is a
stable phase in this system at 25" and 1 atm prcssurc. Th_at it is a rare miagrat is
evidently not because ol any lack ol stability but prolably because of the extren.re

sluggislrncss at lorv temperatures ol thc reactions thar rvill form it. The corrcctncss
ol these deductions from the thermodynarnic data has been confirrned by the discor.
ery ol jadeite as an important constituent ol Californian graywackes, which have

evidently been metamorphosed at quite" l_ow temperat_ures, lntgllirocks. jadeite has

apparently been formed by the reactiorp!-bllg_:_j1d9it9 + quaJ11\For this reaction
at 25: and 1 atm pressure, AG has a small posiiiVe value which diminishes with
increasing pressure and becomes negative above about 1 600 atm; that is, jadeite and
quartz would then tend to form from albite. Such a pressure corresponds to a depth

ol about 7,000 meters, and the jadeite-bearing graywackes were probably metamor-
phosed at this depth or greater.

Ei.-
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CaSi03 + CO2
B

.CA

caco3 + si02

2A7

A rvell-studicd metanrorphic slstenr in uhich ii volatile phase is a component oIthe reaction is the lormation 61- rvollastonite from calcium carbonate and silica
according-to -t hc equrt ion

CaCO, + SiO, : CaSiO, + CO,

The thermodynamics ol this rcaction and its signifiqance for the metarnorphisnt of
siliceous limestone was'first discussed by Goldschnridt. and hc derived therefrom
information regarding pressure-tenrpcrature conclitions dui-ing n.rctamoi-phisnt. \Vitlt
the aid ol modern higrr temperature-high pressure equipment Harl:er and ruttle
have succeeded in determining the equilibrium curve lor the reaction experinrcntally(Figure 11.2). The general features deduced by Goldschmidt are coufl:.ned,
although the reaction takes place at a lower temperature thari he predicted. At zero
pressure ol carbon dioxide the lormation ol rvollastonite may take place at temper_
atures below 400". As may be predicted from the law or mass action, this templra_
ture increases with increasing pressure, reaching 750" at 2000 atm. Figure il.2
shows that for conditions. above curve AB the lormation ol rvollastonite from calcium
carbonate and silica can take place spontaneously (AG < 0); below curve rB the
reaction is reversed, and calciu.m carbonate and iilica can be formed from wollas-
tonite and carbon dioxide; cur.vg AB itself represents equilibrium conditions (AG
- 0).

- Goldschmidt's computations and Harker and ruttle's experimentaI work were pcr_
lormed on a closed system in which the pressure rvas that of the cor. Barth has
pointed out that under geological conditions this situation is improbable, since during
the reaction of calciunr carbonate and silica the carbon dioxide produced rvill tend
to diffuse away. wollastonite is denser than either calcite o. quo.tr, and so in terms
of the solids the reaction proceeds with a decrease in volume, and hence il the co,
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Figure Il.2 Pressure-temperature curves for the
'+ SiO, = CaSiOr + COr.
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escapos the ternperature ol formation of ivollastonite rvill decrease rvith increasing

pressure. Curve lC is the quantitativc erpression ol this dccrease. as calculated bv

Barth b1, means o[ the Clapeyron equation. This exanrple il]ustrates thc importance

- ol distinguishing betrveen open and closed systems lor rcactions involving volatile

components. Such reactions are common in rnetanlorphism.'
N1any metamorphic rcactions are dehi'dration reactions. Their thermodynantic

characteristics are similar to the decarbonation reaction discussed above. An1' nat-

ural nretarnorphic reaction involving the loss ol the volatiles HrO and/ur CL), has a

number of composition-pressure possibilities. The mobility' of HrO and CO, can be

different in different cases. ln an open system rvhere fluids can escape the"fluid pres-

sure w,ill be less than the rock pressure; such a s)'stenr will f all betrveen curves like
AC and lB in Figure 11.2. lf the mobilitl'of HrO is not great rvith respect to the

dehydration reactions and the HrO phase is retained bctrveen mineral grains, the

HrO pressure may equal the rock pressure. Ii pelitic or -clay-rich sediments oc-cur

with calcareous ones, metamorphic reactions ma1' release a fluid containing both
HrO and COr. Under these circumstances the fluid pressure may either be equal to

or less than the rock pressure but the HrO pressure in either casc rvill be less than
the total fluid pressure

In addition any metamorphic fluid wiH contain dissolved salts and therclore the

chemical activity of either HrO or CO, rvili be difficult to predict rvith a great degree

ol precision. In order to construct phase diagranrs of geologic interest assumptions

are usually made to fix selected variables and the variation ol the other components

under these conditions are illustrated. Figure 11.3 shou's t*'o equilibriutn curvcs {tt
constant total pressure lor the rvollastonite reaction rvith variable partial prcssures

ol CO,. Graphs of this type are isobaric plots. and ma1' be used to illustrate reactions

in mixed HrO-CO, systems, which more likcll'approximate actual systems than do

simple decarbonation studies.
In addition to the addition or loss of H.O and CO.. metlmorphic rocks oltcn shorv

changes in the ferrous-ferric ratios. This ratio tends to decrease rvith increasing tem-
perature ol nretamorphism and hence indicates a changc ol'the partial pressure of
O, : POr. Indicators ol PO, in metamorphic rocks include tiie oxides ol iron. Reac-

tions of the type

6 ferO, (hematite) : -{ Fe,Oa (magnetite) * O,
2 Fe,Oo (magnetite) = 6 FeO (rvi-istite) * O,

2 FeO (wtistite) : 2 Fe (iron) * O,

Fe,Oo (magnetite) : 3 Fe (iron) + 20,

act as natural buffers for POr. Hematite and magnetite are common constituents of
metainorphic rocks but wiistite and native iron are not. Figure 1 1.4 illustrates the

PO, temperatures relationships for the above reactions. It may be inferred that the

PO, in common metarnorphic rocks is in the range of !0-'0 to I0-r5 bar. Also
included in Figure 11.4 arc dissociation curves for HrO and CO, under different
conditions. If moderate quantities ol HrO are present, the PO, will be high enough

for hematite to'be stable. The common presence ol magnetite indicates lower HrO
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300
0.00

r.o,
Figure I I.J Isobaric equilibrium cur'es of,alious nietamorphic

reactions. X.o, is the mole fraction ol CO, in the
fluid phase rvhich consists of CO, * HrO. The fluid
pressure P, is I kb, except rvhere indicated other_
rvise. (Winkler, 1919, p. 126.)

contents., The presence of carbonaceous matter in metarnorphic rocks is of impor-tancc in buffering pO, according lo the rcuction

C + Or: CO,

The production and migration of co2 is a major control o[ po, oyer a great rangeol metamorphic reactions and cxprains the common occurrence of magnctite. Sec-ondary reactions of Hro and co, alsb account for concentratrons or co.and CHoand..provide for a pH, buffer system as well u; fO,.
Thcrmodynamic data thus enabre preoi.rion, #""rning thc relarive srabirity orpossible phases.under specified conditions or temperature, pressure, and chemicarenvironment' Knowredge of the free-en".gy chan!" u".o*punyirr-"r, reaction isadequate for determining whether the .ealiion can take place. Those reactions take
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Temperature ('C)

Iigure ll.4 Stability relations of oxides oi iron and native iron. The

effect of pressure on solid phascs is neglected.(Miyashiro,
1911, p. 52.)

place that lead to a decrease in the free energy of the system as a whole. Thus during

metamorphism the tendenc),is tou,ard the transformllion ol the rock material into

a mineral association that lor the specific conditions has the lorvest possible free
. energy. However,.the rate at which such traniformation will proceed cannot be

- detciinined from the thermodynamic data but is dependent on othcr factors.

KINET!CS OF METAMORPHISM

The significance o[ kinetics in metamorphism can be illustrated by the simple case

.. of recrystalliZation of a limestone. A firie-grained aggregate of calcite can alter spon-

taneously to a coarse-grained aggregate, since.the change will result in a reduction

. of the net surface energy. Yet some fine-grained limestonqs have remained essentially
- unchanged for millions of years, often in spite of deep burial and the accompanying

temperature increase. Something more than a potential decrease in free-energy con-

tent is evidently required. to cause a metamorphic change to take place.

lvlagnelite
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The kinctics ol heterogcneous reacti()ns are not u,ell understood, but qualitative
statements can be nladc rvith sonte degree of assurance. Thc ionic groupings foundin minerals are ail relari',erv srable entities. and before the1..can b. r"r.."ng.d 1o _
give different minerals they must undergo some kind of dislocation. Energy is
required for this, and only' when energy is available in appreciable amounts can the
rate of reaction becor.ne significant. l'he lactor is an cxponentiaI lunction of E/RT,
in rvhich .L is known as the aclir.,a tion energlt. This l.unction makes the activation
e.nergy the most inrportant single lactor detcrrnining reaction velocities anC shows
that they are increased b1, a certain amount pei: unir temperature rise. The usual
statement that a reaction rate is doubled by a rise in temperature cl 10" is a rough
generalization and inrplies a unilorm energ), ol activation ol about I 3,000 cal/mJe:
nleasured energies of activation shorv a considerable range but are ol this order of
magnitude.

. Tgmperature is thus the most significant lactor in dctermining the rate of a reac_tion. I{orrever, any agent thar weakens rhe bonding wirhin the"ph..., f..r*i *irr
give the reacting units greater lreedonr of lnovemcnt and thereby decrease activaiion
energies and accelerate reaction. The influence of water, a powerful solvent and ion-
izing agent, is particularly' significant in mineral transformations, which are essen-tia[y ionic in character. Water or rvater-rich fluids may be essential for the catalysis
ol mirtamorphic reactions.

Although rise in temperature is perhaps the most important source of activation
energy' it is by no means the only one. Shear is an important source of energy in
metamorphisrn and is probably responsible for much reconstitution rhat rvoulj not
take place in irs absencc. This is bornc uur by field observat;"r, ir,lirrr;;;; i;;
formation of lorv-grade schists has taken place at temperatures that may not exceed
those existing in deep geosynclines, where rocks are indurated but not recrystallized.
The contrast is evidently a reflection ol the differing effects of unilorm load and
dirccted pressure.

The activation energv of the reactions r.aking place during metamorphism may be
expected to vary according to the nature of the reaction and to be considerabty influ-
enced by the type of structural changes involved. Studies ol polymorphic cianges
have shorvn that the rale of such transformations depends gr"utty on ih" degree"of
rearrangement of the structural units. A typical example ii the'rapid inversion of
lorv-quartz to highquartz compared with the sluggiih transformation of highq;;.;;
to tridl'mite. By analogf it ma1, be expected that the change from chlorite to blotite,
for example, probably has a much lorver activation enerly than the change from
chlorite to garnet; in the first change large segments of the chlorite lattice can be
directly-incorporated in the biotite lattice, whereas in the latter.change the sheets ol
siliconoxygen 

,tetrahedra must be completely broken down before trri g"."iiitr*-
ture can be built up from them.

In addition to thc above flactors. the rate ol rcconstilution of a rock will aiso be
influenced by the physical condition ol the reacting material, particularly the size of
the individual grains aid the intimacy of their .ni*tur.. The reacting units come
together more easily the smaller the grain size and the more complete the mixing;
that is, fine-grained rocks will respond to metamorphism more rapidly than those ol
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coarser grain. [lere stress has an important mechanical efl-ect, by'giinding the con-

stituenr minerirls tt-rgerher and therebv crushing-rbent and bringing thent into closer

cC)ntact.

Iir.en tliough metanlorphic reactions may proceed slorvlv rve mu-st not forget that
long periods ol time are available. Calculations on the thermal regimes surrounding

' plutonic intrusions have shorvn that high temperaturcs are retained around the intru-
sion lor tens of millions ol years. Studies ol argon retention in nre tanrorphic minerals

indicate that remperatures exceeding those required to seal against argon difftt.sion

may erist over 100 million yeers in some regions of regional metamorphism. Even

so. the rate-control[ing step in metamorphism appears to be related to material trans-

port.rather than tcmperature iluctuation. Studies of solid-state diffusion coeftrcicnts

in silicates show that even in the range of 600' to 1000'C diflusion coefficients have

"*',1'i,1ffi'f,l,::J:*1"::J:;'Jl:l',",i*",.0 using rhe rerationships i2 : z Dt,

where D is the diffusion coefficient and I is time, even over periods ol 100 million
years atomic ntigration is in the range o[centimetersto meters. For elements to move

over greater distances intergranular or fluid-assisted diffusion must take place. If a

fluid phase is removed metamorphic reactions virtually cease. For this reason high-

tempcrature metamorphic systems are preserved on cooling due to the difljculties ol
rcintroducing water to anhydrous systenls.

The importance of reaction rates can be illustrated by a consideration ol the kinet-

ics of the wollastonite reaction discussed in the preceding section. The thermody-

namic data show that wollastonite can form from calcium carbonate and silica at

tentperatures as lorv as 380". I'Iorvever, in the laboratory thc reaction between cal-

. ciunt carbonate and silica is generally not detectable belou' about 500". On the basis

of thc thermodynamic data alone we might conclude that the absence of wollastonite

in a limestone of suitable composition indicates that its temperature had never

exceeded 380". This conclusion rvould not bejustified, however, since the rate of

lormation ol rvollastonite may not become finite, even under favorable circum-

stances, until higher temperatures are reached.

. The sluggishness ol many reactions at lorv to moderate temperatures undoubtedly

results in the persistence of some minerals under conditions in which they should be

changed to others with a lorver free energy. This'is particularly true in rocks that

have been metamorphosed-at high temperatures. Their mineralogy is more or less

"frozen" at thesc high temperatures and oftcn shorvs lirtle if any effect ol rctrogres-

sive metamorphisrn during cooling.'-I1 general, igrs-po.nse in rocks !olising teq-rpera-

tg19s r11ll be &S!C t_apjq !!-an iggponse to fgllilg temper4lures because ol the accel-

glatlng effect of temp-e,re-lqre in.crease on reaction rates.:-: ',.

METAMORPHISM AND THE PHASE RULE

The most lruitful line ol approach to the geochernistry of metamorphism has been

through the principles of equili6ria in heterogeneous systems as codilied by the phase

rule. The study of metamorphic rocks indicatqs that qqqiliQl411yl- g9!9ql]y-q!141!ed
during met4morphism, although the evidence for it is tigqa.Uy tqQi.qq In igneous
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rocks it is often possiblc to.dccide such a question b1'direct relerence to the resultsof laboratory experimcntation- Experimental observation ol equilibria in silicare s's-tems at the tempratures andpressures or metamorphism has nor rr", 
"r'--;.,.j'r;

the same extcnt rn generar, tlie evidence r", ;;ii;;;i;;; i;';;. ;i"r. assenrbrages- ol metamorphic rocks rests on such criteria as_their simpre rnineralogical compositionand the tendcncy for certain typicar nrineral associations ,o .".u? in rocks of thesame generitl co.rposition, despite urdery diffcrent ug..na-ro.u,,rr. u, the phaserule the number of nrinerals cipable ol e:_isting togr:1[16; as phasci of a s1,5131;_r i11equilibrium is limited by.the numbcr or components in the rock. we find that usuailyeven fewer phases than the maximum nun.,b", allo*,ed by the phase .rl" 
".. present.Many chemicary complex mctamorphic rocks, such as amphiboriie lnornuienae,pta,gioclasc) and mica schist (muicoviie-chlorite-arbite-quariri, u..-Jt."mely simplemineralogicaily. This is evidently because the individuar 

"1";;";i; th-at appear in thecomposition of the rock are not distinct components in the thermodynamic sense;that is, ferrous iron and magnesium ort"n act as a single component and, to a resserdegree, aluminum and ferric iron, and sodium and calcium.
As mentioned above, the approacrr that has proved so fruitfur in the erucidation ofthe evolution of the igneous rocks-the laboratory in'estigation or phase rclations insilicate systems-has arso been exrendqd to condiiions 

"o.;"r;";;;; to thor" obrain_ing during metamorphism. The first exiensive research of this kind to appear is thatfo1t.! system MgO-SiO,-H,O (Figure l t.5).
Difficultics in studying metamorphlc s)'sten)s nrainly rcsult from the tcchnicalproblems in carrying out equilibriuni studies involving voratiles, und lh" sluggishness
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ol rnany reactions at temperatures and pressures corresponding to those ol meta-

morphisni. .,\ useful apprtrach has thus bcen from observations on nletarLorphjc

rocks. Geologists have studied the products of completed reactions, nameiy the niin-

eral associations ol metanlorphic rocks, and much progress has been made, cspecially

in determining compatible and incompatible minerals and mineral associ'.itions. I:le rc

again, as in Ge inrlastigation ol ruineral fornration in igneous rocks, real advances

dat" fron-r thc introduction of physicochernical principtes, especially tlie phase rule,

as a guide in the study of reactions in rocks. The credit for applying these principles

to rn.tn,rorphic rocks goes in the first place to Goldschmidt, lor his classic work on

contact nretamorphism in the Oslo region published in 1911, and secondll'to Eskola'

rvho in 1915 appiied the same principles to regional metamorph,isrn in his stud,'ol

the relationship betrveen mineralogical and chemical composition in the metamor-

phic rocks ol tire Onjarvi region. These and other studies led to the lormulation of

ih. fa"ies principle for the classification ol metamorphic rocks'

THE FACIES PRINCIPLE

. .- - Ideally, a genetic classification ol metamorphic rocks rvould be based on the tem-

- -perature ond pr"5ur. at which the mincral assemblage originated. Eskola recognized

that the mineral associations are indicative ol conditions ol lormation as well as of

the chemical composition o[ the rock itseli. He exeniplified this pr'inciple by selecting

different rocks tvith similar chemical composition and shorving that the rnineralogical

con-rposition of each was distinctive (Table I 1'2)'

In the rocks of Table 11.2 the bulk composition is much the same throughout, and

(assuming equilibiiurn has been reached in each case) the diffe-rent nrineral associ-

ations can only represent different conditions of cr1'stallization. This phenomenon is

' the basic idea behind Eskola's lacies classification. Each of the rocks in Table i1-2

represents a distinct facies. The mineral assemblage ol a rock reflects the physical

conditions under which it developed and is thus the criterion by which the lacies may

be recognized. The term is analogous to the stratigraphic facies, which conlprises

sedimenls rviih characters pointing to a genesis under sin.rilar circumstances. Eskola

lormulated the concept ol mineral facies in the following words:

. A minefal facies comprises all thc rocks that have originated under te mperaturc

and piessure conditions so similar that a definite chemical con.rposition has

resulted in the same set of minerals, quite regardless ol their mode ol crystal-

earlier minerals (metamorphic crystallization)'

Ramber!, who has done much work on the mineral facieS concept, expresses it

succinctly: "Rocks formed or recrystallized within a certain (P, f) fietd, limited by

the stabiiity of certain critical minerals of defined composition, belong to the same

n1fi:1ti!,6":ition, 
,ho* that rhe concept can be applied ,o un, rock at all, sedi-

mentary, igneous, or.metamorphic, but in practice it has found its greatest utility in
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the stud1, of metamorphic rocks. r\ rnincral facies conlprises all rrlcks tliat have

reached ch.emical equrlibrium un,lcr e P.irti.uiar sr-i '-r; lh"sic:rl condititrns' In elTr'ct'

tl.,e lacies ioncept is an e*p.e.sion ol the ph:rse rtrle stated in thc iollgwing rval: In

ar-r), systcm at equilibrium thc number and conlposition ol thc diflerent phases u'ill

;;;.;d only on the bulk composition of the s1'stem and the tet'uperature and pressure

at rvtricii equilibrium iua5 reiched. Facies are rccognized and detrned b1' the occur-

rence ol critical minerals or mineral associations that are chrrracterislic ol the lacies

in qu"stlon and that do not appear in an1' other lacies Relaiivcll' fe*' minerrrls are

sudciently sensitive to be criiLal in rhjs sense; many-quartz, calcite, albite, and

others-are stable over such a range of conditions that the}' may appcar in scveral

quite distinct facies-

The actual ranges ol temperature and pressure characteristic of each lacies are

notknorvnrvithahighdegreeo[precision.Estimatesbydifferentinvestigatorsvary
considerably, and indeed ire lrcquently somewhat contradictory. Judging from the

geological evidence, such as the transition from anthracite to graphite acconrpanf ing

ihe trlansition from indurated sedimentary rocks to schists ol the greenschist facies,

the lower temperature boundary of this facies is at least 200"c. lf rve put the lower

boundary of the epidote-amphibolite facies at the incoming of biotite, a temperature

of 400" may bc a ,eosonabie'ei{imate. The boundary bctrveen the epidote-amphib-

olite facies and the arnphibolife iacies can pcrhaps be placed near 500'C' and that

between the amphiboliie tacies and the granulitc lacies at about 650"C' Granulite

facies rocks are notably "dry" in the sense that hydroxYl-bearing minerals are essen-

tially absent; un uppr."iuble arnount of available rvater rvould probably induce melt-

ing under conditions of this facies. The progrcssir,e rnetamorphisrn of amphibolite

falies rocks may result either in partial nrelting uo.d rt^. fgrrllli:::f a masm,a.(if

HrO is available), or recrystallization in the granuiite facies (il H,O is unavailable

or can escape fromlhe sYstem).

Because different fu"i", ,"pr"rent difrerent temperature-pressure fields, their

mutual relationships can be represented by a diagram using tenrperature and pres-

sure as axes (Figure 1 1.6). If ih" ptt"u'" is due to rock load' it can be correlated

wittr depttr oibu*rial, as indicated on the right of the diagram. This frgure also serves

to illustrate the difluse boundary between metamorphism and diagenesis' on the onc

hand, and between metamorphism and magmaiism on the other. 'rhe minimum

melting curves of "granite" and "basalt" define the broad zone rvithin which magmas

ol diffient composition crystallize. To the left of the melting curve of "granite" no

remelting of normal silicate rocks can be expected. In the region betrveen this curve

an! 1!e--$qt!!.4g cu5ve of "basalt" th9 a11oun! of remeltilg funatexis) a rock u'ill

,uf"i*ifi'a"04;O frrs"ti,on-iis compgsilion an! the presence of,absence of volatiles'

Puie quartzitE inii afiii-pooi slates may remain essentially solid at even higher tem-

peratures, but other rocks will probablyproduce some melt in this region' It is clear

if,u, -no sh4rp division between metamorPlrism a1d la.emqtism 
i9 possible

In Figure 11.6 the field of mitamorpftit- it limited on the low-temperature.side

by a line representing a minimum theimal gradient in the crust. This is basedbn a

temperature of 300" it a depth oi 30 km. The normal lacies ol regionally metamor-

phoied rocks are indicated as lying along a considerably steeper thermal gradient'
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reacrion' 

?..o*p1^r]1 11e 
nrosrcssivc Lcgionar mctanrprphisnr are gencralry endo-k'r,i..a'nd rhe procesirh-us rc-quires,;;;iJ.r";a,"I,i,t;iniui. p.ou,ury n,o..than that -av-ailabic-und--r t.f:e-c_o..ditl_o-rr;i;h; minimum ih"r-o'tfi,lt"nt. Orogeny,regional metamorphism, and igneour a"tiuity are broadry urro..i-utea in space andtime, and thev can alr be regard-ea ,, g.orogi"ur manifestatio;; ;i;irorr or energy,mainly thermar. rJ vr arr

Thc grqeasshisl. epidore-amphibolire. a4phjbolc. a1{ gr3nulire fu.i., ,nuy b.called 
-the normal iaiier oi regiqn3lly ["Er-,q.p,boq9-{..1-o9!p,-arrarged.ip order-ofincreasing grade or meramorph;r. Ti-.. ;;;;lte racies and graucophape-schisr fa :s4re believed td originate underrrnusualfy hig"h pr!_s1u19, !9ing 9!r.ar_a_cte.rizp_d by min-

$afs_ 
witn high density (garnet, ;ua"tti. ;t?;;er"r, ";J;;!;ni]"j. ,r,. sanidinite{acies to the righr or the J,yroxene-to.nteriiu.i., i, cxernplilied by *.r;i;#ffiI:
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!a-1'as, in u'hich the tenrperature has been very high, leading to incipient vitrillcarion
and the developnrent ol such nrine rals as.mullite and-sanidine.

Tlte chrracteri:tic nrincralogical featurds oi thc differcnt lacics can nrost ck-arl1
be illustrated b1' nreans ol triangular composition diagrams, similar in principle to
the diagrams used to illustrate three-component systems. In such diagrans each of
the apices represcnts a particular conrponent; those conrponents chosen are mainly
responsible lor thc observed rlineralogical variation within the lacies. Such diagran.rs
w'ere introduccd by, E,skola and are usualll, ICF diagrams in *'hich .1 is AlrO, *
Fe,O,, C is CaO and ^E is (Fe,Mg)O. The effect of silica on the possible rnineral
assemblages can be illustrated by comparing two ACF diagrams, one (the most usual
case) lor rocks rvith excess SiO, (present as free quartz) and the other lbr rocks
deficient in SiOr. In the sarne way diagrams have been constructed lor rocks of spe-
cial conrpositions, viz., IKF diagrams in which K represents KrO. ACF diagrams
illustrating the different lacies are given in Figure 11.7.

The critical minerals lor the sanidinite facics are sanidine, clinoenstatite-clinohy-
persthene and their mix-crystals with diopside-hedenbergite (pigeonite) and (at very
high temperatures) the aluminum silicate mullite. In limestones and dolomites meta-
morphosed under these conditions a considerable number of uousual minerals have
been described, such as larnite (Ca,SiOo), rankinite (Ca,Si.p,), and merrvinite
(Ca.,MgSi,O,)

A critical mineral combination for the pyroxene-hornfels lacies (in common rvith
the granulite facics) is the pair hl,persthene-diopside, rvhich does not lorm rnix-crys-
tals under the conditions of this lacies. This distinguishes the pyroxene-hornfels
facies fron.r the sanidinite lacies. Another difference is that (Mg,Fe)SiO, in this
lacies is alw,ays orthorhombic. Sanidine does not appear, potash and soda felspar
lorming distinct phases. The potash leldspar is orthoclase, not microcline, in har-
mony rvith the idea that orthoclase is a disordered form and microcline an ordcred
loi'm.

The granulite facies contprises rocks that have been subjected to high-grade
regional rnetamorphism. It is characterized by the absence of micas; instead ol mis-
covite w'e find sillimanite (or kyanite) and orthoclase, instead ol biotite, garnet and
orthoclase. Calcite is probably the stable phase at high lime compositions instead ol
wollastonite. provided sufficient CO, is present.

ln the amphibolite lacies anrphibole always appears, providcd the bulk composi-
tion allorvs it. The con.rbination hornblende-plagioclase is critical. Its high-tempera-
ture limit is marked by the appearance o[ diopside and hl,persthene in place of horn-
blende, and its lorv-temperature limit by plagioclase composition, rvhich changes to
albite with decreasing metamorphic grade.

Esi tl-,e epidote-amphibolite facies the cpmbination-hornblende-albite-epidote is

et{1paL-IJnder the bonditiohS of this facies the anorthite component ol plagioclase is

converted to zoisite or epidote; the plagioclase thus becomes high in the albite com-
ponent. Hornblende is still stable.

At mctamorphic grades lorver than those for the cpidote-amphibolite facies horn-
blende is unstable, and in its place one finds more chlorite and epidote, or, il the
partial pressure of CO, is high, dolomite or magnesite plus quartz. Carbon dioxide

:
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can decompose silicates under these conditions, lorming associations of quaitz and
carbonales.

The eclogite facies is. characterized by pyroxenes or the ornphacite type (inter-
mediate between diopside and jadeite) and garnet with a high pyrope content. otherminerals that may be present are kyanite and hyperstrr"r"l ti I aimcutt to draw asatisfactory ACF diagram..for the ecrogite facies, since known rocks b"tongi,";;"r;
have a comparatively small range in composition.

. 11 t-he glaucophane-schist facies the criiical minerals are glaucophane and lau,son-ite. Muscovite, almandine, epidote, and putnpeilyite have irso u""n recorded; these
minerals are found in rocks of the greenschiit and epidote-amphibolite facies, andglaucophane schis.ts occur in close association with such rocks. Tiis suggests that theI

I

J

Amphrbolrte facies

^CF 
di.rm for r(ts wirh ercess SiO, and K,O

(after E,kola)

F
Talc
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glaucophane-schist lacies is related to tl)ese
prcssures, sincc glaucophane plus larvsonitc
equivalents ol plagioclase plus chlorite.
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lacies. but probabll' represents higher
can bc' considered as the high-dcnsity -

MINERAL TRANSFORMATIONS AND THE FACIES PRINCIPLE

N'f uch rcn.rains to bc done to make thc lacies classification the precise toot that it
potentiallv is. This den'rands carclul study o{'rninerirl assemblages irnd especially the
deterrlination of the variability in cheniical conrposition of many of the character-
istic minerals. The varizrbility is linkcd not onl,"- u,ith the bulk composition ol the
rock, but also rvith the probable temperaturc and pressure conditions under rvirich it
u'as formed. A mineral facies rcpresents a deftnite (P, f) interval u'ithin rvhich the
rock attained its present nrineralogical composition. Thc different facies are char-
acterized by' the stability fields of their critical minerals or mineraI associations. The
boundaries of a lacies are delimited by the equilibrium curves lor the reactions rvhich
produce the critical minerals and mineral associations.

In 1940 Borven showed that the progressive n'retamorphism of limestones and
dolornitcs could be considered in terms ol a serics ol reactions of increasing decar-
bonation taking place at successively higher tentperatures at any given pressure. He
pointed out that the equilibrium curves for these reactions, when plotted on a pres-
sure-temperature diagram, delimited fields oi stability ol specific mincrals and min-
eral associations, thus lorrning rvhat he terrned a petrogenetic grid. At that tin-re the
equilibriun-r curves for the rcactions hc conside red had not been deterrnined, but he
could arrive at approximations lor them bl evaluatin-q the geological inlormation
provided by metamorphosed Iimestones and dolon.rites.

The thermodynamic basis lor this petrogcnetic grid and its rclation to thc facies
principle have been thoroughly discussed b1'Thompson (1955), who points out that-
the boundaries bet$'een lacies are curves of univariant equilibrium. Ii the equilibria
involve onh' crystalline soiids, then these curves havc slopes determined by the Cla-
pe)'ron cquation and are virtually straight lines. Many significant equitibria in meta-
morphism, hou,ever, involve gain or loss ol a volatile constituent such as carbon diox-
ide or w'ater, acted on b1,a pressure equal to or less,than that acting on thc crystalline
solids. Il only one volatile constituent is involved in the equilibrium and the pressure
on it is equal to the fotal pressure, the Clapeyron equation still applies, but the curves
are concave torvard the pressure aris and have a positive slope (since increasing prcs-
sure raises the dccomposition tcmperature ol ir sr:bstance containing a volatile
componcnt).

These principles are illustrated in Figure 11.8, which gives equilibrium curves lor
a number o[ reactions pertinent to ponditions ol metamorphism. These curves have
been determined either by experimental investigation ol the equilibrium or by cal-
culation of the equilibrium curve lrom thermochemical data. It can be seen that for
reactions involving volaliles the curvature ol the lines is greatest at low pressures,
and they become virtually straight at comparatively moderate pressures.

As mentioned above, these curves represent the condition obtained when the pres-
sure ol the volatile component is equal to the total pressure. This condition may not
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apply in a spccillc ccse ol nrctamorphisrn. For examplc. iI rhc rock undcrpoing.lner.a-
morphism is connected b;' pore rpri., to the surface, the volatile conslituent can leak
arval: its partial pressurc me) bc rterl lou-und in thc cxtrcnrc casc nray approrch
that at the surface. Under lhese circumstances the equilibrium cuive has a negative
slope. This situation is illustrated by the calcite-rvollastonite reaction (Figure i 1.2).
In effect. ue have.trvo Iimiting condilions for any reac(ion-involving volatiles. and
the temperature at $'hich lhe reaclion takes place depends on lhe 

""rt"nt 
to.,"r,l.n

the volatile component is able io escape.
The commonest volarile component in mctamorphic rcactions is u ater. and its sig-

nificance in rhis connection has bcen emphasizea'Uy yoder 0955). He points our
that many discussions ol metamorphism have tacitly assumed that water as a cbm-
ponent is always present in sufficient amount to give rise to the most highly hydrated
phases stable under the speci{ic temperature and pressure conditions. Anhydrous
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minerals having hydrous equivalents are thcn considercd to indicate tentperatures of
lorntation above the equilibriunr curve lclr reaction to give the hrdrous equivalent.

Forsterite, for example, reacts \\'ith \\'ater to give serpentine at about 500". Ho*'cver.-
if rr,ater is not available. forsteritc is stable belou, 500'', and in the absence ol s'ater

it can lorrn belorr,400" l'rom magnesite and quartz. The logical consequcnce is that

the n-rineralogy' ol a rnetamorphic rrtck depcnds not onli' on thc composition ol thc

rtriginal material and the ternperature and pressure ol metamorphisnr, but also on

tlte antount and partial prcssure of \r'irtcr rrnil other lolatiles. In ternts ol the lacies

principlc rve should be able to distinguish *,ater-deficient and r,r'ater-suflicient var-

iants oi the sarnc facies. For example, in rocks ol the greenschist facies the usual

calciunt aluntinosilicate is zoisite or epidote; horvever. in sonle tutlaceous gray\\iackes

that have suffered lorv-grade metarnorphisnr prehnite and calcium zeolites, minerals

ol sirnilar composition except lor a higher uater content, are found instead. Sirni-

larly, the amounl and partial pressure ol carbon dioxide have a marked effect on the

n'rineralogy ol rocks containing appreciable arnounts ol calciunr and magnesium. In
the amphibolite and granulite facies both r"'ollastonite and calcite plus quartz are

probably stablc, their occurrence being conditioned by the partial pressure ol carbon

dioride.
A notervorthy feature of Figure ll.8 is that thc reaction cur\res are all steeply

inclined to the temperature axis; in other u'ords. they trre nluch more strongll' ten.r-

perature-dependent than pressure-dependent. Such reactions are suitable for assess-

ing temperatures ol metamorphism but not lor assessing pressure. There is a notable

lack ol reactions that are strongly prcssure-dependent nnd can thus serve as geolog-

ical baronteters and indicators ol depth ol crlstallization. It is knou'n thc nragne-

sium-rich garncts characteristicalll,occur in rocks that are bclieved to have cr1'stal-

Iized at great depth, such as eclogites, but the dquilibrium relations of such garnets

are little knorvn. Diamond is probabll,a good geological barometer, but its restricted

occurrence limits its usefulness. Aluminum substitution in orthopyroxenes nt[] serve

as an indication ol pressure conditions, but the situation is con-rplicated if other

aluurinous rninerals are present in thc assenrblage. One relationship that is strongly

pressure-dependent is that betrveen kyanite and the other polymorphs ol AlrSiO5.

sillimanite and andalusite, kyanite having a densitl'about 3.6 and the other poly-

morphs about 3.2. Laboratorl, measurements conhrm that the cquilibriunt is strongly

pressure-dependent and that kyanite is the high-pfessure phase at lou' to mediunl

temperatures (Figure 1 i. I ). Aragonite, the high-pressure phase ol CaCO,. has bcen

found in jadeite-bearing ntetagrayrvackes of the Franciscan forntation in Calilornia.
Assuming a temperature of metamorphism ol 200', the minimum pressure of, for-

mction indicated b1'tlte presence ol jadcite is 5 kb; aragonite sould rcquirc a pres-

sure of 7 kb. Under hydrostatic conditions these pressures imply a minirnum depth

of metamorphism lor these rocks of 20 to 25 krn.

We are handicapped in our elucidation of the geochemistry ol metamorphism by

our lack of .knowledge ol the equilibrium conditions of many important metamorphic

reactions, especially those taking place at lorver grades. The significant reactions are

olten verl,complex. For example, one of the commonest reactions ol low-grade meta-

rnorphism is muscovite * chlorite : biotite, and the incoming of biotite is an impor-
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tant nrarker in nran'regions or progressive metamorphism. Ho*,er,er, rather thanbeing a direct conibination of nlur.oi'it. and chlolite it nrar.br'a rr-rction tct*ccimuscor-ire of one composition.and.chlorite to give-muscovi,; 
"i ^liff;renr composi-tion and biotite, or a reaction involving potaslir.eldspar. The ,.qr"nll-or reactions isshown in Figure l r.9. At.the rorver Gmperature biotite is rormed bv the reactionmicrocline * chlorite * biotite + *,hite mice * q,,".,.-+-H,o.;, highcr tcnr_peratures the ciiange in 

.muscovite conrposirion 
";i;.; orro,l.",uL., place. Thedecreasing field ol muscovite-prre ngite stabiritl' ,nly b: seen in the diagram. 

..,rf qr-glrgis the mineral name ror a musco'ite-t),pe mineral u,itrr a substitutior,'ot (Mg, Frer+)Si ior the AlAl in ideal nruscovire.
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Figure lI.9 Schematic AFM diagrams representing variations of
relations of garnet and cordierite in metapelites with
and pressure. A : AlrOr_ (KrO * NarO), F : FeO,
(Modified from Chinner, 1962.)
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Ivlost minerals ol metamorphicrocks are capable ol considerable variation in corn-
position throug! atomic substitution, and the stabilitl' of a mineral and its reactions
*'ith other minerals rvill be affected by' the nature and extent ol these substitutions.
For exzrmple, garnet in metamorphic rocks varies lrom iron-rich aln.randine in Iorv-
gradc schists to rnagnesiunr-rich p1'rope in high-grade eclogites and granulites. Sim-
ilarll', the anorthitc contcnt ol plagioclase incre.ises with increasing n.retamorphic
grade, as does the aluminurn contcnt ol hornblende.

It has long been recognized that the anorthite conte nt ol plagioclase in nretrrruor-
phic rocks olten increases rvith increasing degree of metamorphism. This is a reflec-
tion ol the independent role ol sodium and calcium in these rocks. Sodiurn is gen-
eralll' present almost entirely in the lorm oi the albitc component ol plagioclase,
whereas cillcium n-ray be present in a nunrber ol calcium aluminum silicates. In most
dynamically rnetamorphosed rocks of lorr'-grade. albite is associated rvith zoisite or
a mincral of the clinozoisite-epidote serics. As the degree ol metamorphism increases
the plagioclase becomes more calcic and the amount ol zoisite decreases. The zoisite
is converted to anorthite,'u,hich enters the plagioclase. The reaction can be repre-
sented by the equation

CarAlrSirO,, (OH) : 3CaAlrSirO, * CaO + HrO

This is certainly an oversimplification, but it shorvs that the reaction involves rvater,
and the equilibrium rvill be affected by the partial water-vapor pressure. If rve con-
sider the reaction to take place at some fixed \\'utcr-\'apor pressure, the relationship
bet*'een degree o[ metan]orphism and plagioclase composition can be represented
diagrammaticalll' (Figure 1 l.l0). The relationship is additionally complicated by the
peristerite unmixing in sodium-rich plagioclase (Chapter 5). Electron rnicroprobe
analyses have shorvn that plagioclase in rocks ol the grecnschist and epidote-amphib-
olite lacies is aln.rost pure albite (Ab,rr), rvhereas in rocks ol the amphibolite lacies
it is Ab,o or more calcic. This is illustrated in Figurc 11.10, rvhich sliows tliat albite
and zoisite (epidote) are in stable equilibriurn up to tenrperaturo t2. At this temper-
aturc the albite is entirely converted to plagioclasc oI corrposition Abro, provided

Figure I I.l0 Stability relations between zoisite (epi-

' dote) and plagioclase. (After Christie ,

: A'orJk Geol. Tidssk.39, 270, 1959)
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suftlcient calcium is available; insufilcient calcium results in tr nrixrure ot't*,o plagi<>
clascs, abcrtrt Abrn and Abro respectivell'. As the tcmperuture increases be'ond 1.. ilcalcium is still available. the plagioclase becomes progressivelv richcr in rhi an.,rthite -
con)ponent.

Translornlations ol the ty'pe discussed above can thus bc used as recorders ol the
conditions under rvhich melarnorphism took place . carelul stu<1y ol such transforrr-
tions, both in laboratory preparations and as revealed in metaniorphic rocks, ca.ctlntribute greatll'to a morc precise knorvledge ol the different f'acies an6 thcir
ntutual relationship.

METASOMA,TIStvt lN METAMORpHTSM

ln discussing the lacies principle wc ha'e considered metamorphic rocks as the end-
products of chemical reaction, the equilibrium assemblag" of *in".uls has beendeternlined by the conditions ol metamorphism and tie ultimate composition
attained by the rock in question. we have not been concerned rvith the possible
changes in composition that the rock ma;, have undcrgone during metamorphisn-r,
that is, ['hether metasomatism has ptayed a part. It remains to consider some ol the
problems posed bi' metasomatism, apart from the mode'of transportation ol the
metasomatizing substances, rvhich rvas discussed in a previotrs sectiln.

The reactions accompanying .retasomatism are gou..n.d, or course, by physico-
chenrical principles, ol rvhich the phase rule and the larv of mass action are the most
significant in this connection. Horvever, an additional rule has been lound to apply
to metasornatism: experience has shown that ntetasornatism usually takes place with-
out change ol total volume; that is, the metasomatized rock generally occupies the
satne volume as it did before rnetasomatism. This is highly signifrcant in that meta-
somatic reactions are not quantitatively represented by ih. co*entional simple equa_
tion, which merely balances equal weight ol material on the right and left sides,
respectivell', rvithout taking volume changes into account. Thus the serpentinization
ol olivine can be represented by the lollowing equations:

3MgrSiO,, + SiO, + 4I-lzO : 2HoMg,Si,On

oi

5MgrSiOo + 4H2O : 2l-loMg,Si,Oe + 4N{gO + SiO,

Ol these tu'o equations the second better approximates the conversion of olivine into
an equal 

'olume 
ol serpentine (assuming excess Mgo and sio, are removed in solu_

tion)^and may be expected to represent more closely the actual process. It is thus
unsafe to interpret metasomatism quantitatively in ierms of ,in-,pt" equations that
actually correspond to reactions involving markid charges of voluLe, although such
equations are useful for indicating qualitatively the generat direction in rvhich chem-
ical reaction may have proceeded.

Some instances oFmetasomatism have arready been mentioned, or which the for-
mation of dolomite by the action of magnesium-bearing solutions on carcite, dis-
cussed in chapter 6, is one. Many ore deposits seem to represent a metasomatism of
pre-existing rocks, the ore material having replaced them volume for volume. Meta-
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somiltisnr ver)' olten accompanies the late stages of magnratism. anany china clal'
deposits, such as those of Cornrvall, are evidgill)'the result of the n'retasomatic alter-
ation ol granite, rvhereby the feldspar is altered to kaolin Schematically

2KAlSi.O8 + 2HrO : Al,SizOs(Ol{).{ + K,O + 4SiO,

That the metasomatism takes placc volume lor volume is show'n b1' the ri'a;v in rvhich

the kaolin occurs as pseudomorphs after thc leldspar. Ultrabasic rocks are particu-
lar11, subject to ntetasomatism. Conversion to serpentine is the conttnonest lornt ol
alteration, but il calcium is present or introduced, assemblages such as actinolite-
chlorite nray form. At temperatures corresponding to the greenschist lacies CO, may
replace Sior, and talc-dolon-rite, dolomite-quartz, or magnesite-quartz rock may be

the ultimate products. Some ol the best-described examples of metasomatisnr are

those accompanyingore deposits, since they are often well exposed by mining oper-

ations and their interpretation is important for an undcrstanding ol the economic
geology. They were first described in connection rvith ore deposits in the strongly
metamorphosed PrecambIian of Sweden, and the S*'edish lerm skarn has become

a general term for such material. Extensive skarn masses generally surround iron
ores in limestones; the major skarn minerals are usualll' garnet (andradite), pyroxene
(hedenbergitc), and amphibole (actinolite and hornblende). Olten the source of the
metasomatizing solutions can be traced to neighboring intrusions of granite; some'

times the skarns are attributed to interchange of material betrveen the ore body and

the country rock during regional metamorphism.
An approach to the quantitative study of nretasomatic change has been developed

by Helgeson (1967) using cquilibrium and nonequilibrium thermodynamics. The
approach used may be illustrated using an activity diagram as shown in Figure 1 1.1 l.
Activity diagrams ol this type were devised by the geochemist Korzhinski and are

often called Korzhinski diagrams. Figure I l.l I illustrates the stable mineral phases

present in the systen'r MgO-KrO-Al2Or-SiOr-H,O at 300" C. Other diagrams
may be constructed to extend the systen'r to include CaO and NarO, and to approx-
imate sea rvater. Point I in the diagram represents the composition ol sea u'ater and

rnay be considered for this argument as typical of connate water in pelitic sediments.

The dashed lines illustrate the path ol chemical change as sea water reacts with K-
leldspar in a metamorphic system. Th9 initial reaction will be according to the

equa I ion

2KAlSijOo + SHrO + 5i\{g:' --- Mg,AlrSiroro(Oll)E+ 8ll' + 2K -r JSiO,
K-feldspar chlorite . .- quartz

As the reaction proceeds the pH ol the solution decreases until point B is reactred

rvhbre kaolinite begins to form along'rvith chlorite and quartz. With the simultaneous
formation ol chlorite and kaolinite the activity ratio of N{g2+/H* remains constant
but thc pH increases because H' is utilized in the lornration ol kaolinite.'At C

kaolinite reaots with K-leldspar to form.muscovite according.to the reaction

KAlSirOs + Al,Si2O5 (OH),, * KAl,Si,O,o (OH), + 2SiO, + H2O
K-feldspar kaolinite . muscovite quartz

:

(
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Figure I I.I 1 Activity diagrams depicting phase relations in the Salton Sea geothe:;.4i system at 300.c. Thesolid round s1'mbol represents the composition of the geothermal lormation fluid and the solidand open square synlbols al I and -/ respectively represent sea water (Garrels and Thompson,I 962) and lorver Colorado River water (Livingstonc, I 96 3 ). The dashed arrows and letter anno-tations are explained in thc text along rvith ihc baris lor piacing the phase boundaries in thepositions shos'n The activity olu'ater was taken as unity in constrJcting'these diagrarns. (Helge-son,1967)

When all the kdolinite is consumed the reaction mor"s nlong path CD to D rvhere
equilibrium has been established betu'een solution muscovite, iuartz,and K-feldspar.A calculation ol the net mass transfer ol material indicates the solution of 3.995 gK*/103 8 HrQ and the loss of r.244 gMg' * ll0'g Hro. rhur rirrrpt. equilibration
reaetions of mineral rvith sea water may make Ki available for subseqrent meta-somalic reactions as Hro solutions are driven fronr r.he pelires by mctamorphism. Inpredicting metamorphic reactions many alternative systems and paths exist andrequire some estimation ol terl)perature of metamorphism and the ease with which

The nature of metasomatic.reactions on a regional scale has been debated for along time. It. does appear that major elemental 
"hurg", 

take place by the action ol
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\\,ater solutions ancl hcnce rvill be nrost pronounced at lower tenlperaturcs ol meta-

- ntir.fhisil ,.rh.;'r:lr':- is a significent c(rrnponent. Elenrent migration at h[l{em-
pcratures becornes signilicant rvhcn the partial nielting ternperatures of n.retamorphic

rocks are rciiched.

ACCESSORY ELEMENTS IN NIETAMORPI.IIC ROCKS

\\/hereas considerablc data on tlte abundance and distribution ol ntinor and trace

elements are available for igneous rocks irnd, to a lesser e\tent, for sedimentarl'

rocks. corresponding inlormation for nletamorphic rocks is conspicuously scanty.

Varier.1, ol nictanrorphic rock t1,'pes and difficulties in making generaliz-ations con-

tribute to this lack of meaningful data. Likeu'ise nletamorphic minerals are most

olten not hornogcneous and sampling therefore dilhcult. For exarnple, many garnets

shorv significant zohing due to the low rate ol diflus'ion in then.r; only the outer rims

are in equilibriurn rvith the surrounding rocks. This has led to much speculation on

patterns ol trace element behavior and their possible geological significance in meta-

morphic terranes. For exarnplc, the occurrence ol tourmaline in schists derived from

sedimentary rocks has been cited as evidence for boron metasomatism from suppos-

edl1, deeper-lying granitc intrusions; horvever, since many marine clays show a nota-

ble enrichment in boron, this may be su{ficient to account for the tourmaline in many

schists. Theoretical considerations enable some predictions as to possible patterns o[
bchavior for certain clements. Strongly lithophile trace elements ma)' be expected to

follori, Goldschidt's rules lor incorporation in the crystal structures ol the corlmon

minerals ol nietenrorphic rocks. The greater varietl' of rnincrals and o[ conditions of

cr1'stallization in metamorphic rocks, compared t(r igneous rocks, rvill result in morc

complex relatioris. The greater possibilities of disorder in crystal lattices at higirer

temperatures suggest grcater tolerance lor loreign elemqnts in minerals lormed at

higher grades of metamorphism. For trace elements of chalcophile or rveakly litho-
phile character electronegativity and the concentration of sulhde ions are probably

more significant than ionic size in deterniining their ultimiite deposition.

Under ideal conditions the distribution ol accessory elements bstrveen metamor-

phic minerals is governed by therrnodlnamic paranieters. The regulaiities ol ther-

modynruric equilibrium allorv the potential .use of:trace elements as indicators of the

teniperatures nnd pressures ol metamorphic reactions. The distribution ol a trace'

clcnrcnt bctrvccn trro pheses is relctcd by the Ncrnst partition lau. ln iltc r-li.'ol
trace elements, which behave as dilute solutions, the relationship

X1K: 
X:

holds. K, the distribution coefficient, is a function of the concentration X'ol trace

elcment a in mincral phases A and B.

The distribution coefficient varies u,ith temperature according to the relations

/atnr\ at'
l_- | :-

\ 6P ), Rr(#), J11

RT'
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Studies by Kretz (1959) have shorvn sorle nretamorphic s-\.stenrs in *hich thcscrelationShip-s fit very niccll' and others in rvhich the nurnber ol 
'ariables is so srearthat significant conclusions concerning I and p are rnasked b, ;r;;;;ffi;",ariaLions' "l'he nlost uselul clistribution studics in metenrorphic systerns appear to bethose clf ox)'gen isotopes, and tenrperature estiu.urle, fo, ul"t.,rr*ptric lacies are gen-

erally based on such studies. -"'-.-'r-'

one of thc lelv in'cstigalions ol nrinor rrnd tracc clenrcnts in nrel:rnroi-phic rocks.lor which both geologicaland geochernical data are closell,controlled is that olsha*,(1954). He serected the Littreton rormation of New uanrpshire tor examination,because it is a series ol pelitic rocks that has undergone progressive regional rneta-morphism, and its present condition shorvs a transition lrom shales through increas-ingly metamorphosed rocks to sillimanite schists and gneisses. e*tyr", rvere madeof 63 samples of the formation, representing alt grades ir meramo.prrism. The resurtsof this extensive study shorved tiat the cincentration of nrost elements remainedconstant during the metamorphism. The onty detectable changes in trace elementswere a slight decrease. in nickel and copper and a rvell-dehnei increase in lithiumand lead, the latter being correlated witir some degree or potassium metasomatism.This rvork ol Sharv has general significance because it shor"s that a formation olfairly uniforrn composition retains the prirnary pattern ol minor and trace elementseven after extensive and intensive metamorphiim. Thus tn. p^tte.n or minor andtrace. ele,ents may be a useful guide to the charactei or tne original rock. Thisprinciple has been appried to the probrem or the originat 
""rr." Lr...t^in anrphib_olites. Nearly identical aniphiborites, consisting esscntiall;, o[ hornblende and plagio_clase' may evolve from skarnlike nretasomatism of caibonate sediments or lromessentially isochemical nretamorphism or gabbroic and dioritic rocks. In suchamphibolites the most satisfactory clue to tieir origin -uy li; i; their distinctiveinheritance of accessory elements. Dynamothermirr metamorphisn.r of gabbroic rocksdoes not generalll' remove the initiai concentrations ol such elerlents as chrornium,cobirlt, nickel, and copper; conversell,, amphibolites crerived t y irr" reprace,.rent ofmarbles tend to be deficient in these.elements and show higher concentrations olbariuhr and lead.

Under some circumstaices, howe'er,.it appears that appreciable changes in pat_tcrn ol acces.sor\ cicmrnts arc possiblc. D.Vur. i lS55) has nradc a large numbcr of 
-

anal-t'ses ol ths individual minerals extracted fron.r rocks of different motamorpSicfacies, and clairrrs that the replacenrent or one mineral assemblagc b1, another wiilbe acconlpanied by- a redistribution and fractionation of both maj"or and minor con_stituen_ts. For example, he suggests that the transformation o[ an epidote-amphiborite
facies hornblendite to a granulite facies. hornblendite could r"leasl large amounts ofcr' Ni, cu; and Mg,. and the reverse transrormation could rerease pb, zn,Ti, Mn,and Fe' His data indicate that a cubic kilometer of 

"piaot.-u,rrpiiuolite hornblenditechanging to granulite facies hornbl"noite couta release eight milrion tons crro,, fourmillion tons of Nio, and g00,000 tons of Cuo, and the rdverse transrormation courdrelease I I million tons Mno, 94 million tons Tior, g00,000 tons Zno, and 27,000tons.Pbo. This would provide an excelrent source of ore-forming elements, but noconvincihg n.rechanism for the extraction ol this material and its concentration into
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ore bodies has been proposed, nor have instances ol ore deposits lornred in this rvav

bcen described, Under r,hese circui:-rsi.inac.i lhi. ci,ncepi nlust L)e crrnsid-arcd as an

interesting speculation rather than an cstablished iact.

ULTRAMETAMORPHISM

Il the temperature continues to rise during metarnorphisrn, an)'roek lttust er.'enttralll'

melt. In this rvay a ntagma is gencratcd, and thc further geochcmical e'"'olution is no

longer part ol metamorphism. The regeneration of rnagma rvill not, ho*'ever, take

place at a definite temperature and pressure but over a range of temperatures and

pressures; the process niay not proceed to completion and nav be halted at, any stage.

N{ixed rocks are thereby formed rvith characters partaking of those of boi\ igneous

- and nretamorphic rocks.

The process can be looked upon as the reverse ol magrnatic cr1'stallization. In the

melting of rocks we may expect the first liquid lormed to resemble the last liquid
lraction of a magma and be rich in silica, soda, potash, alumina, and water. The
proaess ol differential lusion or anatexis can be conceived as beginning with the

' "srveating" ol the low-melting fraction lrom the main mass ol thc rock and its seg-

",- regation into lenses. In the'tight ol laboratory' u'ork on the cr1'stallization ol hydrous
' leldspar melts differential fusion of rocks may be expected to begin at ternperatures

of 600-700". Ilthe process ceases at this point. the lused material rvill crystallize as

an aggregate of quartz and leldspar as lenses riithin the more relractory rnaterial,
giving rise to the rock type that has been called venite, a particular varicty ol ntig-

n-ratite. A similar product could be lornred bi' the injection of the last fraction from

magrnatic cryst2llization betrveen the la1'ers of a solid rock (lit-par-lit injection); the

resulting rock has been called arterite to distinguish it from one lormcd by differ-

ential fusion. In the field it is olten diflicult to decide whether a migmatitc is an

arterite or a venite, and indeed both processes outlined above may have been active

at the tiure ol lormation.
Under conditions ol ultrametanrorphisrn thc regenerated magma will most likell'

be granitic, because ol the abundance ol quartz-feldspathic sedin-rents and the lou'er

melting temperatures of hydrous rocks with granitic con.rposition. Sor.rre granites may

rvell have been formed by the actual remelting ol material ol suitable composition.

Horvever, granites may also originaLe rvithout remelting. The rnineral association of
granite-quartz, potash feldspar, biotite and/or hornblende-is t1'pical of the

anrphibolite facies, and any bod1, of rock with a bulk composition corresponding to

that oi granite (or which is coverted thereto by metasomatism) recrystallizes to givc

this typical mineral association undcr conditions ol thdt facies. Generally, as a result

ol directed pressure during crystallization, the product is a gneiss, but, if directed

. pressure is weak or lacking, a normal granite may result. Thus granites may be pro-

duced in several ways: by the lractional crystallization ol a magma; b1' the crystal-

lization ol a melt produced by the differential fusion of a preexisting rock;. and by

the recrystallization rvithout fusion ol a preexisting rock. Any body of granite may

include rvithin it rgpresentatives of all these types of origin. Deciding the mode of

. formation ol a particular granite may require all the resources. field and laboratory,

ol a geologist, and even so, the answer may be equivocal. The volume'of discussion
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,

:

:

on the origin ol granite is an eloquent expression of the diflicLrlty. in detern-rining theboundarl' betrieen magmatic and metaniorylric processes in actual rocks.
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GEOCHEMICAL CYCLE
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THE EARTH AS A PHYSICOCHEMICAL SYSTEM

Geochemically, the earth ma1, be considered a closed system, as this terp is used in
physical chemistry. This concept can be criticized as an oversirnplification; lve have
seen that some material-n.reteorites and meteoritic dust-is continually being
received from outer space, and that some hydrogen and helium is being lost by escape
from the upper atmosphere. Nevertheless, these gains and losses are insignificant as
compared rvith the system as a whole. If our interpretation ol the geological record
is correct, the chemical processes taking place on thc surlace and rvithin the earth
have probably operated rvith a remarkablc dcgree of uniforntity for thc last 4000
-'Xrllr:Ti:ure 

of things rhe geochemist is mainly concerned with the surrace of rhe
earth, since it is the onll' part accessiblb to direct examination. In the discussion ol
the origin and structure- ol thc carth an ilttcnrpt was rnedc (o prcscnl a logicrrl
account ol the probable naturc of the inrcrior. Thc dlta on rvhiclr (his account urs
based are indirect, their interpretation speculativc. Hou,evcr, the general picture ol
a nickel-iron core, a mantle targely o[ magnesium-iron silicate, and a crust in which
oxygen, silicon, aluminum, iron, calciunr. magnesium. sodium, and potassium arc the
major constituents gives a con3istent interpretation of information gleaned fron-r
many independent sources-the study of meteorites, the physics and chemistry gl
the earth, seismological data, and so on. wc may therelore accept such a. picture as
a working hypothesis, realizing always that it is a hypothesis, but a well-buttressed
one.

One ol the lerv subjects upon which universal agreement seems to prevail is that
the earth was not created in its present state. The geochemical evidence supports the

313
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idea that its internal structure is probabll' the result of forces originating rvithin the

earth irscll. The earth is a svstcm riith considerable mass and thus exerls e gravi- -
tation:ll lorce on its o*,n components. The resulting gravitational field has affected

the distribution of material by concentrating the heavier phases toward the center

and the lightcr tou,aid thc surface. The rate ol such a gravitational differentiation
clearll' depends on the viscositl,. of the systcrri; it is more rapid in a gas than in a .

liquid. rnore rapid in a liquid than in a solid. The idea ol an earth at one time liquid
is attractive, lor it explains horv such gravitational diffcrentiation could take place

x,ithin a conrparatively short tirne. Geophysical data sustain the theory that the earth

has a lay'ered structure due to separation ol its material into shells of different den-

" sit1,. Goldschnridt termed this the prirnary'geochemical differentiation. It rvas a dif-

ferentiation due to gravity acting on a s)'stem in rvhich iron, oxygen, magnesium,

. and silicon were the major components. Iron rvas the principal component, and the

distribution ol the elements between a nretallic core and a silicate mantle was con-

trolled by their oxidation potentiaI with respect to that of iron. Elements more readily

oxidized than iron concentrated in the n'rantle; the others alloyed with iron to lorm
thc core. Hence the late ol an element in this prirnary geochemical differentiation is

in effect a reflection ol the number and arrangement o[ its orbital electrons. Those

elemcnts lorming ions rvith a noble gas structure rvent into the silicate phase; the

transition elemcnts, on the other hand, concentrated in the metatlic core or in a sul-

. fide phase.

THE CRUST AS A SEPARATE SYSTEM

The separation of crust, mantle, and core enables us to consider the outer part of the.
e'arth as a distinct physicochernical system. The concepts of global tectonics indicate

that the crust interacts rvith a portion ol the upper mantle. Seismic evidence shows

' that the trsthenosphere in the depth range ol 75-250 km is plastic or partially molten.

This plastic region allorvs the movement of lithospheric plates. Since this region is

partially ntolten it may chemicalll, interact rvith layers above it, especially at diver-

gent or convergent plate rnargins. At divergent margins new material is added to the

earth's surlace. At convergent nlargins subduction of surface materials into the man-
. tle allows them to be melted or mobilized and recycled to the earth's surface (Figure

' 12.1). The mifration of material rvithin the crust and upper mantle can then bc

discussed as an independcnt phenomenon; it is partly mechanical, brought about by.

orogenic movemcnts or grai,itational forces, and partly chemical. Mechanical move-

ents belong in the field of geology. Geochemistry is concerned with the migration

of the elements under the influence ol physicochemical forces. This migration has

been discussed in terms of the processes of magmatism, sedimentation, and meta-

.. morphism. We have seen that the fate of an element during magmatic crystallization

is primarily a lunction ol its ionic size. A particular element appears in those min-

erals in the lattices-of which it fits most readily and with the greatest decrease of free

energy. The distribution of the elements by ionic size in this way rvas described by

Goldschmidt as the secondary geochemical differentiation. Magmatic crystallization

also adds important amounts ol a few elements to the atmosphere and hydrosphere.
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. Figure l2.l Schematib niodel ol major long-ternr geo-
chemical processes at the earth's surlace.

The processes of sedin'rentation can be looked upon as lcading to a f'urther degree
ol geochenrical differentiation. The temperature and pressure conclitions at the
earth's surface that permit a hydrosphere to exist provide a chemical environment in
which extensive diffcrentiation may take piace. Scdimentary and hydrospheric pro-
cesses provide the nlechanism for major geochcmical difFerentiation processes. At the
comparativcll lorv tempcra(urc ol scdiincntary processes jonic substitution in min-
erals is much less prontinent, although still significant. Coprecipitation under a par-
ticular set of physicocherrical conditions is, however, an inrportant lvay in rvhich
certain elements become associated in specific types of sediment. The controiling
factors are those pertaining to the properties ol ions in aqueous solutions, and the
ionic potential is of primary importance. Geochemical differentiation during sedi-
mentation is therefore governed in large part by interrelationship bgtween ionic
radius and ionic charge.

Sedimentation also involves an interaction of the hydrospherc and the atmosphcre
with the lithosphere. Water and carbon'dioxide influence the weathering ol iocks
and minerals and provide the buffer system lor plJ in the hydrosphere. A sclernatic
diagram illustrating the interaction ol hydrosphere, atmosphere, and sediments-the

Atnrospherg

H yrl rosp neri

LouJer N,lantle
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exogenic c),cle-is shoq,n in Irigure 12.2. \\'ater and carbon dioxide are incorporatcd

into sedinrentarl, nrinerals, soluble ions (especially Na+) are contributed to the

hydrosphere, and SiO, is liberated.
. Processes involving living organisnls are intimately associated rvith sedin-rentation

but can be considered separately, and these processes are e\ren n.lore closely linked

rvith the hydrosphere and the atmosphere. We have seen horv photosynthesis has

probabll, bcen largely responsible lor the presenl composition of the atmosphere and

how thc balance ol dissolved material in the ocean is largety a lunction ol the organic

lile therein. Thus in the biosphere a further geochemical differentiation takes place

through the metabolic action of organisms.

The series ol chan[es so lar discussed has led on the rvhole to an increasing degree

of geochemical differentiation. This tendency is reversed by metamorphism. In gen-

eral, metamorphism tends torvard unilormity of distribution of tlie elements. One

can visualize unlimited metamorphisn-r as resulting in an ideal condition in which the

whole lithosphere reaches a unilorm composition. Jhis may seem an exaggerated

view, but that such a tendency exists is evidenced by the comparatively monotonous

chen-rical and nrineralogical composition of ancient geological formations. Compared

rvith the chemicalty diverse rock types of younger ages, the Archaean is dominantly

(cH, o)"

Soluble SiO,

CaCO. -silicates

sio?
silicates 5\021

Sedimentary rocks

Silicates

Li m estone

E vapo ri tes

C hert

C

I;igure 12.2 Exogenic or surface geochenlical cycle
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Figure l2.j
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nlade u.p ol gneisses ol rel,tive unil'ormit-\'. protrabl-v due in con.sidc:rrrblc tlegi-ec. trri.rng-cortti nucd rnera rltrrphic a nd nrctas,,nra r',t i-circt luns.
Thus in the beginning the relative abrnd"n.". ol the elenrents \r.erc rieterr,inedb1'the stabilitl'of their isotopes, thar is, rr1:rh. nrn.,b.. ol.n.rt.Jns and protons inthe nucleus and the binding.energ):. The processes b1,r'hich the eart, *.as f.rrnedied to a first sep.ration or erenieii. o..oroing to their volatilitl, or abiriti ro fornrvolatile conlpounds: the ear.th is cvidentlf inrfoverished in the rnore 

'olalile clcrne nisand conpourds in cornparison rvith the-uni'erse as a rvhole. -ftie 
separation ol.tlreearth into an iron core and a siricate nrantre anrr crust resuited in o ,,ro,.,g fraction_ation ol the erernents according to their ru-,uit1, ror rnetarlic iron oi ror silicate; thislractionation u'as controiled bf the nurnu., ona arrangelnent or tt 
" 

ort.. erectrons.The next step in the e'orution of the earth iru, ,t. soliiification oin,untr. and crust,ivhich led to a further fractionation, ttris time determined rargery by the rore or thedifferent elemenrs in liquid = crystal .qriiit .ru The major 
"ont.oiting ractor wasionic size. During georogicar ti-. 

"onria".ult. r.o"tio""ii", 
"i-iir. elemcnrs hastaken place at the carth's surface as a result oi r.aim"ntory processes, the fate or anelement under these conditions is rargerl. o ,r-,u,r.. of its. ionic potential, the ratio or

]:'I ::r" 
ro ionic charge. The ab.ol,it"'ub,.nJnn.. or an elemenr is conditioned bvrts nuctear srrucrure; its abuhdance in a particula;;r;; ;il;;;,;;;.. 

";;i;;J".;ilis conditioned by more superficiar atomic characters, such as the nur,ber andarrangement of the orbital erectrons, and the size or the atom o.-ior.irr" geochenr_ical behavior of each eremcnt depends on its individual propertie, under the ph_r,si-cochemical conditions at each stage in the geochemical c1,clg. Figure 12.3 suntnra_
:11::,1T 

varlfng phvsicochemicJ conditicins under *,hich principar geochen.ric.ireactlons now lake placc.
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THE GEOCHEMICAT. CYCLE

fnis overatt picture of the migration ol the elentents in the outer part of the carth

provides us rvith the concept ol the geochernical cy'cle (Figure 12.4). In the litlio-

sphere the geochemical cycle begins with the initial crystallization of a nragma, pro-

ceeds through the alteration and rveathering ol thc igneotts rock and the transpor-

tation and deposition ol the material thris produced, and continues through

diagenesis and lithilication to metanrorphisn'r ol successively higher grade until even-

tu"ily, t y anatexis and palingcnesis, magma is regenerated. Like anf ideal cvcle, the

geochemical cycle may not be realized in practice; at some stage it may be indefi-

nitely halted or siiort-circuited or its direction reversed. Tlte geochenrical cy'cle is not

closed, either materially or energeticalll*. It receives "prirnary" magma lrom belorv

bringing energy with it in the lorm ol heat. The surface receives an insignilicant

, contiibution of meteoritic matter, which nevertheless is detectable in deep-sea depos-

its rvhere the rate of sedimentation is very lorv. The surface receives energy frorn

. outside the earth in the form of solar radiation, nearly all ol which is, horvever, re-

radiated into sPace.

PrimarY malertal

Figure 12.4 ' The geochemical cycle .
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I-ong-term chances in eithcr thc ch.nristr).or nrass ola unit or component in thcgeochenrical cvcle are [..now'n as securar changes; thcsc include changes in the che nr_istrl' rrlass' or iloiopic conrposition ol.the coirtincrrs.s rhcl .r.,lr.iuring grolrsictimes A rl]ajor quest olgeochernistry is to determinc u,hether thc contincntal rnassesare increasing in mass and il so horv. one suggestion has been thar andesitic magnraslormed decp in the nrantre arong subductinfitot., at contincntal margins are addedto the conlinental nlasses. Such andesitic rocls witlr.intc'rrrediate rock conrposrtions
approxinratc the o'erall con'rposition or the upper continentar crust.

A consideration or the geochemical c1,cle ol: indi'idual cl,:ii;ents or group5 el- glg-
ments indicates that three main cycre types ma1' be possible ro,. an .i.*"n, i, ir,.earth's surface' In an ideal cy'cle neitherih. nlos ola component nor its compositionivill change over geologic tin-re. The cycle u,ill be in a steady, state rvith rates ol infiuxand efllux nlatching. Il material of different chemical co,nposition is added to orremoved lrom a cycle, it is possible that the cycle cannot return to its initial condi-tion' Examples ol such changes rvould be the slorv addition of nerv magmatic materialf,rom the mantle to the crust or the addition of oxygen to tt" atmosihere. Materialcould also be added to or subtracted lrom the cycle without changlng the overallchenlical composition of the migrating material but changing i,r 

"ruir. 
variations inthe biomass with time could be an example of such a cr,ang.. Il a chemical changc ;takes place, the cycle is said to have a secular chemical .;#p*"",, *iereas il only .,mass change takes place, the cycle has a secular nonchefiical 

"o.npon"rr.The geochemical cycle provides a useful concept as a basis for the discussion ofmany aspects ol geochcmistrl,, particularly the course followed b1, a specific e len.renttn proceeding through the different stages. A complete understanding of-the c1.cle interms of the individual elements is one ol the main objectives of gelchemistry. Anelement may tend to concentrate in a certain type of deiosit ,t ,oni stage, or ii ma),remain- dispersed throughout the entire cyct". Tt," geochemical cycle of a le*, ele-ments has been worked out in considerable detail, but for rnuny ir. knorvledge islragrnentary.
In developing a geochemical cyclc lor a specific element it is important to remem-ber that to balance thc cycle not only are concentrations of the elentent in an indi-vidual conlponent rcquircd but the iate ol change or residence time is of critical

r nterest.

THE HUMAI.I INFLUENCi OTV THE GEOCHEMICAL CYCLE

In the course of human activities, particularly since the industrial revolution, pertur-
bations.in the natural geochemicai cycles of some elements have developed. sfrr. orthe additions are simply greater contributions of compounds that have been in thenatural geochemical cycles, whereas some are nerv materials produced by indu.strial
processes' Abnormal fluxes of materials that cannot be accommodated by the geo-

- logic environment or produce undesirable effects in the biosphere are knorvn as pol-lutants. welFknorvn pollutants include organo-niercrry 
"";;;;;;s, ieriuea fromindustrial products such as fungicides in ri"rers, lead from gasoline, smog in urban

areas, sullur oxides near smelters, and agriculturaI nitrates and insecticides. Figure
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l'able l2'1 Prinrarl' P.llutant Sources and r\mourrs (Nf iilio,s or ronsT,vcar). r9(rg

\\'cighr ol Pollutant Produccd
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Pollutant Source CO NO, I]C SO, Pa rt

fotal \\'eisirt
ol Pdllutant
Produced b1,

Ezrch Source
'[ ransportation
Fuel combustion

(siationarv sourccs)
lndustrial processcs
Solid waste disposal
Miscellaneous
Total rve ight of each

pollutant produced

6,1 13

I9
8r

I00
16 6

o1

1.6
16
8.5

3 2.0

905
.+,-. 9

29. .l

lt.l
3 7.3

li r 1

0.E
)t,

1)
0. I
0.6

l l.2

0,1
0.6
t.7

20.6

i.l
E,9

7.__s

I.l
9.6

281

91
7.8

l(r 9
100.t

Adapted fronr U.S. Dept. of t{ealth, Education, and Wellare, i\tationwide lnt,entor),of Air pollutant
Eni.ssions* 1968. p. 3.

12.5 illustrates schematicalry,the conplex path oi rraterials and energy through an
urban environment. Equally important are sources ol agricultural poltuiion, and pol-
lution duc lo ntilting acti\ it).

other than direct poisoning ol water systems bv contaminants such as mercur),or
lead, most pollution problenis are due to the slou' addition ol materials to the atmo-
sphere or hydrosphcre. S*,e ral ol these additions, such as the increased Co, contri-
bution to thc atrnosphcre, hitve becn mentioned in eirrliei chapters.

Fivc t1'pes of prin]arl' pollutants account for over 9Oo/o of air pollution. Tlie sources
of these pollutants_.carbort nronoxide. nitrogen oxides, hydrocarbons, sull'ur oxicles,
and particulates-are gircn in Table 12.1. Evaluation of ihese pollutants in ternrs of
relative rveighting lactor or toxicitf indicates that particulates are more dangerous
than CO by a factor of about 100. Relative toxicities are estimated to increase in the
order co, h1'drocarbons, sulfur oxidcs, nitrogen oxides, particulates. water pollu-
tants ol geochenrical interc:st include oxygen-dernanding rvastes, plant nutrients,
organic cornpounds. inorganic chernicals including radioactive ,ot"ii^lr, sedin-rents,
and heat energ),.

The addition of ox1'gcn-demaniling wastes can changc the redox conditions of nat-
ural rvater s)'ste nls- antl cuuse anaerobic microorganisms to replace aerobic micro-
o-rganisrrs. An immediate result ol such a change rvill be the production o[ HrS in
these rvaters instead of sullate sulfur. The addition of excess plant nutrients, thsretry
increasing a lake's lertility, may produce the same eft'ect. Eutrophication of a lake
takes place by the accumulation ol aquatic grow,th to the point where a lake is
clogged with vegetatisn, or decaying vegetation uses up the available oxygen faster
than it can be replenished. A commonly reported measure of the conc#ration of
such- rvastes in rvater is the biological oxygen demand or BoD. In a water sample the
BOD indicatds the amount ol dissolv.i o^yg"n required for the oxidation of these
oxygen-demanding rvastes. A BoD of I ppm is chiracteristic of normally pure rvater.
Local pollution by industrial processes, especially the food industry, may increase the
BOD as high as 10,000 ppm.

Inorganic u'ater pollutants may include inorganic salts and mineral acids produced
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by 6atural processes, as rvell as mining and manufacturing activities' Of particular

geo.-l-r''-,,cat in'.erest is acid mine drainage. Nlling activity that exposes sulflde-bear-

ing rock ro the atmosphere allox,s *,c.atheriirg [o add significant concentrations of

suifuric acid and soluble compounds ol iron to streams, especially in coal-mining

areas. These substances are produced by the oxidation of FeSr, in part perhaps with

thc intcrection of baclcrir.
Interesting studies ol modeling ol geochemical cycles have been made by Garrels

and corvorkers. Their model ol the geocheinical cycle of phosphorus shorvs the elTect

1
300 m

I

I

1
30000 nr

I

Figure 12.6 Global cycle of.phosphorus (fluxes and

tons P-units of 10r'g).

of metric

Sedimeits
4 X 10e

rescrvoir masses in millions
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ENERGY CHANGES IN TI"IE GEOCHEMICAL CYCLE

of'real and thcoretieal changes on the cvcle. phosphorus is ol interest because ol itsuse as an inorganic lertilizer itnd its role in the euirophicati,,n ui r*"r.rr. .\ddition t.- t[e geocher,icirr cycle n.ra1, b" estrrnai"d Lry the ,..oid, oi rr.,. rnJurtrial productionol phosphates, and since phosphorus do., -t enter the atmosphere 
'ia r.,olatile conr-pounds. tlrc cycrc is eusier ro nrodci rrrln nitrogcn o, 

".rbon'.;;;rr. r2.{r shori.s a1975 estimate or thc rese^,oirs and fruxes or phosphorur. rr,. r.r..tion or rescrvoirand flux varues is complicatedancr niay van,,"vith individual ,tua;.r, but it is essentialfor modeling studies that the flr.^ ,rl"s i. ihe c-vcic arc balanced,'i ir.; ridditi.rn l.ronrthe minable priosplrorus is not included in the barance. In order to e'alua.e a per_turbation in the c1'cle it is intporta.t to know that a flux o, .r,. oi reaction is directivproportional to the size ola reservoir ilthe reaction loilorvs first-order reaction kinet-ics Thus the rate constant for the flux lro.r the ocean surface io o."rni. biota rvillbe0'384 x l0r2 glyr and rhe return flux1.23.2 x to,,g7yr.-ii,; 
"" exampre, therate of photosynthesis u.ere to decrease by lTVo Ui, , i"Ouction in incident solarenergy' the readjusted fluxes and reservoir masses could be calculated by utirizingrate constants and the.fixed total phosphorus in the total .u.iu.. .....voir. The nervsteadl'51316 mass or phosphorus in th" o."un.surface u,ourd be approximately 2g90x l0r2 g and the ocean biota 134 x l0r2 g. rn" photosynthesi, n,li rroura onry dropto l0l I x rOr'? gplyr due to the increasJin ocean surrace mass. r.he massive deepocean reservoir and the,upwelling-of phosphorus to the ocean surface act to bufferthe system against rapid ihange 

-rn 
ryrt"r", with smaller ..r..ror., such as a lake,natural or arrificiar perrurbarion, *ov 
"urr. 

."r",ir"i,,,li.o;;;;;;;., in rhe narurarcycles ol elements. - .
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we ha'e been considering the geochemical cycre in terms or the material changesthat take place during the vario]rs p.o""rr.r. Equail1, significant, ir ress studied andless rvell understood, arc the 
"r..gi,'.t.,nng"r-au.ing ,ir. {,.[-c"ochemical processesoperate onll' because or a flo*, or energ1,i.on., o trigtrer ,o o ro*", f"tenrial cir inten-sity;'hence energ!' is no less importanitha, matter in the geochemical c1,cle.The earth cannot be considerld a closed s),stem in terms orenergy, since it recei'esa large amount of heat lrom the tun in tt 

" 
rorm olsolar radiation]in an overall viervrvc should consider thc u'hole ,niu".r" ui 

" 
,ingl" ,yrr.. ttrnt ir-pr.*rabr1' undcrgo-ing a spontaneous decrc.ase in rrec energlr ona un increase in entropy, as prescribedb1' the second raw of therrnodynami;;:;;*,.""r, we can dear rvirh the principaraspects of the geochemical cycre in terms oithe sora*yr,"., ,rn.. the rorces acting' on rhe earrh and rhe bnerg1,l, r...iu.r.re primarirl. ,i. ;;;;r,';; its rcrationship rothe sun' within this limited system tt 

" 
ou".itl development i.s also toward a decreasein lree energy and an increase.in 

lnt.opy Tir. ferv apparent exceptions, such as theaccumulation .of flree energy in deposiis of coal and oil, represent a decrease inentropy at the expense or itre ,un and ,rr:n-,"."ty minor fluituations in a generartrend torvard a state of higher entropy.
Major sources or energy in the gftchemical cycle may be considered under thelollowing headings: (a) sorar radiatio:n; (i) n-,..t uni"ar energy, potenrial and kinetic:
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(c) reaction energ)'; (d) nuclear energ),; ilnd 1c) hcat contcnt of thc earth. 'I'ransfor-

matLon ol thesc-.jiorm5 6l energl ir the comrrol 6!31,-rp1in3[1'rr ol all gei.chenlical pro-

cesses and reactions.
Solar radiation is, o[ coursc. the product ol nuclcar reactions rvhereby h1'drogen

is converted to helium in the sun. Thc sun radiates energy in all directions and only

a verl srnall proportion, about 5 x l0 f, intpi.nges on the earth; about half oi this

is reflected back into space b1, the atnrosphere. The average solar radiaticln recei"'cd

at the elirth's surlace is 4.2 X l0 r call(cmr)(scc), or about 6750 X l0r0 cal

annually lor the rvhole carth. It has been estimated tlrat 0. l% is utilized bi' photo-

s),nthesis ol plants, terrestrial and marine, about I 57o is absorbed by' the earth, and

the re mainder is used to evaporate rvater lrom the h1'drosphere. Solar energy is tlius

essential to the cycle ol changes involving the interaction ol the hi'drosphere, the

biosphere, the atmosphere, and the crus1.

Through the evaporation ol water frorn the hl"drosphere solar radiation is con-

verted into mechanical energy. Water vapor in the atn.rosphere has potential energy,

which in turn is transformed into the kinctic energy ol rain and running water, the

source of most of the energy driving erosion and sedimentation. This kinetic energy

is utilized in part in moving solid material dorvnhill. A pound ol quartz moved lrom

tlre top of Pikes Peak to"Se delta ol the N'tississippi River loses about 14,000 foot-

poilncls ol energy; its orilinal potential energy is converted into kinetic energy and

eventually into heat. The reduction of a mountain range to a peneplain is largely the

rvork of running water and transforms the energl' stored in its uplift into heat. Within

a contparatively short period of tinre, geologicalll speaking, erosion rvould reduce the

rvhole land surface to a monotonous lorv-lf ing plain, rvere it not lor diastrophisrn,

rvhich crcates mountains about as last as the-r' are destroyed. The uptilt requires a

considerable expenditure o[ energ\'. The average elevation of the continents is about

800 meters; to maintain tliis average elevation against erosion requires an output of

l0r?- l0r8 cal/1'car.
Another source of mechanical energy is the kinetic energy ol the earth's rotation.

A portion ol this energy appears as rvinds irnd tides. To be sure, tides are brought

about by the gravitational effect ol the nroon and, to a lesser extent, the suni but the

energy dissipated comes lrom the kinetic energy oi the earth and not lrom these

extraterrestrial bodies. The effect of these tides is ihe slowing-down of'the earth's

rotationbyaboutone secondin 1000 1,ears.Thckineticenergyoltheearth'srotation
has important geological implications, lor it acts to maintain the earth's figure

against all lorcei that tend to deform it.
Reaction energy covers all changes o[ state, physical and chernical, and is the forrn

most immediately associated with the geochemical cycle, beeause every geochen-ricai

process involves such changes. From Le Chdtelier's principle we can predict that

ieactions taking place under conditions ol falling temperature, such as the crystal-

lization ol magma, will be exothermic; reactions taking place under conditions ol

increasing temperature, such as progressil'e metamorphism, will be endothermic.

Reactions involving change of state, such as the melting of solid material and poly-

morphic transflormations, are accompanied by important energy changes, and are

probably significant in the overall energy balance rvithin the ciust and the mantle.
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Table 12.2 ltadioactive Hear Fro<juction in Tl.pical RoeJrs

Conecst++{ion
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LIeat Production

UThK
(ppm) (ppnr) (percenr) cal/(gXl0o vr)

G ranitic
Interrncdiatc
Ilasri Il ic
Pcridotite/

d un ite

.1

1.1

u. -t
0 01

l6
1

0.04

l,t
)
0.9
0.001

8

t-
0,01

-) -1

1.1

:i

001

. We-havc already seen that solar radiation is the product of nuclear reactiorrs inthe suh Nuclear reactions in the earth-the spontaneous disintegration ol radioac-tive atorns-have been or prirne importance throughout the earti,s history. Radio_active decay converts mass [o energy, and nearl-r, itt tr,. .r.rg, opp""rs as heat inthe immediate neighborhood or the source. The isotopes or in.,iortance ror heat gen_eration in the earth are "rLJ, 2r5u, 23:Th, and o.K.'rarrre rz-.i glu:.r ron.," typicarfigures lor radioactiveelenlents in selected rock t1'pes, together rvith calculated ratesol heat production. These figures are based on averages of nunrerous anarl.ses; horv-e'er, the indi'idual .naryses shorv a considerable'aiiation, and the sarrpling prob_lem il'hen dealing *ith ura,iurn and thorium. prcsent in a ferv parts ller rnillion.associated rvith nrinor mineral constitucnts and irregularll,distributed. is a lormi-dable one. N$,crtheless, thc rcsults shou, quite clearll, tlie nrarked concentration olthe radioacti'c elerncnts in the silica-rich rocks ol'.the continenl.l crusr.
The figures in Table r2.2 are based on the arnounts or uranium, thclriu.r, andpotassiurn in the rocks at the present time. The present amounts ol tlic radioactive

isotopes are smaller than those that existed in the past, and for calculations dealingri'ith the *'hole liletime of the earrh it is important to take the decay inro account.The rate o1'heat protluction at a tinte ,1,"u., ago \\,as 
"^, 

,i,-.r., ,i.:fr"r.n, rate, f.ora given present quantitl' ol an isotopp ru,iih disintegration constant tr. Thc ratio ol thetotal heat producetJ o'er a timc,/, ailoiving for the decay, to the anrount that rvouldhave been produced in the same time ir ti,. p."r"nt quantity had been const:rnr., is
1c\1 - l;Xr.

J'ablc ll.2 includus rlrc calculatcd totrl
X l0e y,ears ago. These figures point up the
ogenic heat in tlre errll ;reriod of thc earth's
heat rvas contributed b) ooK.

. The heat content of .the earth is due to the thermal vihration of its constituent
atoms' The internal heat ol the carth is enornrous, but much of it is essentially staticand plays no part in the geochemicar cycle at and near the surrace. Therrnal energyis translerred ro rhe srirrace b1, conduction and b), ign;;;"iri,r, mush of trriseirergy is generatcd rvithin the crusr b5, radioactiviti. irr. ""i,;^;;;;i crusr averagesabout 35 km thick. A 35 km column olgranite rvith r cmr 

"rorr 
r".iion has a 

'olumeol 3.5 X l0' cm2 and a mass or 9.4 X iou g. th" heat generation, from .I.able 
r 2. l,

heat gencration 1br each rock type 4 5
signilicantly greater production ol radi_
history: A.major proportion ol the earl1,
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would tl)us amount to 75 cal/(crnr)(year), or approxinrately 2 X l0 u cal/
(cnir)(sec).. Thc ar.er4ge output ol heat.bv conduclion is rbt',ut I I Y l{)-' ..ll '

lcmr)(sec). or roughll, 3 x l0r0 cal/year lor thc \\,hole etrrth. A granitic crust -15 knr

thick ivould thus supply rnore heat than is actualll' escaping at the surface, even

rvithout allorvance either for original heat or lor radiogenic heat liberated in the

underlr ing uriintle rtnd corc.

Precise estimates ol the heat brought to the surface bl igneous activitl'are dillcult
to ntake. Verhoogen (1960) estirttated tliai aliout 3 X 10r5 g ol lava rrre erupisrJ

annualll,, giving off some 400 cal/g during cooling arrd solidification, that is, a total

of about l0rs ca[. -t.{ot all magnta reaches thc surface; erosion reveals igneous rocks

ol all ages that havc been intruded in the liquid state and have cooled rvithin the

crust. In addition, volcanic heat is also carried to the surlace bl thermal springs. The

total amount ol heat contributed by igneous activiti'is thus of the ordcr of i0'8-l0re
calf year. Although the contribution of a single volcano may be spectacular, the total

heat transferred by igneous activity is only a small fraction ol that due to conduction.

The average energy released annually by earthquakes has been estimated to be about

1025 ergs, or 0.24 X 1018 cal, also a minute fraction of the heat escaping by

conduction.
In terms ol the geochemical'cy,cle the uprvard nlovement ol magnta brings rvith it

a certain amount of cnergy.Ourknorvledge of the thermal gradient rvithin the earth

indicates tliat temperatures within the crust and rnantle are on the average rvell

belotv the tenrperature of mclting of the rnaterial at anv specified depth. The thermal

energy of the earth (including that produced b1' radioactivity) provides an ample

source ol heat; the problem is to find sorne mechanism that rvill cause melting at

local "hot spots," the centers of igneous activity. Igneous activity is a'small-scalg,

local phenon'renon in relation to the carth as a u'hole, and it is concentrated along

zones of general tectonic activity, especialll, the margin of the Pacihc Ocean and

along midocean ridges. In many places igneous activitf is related to deep-seated frac-

tures; these fractures may act as cltannels for gases carrying heat from greater

depths, and rnovements on such fractures ivill disturb the balance betwcen temper-

ature and pressure on eithcr side. Such mechanisnrs n'ray produce magma, u'hich by

virtue ol its lower density than the surrounding solid material tends to rise into the

higher and cooler parts of the crust. The thermal energy of the magma is dissipated

to the surroundings during cooling anC solidification. The kinetic energy of the atoms

or ions decreases as the temperature falls; their potential energy also diminishes rvhe n

the1, are arranged in an orderly lashion in a crystal lattice. At the next stage of the

cycle, erosion and sedimentation reduce the material on which they work to a lower

energy state. Erosion moves material with the aid ol gravitational forces, and a loss

of ,potentiai energy results. The chemical reactions accompanying rveathering are

spontaneous and usually irreversible and lead to a decrease in free energy. The onll'
spontaneous process at the earth's surface resulting in an increase of free energy is

the conversion ol carbon dioxide and water to complex organic compounds by pla.nts

utilizing solar radiation. The general trend is reversed during metamorphism, when

thermal and gravitational energy is converted into chemical energy by endothermic

reactions and the formation of compounds of higher density. A sufficient increase in

5

r.i

...."..':*.:<.
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.:'l,l:..li:'I"",:]i,;:[i:il*l,i:[,TTfJ,::,:T".;:;l';:,il:::Ji.;::1,#:"J;
* Inelt"'\ ni3gm3 is therebl regenerated, andihe c1'cle is .o,npt.G-. n-qr""iiri'r.' balance sheet for the cnergy change during the geocheurical cy,cle cannot 1,et bedra$'n up, no more than a quantitative batancesheet for the mateiial changes. [{orv-ever' it does appear that rnuch ol the energy of the geochemical c1,cle is contributed' br thc disintcgration o[ rarlir,acti'e .I.n.,.n], ','i,;i;;;;;.;,;;;i; luppte mentedbv sontc of thc eaitlt.s internal hcat.
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