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Preface 

This book has developed fronl a course of lectures originally given 
at Canterbury University College, a constituent college of the Uni
versity of New Zealand, and later at Indiana University and Columbia 
University. These lectures have been directed not only at geology 
students but also at students in othel' sciences, especially chemist1Y. 
The aim has been to summarize the significant facts and ideas con
cerning the chemistry of the earth and to synthesi'Ze these data into a 
coherent account of the physical and chemical evolution of the earth. 
Such an aim is fraught with difficulties, difficulties of collecting and 
evalua.ting information from many fields, difficulties of interpretation 
and correlation of apparently unrelated phenomena, and finally diffi
culties of presentation of the material in a logical manner. The 
presentation followed in this book is adopted fairly closely from a 
one-semester course of the same title. 

The book begIns with a chapter describing the scope and subject 
matter of geochemistry and giving a brief account of its development. 
The next chapter deals \vith the earth as a planet and its relationship' 
to the solar system and 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 abundance of the elements and isotopes, both 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 probable pre
geological history of the earth. The aim of these first chapters is to 
provide a backgTound for the remainder of the book, ,vhich is COll

cerned with materials and processes at and near the surface of the 
earth. Since geochemistry is to a large extent the application of physi
cochemical principles to processes on and within the earth, some ac
count of these principles is given in the following chapter, with special 
reference to the chemistry of the solid state. The geochemistry of 
igneous l'ocks is then dealt with, followed by a chapter on sedimenta-
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vi PREFACE 

riOll and sedimentary rocks. The following chapters deal in turn w~th 
the geochemistry of the hydrosphere, the atmosphere, and the blO
sphere. The geochemistry of the hydrosphere is essentjal~y the geo
chemistry of sea water and poses such fundamental queSt.lOns as the 
mode of origin and evolution of the ocean. The geochcll1Jstry of the 
atmosphere is concerned \vith 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 of organisms in the concentration and deposi
tioll of individual elements. Then follows a chapter 011 metamorphism 
and metamorphic rocks, and the final chapter is a brief summary and 
synthesis ill terms of the geochemical cycle. 

Throughout this book temperatures afC expressed ill degrees Celsjl1s, 
unless otherwise stated j tons arc metric tons (1000 kg). 

The emphasis throughout is on interpretation rather than descrip
tion, on what is yet to be learned as well as what is already known. 
It is assumed that the reader is conversant with the fundamental con
cepts of geology and the principles of physics and chemistry and is 
familiar with the standard literature on these subjects. Although the 
book is written primarily from the point of view of a geologist, I hope 
that it will also be interesting and stimulating to chemists and physi
cists who are attracted by the fundamental problems of the earth. 
These problems can be solved only by the combined efforts of workers 
in many fields. Large gaps exist in our kno\vledge and understanding, 
but even a brief survey reveals the lack of perfectly feasible research 
which could contribute to reducing these gaps-and might also bring 
out others noW unsllspected. There is all urgent need for more pre
cise chemical and physical data on materials of the earth, for which 
the geologist is dependent on the chemist and the physicist. 

This book is necessarily a compilation from many sources, and these 
sources include not only published books and papers but also COl'

l'cspondence and cOllversations with many people. I have been greatly 
helped by' discussion of many of the ideas presented in this book with 
my colleagues. I am especially indebted to Professor J. Verhoogen, 
who I"ead the manuscript for the first edition l and to Professor G. J. 
vVasserburg and Professor S. Epstein, who read that for the second 
edition; their comments and suggestions have been of the greatest 
value. 

Since the literature of geochemistry is extremely scattered, a selected 
bjbHogl'aphy is appended to each chapter. The choice of these refer
ences may appear somewhat capricious; however, the policy has been 
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to include comprehensive texts, significant recent papers (espedally 
those in journals not usually referred to by geologists), and review 
articles with comprehensive bibliographies. The abbreviations llsed 
for journals and periodicals are those of Cbemical Abstracts. It is 
hoped that the reader wm thereby be guided to the most useful litera
ture in the field, from ,vhich he can proceed to further bibliographic 
research as the spirit moves him. 

In the six years since the first edition of this book \vas published 
vigorous research in geochemistry has resulted in a great increase in 
data and considerable progress in concepts and theories. Particularly 
noteworthy have been the advances in techniques for age determina
tion of rocks, the keen interest in the nature and composition of the 
earth's interior (and the study of phase changes at temperatures and 
pressul'es previously unattainable in the laboratory), the large amount 
of work on minor and trace elements in geological materials, and the 
development of isotope geochemistry. This period has also seen the 
formation of specialist societies, of which the Geochemical Society, 
founded in 1955, enrolled nearly 1500 members in its first year. The 
significance and applications of geochemistry have achieved wide 
recognition. 

Under these circumstances a revision of Principles of Geoche711istry 
has become highly desirable. lVlany of the datu in the first edition have 
been superseded by more reljable figures, find there has been a con
comitant development in the theoretical framework of the subject. 
This revision retains the original organization of the book, but the 
changes in detail are numerous. The number of tables, and especially 
of figures, has been considerabIy increased in order to incorporate 
more information in n readily comprehended form. The bibliographies 
accompanying each chapter have been thoroughly revised to include 
lle\V sources of information and to eliminate other references which 
have been largely incorporated in the newer ,vor]{s. 

New York, N. Y. 
!anunry 19S8 

BIUAN .l\1ASON 
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c H A p T E R o N E 

Introduction 

"/ The Subject of Geochemistry. In the simplest terms geochemistry 
may be defined as the science concerned with the chemistl'Y of the 
earth as a whole and of its component parts, .1 At one and the same time 
it is both more restricted and also more extensive in scope than geology. 
Geochemistry deals with the distribution and migration of the chem
ical elements within 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 cosmochemjstry~ .... 

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

Each rock may ~e regarded, for present purposes, as a chemical system in 
which, by various agencies, chemical cha.nges can be bxought about. Every 
such change implies a disturbance of equilibrium, with the ultimate formation 
of a new system, which, under the new conditions, is itself stable in turn. 
The study of these changes is the province of geochemistry. To deter
mine what changes are possible, how and whcn they occU!", to observe the 
phenomena which attend them, and to note their final results are the func
tions of the geochemist .... From a geological point 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-:first, re
actions between the essential constituents of the earth itself; second, reac
tions due to its aqueous envelopc; and third, reactions produced by the 
agency of the atmosphere. 

V. M. Goldschmidt (1954) described geochemistl'y in the following 
terms: 

The primary purpose of geochemistry is on the one hand to determine 
quantitatively the composition of the earth and its parts, and on the other 
to discover the Jaws which control the distribution of the individual ele
ments. To solve these problems the geochemist requires a comprehensive 
collection of analytical da.ta on terrestrial material, such as rocIes, waters, 
and the atmosphel'e; he also uses analyses of meteorites, astrophysical data 
on the composition of other cosmic bodies, and geophysical data on the 

1 



2 INTRODUCTION 

nature of the eartll's inrerjor. Much valuable information has also been 
detived from the laboratory synthesis of minerals and the investigation of 
their mode of formation and thdr stability conditions. 

The main tasks of geochemistry may be summarized thus: 

1. The determination of the relative and absolute abundances of the 
elements and of the atomic species (isotopes) in the earth. 

2. The study of the distributiOll and migration of the individual 
elements in the various parts of the earth (the atmosphere, hydrosphere, 
crust, etc.), and in minerals and rocks, with the object of discovering 
ptinciples governing this distribution and migration. 

The History of Geochemistry. The science of geochemistry has 
largely developed during the present century; nevertheless, the COON 

cept of an autonomous discipline dealing with the chemistlY of the 
earth is an old one, and the term "geochemistryll was introduced by 
the Swiss chemist Schonbein (discoverer of ozone) in 183 B. The first 
estimates of the abundance of the elements in the earth ,vere made by 
D6bcl'einer over a hundred years ago. Such estimates were, of course, 
little better than intelligent guesses. A good deal of basic data, mainly 
on the composition of minerals and rocks, had already been acquired 
by 1850, much of it as 11 result of the work of Bel'zelius and his school 
in Sweden. The first attempt to collate and interpret this data was 
made by the German geologist and chemist Bischof in his Lebrbuch 
der pbysikaliscben 'llnd chemischen Geologie, first published in 1847-
1854. This was a standard work for a number of years, being super
seded towards the end of the century by Roth's Allge1l2eine und 
chemiscbe Geologie, published in 1879-1893. 

Throughout the nineteenth century geochemical data were mainly 
the by-product of general geological and mineralogical investigations 
and comprised more and better analyses of the various units-minerals, 
roc1{s, natural waters, and gases-making up the accessible parts of the 
earth. For many years this work was largely confined to European 
laboratories, but with the organization of the U. S. Geological Survey 
and the appointment of F. W. ClarIce as Chief Chemist in 1884 a center 
devoted to the chemical investigation of the earth was founded on the 
American continent .. The geochemical work of the U. S. Geological 
Survey has grown steadily, until now it is administered as an individual 
s~cti~n within the survey; it is probably the largest research organiza
tlOn In the field of geochemistry today. 

ClarIce ,vas Chief Chemist for 41 years, until he retired in 1925. He 
was ~esponsible for a vast and ever-growing OUtpllt of routine analyses 
of mmerals, rocks, and ores collected by the field staff or submitted for 
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examination, but he was always concerned with the fundamental sig
nificance of the mass of factual data thus acquired. His The Data of 
Geocbemistry, first published as U. S. Geological Survey Bulletin 330 
in 1908, passed through five editions in less than twenty years. The 
latest edition, which appeared in 1924~ is still an invaluable source of 
infonmation, although now decidedly outdated in some parts. 

In many respects the appearance of the last edition of The Data of 
Geochemistry in 1924 marks the end of an era. During the preceding 
hundred years geochemical research was largely synollyn10us with the 
analysis of those parts of the earth accessible to visual inspection and 
chemical assay. From the nature of things it cOllld be little more; 
interpretative geochemistry, the creation of a philosophy out of the 
mass of factual information, had to wait upon the development of the 
fundamental sciences, especially physics and chemistry, A single illus
tration will serve to demonstrate this: the failure of all attempts to 
explain adequately the geochemistry of the silicate minerals before the 
discovery of X~ray diffraction provided a means fOl: the determination 
of the atomic structure of solids. 

The development of geochemistry in new directions \vas g-reatly 
advanced by the establishment of the Geophysical Laboratory by the 
Carnegie Institution of Washington in 1904. The policy follo\ved in 
thjs laboratory of careful experimentation under controlled conditions, 
and the application of the principles of physical chemistlY to geological 
processes, \Vas an immense step forward. Previously geologists and 
chemists had been skeptical of the possibility of applying the tech
niques and principles of physics and chemistry to materials and proc
esses 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 of geochemistry 
was growing up in Norway. Fathered by J. H. L. Vogt and W. C. 
Br9-iggel', it attained \vorid-wide distinction through the 'work of V. M. 
Goldschmidt and his associates. Goldschmidt graduated from the 
University of Oslo in 1911, and his doctor's thesis, Die ](ontakt1l1eta
'1n01'phose im I{ristianiagebiet, was a basic contribution to geochcm
lstry. It applied the phase rule, recently codified by the work of 
Bakhuis Roozeboom, to the mineralogical changes induced by contact 
metamorphism in shales, nlarls, and limestones, and it showed that these 
changes could be interpreted in terms of the principles of chemical 
equilibrium. During the next ten years his \vork was devoted largely 
to similar studies on rock metamorphism. These studies stimulated 
related research in other Scandinavian countries and led eventually to 
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the enunciation of the principle of "mineral facies" by Eskola in a 
papel' published from Goldschmidt's laboratory, . 

In many ways 1912 can be considered a critical date in the develop
ment of geochemistry. In that year von Laue showed that the regular 
Arrangement of atoms in crystals acts as a diffraction grating towards 
X rays, and thus made the discovery that enabled the atomic structure 
of solid substances to be determined. Since the geochemist is largely 
concerned with the chemistry of solids, the significance of this dis
covery can hardly be overestimated. However, some years elapsed 
before the impact of this new developmellt was felt in geochemistry. 
In the last edition of Tbe Data of Geochel1zist1'Y, published in 1924, no 
Ulelltion is made of it. It is a tribute to Goldschmidt's insight that he 
not only realized the significance of crystal structure determinations 
for geochemistry, but also devised a plan of research which led to a 
maximum of results in a minimum of time. Between 1922 and 1926 
he and his associates in the University of Oslo worked out the struc
tures of many compounds and thereby established the extensive basis 
011 which to found generilllaws governing the distribution of elements 
in crystalline substances. The results were published in a series of 
papers entitled Geocbemische Verteilungsgcsetze del' Eleme71te, which 
in spite of the title dealt largely with the crystal structures of inorganic 
compounds. In these publications Goldschmidt's name is associated 
with T. Barth, vV. H. Zachariasen, L, Thomassen, G. Lunde, I. 
Oftedahl, and others, all of whom have since had notable careers. 

In 1929 Goldschmidt left Oslo for Gottingen, where he began in
vestigations on the geochemistry of the individual elements, apply
ing the principles discovered in the previous years and making use of 
the current development in quantitative spectrographic methods for 
rapidly determining small amounts of many elements with a high 
degree of precision. The results are well summarized in the seventh 
Hugo l\lli.iller lecture of the Chemical Society of London "The prin
ciples of distribution of chemical elements in minerals and rocks" 
(1937). Because of conditions in Germany Goldschmidt returned to 
Oslo in 1935. Unfortunately, after the German invasion of Norway 
in 1940 he was able to do little mOl'e work. He was forced to flee 
Norway in 1942 to avoid deportation to Poland, and escaped to Sweden 
and thence to England. His health was seriously affected as a result 
of illlpl'isonm~nt ,in concentration camps in Nonvay, and he never 
recovered, dymg 111 1947 at the comparatively early age of 59. 

Thanks largely to the 'work and the stimulus of Goldschmidt the 
~ast thirty years ~1as seen geochemistry develop from a some~hat 
lllcoherent collection of factual data to a philosophical science based 
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on the concept of the geochemical cycle in which the individual ele
ments play their part according to established principles. Geochemical 
speculation has extended beyond the accessible parts of the earth to 
the nature and constitution of the interior, the development of the 
earth throughout geological time, and ultimately to its pregeological 
history and to the history of the solar system as a ,vhole. 

An important school of geochemistry has developed in Russia, espe
cially since 1917. Its greatest names have been V. 1. Vernadsky and 
his younger colleague A. E. Felosman. Its productivity has been im
mense, including a very large work on geochemistry by Fersman, 
published in four volumes between 1933 and 1939. Unfortunately, 
practicaliy all this literature is in Russian, and its availability, never 

. wide, has become increasingly circumscribed in recent years. Geo
chemistry in Russia has been particularly directed towards the search 
for and exploitation of mineral raw materials, evidently with consid
erable success. 

The Literature of Geochemistry. Geochemical facts, theories, and 
fantasies are widely scattered throughout the scientific. literature. The 
first source of such data is naturally geological publications, but their 
number is legion and geochemical papers may be found in any of 
them. Chemical publications contain, of course, much that has geo
chemical significance, and occasionally classical material appears 
therein, as, f01" example, the symposium entitled "The physical chem
istry of igneous rock formation'" published by the Faraday Society 
in 1925. Fortunately I the chemical literature is relatively accessible 
through abstract journals. The literature of astronomy, biology, and 
of physics also carries information of importance to the geochemist. 
Untill'ecently there was no jOtu'nal specifically fOl' geochemistry (the 
German periodical Che1Jzie de'}' E1'de deals mainly with petrology and 
mineralogy); this situation has been remedied by the appearance of 
Geochhnica et COS1}loc/Jimica Acta, a periodical published in England 
nnder the direction of an international board of editors. Although 
this journal attracts many specifically geochemical papers, many data 
of significance fol' geochemistry continue to appear as incidental ma
terial in publications concerned with mineralogy, petrology, economic 
geology, inorganic and physical chemistry, and other sciences. 

Three outstanding books are standard reference works in the field 
of geochemistry. One is the 1924 edition of Clarl{e's Tbe Data of 
Geocbemist'J'Y. It is still the finest and most readily available collec
tion of analytical data on geological mateJ:ial and on this accollnt 
alone is an essential work. In addition, it documents excellently an 
enormous mass of literature, much of which still has significance. The 
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second is Geocbemistry by Rankam41 nnd Sahama, published in 1950. 
This authoritative and up-to-date book not only treats the general 
aspects of the subject, but also ghres a detailed account of the geo
chemistry of each element. The third is Geochemistry by V. 1'1. 
Goldschmidt. Goldschmidt had prepared a great deal of manuscript 
for this work when he died in 1947, and thanks to the conscientious 
editorial work of 01'. A. iVluir, and contributions to missing sections 
by other people, jr was finally published jn 1954, While simila!' 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 unconnected observations. 

SeJected References 

a.ARK&, f. W. (1924). Tilc data of geochemistry (fifth edition). U. S, Geot. 
Survey Bull. 770. 84l pp. 

GOLDSCHMIDT, V. M. (1954). GeoclJemistry. 730 pp. Clarendon Press, Oxford, 
England, 

GREEN, J. (1953). Geochemical table of the elements fOl" 1953. Bull. Geol. Soc. 
Amer. 64, 1001-1012. This is a vcry useful compilation of up-to-date gco~ 
chemical data, compactly presented OJ] a large pcrjodic table. 

RANKAMA, K., and Tn, G. SAHAMA (1950). Geoche'mistry. 912 pp. University 
of Chicago Press, Chicago. 
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The Earth in Relation 

to the Universe 

R T w o 

The Nature of the Universe. The earth is a unit within 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 Qur galaxy, which comprises probably more than 1011 stars 
and has a lens-like f01'm 'with a diameter of about 70,000 light-years 
(1 light-year ~ 1013 km). Beyond our own galaxy there is a very 
large number of other systems of stars of approximately the same size. 
These systems, the extragalactic nebulae, are scattered faitly uniformly 
through space, the nearest to us being the Andromeda nebula at a 
distance of about 1,000,000 light-years. The spectra of these extra
galactic nebulae show a displacement of the lines towards the fed 
end of the spectrum, this red shift being approximately proportional 
to their distance. The red shift is regarded as a Doppler effect due 
to recession of the nebulae with velocities approximately proportional 
to their distance, and 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 par~ 
take of its speculative character. 

The Age of the Universe. The theory of an expanding, dynamic 
lllliverse implies that the llfliverse has been and is in a state of evoll1~ 
tion. 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 cus
tomary to regard this as its primitive state and to recl.;:on the astro~ 
nomical age of the universe from this epoch. With certain assump
tions as to the rate of expansion the astronomical age of the twiverse 
is computed to be about 5 X 10° years. 

A different and independent view of the age of the universe is pro~ 
vjded by the concept of the age of the elements. The underlying 
assumption here is that the elements were all formed at approximately 
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the same time (the zero point of this time scale) and that the primitive 
constitudon was subsequently modified by radjoactivity and thermo
nuclear reactions. The age of the elements is then reckoned from the 
time when the naturally radioactive series consisted entirely of the 
parent elements (non-radiogenic "dat~ghter': elements may h:ve b~en 
present). The nanuall'adioactive senes of llnportance for thls datmg 
are given in Table 1. 

TADLE ]. SOME NATURAL RADIOACTIVE SERIES OF SIONIFJCANCE FOR 

GEOLOGICAL DATING 

Parent 
elements 

U238 

U2Bli 

TJ1282 

Rb87 

K40 

Total half-lives 
4.5 X 109 yeal's 
7.1 X 1 OS yeat·s 
1.5 X 1010 years 
5.0 X 1010 years 
1.3 X 109 yeal's 

End products 

Pb206 + 8He" 
Pb207 + 7He4 

PbM8 + 6He4 

Sr137 

A40, Ca40 

Data on the abundances of the elements have shown that those of 
atomic number greater than 40 are of approximately equal abundance, 
indicating that, whatever the process of formatioll\ nuclei of approxi
mately the same complexity were formed in approximately equal 
amounts. Since the abundance of U2S8~ with a half-life of 4.5 X lOo 
years, is about the same as that of the stable elements bismuth and 
mercury, the elements cannot have formed more than a few thousand 
million years ago, as otherwise U238 would have largely disappeared 
through disintegration. On the other hand, the low abundance of the 
naturally radioactive potassium.isotope, K'l/), \'lith a mean half-life of 
1.3 X 100 years, indicates that the formation of this nucleus occurred 
at least a few thousand million years ago, giving it sufficient time 
to decay to a large extent. Similar reasoning explains the almost com
plete absence of N p237 and PU 23D, whose half-lives are 2.25 X lOG and 
2.4 X 101 years. An independent solution is provided by considera
tion of the relative abundances of U 236 and U238. If these two isotopes 
were originaUy formed in approximately eq nal amounts, the present 
ratio of U 235 to U28S (1: 140) is due to the shorter life of U 2S5 , which 
causes it to disappear much more rapidly than U288. The half-life of 
U:UJ~ is 7.1 X 108 years; hence to reduce its amount to X40 that of 
U 2SB would take about 5 X 100 years. Evidence of this sort, although 
qualified by uncertainties in the primordial abundances of the elements, 
indicates that a unique value can be assigned to the age of the elements. 
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This age agrees in order of magnitude with the astronomical age of the 
universe, and suggests that the beginning of exp.msiol1 and the fOl'ma
tion of the elements were interconnected. 

Other arguments also support the view that the universe as we know 
it dates from a few thousand miUion years ago. Thus, of the isotopes 
of lead (Pb204, Pb20(J1 Pb201, Pb208), Pb204 is not of radioactive origin, 
and its amount should be the same now as when it Was originally 
formed; the other isotopes are presumably partly original and partly 
derived from the decay of U 288, U 236, and Th232• In material contain
ing both uranh.l111 and lead the isotopic composition of the lead has 
undergone a progressive change during geological time; the relative 
amounts of the radiogenic isotopes have increased ,,,ith respect to the 
non-radiogenic Pb20-l. IVleteol'ites provide us with a particularly satis
factory illustration of this fact. Iron meteorites contain no uranium, 
and the small amount of lead present has the highest relative amount 
of Pb204 of any natural material. Stony meteorites contain measurable 
amounts of uranium, and the lead present shows the effect of the 
continual addition of radiogenic lead in much higher Pb 2<16/Pb204 and 
Pb207/Pb204 ratios than those for lead extracted from ir()n meteorites. 
A fllathematical analysis of the data gives an age for meteorites of 
4.5 X 100 years, which has been independently confirmed by potas
siulll-argOl1 age determinations on stony meteorites. This is the time 
since the parent body of nleteorites solidified, and it probably can be 
equated with the age of the solar system. 

Another approach to this general problem of the age of the universe 
js provided by a consideration of the age of terrestrial materials. The 
change in the isotopic composition of lend with time has been investi
gated in lead ores of known geological ages; as predicted, it has been' 
shown that Pb204 is progressively less abundant in relation to the other 
lead isotopes in ores of progressively younger age. A statistical study 
of the data provides a number of independent solutions for the time 
at which the primeval lead began to be modified by the addition of 
jsotopes generated from uranium and thol'iUln. These solutions show 
a significant concenu'ation of values at about 3.5 X 100 years. Since 
the data are determined on specimens from the earth's crust, this age 
is that of the separation of the Cl'ust from the mantle. 1h1s evidently 
postdates the appearance of the earth as an individual body in the 
solar system, which is probably best given by the age of meteorites, 
viz., 4.5 X 10° years. The significance of this billion-year interval 
between the age of the earth and the age of the crust is discussed in 
the next chapter. 
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The age of 3.5 X 100 years for the final consolidation of the ~arth's 
crust is corroborated by the information available from the dat1l1g of 

. individual rocks of the crust by one 01' another of the radioactive decay 
schemes. The oldest rock so far dated is a granite pebble from a 
conglomerate in Southern Rhodesia, which g~v~ an age of, 3.3, X 101) 
years by. the potassium-argon method. A slmlla~' dete.rmmatlO~ on 
a granite pebble from a conglomerate in the CanadIan ShIeld has gIven 
an age of 3.1 X lOll years. IVIinerals froIn pegmatites in several areas 
-the Canadian Shield, SouthCll1 Rhodesia, "VVestern Australia-have 
given. ages of about 2.7 X 100 years, concordant results having been 
obtained by the uranium-lead, strontium-rubidium, and potassium
argon methods, The time of formation of the primordial crust and 
the age of the earth as an individual body must of course be greater 
than these dates. 

The Origin of the Universe. In its primitive state, before expansion 
began, the universe presumably occupied a comparatively small space. 
In ·this small space all the matter in the universe was then confined. 
Under such conditions the internal pressure would be very high, and 
the temperature very high also. Elements as such would not exist, and 
the state of matter is visualized as being a tightly packed fluid consist
ing essentially of neutrons. IVIost theories attempt to describe the 
development of the universe from this primitive State. The beginning 
of expansion and the formation of the elements are regarded as con
nected processes, the expansion and the consequent cooling' providing 
the conditions under which the elements could be formed. After ex
pansion began, condensation around centers of turbulence in the 
expanding mater;al gave rise to aggregations of matter which became 
galaxies and individual stars. 

The Nature of the Solen System. In the study of geochemistry the 
solar system is of primary importance, although it is inconspicuous 
within our own galaxy and insignificant in relation to the universe as 
a whole. Data on the solar system are given in Table 2. Any satis
factory theory of the origin of the solar system must explain its regu
larities, the most important of which are the following: 

1. The sun contains over 99.8% of the mass of the system. 
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. 
3. The planets themselves rotate abollt their axes in the same dh-ec

tiOIl as their direction of revolution around the sun (except Uranus, 
which has retrograde rotation); most of their satellites also revolve in 
t he same direction. 
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4. The planets show a rather regular spacing as expressed by Bode's 
law,l and they form two contrasted groups: an inner group of small 
planets (l\1ercury, Venus, Earth, and 1\1ars), which are called the ter
restrial planets, and an outer group of large planets (Jupiter, Saturn, 
Uranus, and Neptune), which ate called the major planets. 

5. The major part of the angular momentum of the solar system is 
concentrated in the planets, not in the SUll, 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 ante
cedents. Both consider the solar SystClll as derived from an ancestral 
sun or solar nebula. They differ essentially in that one prescribes the 
action of an external force to form the planets from the sun, whereas 
the other rejects the jdea of nn external force and .fil~ds the energy 
required to form the planets within an ancestral solar nebula. The first 
school of 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 collision with another star. The othel' originated with the specu
lations of Kant in 1755. Kant visualized the original state of the sun 
as a rotating tenu011S mass of gas occupying the entire volume of the 
present solar system, from which contraction, accompanied by in
creasing rotational speed, led to the disengaging of a series of gaseous 
rings by centrifugal force, these rings then condensing to form the 
planets. Similar ideas were put forward independently by Laplace 
and published in his bo ok Exposition du sy sterne du 1110nde in 1796. 

The Kant-Laplace hypothesis held the field for some sixty years, 
until the physicist Clerk Maxwell sho\ved that the physics of the 
solar system is inconsistent ,vith the mode of origin postulated by 

1. Bode's law is an empirical series which closely approximates the relative dis
tances of the phmcts from the sun and can be formulated as follows: 

Mercury Venus Ellrth MA.rs (Vacant) Jupiter Saturl\ Uranus Neptune Pluto 
<} 4 4 4 4 4 4 4 4 
o 3 6 12 24 48 96 192 384 

4 7 10 16 28 52 100 196 388 

Actuill distances of the planets from the sun in terms of the Earth's distance as 10 

3.9 7.2 10 15.2 52 95 192 301 395 

The law thus gives a good agreement with the measured distances, except for 
Neptunei the gap between Mars and Jupiter is occupied by the asteroids, at a 
mean distance of 29. 
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Kant and Laplace. The major 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 considerations brought the Kant-Laplace theory 
into disfavor, and Buffon's theory was revived and given more precise 
form, first by Chamberlin and Ivloulton 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 in1pact or close approach of another star. The Cham
berlin-Moulton hypothesis visualized the formation of the planets by 
the aggregation of small solid particles (planetesimals); the Jeans
Jeffl'eys hypothesis considered that the planers "were fOl'D1ed by the 
condensation of masses of incandescent gas. These impact theories 
were EavOl'ed for a number of yenrs but have been seriously questioned 

, since it was shown that material torll from the sun by the impact of 
another body could under 110 circumstances condense to form phinets 
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 
Kant-Laplace theory have been suggested by a number of astl'on
omers. The version proposed by von Weizsackcl' seems to fit the facts 
best. It pictures the primitive sun as a rapidly rotating mass sur~ 
rounded by an extended lens-shaped envelope consistillg of solid 
particles and gas in turbulent motion. In this lenswshaped envelope 
eddy-like vortices would form, causing local accumulations of matter 
which aggregated to form the planets. Von Weizsiicker gives reasons 
for the regular spacing of these vortices, which would explain Bode's 
law. Von Weizsacker's theory also explains the remarkable difference 
in size and density between the inner and the onter planets, In the 
lens-shaped envelope from \vhich the planets condensed the tcrnpera~ 
tllre would decrease with distance from the center according to the 
inverse square law. Because of this falling-off of tempel'ature lTIOre 
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, whel'eas in the outer regions the condensation products 
contained much 111aterial of low critical temperature. Because of this 
difference in the amount of condensation the outer planets also grew 
faster and larger than the inner ones. Hence the jnner plallets are 
small and dense, whereas the outer ones are large and have a low 
specific gravity (Pluto is exceptional). Von Weizsacker's theory in
corporates part of the Chnmbcrlin-l\lloulton hypothesis, in that it 
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considers that the planets were built up by the aggregation of solid 
particles, i.e., planetesimals, rather than by condensation of incan
descent gas. This theory, especially in its chemical aspects, has been 
extensively developed by Urey (1952). 

Other ideas on the mode of formation of the solar system are linked 
up 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, have very 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 single 
star with a system of planets revolving about it, the planetary system 
carrying the major portion of the angular momentum. Hoyle suggests 
that the evolution of a double star into a single star with a planetary 
system may result from the disintegration of one cOlllponent of the 
double star with an accompanying supernova outburst. iVIost of the 
material of the supernova would be dispersed into space, but sufficient 
matter was left within the sun's sphere of influence to condense into 
the planets. 

The Composition of the Universe. Onf knowledge of the chemical 
composition of the universe is obtained by spectroscopic examination 
of solar and stellar radiation, by the analysis of meteorites, and by 
what we know of the composition of the earth and other planets. 
Spectros.copie observation indicates the elements responsible for the 
radiation, and by careful analysis of the intensities of the spectral lines 
rough estimates can be made of the relative amounts of the different 
elements present in the outer layers of the radiating body. The data 
arc consistent with the belief that the universe is chemically uniform. 
The nniverse consists throughout of the same elements, and despite 
local variations which may generally be readily explained the l'e]ativc 
abundances of the different elements are everywhere much the same. 
Only once has an element not previously known to occur on the earth 
been discovered elsewhere; this was helium, first detected in the sun's 
spectrum by Lockyer in· ]868,1 Nearly thirty years Iaterl in 1895, 
helium was identified on the earth by Ramsay as the gas evolved when 
lU'aninite is heated "dth a mineral acid (Hillebrand a few years pl·e
viously noticed this evolution of an inert gas from uraninite but 
thought it to be nitrogen), 

The Composition of the Sun. Spectroscopic studies of the sun have 
been made over many years and many data have been accumulated. 
The major limitations of this method of study ar~ (a) some elements 

1 Tcchncci\llU, which does not occur naturally on the earth, has heen identified 
in stellar spectra. 
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either do not give detectable spectra, or their strong lines have waye
lengths less than 2900 A and are absorbed by the atmosphere of the 
earth and cannot be observed (this limitation is being overcome by 
spectrographic data obtained at high altitudes by rockets); (b) the 
spectra are produced in the outer part of the sun and give the com
position of the solar atmosphere. Whether this composition is really 
representative for the sun as a whole depends on the effectiveness of 
convection to stir the material into a homogeneous mixture. These 
limitations must be borne in mind when considering the following 
information. Sixty~six of the ninety-two elements have been recog
nized in the sun's spectrum, and there is no reason to conclude that 
any element is really absent, the presence of the others being unob
servable on account of their small abundance or the limitations pre
viously stated. The relative abundances of the more common elements 
in the solar atmosphere are given in Table 3. The most striking fea
ture is the extreme abundance of hydrogen and helium, a feature that 

TABI.E 3. ABUNDANCES OF ELEMENTS IN THE SOLAR ATMOSPHER.E 

(After UnsaId, Ttnns. Intern. As/ron. Union 7, 460, 1950) 

Atomic Abundance 
Element number (atoms/104 atoms S1) , 

H / .. , 1 5.1 X 108 . 

He <,' 2 1 X 108 
.. 

C 6 10,000 
N 7 21,000 
0 8 2.8 X 101i 
Na 11 1000 
Mg 12 17,000 
Al 13 1100 
Si 14 10,000 
S 16 4300 
K 19 81 
Ca 20 870 
Sc 21 1.1 
Ti 22 47 
V 23 5.9 
Cr 24 200 
Mn 25 150 
Fe 26 27,000 
Co 27 55 
Ni 28 470 
eu 29 8.7 
Zn 30 31 
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is probably characteristic of the larger planets, Jupiter, Saturn, Nep
tune, and Uranus, also. 

The Composition of the Planets. Visual inspection and spectroscopic 
examination of the surfaces of the planets can tell tiS little about their 
bulk composition, since they are inhomogeneous and their interior is 
undoubtedly different from their surface. "However, data on their 
densities and analogies with the earth do provide some guide. Of the 
inner planets, 1\'lcl'clll'Y has no atmosphere, and its density jndjcates that 
it is probably similar in composition to the earth. Venus is our nearest 
neighbor, and has a very dense atmosphere, consisting almost entirely 
of carbon dioxide, which conceals its surface. The size and mass of 
Venus suggest that its composition is probably much like that of the 
earth. 1\1ars, the next planet beyond the earth, has an atmosphere that 
does not obscure the surface of the planet and is thetefore rarefied; 
hO\vever, clouds and dust storms have been observed on the face of 
h'lars, and polar ice caps form in win tel' and melt in summer, showing 
that the atmosphere must contain some water vapor. The reflecting 
power, or albedo, of lVIars indicates that its surface is largely composed 
of reddish rock, which Kniper believes is probably rhyo]jtk matcl'h)1. 
The size and mass of 1\131'5 indicate a composition probably similar to 
that of the earth. However, the oblateness of f..ilars suggests that it is 
of uniform chemical composition throughout and is not differentiated 
into an iron core and silicate mantle, as is the earth. 

The major planets, Jupiter, Saturn, Neptune, and Uranus, have many 
features in common, in particular low densities and thick atmospheres 
that completely obscure their surfaces. The low densities and thick 
atmospheres are explained by an abundance of hydrogen and helium 
probably comprrrable with that in the sun. J\IIuch of the hydrogen is 
evidently present as methane and ammonia. It has been shown that 
the rings of Saturn probably cons1st of ice particles, and the albedos 
and densities of some of the satellites of these planets suggest that they 
consist largely of ice also. The data we have on the major planets 
indicate that they have interiors similar to that of the earth, but are 
covered with a great thickness of ice and condensed gases and have 
atmospheres containing hydrogen, helh.lm, nitrogen, methane, and 
ammonia. 

Pluto, the distant planet similar in size to i\1ercnry, is an enigmatic 
body of which we know very little; it appears to be without an at
mosphere, and its albedo is like that of the mooo, suggesting a surface 
of dark-colored rock, possibly similar to basalt. It may have been 
a satelHte of Neptune or :l body captul'ed by the solar system. 
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The Composition of Meteorites. Spectrographic evidence tells us 
nothing about the composition of the interiors of the planets. We 
must fall back on analogies with our own planet and with the evidence 
provided by meteorites, which are parts of the solar system (possibly 
fragments of a disfllpted planet) that eventuaUy land on the earth, 
There are presumably millions of meteorites of all sizes in the solar 
system, from the finest dust particles up to those that are miles in 
diameter (if we inch.HIe the asteroids, which appear to be similar to 
meteorites in many respects). 1\1eteoritic matter is continually falling 
on earth, mostly in the form of dust undetectable exec pt by special 
means; it is estimated that the rate of. meteoritic infall is between 1000 
and 10,000 tons daily. Our knowledge of the composition of meteor
ites comes from the larger and more spectacular olles that are seen 
to fall or from objects that are recognized as meteorites by the special 
characters distinguishing them fr()m terrestrial rocl{s. 

lVieteorites consist essentially of a nickel-iron alloy, of crystalline 
silicate, mainly olivine 01' pyroxene, or of a mixture of these; glassy 
bodies, called tektites, are also found and may be meteorites. None 
resembling sedimentary or metanlOl'phic rocks has been found. l\1any 
systems of classification have been devised for meteorites, but for our 
purpose they may be grouped as follows: 

1. Siderites or irons (average 98% 'metal). 
2. Siderolites or stony irons or pallasites (average 50% metal, 50% 

silicate) . 
3. Aerolites 01' stones. 
4. Tektites, 

The siderites, 01' iron ll1eteorites, consist essentially of a nickel-iron 
alloy, generally with accessol'Y schreibel'site [(Fe,Ni,Co)aP,], troilite 
(FeS), cohenite (FeaC), and graphite. Additional accessory minerals, 
such as daubreelite (FeCr2S4), occur more rarely. These accessory 
minerals occur as small l'ounded masses or lamellar grains scattered 
through the n1etal. The metal generally shows a definite structure, 
known as Widmanstetter 01' Widmanstatten figures, Wllich is brought 
out by etching. This structure is due to the intergro\vth of lamellae 
of a nickel-iron alloy (kamacite) in a nickel-rich base (taenite) and 
is typical of an alloy that has crystalJjzed very slowly at a high 
temperature, 

The sideroIites, 01' stony-iron meteorites, are made up of nickel-iron 
and silicate in approximately equal amounts. The silicate is generally 
olivine, occasionally with some pyroxene, and occurs as rather large 
rounded grains in a sponge-like netwOl'k of nickel-iron. Other min-
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erals, such as troilitc, are generally present, The aerolites are sub
divided into t\\'O groups on the basis of texture, the chondrites and 
the achondrites. The chondrites arc so named because of the presence 
of chondri, which are small rounded bodjes consjsting of olivine and/or 
pyroxene, sometimes with glass also. The achondrites are 'without 
chondri. Besides this textural djstinction, they differ characteristically 
in composition; the average composition of the chondrites is about 
12/~ nickel-iron, 46~1c olivine, 21 % hypersthene, 4% diopside, and 
11 % plagioclase, whereas the average composition of the achondrites 
is about 1 % nickel-iron, 9% olivine, 50% hypersthene, 12 % diopside, 
and 25% plagioclase, The chondrites are far more common than the 
achondrites, making up over 90% of all aerolites. 

Tektites consist of a si1ica~rich glass (average about 70% Si02 ) 

resembling obsidian, yet distinct from any terrestrial obsidian. They 
have an unusual chemical conJposidon, which consjsts in the conjunc
tion of high silica and high a.lumina, potash, and lime with low mag
nesia, iron oxides, and soda; this composition resembles a few granites 
and rhyolites. They are found, generally as small (up to 200-300 g) 
rounded masses, in arens that preclude a volcanic origin, Unlike the 
other meteorite types, tektites have not been observed to fall, and 
their identification as meteol'ites is still disputed; they may be frag~ 
ments of a thin glassy skin of a disrupted cosmic bod y or perhaps 
produced by the condensation of cometary material. 

Chemical analyses of meteorites are generally made by analyzing the 
metal, the silicate, and the troilite separately. NIany computations 
have been made 011 the avcl'age compos.ition of these djstinct phases. 
Table 4 gives a summary of the available data. 

Although it is comparativ'ely easy to anive at an average composi
tion f01' each of the essential components of meteorites-the metal, the 
troilite, and the silicate-it is difficult to combine these averages in such 
a 'way as to give an average for meteoritic matter as a whole. It is not 
sufficient to take the proportions of nickel-iron, silicate, and troilite 
from the average content in all meteorites collected. The reason for 
this is shown in Table 5, which divides tneteorites into two gl'OUpS, the 
finds (those collected but no t seen to faU) and the f({lls (those collected 
after having been seen to fall). The figures in Tnble 5 show a remark
able revCl'sal in p.I.'Dpordons of different types between the finds and 
the falls. The reason is not far to seek. The relative abundance of 
irons as finds is due to their being easily recognized as n1eteorites, 
whereas a stony meteorite unless seen to fall could easily be overlooked 
as such. A truer indicntiOll of the relative abundance of the different 
meteorite types is therefore given by the l'elative proportions of those 
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TABLE 4. THE AVERAGE COMPOSITION OF METEORITIC MATTEJl 

Average composi-
tion of meteoritic 

Nickel-Iron * Troilite t Silicate t matter § 
0 43.12 32.30 
Fe 90.78 61.1 13.23 28.80 
S1 21.61 16.30 
~Ig 16.62 12.30 
S 34.3 2.12 
Ni 8.59 2.88 0.39 1. 57 
Al 1.83 1. 38 
Ca 2.07 1.33 
Na 0.82 0.60 
Cr 0.120 0.36 0.34 
Mn 0.046 0.31 0.21 
K 0.21 0.15 
Ti 0.10 0.13 
Co 0.63 0.208 0.02 0.12 
P 0.305 0.17 0.11 

* Brown and Patterson, I. Ceol. 56, 87, 1948. 
t I. and \V. Noddack, Natw'wisJenschajfen 35, 757, 1930. 
t Brown and Patterson, J. Geol.56, 87, 1948. 
§ Goldschmidt, Sk1'iJter Norske Videnskaps-Akad. Oslo. I. Mat.-Nalul'u. KI.4, 

99-101, 1937.' 

TABI,E 5. FREQUENCY OF METEORITE FINDS AND FALLS 

(From Watson, 1956) 

Finds Falls 

Type Number Per Cent Number Per Cent 

Irons 409 66 29 5 
Stony irons 46 7! 8 1, 
Stones 165 261 547 93! 

Total 620 100 584 100 

seen to fall. Such a calculation completely reverses the situation and 
indicates that stony meteorites are far more abundant than all other 
types. Goldschmidt, whose discussion of the avel'age composition 
of meteoritic matter is most exhaustive, used the proportion 10 sili
cate: I troilite: 2 nickel-iron, corresponding to the following percent
ages: silicate 76.9%, troilite 7.7%, nickel .. iron 15.4%. Goldschmidt's 
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figures for the average composition of meteoritic matter are given in 
Table 4. 

If we can assume t11at meteorites represent parts of a disrupted planet 
within the solar system, we can use data on their chemical composition 
to make deductions l'eg:lrding the composition of the interior of the 
earth and other planets. This assumption is supported by what we 
know of the orbits of meteorites; like all other bodies in the solar 
system, they appear to revolve around the sun. The origin of meteor
ites has been discussed for many years, but there is now reasonably 
general agreement on the following points: 

1. They originated in the solar system. 
2. They have much in common with the asteroids. 
3. They did not originate as isolated individuals but are parts of 

a larger disrupted body (Urey suggests, however, that chondrites may 
be planetesimnls which failed to accumulate into a planet). 

4. The continuity of chemical and mineralogical composition of 
stony meteorites with basic and ultrabasic igneous rocks indicates that 
the parent body to meteorites ,vas similar in compositioll and structure 
to the earth. 

Farrington, as a result of years of study of meteorites, summed up 
his ideas in the follo\vin.g way: "i\1eteorites are portions of a disrupted 
maSS of cosmic matter, which had a spherical form, increas~d in density 
towards the center, and cooled from a liquid or a semi-liquid to a solid 
state before disruption." Lovering (1957) has made a careful study 
of the distribution of the elements in the different phases of meteorites 
and suggested from this that the phase assemblages probably originated 
at temperatures of the order of 2000° and pressures of the order of 
104-105 atmospheres. Daly (1943) discussed nIl the evidence available 
at that time and came to the following conclusions regarding the nn
cestral body that gave rise by disruption to the meteorites: 

1. It had an iron core and a stony mantle (since we :find both iron 
nnd stony meteorites). 

2. The volume of the core was much less than that of the mantle 
(on acconnt of the great predominance of stony meteorites). 

3. The force of gravity on this ancestral body was less than that 
of the earth (because of the occurrence of siderolites, which show 
incomplete separation of silicate and nickel-iron). 

On the basis of this and othel' evidence Daly concludes that the 
meteorites probably originated by the disrnption of a planet Dace 
situated between Mars and Jupiter, in the region now occupied by 
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the asteroids. He estimates that this planet had a mean radius of 3000 
km, a volume 0.1 and a mass 0.07 that of the earth, a mean density of 
3.77, and Rll iron core of radius about 1000 l<m. The probable cause 
of the breakup of this planet has been ascribed to the tidal influence 
of Jupiter, or to collision with a satellite of that planet. 

The origin of the meteorites and asteroids from a disrupted planet 
implies that the disruption probably took place early in the evolution 
of the solar systenl and that the larger fragn1ents were swept up soon 
after. Such a disruption would probably have bombarded the other 
planets with fragments very much larger than the average meteorite 
of the present time; no evidence of bombardment on such a scale has 
yet been recognized in the geological column, although some cryptic 
geological structures, such as the V redefort donle in South Africa, 
may be "fossil" meteorite craters similar to the Arizona meteorite 
crater. 'The craters on the surface of the moon arc thought to be 
due to the impact of meteorites; in the absence of all atmosphere no 
weathering and erosion takes place on the mOOll, and these craters have 
thus survived unchanged since their formation. 

Determinations of the ages of meteorites by measurenlents of their 
content of radioactive elements and of helium have given widely vary
ing results, ranging up to 7 X lO~ years. These high ag'es cast some 
doubt on the interpretation of meteorites as belonging- to the solar 
system. It is now clear, however, that the high ages are spurious. The 
impact of cosmic rays on meteorites causes nucleal' disruptions ac
companied by the production of helium j this increment in helium 
content results in all erroneously high figure for the appaTcnt age. 

The: Cosmic Abundance of the Elements. On the basis of data on 
the composition of meteorites and of solar and stellar matter, Gold
schmidt in 1937 compiled the £rst adequate table of cosmic abundances 
of elements and isotop~s. The data on hydrogen and helium ,,,ere 
derived largely froll1 cxamilluti01l' of the ,sun and stars, and the figures 
for most of the other elements were based on their ~elative abundances 
in meteoritic matexial. Suess and Ul'ey (1956) have published a revised 
table- (Table 6), using the lnore extensive and accurate data aCCUfllU

lated since 1937; the major features of Goldschmidt's abundance figures 
arc not altered, although there are llumerous differences in detail. 

In general, the agreement between the relative abundances deter
mined in different regions of the universe seems reasonably good. Of 
the fe\v differences observed, most nre explicable in terms of present 
01' past physical conditions in the locale involved. For example) 
meteoritic and terrestrial matter differs from stellar material in the 
l:elutive ---scal:city of the gaseous elements, but these disparities can 



TABLE 6. ELEMENTAL ABUNDANCES IN THE UNIVER.SE 

(Atoms per 10,000 atoms Si) * 

Z Element Abundance Z Element Abundance 

1 H 4.0 X 108 44 Ru 0.015 

2 He 3.1 X 107 45 Rh 0.002 

3 Li 1.0 46 Pd 0.007 

4 Be 0.20 47 Ag 0.003 

5 B 0.24 48 Cd 0.009 

6 C 35,000 49 ln 0.001 

7 N 66,000 50 Sn 0.013 
8 0 215,000 51 Sb 0.002 

9 F 16 . 52 Te 0.047 

10 Ne 86,000 53 I 0.008 

11 Na 440 54 Xe 0.040 
12 Mg 9100 55 Cs 0.005 
13 Al 950 56 Ea 0.037 
14 Si 10,000 57 La 0.020 
15 P 100 58 Ce 0.023 
16 S 3750 59 Pr 0.004 
17 Cl 90 60 Nd 0.014 

18 A 1500 61 Pm 
19 K 32 62 Srn 0.007 
20 Ca 490 63 Eu 0.002 
21 Sc 0.28 64 Gd 0.007 
22 Ti 24 65 Tb 0.001 
23 V 2.2 66 Dy 0.006 
24 Cr 78 67 Ho 0.001 
25 Mil 69 68 Er 0.003 
26 Fe 6000 69 Tm 0.0003 
'27 Co 18 70 Yb 0.002 
28 Ni 270 71 Lu 0.0005 
29 eu 2.1 72 HE 0.004 
30 Zn 4.9 73 Til. 0.0007 
31 Ga 0.11 74 W 0.005 
32 Ge 0.51 75 Re 0.001 
33 As 0.04 76 Os 0.010 
34 Se 0.68 77 II' 0.008 
35 Br 0.13 78 Pt 0.016 
36 Kr 0.51 79 Au 0.001 
37 Rb 0.07 80 Hg 0.003 
38 Sr 0.19 81 TI 0,001 
39 Y 0.09 82 Ph 0.005 
40 Zr 0.55 83 Bi 0.001 
41 Nb 0.01 90 Th 0.0004 
42 Mo 0.02 92 U 0.0001 
43 Tc 

* After Suess and Urey, Rev. Mod. Phys., 28, 53-74, 1956. 
22 
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readily be explained in terms of the physical conditions accompanying 
the origin of the solar system. Variations in the abundances of hydro
gen, helium, lithium, beryllium, boron, carbollt and nitrogen in differ
ent parts of the universe are almost certainly due to the participation 
of these elements in thermonuclear transformations responsible for 
energy production in the great majority of'stars. ' 
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FIGURE 1. Relative abundances of the clements plotted against atomic number. 
Elements of odd atomic number are indicated by circles, elements of even atomic 
number by crosses. 

Table 6 and Figure 1 show that the relative abundance of the dif
ferent elements, especially the lighter ones, varies considerably. An 
element may be a hundred or a thousand times more or less abundant 
than its immediate neighbor in the periodic table. Neyerthe1ess, when 
the d.ata are carefully analyzed numerous regularities are found. The~e 
may be sp.mmed up as follows: 

1. The abun.dances show a rapid exponential decrease for elements 
of the lower atolllic IlUmbers (to about atomic nun1ber 30), follo\ved 
by an ali-nost constant value for the heavier elements. ' 

2. Elements of even atomic number iHe more abundant than those 
of odd atomic number on either side .. T'his regularity was first recog
nized Independently by Oddo in 1914 and Hnrldns in 1917 and is some
times referred to as the Oddo-Hal'kins rule. 
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3. The relative abundances for elements of higher atomic numbel' 
than nickel vary less th,an th<?se for elements of lower atomic humber, 

4. Only ten elements-H, He, C, N, 0, Ne, lVIg, Si, S, and Fe-all 
,vith atomic numbers Jess than 27, show appreciable abundance; of 
these~ hydrogen and helium far outweigh the other eight. 

The above regularities suggest that the absolute abundances of the 
elements depend on nU9!eal' rather than chemical properties and are 
related to the inherent stability of the nucle~. All el~ment is uniquely 
characterized by the I111mber of prot<?ns in its nu~leus, but the number 
of neutrons associated with these protons can vary. As a result an 
element may have several isotopes differing in atomic weight. and 
stability but not appreciably in chemical properties. Relat.ively few 
of the possible isotopes of any element are stable; of the thousand or 
so isotopes known to date, only about 270 are non-radioactive. It is 
believed that temperatures and pressures \vithin the universe in its 
primordial condition wel·e so high that nuclear reactions could take 
place 011 a very large scale. : Under those conditions isotopes with 
large nuclear bin~ing energies would be the most stable and would be 
formed in the greatest amounts. The implication is that an isotope is 
abundant because the combination of protolls and neutrons in, its 
nucleus is a particularly stable one, On this basis the drop in relative 
abundances with increasing nuclear complexity can readily be ex
pla~ned; the absence from the earth of elements 43, 61, 85, and 87 is 
due to an almost complete instability of any nuclear arrangement for 
these atomic numbers (note that all four are odd~numb~red). Then, 
too, it must be more than a coincidence that the nuclei of, lithiutn, 
berylliturl, and boro~\ which are exceptionally rare among lo\v .. num
bered elements, are just those nuclei which are lllost readily disinte
grated by bombardment with protons, alpha particles, and neutrons. 
As might be expected, the breakdown of relative abundance data for 
the elements into isotopic abundances has led to some significant 
results. Nuclei of the even N (neutron number)-even Z (proton 
number) type are both more numerous and mOl'e abundant than any 
of the other types. Nuclei of the even N-odd Z and odd N-even Z 
are about equally numerous and abundant. Nuclei of the odd N-odd 
Z type are few in number (only foul' non-radioactive ones are known 
_H2, Lio, BlO, N14) and low in abundance. These features evidently 
l'eflect the nuclear binding energy, which is greatest for even N~even 
Z nuclei. 

The Origin of the Elements . . Thanks to rapid advances in astro
physics and nuclear physics, it is now possible to n1ake controllable 
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speculntions as to the origin of the elements. This problem has been 
an attractive subject ever since the birth of atomic theory, but only 
recently have sufficient clues been avaiJable to tackle the problem ,vith 
any prospect of solution. Astrophysical studies have now sho\vn us 
that the universe as we know it has a definite age, that the relative 
abundances of the elements are fairly uniform throughout the uni
verse, and that physical conditions at the "birth" of the universe ,vere 
probably sufficiently severe to pel'nlit the formation of the elenlents 
from primary particles. The contribution of nuclear physics consists 
in demonstrating that there should be a genetic relation between 
nuclear species, because all nuclei are composed of neutrons and pro
tons and because there is a significant correlation bf,tween ~bundances 
and the systematic properties of nuclei, especially the nuclear binding 
energies. The significance of the relative abundances of the chemical 
elements is that these abundances must have been largely determined 
by the conditions prevailing in the primordial universe and by subse
quent decay processes. The nuclei of most of the elements are too 
stable for radioactive decay and too strongly repel other nuclei to be 
transmuted, even inside the hottest stars. 

Several theories as to the mode of formation of the chemical ele
ments in the primordial universe have been proposed. One, \vhich 
may be termed the equilibrium theory, proposes that the relative 
abundances of the elements are the result of a "frozen" thermodynamic 
equilibrium between atomic nuclei at some high temperature and 
density. By suitable assumptions as to the temperature, pressure, and 
density, good agreement with observed abundances is obtained for 
elements of atomic number up to 40. For elements of higher atomic 
numbe!', however, these assumptions lead to impossibly low abun~ 
dances. On this account, theories have been proposed ,vhich con~ 
sider the relative abundances of the elements as resulting from non~ 
equilibrium processes; on this basis the light nuclei were built up by 
thermonuclear processes and the remaining nuclei by successive neu~ 
tron capture, with intervening {1-disintegrations. This theory predicts 
the general trend of the observed data but fails to explain some of 
the detailed features, particulady bridging of the gap caused by the 
non-existence of nuclei of atomic weights 5 and 8. The difficulty can 
be overcome by postulating the fusion of three Reo! nuclei to give C12, 
thereby skipping the intermediate elements lithium, beryllium, and 
boron; these elements would be derived by secondary processes. The 
elements beyond C12 could be formed in part by neutron capture and 
in part by continued addition of He4 nuclei. In a third type of theory 
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the formation of the elements involves the fission of one or many 
supernuclei 01' polyneutron complexes. 

Another attack on the problem of the origin of the clements rejects 
their fOI'mation in a comparatively short time interval in the primordial 
universe and proposes the continuous and spontaneous creation of 
matter throughout the universe. This theory, which forms part of the 
steady~state cosmology propounded by Hoyle, explains the abundances 
of the elements by their synthesis in stars and supernovae. The most 
dramatic evidence for such synthesis has been the recognition of 
technetium (by its spectrum) in certain giant stars. Since all the 
known isotopes of technetium are comparatively short-lived (the 
most stable isotope has a half-life of 2.16 X 105 years), the element 
must be of recent origin. However, the continuous~creation theory 
has the weakness of rejecting the evidence from several independent 
sources of a definite age for the elements and the universe of about five 
billion years. 

The foregoing theories, differing in the proposed mechanisms and 
in the cosmological models which they imply, are nIl confronted with 
sundry difficulties, nnd probably none of them represents a final solu
tion to the problem. The whole field is one of mnch activity, and 
future research will undoubtedly greatly widen our understanding of 
the origin and abundances of the elements. 
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c H A p T E R T 

The Structure and Composition 

of the Earth 

H R E E 

Introduction. A Imo\vledge of the composition and state of the 
earth's interior is prerequisite to an understanding of geochemistry. 
This problem is obviously one that cannot be solved by direct observa
tion. The deepest boring yet made is one of about 7 kill; mines are 
still shallower; and apart from borings and mines the only accessible 
parts of the earth are those exposed on the surface itself. Some nla
tel'lal is bI'ought to the surface by igneous activity, but as we know 
only vaguely the depth hom which it comes fe\v deductions can be 
made from this evidence. Thus to obtain some understanding of the 
earth's internal structure \ve must use an indirect approach. Here we 
turn to geophysics, the app1ication to the properties of the earth and 
its several parts of physical laws dealing with gravitation, \vave trans
mission, heat conduction, and othel' phenomena. The principal SOllrces 
of information are (a) the acceleration of gravity at: the earth)s sur~ 
face and the gravitational constant, from which the mean density of 
the earth can be determined; (b) the constant of precession of the 
equinoxes, from which the earth's moment of inertia can be calculated, 
thereby allowing important inferences to be drawn regarding density 
distribution within the eal'thj (c) seismological data, which indicate 
the presence of discontinuities within the earth and from which in
formation can be derived otl the elastic constants of the materials in 
the interior. These facts, together with laboratory determinations of 
the elastic constants of varions rocl{s, jnformation 011 the probable 
abundances of the clements, and similar data, provide the basis £01' 

theories regarding the earth's internal structure and c01nposition. To 
be acceptable any theory must be consistent with the data available. 
However, the data may permit of several interpretations, none of which 
will formally conflict with what is known about the earth. Current 
ideas on the earth~s internal constitution are certain to be modified by 
the discovery of new facts and the improvement of existing knowledge. 

28 
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Seismic Data on the Earth's Interior. iVlucb information on the 
earth's interior is derived from the atlalysis of eal'thq_uake waves. An 
earthquake generates \vaves of various kinds) of which the two types 
that pass through the body of the earth are the most important for 
our present purpose. These two types of waves travel with unequal 
velocity, even in the same medium. The faster nrc those transmitted 
by vibrations in the direction of propagation (analogous to sound 
waves in air). They are the first to be recorded by seismographs at 
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FIGURE 2. Velocity of P and S waves within the earth .. (From Bullen, An i11tro
ductio1Z to tIJe theory of seismology, Courtesy of Cambridge University Press.) 

an appreciable distance from the focus of the earthquake and are called 
primary or P waves. The slo\ver waves are transmitted by vibrations 
at right angles to the d1rection of propagation (analogous to light 
waves) and are known as secondary 01' S waves. The velocities of P 
and S waves vary with the density and elastic const~nts of the material 
through which they pass, and they are subject to reflection and refrac
tion at surfaces of discontinuity. By comparing the times at which P 
and S waves from the same shock arrive at different stations, travel-time 
tables can be drawn up from which the velocity of these waves as a 
function of depth can be calculated. Figure 2 depicts graphically the 
data thus obtained. It shows that the interior of the earth is clearly 
heterogeneous, in the sense that at different depths the material has 
different elastic properties. This heterogeneity is not l'andom but is 
present in zones separated from ench othet by discontinuities of greater 
ur lesser sharpness. Two major or first-order discontinuities (a fil'st
order discontinuity is one producing an abrupt break in the velocity
depth curve) have been recognized by all geophysicists. The earth is 
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thus divided into three parts: the crust, from the surface down to the 
first discontinuity (the NlohoroviCic discontinuity); the mantle, from 
the base of the crust to the second discontinuity (the Wiechert
Gutenberg discontinuity); and the core, from the 'Viechert~Guten
berg discontinuity to the center of the earth. The extinction of the S 
waves at the base of the mantle is particularly significant, suggesting 
that the material of the underlying core lacks rigidity and behaves as 
a liquid. Second-order discontinuities are recognized within the crust, 
the mantle, and the core (a second-order discontinuity is marked by a 
sudden change in the rate at which wave velocity increases or de
creases and produces a change in slope of the velocity-depth curve). 
There is no general agreement on the number and positions of these 
discontinuities, and their interpretation is much less certain. 

Density within the Earth. It may be said that Sir Isaac Newton waS 
the founder of geophysics because his formulation of the la\V of 
gravitation provided the means for detel'mining the mass of the earth 
and its mean density. Newton made the prescient statement: "It is 
probable that the quantity of the whole matter of the earth may be . 
five or six times greater than if it consisted of water." It was not 
until the latter part of the eighteenth century that Newton's brilliant 
guess was confirmed by experiment. In 1798 Cavendish determined 
rhe constant of gravitation by comparing the attraction between two 
lead spheres with the attraction between them and the earth, using a 
sensitive torsion balance; from this measurement he derived the figure 
of 5.48 for the mean density of the earth. The present accepted 
figure is 5.s 17 ± 0.004. Since the mean density of sluface rocks is 
about 2.8, it follows that at least patt of 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 explained in two ways: 

1. A change in physical state, the increase in density being due to 
the contraction of crustal 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 'within 
the earth. It was mentioned in the previous section that the velocities 
of P and S waves valY with the density and elastic constants of the 
material through which they pass. The relevant equations are 
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V8
2 = ~ 

p 

( V p and VB are the velocities of P and S waves, respectively; p is the 
density of the material, k the bulk modulus, p. tl1e rigidity). Of the 
variables in these equations only the velocities are accurately known 
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FIGURE 3. Density variation in the earth's interior. (From Bullen, An intro~ 
duction to the tbeory of seinnology. Courtesy of Cambridge UnivcIsity Press.) 

for conditions in the earth's interiol"1 and thus no unique solution for 
the other factors is possible frOlTI seismic data alone. However, the 
density distl'ibutioll \'vithin the earth must conlply with two stringent 
conditions: the jntegrated density must agree with the known density 
of the earth as a whole, and it must also give the COlTcct moment of 
inertia as determined from the precession of the equinoxes. By making 
some plausible assumptions in the interpretation of the seismic data, 
Bullen computed figures for the density distribution within the earth 
\vhich are consistent with the independent contTois of bulk density 
and moment of inertia (Figure 3). From these results he also calcu
lated the pressure distribution within the earth (Figure 4). The pres
sure at the earth's center is found to be 3.64 X 1012 dynes/cm2, or 
somewhat over 3,000,000 atm (loo dynes/cm2 = 0.9869 atm). 

Temperatures within the Earth. We know the variation of density 
and pressure within the earth to a consider'able degree of precision, 
but estimates of temperatures at depth are little more than intelligent 
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guesses. Direct observations in nunes and boreholes s~ow that te~
perature increases with depth, although the rate of Increase vanes 
greatly from place to place. This variation is characteristic of ,the 
crustal layers, and at quite moderate depths the temperature gradIent 
probably becomes uniform. .Measured thermal gradients in the crust 
range £1"001 10 to SOc Ikm, and an average value of 30° /km is often 
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FIGURE 4. Pressure distribution in the earth's interior. (From Bullellt An int7'O
duetion to tbe theory of seismology. Courtesy of Cambridge University Press.) 

used. Fl'om the thermal gradient and the thermal conductivity of 
the l'ocks the flow of heat toward the surface can be calculated. The 
average value of this heat flow is 1.2 X 10-(1 cal/cm2jsec. This is 
about 40 caljcm2 annually, sufficient to melt a sheet of ice 5 mm thick 
in one yenr (latent heat of fusion of ice is 80 cal!g). This shows ho·w 
little the earth's internal heat can influence climatic conditions; 5 mm 
of ice can easily be melted away by a few honl'st sunshine or be formed 
in one frosty night. However, when computed for the area of the 
e~rth it is nevertheless ml1ch larger than the amonnt of heat brought 
to the surfuce by the spectacular activity of volcanoes. 

The temperature gradient measured in the crust cannot be extrapo
lated to calculate temperatures in the mantle and the core. The prob-
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lem of temperature distribution within the earth has been carefully 
analyzed by Verhoogell (1956). The major part of the heat con
ducted to the surface comes from the disintegra.tion of ra.dioactive 
elements within the crust. It has been calculated that the total amount 
of heat flowing out of the earth could be generated in ~ layer of 
granite 30 km thick. Hence the thermal gradient within the mantle 
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FIGURE 5. Variation of temperature within the outer pare of the earth. 

nlUst be quite low, as otherwise the flo\v of heat to the surface would 
be greater than the observed amount. Seismic evidence indicates that 
the mantle is solid throughout, and therefore the temperature at any 
depth within it cannot exceed the melting range of the material at 
that depth. Data on the variation of melting point with pressure for 
silicates nre scanty, but for olivine a figure of about 5°/1000 atm is 
indicated, or, using an average of 400 atm/km for the pressure gradient 
in the mantle, about 1.20 jIrm. On this basis the temperature at the 
bottom of the mantle cannot be greatel' than abotlt 5500°, It is prob
ably considerably less, since in material cooled from the top the 
adiabatic or convection gradient is also significant. If the tempera
ture gradient in a substance that is able to flow (and although the 
mantle is solid it may still yield to stl'esses by plastic flow) exceeds a 
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critical value, convection will set in and tend to reduce the tempera~ 
ture gradient to the critical value. Estimates of the adiabatic gradient 
for silicate material range from about 0.2 to 0.5°/km. If the thermal 
gradient in the mantle is essentially the adiabatic gradient, the tem
perature difference between top and bottom js of the order of hundreds 
rather than thousands of degrees. 

On the basis of such nrguments a number of temperature-depth 
curves for the outer part of the earth have been computed, some of 
which are given in Figure 5. Those of Gutenberg and of Turner and 
Vel'hoogen, which are based on the probable adiabatic gradient in the 
mantle, seem most in accord with present knowledge. They differ 
essentially in the temperature assigned to the base of the crust. 
Verhoogen (1956) has carefully reviewed the data and concludes 
that the evidence is consistent with an average gradient in the mantle 
of 0.6°/km and with a temperature of about 2700 0 at the core 
boundary. 

The Internal Structure of the Earth. The interpretation of seismic 
data provides a primary threefold division of the earth into crust, 
mantle, and core. Together with other geophysical evidence, these 
data also gIve some indicatioll of the physical properties of the ma
terial 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 in.formation, 
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 general agreement exists as to its major features. It is 
heterogeneous and varies in thickness from place to place. Marked 
differences exist, especially between the continents and the deep ocean 
basins. The 1\1ohorovici6 discontinuity is a datum which is at dif
ferent depths in different geological environments. Under all explored 
ocean basins it is between 10 and 13 km below sea level; nnder the 
continents it is usually about 35 km below sea level, descending to 
greater depths (as much as 60 km) below active mountain belts. The 
evidence indicates that in the ocean basins we have a depth of about 
4 km of sea wate!', undel"lain by one-half to 2 km of unconsolidated 
sediments, followed by material of basaltic composition (5-8 km) to 
the lVlohorovici6 discontinuity. 

It has been customary to interpret the seismic evidence on the con
tinental crust as indicating two principal hyers, an t1pper one of 
granitic or granodioritic composition and a lower one of basaltic com
position. These two layers correspond to the sial (Le., material rich in 
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Si !lnd AI) and the sima (rich in Si and Mg), respectively. lVlore 
refined seismic work, coupled with the geological heterogeneity of 
exposed continental areas, has largely refuted this concept of crustal 
layering. The continental crust is a mosaic of sediments, meta
morphosed sediment.'), igneous intrusions of different kinds, and vol
canics, faulted and broken into blocks of various shapes and sizes; 
ho-wever, there is probably a gradual change in average composition 
of the material, from granitic near the surface to gabbroic farther 
down. The earth's crust is in nearly perfect isostatic adjustment, the 
irregularities of the surface being compensated by the distribution 
of materials of different density within the crust. The boundary 
between crnst and mantle is not only a seismic discontinuity\ it is 
also a level of compensation, equal volumes of overlying rock (and 
water, in the oceanic basins) being of approximate1y equal mass. 

The Mohorovicic discontinuity separates the heterogeneous crust 
from the much more homogeneous mantle and is rnal'ked by a sudden 
increase in the velocities of seismic ,vaves. Bullcn's interpretation of 
the seismic data indicates two second-order discontinuities within the 
mantle, at depths of 410 and 1000 km; Birch considers that there is a 
transitlonnllayer between about 300 and 900 km within which there 
is a gradual change of composition, or of phase, or both. This transi
tional layet· is possibly the key to a number of geophysical and geo
chemical problems; deep-focus earthquakes originate ,vithin it, and 
it may well be the t11timate source of magmas. The idel1tification of 
the material making up the mantle is Im'gely based on information ob
tained from laboratory expel'iments 011 the elasticity of rocks. The 
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 
velocities. These conclusions involve considerable extrapolations from 
the temperatures and pressures of the laboratory experiments to those 
which may be expected within the mantle. A significant feature to be 
borne in mind when speculating on the nature of the mantle is that 
even though it is probably made up of material chemically similar 
to some crustal rocks this material probably exists in polymorphic 
forms unlmown to us. Laboratory work on the properties of matter 
nt high pressures has shown that polymorphic changes are to be ex
pected under such conditions (e.g., the severn I polymol'phs of ice,\ 
the high-pressure polymorph of Si02 [coesite]). The transitional 
zone in the mantle has been ascribed to the formation of a high-pres
sure polymorph of olivine. The existence of such ~ polymorph was 
suggested some years ago on the basis of the occurrence of magnesium 
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gel'manate, Mg2Ge04, ill two modifications" one isom,orpholls \~ith 
olivine and the othel' an isometric phase with 9% hIgher denslty. 
According to this hypothesis olivine would begin to change to a highel'
density polymorph at the top of the transition zone and the change 
would become complete at a depth of about 900 km. The change 
would be gradual through the intervening region, the transition de
pending on temperature, pressure, and the magnesium-iron ratio in 
the olivine, all of which probably vary with depth. Another sug
gested polymorphic change would be the conversion of wlgSiOa from 
It pyroxene structure to one similar to that of cornndum (AI20 3). It 
is also conceivable that silicates become unstable under the high pres
sures within the mantle and break down into the simple oxides, ,vhich 
would themselves crystallize in high~density phases. Polymorphic 
changes of this kind within the mantle also provide a mechanism for 
periodic orogeny; an increase in the amount of a denser polymorph 
during geological time ,vould result in contraction of the earth as a 
whole l thus giving a plausible explanation for crustal shortening and 
orogeny. 

The belief that the earth has an iron core predates the seismic evi
dence for its existence. The idea apparently originated with Daubree 
ill 1866 and was based on the composition of meteorites. Before that 
time the earth was generally considered to be a great ball of granite, 
chemically homogeneous throughout. The concept of the iron core 
has become firmly entrenched in geophysical and geological thought, 
although in recent years Kuhn and Rittmann (1941) and Ramsey 
(1948) have put forward alternative suggestions. Their views nre 
discussed in a later section. 

The seismic discontinuity between the mantle and the core is a 
sharp one, and its positicn is In10wn with considerable accuracy 
(±2.5 km, according to Jeffreys). The passage of S waves through 
the core has not been observed (a fc"\v reported jnstances are generally 
regarded as spurious), and this is interpreted as indicating that the core 
is liquid at least in its outer pa1't. Additional evidence for the fluidity 
of the core is obtained fl'Oln the analysis of the bodily tide of the earth. 
Bullen suggests that the secondHotder discontinuity at a depth of about 
5000 ]{n1 is due to a change in rigidity and that below this depth the 
core is solid. 

A plausible origin for the magnetic field of the eal'th and for its 
secular variation can be deduced from the presence of a liquid iron 
cor~, as sh~wn by Elsasser (1950). He suggests that the earth's mag
neUe field IS the result of electric currents flowing in the interior and 
that such currents are to be expected in the highly conducting metal 
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core rather than in the silicate mantle. The seclllul" variation of the 
geomagnetic field is then interpreted as the expression of thermal con
vection currents in the fluid core. Bullen points out, however, that if 
the inner core is solid it may conceivably be ferromagnetic and would 
thus provide a possible explanation of the earth's magnedc field. 
Nevertheless, since iron loses its ferrornngn.etisrn at a comparatively 
low temperature, the Curie point, and since the Curie point is hardly 
affected by pressure, serious objections can be raised to the idea of a 
ferromngnetic core. 

Earth Models That Have Been Proposed. The evolution of ideas 
concerning the interior of the earth is a subject of considerable interest, 
and a brief resume is given here. A more extensive discussion of the 
various earth models put forward up to 1943 is provided by Budding~ 
ton. To illustrate the lllajor points of agreement and difference those 
suggested by Goldschmidt, Washington, BuddingtoI1\ and Bullen are 
reproduced in Figure 6. 

The threefold division into crust, mantlc, ~l\d core is clearly shown 
in all of them. All interpretations agree in ascribing the first-order 
discontinuity at a depth of 2900 km to the upper slll'face of a fluid 
nickel-iron core. The thickness and nature of the individual layers 
of the crust differ somewhat from the one to the other, depending 
upon the point of view of the author. Major differences, however, 
nre noticeable in the representations of the mantle. Goldschmidt 
postulated all eclogite layer below the crust, based on the nature of 
eclogite as high-density material of gnbbroic composition and on its 
occurrenc.e in material apparently brought up from great depths 
(e.g., eclogite fragments in the diamond~bearing c4pipes" of South 
Africa). By analogy with the metal, sulfide matte, and silicate sl~g 
of smelting processes, Goldschmidt postulated a sulfide-oxide layer 
belo'w the eclogite shell. A major objection to this theory of a sulfide 
layer is that the abundance of sulfur is pl'obably insufficient to form 
a layer of the thickness proposed. Duddington suggested that there 
might be a thin layer of iron sulfide at the top of the core; in thus 
placing this layer he was apparently influenced by a suggested dis
continuity about 20 kIll below the upper surface of the core itself. 
However, later work has failed to confirm this discontinuity ~ The 
absence of a sulfide layer does not, of course, disprove the existence 
of a sulfide phase within the earth; a sulfide phase may be present, 
dispersed throughout the mantle and core as troilite is dispersed in 
meteorites. 

The earth models postulating a mantle made up of material similar 
to that of stony and stony-iron meteorites are based on the concept 
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of meteorites as fragments of a disintegrated planet. It is probably 
an oversimplification to consider the composition of the mantle as 
completely comparable with that 0 f meteoritic material. .0 rry . (1949) 
pointed out a serious objection to the idea. of a, n;antle with thts co~
position when he observed that the radlOactivity of such matenal 

FIGURE 6, The internal structure of the earth, -accQrding to Goldschmidt, Wash
ington) Buddington, and Bullen. 

would release more heat than is evidently being produced within the 
mantle. On the whole, the belief that the mantle consists essentially 
of dunitic or peridotitlc material seems most in accordance with present 
knowledge. However, this material will have a different mineralogical 
composition at considerable depths in the mantle, because of the oc
currence of polymorphic chang'es at high pressures, 

Birch points out that a layer of eclogitic composition in the upper 
part of the mantle (above the transition zone) is consistent with the 
geophysical data and provides a ready explanation for several geo-
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logical features, particularly the availability of large amounts of basaltic 
magma throughout geological time. The chemical composition of 
eclogite is fairly close to that of basalt, and tile presence of a hot 
eclogite layer immediately below the Mohol'ovicic discontinuity would 
provide an adequate source of the basaltic magma. If the silicate 
material of the earth was originally of chondritic composition, frac
donation into crust, eclogite, and peridotite is conceivable, the peri
dotite being essentially magnesium-iron silicates and the eclogite 
luyel' and the crust containing most of the calcium, aluminum, and 
alkali metals. 

Unorthodox earth models that seriously conflict 'with some of the 
above concepts have been proposed. In 1941 Kuhn and Rittmann 
suggested that the seismic discontinuities are due to changes of a 
purely physical nature; in their model the mantle dO\VIl to about 2200 
km is made up of silicate material mixed with metallic iron, but below 
that depth the earth is supposed to consist of undi1ferentiated solar 
material rich in hydrogen. Their hypothesis has been severely crit
icized not only by geologists but also by physicists. One objection 
is that it is based on the assumption that the earth condensed direct! y 
from a mass of material torn from the sun. If this assumption is in
correct, their deductions as to the natnre of the earth's interior have 
no val1dity. Apart from this objection, their hypothesis is inadequate 
in two fundamentall'cspccts: it fails to account for the high density of 
the earth as a whole, and it provides no satisfactory explanation for 
the first-order discontinuity at 2900 km. 

Ramsey (1948) has suggested that the 2900-km discontinuity, instead, 
of being due to a change from silicate material ta an iron alloy, is the 
result of a pressure transition. He points out that a breakdown of 
atomic structure is to be expected at very high pressures, whereby the 
atomic volume can be gl'eatly reduced, the process entailing the loss 
of the molecular and crystal bindings. Hence his suggestion that the 
mantle and the core are respectively molecular and 4C metallic" phases 
of magnesium-iron silicate. Elsasser has discussed this suggestion and 
points out that it is possible to predict from quantum theolY the p.rob
able densities to be expected at pressures such as those within the 
mantle and the core. These results indicate that even a breakdown of 
the atomic stl'ucture of magnesium-iron silicate could not produce the 
density required for the core. He concludes that Ramscis suggestion 
is untenable and shows that the density changes predicted from 
quantum theory corroborate the usual assumption that the mantle 
consists mainly of silicates~ whereas the core is iron or an iron-nickel 
alloy. -
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The Zonal Structure of the EC1rth. The earth may therefOl·e be con
sidered as made up of an iron core, u fairly homogeneous silicate 
mantte, and n heterogeneous silicate crust. This picture of its internal 
structure and composition is consistent with its mass, its moment of 
inertia, and the presence of discontinuities indicated by seismic ·waves. 
The decrensing silica content in the succession of materials from the 
crust into the mantle agrees with petrological experience. The prob
able composition of an earth of this kind is also consistent with the 
relative abundances of the elements. No one of these points, nor all 
of them together, proves that this picture is necessarily a true one, but 
at least it agrees with the available data. To complete the picture, ,ve 
must add to the crust, mantle, and core three further zones: the atmos
phere, the hydrosphere, and the biosphere. The atmosphere is the 
gaseous envelope thut sUlTounds the earth. The hydrosphere is the 
discontinuous shell of water, fresh and salt, making up the oceans, 
lakes, and rivers. The biosphere is the totality of organic matter dis
tributed through the hydrosphere, the atmosphere, and on the surface 
of the crust. Table 7 gives the important features of these zones, and 

Name 

Atmosphere 
Biosphere 

Hydrosphere 

Crust 
'rvlantle 

Core or sider
osphere 

TABLE 7. THE STRUCTURE or THE EARTH 

Important Chemical 
Characters 

N 2, 02) H~O) CO2) inert gases 
I-hO, organic sl.lbstances, and skel

etal matter 
Salt and fresh. water, snow, and 

ice 
Normal silicate rocks 
Silicate material, probably largely 

(Mg,Fe)2Si04i some iron sul
fide? 

Iron-n ickel alloy 

Important Physical 
Characters 

Gas 
Solid and liquid, often 

colloidal 
Liquid (in part solid) 

Solid 
Solid 

Upper part liquidJ lowel' 
part possibly solid 

Table 8 gives data on thickness, volume, mean density, and mass of 
each. 
Th~ atmo,sphere, the hydrosphere, and the biosphere, although geo

chemIcally Important, contribute less than 0.03 % of the total mass 
of the earth. I-renee, in arriving at an avernge composition for the 
earth, these zones may be ignored. Even the crust makes up less than 
1 % of the whole. Thus the bulk composition of the earth is essen
tially determined by that of the mantle and the core. However, in 
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Atmosphere 
Hydrosphere 
Crust 
MantIc 
Core 
Whole earth 

TAnu: 8. VOJ.UME AND MASSES OF EARTII SHELLS '" 

Thickness 
(km) 

3.80 (mean) 
17 

2883 
3471 
6371 

Volume 
(X 1027 ~ma) 

0.00137 
0.008 
0.899 
0.175 
1.083 

Mean 
density 
(gjcm3) 

1.03 
2.8 
4.5 

10.7 
5.52 

Mass 
{X 1027 g} 

O.OOOOOS 
0.00141 
0.024 
4.075 
1.876 
5.976 

41 

Mass 
(per cent) 

0.00009 
0.024 
0.4 

68.1 
31.5 

100.00 

* Data for the biosphere is not included 011 nccount of its relatively small mass and the 
lack of precise figures. 

view of the significance of the crust in geology and geochemistry its 
composition is discussed in detail at this point. 

The Composition of the Crust. The average composition of the 
crust is in effect that of igneous rocks, since the total amount of sedi
mentary and metamOl'phic rocks is insignificant in comparison to the 
bulk of the igneolls rocks, and in any case their ~verage composition 
is not greatly different. Cbrke and Washington (1924) estimate that 
the upper 10 miles of the crust consist of 95% igneous .rocks, 4% shale, 
0.75% sandstone, and 0.25% limcstoz:1e. Where sedimentary rocks are 
present they form a relatively thin veneer on an igneous basement, 
except where locally thickened in orogenic belts. 

Clarke and Washington have made an exhaustive study of the data 
available for computing an average composition of igneous rocks. 
The basis for their computations ·was Washington's compilation of 
5159 "superior' ! analyses. The analyses were grouped geographically, 
and the averages of these groups agreed fairly welt with one an{)ther. 
In other words, the composition of the earth's crust is approximately 
the same in different regions, provided these are large enough to 
eliminate local variations. However, the Si02 percentage is markedly 
lo\vel' for rocks from oceanic areas, such as the isl~nds of the Atlantic 
and Pacific Oceans, further evidence for the belief that the sial shell 
is thin or absent below the ocean basins. Clarke and Washington'S 
estimate of the average composition of igneous rocks, which is some
times used as the average composition of the Cl'ust, is, in effect, the 
composition of continental areas rather than the crust as this term 
has been used earlier in this chapter. 

The overall average of the 5159 analyses, recalculated to 100 with 
the elimination of H 20 and minor constituents, is as follows: 
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FeO 

3.88 

MgO 

3.56 
CaO N1120 
5.17 3.91 

K~O 

3.19 

Ticn 
1.06 

This composition does not correspond to .any common igne~us ~'OC!{ 
but is intermediate between that of gramte and basalt, whIch mCl~ 
dentally make up the bulk of all igneous rocks. 

Numcl'ous objections have been raised to the method of arriving at 
an average composition of igneous rocks by averagjng analyses,. bl~t a 
more satisfactory procedure has yet to be proposed. The pnnclpal 
objections are 

1. The uneven geographical distribution of analyses. 
2. Theil' non-statistical distribution over the different rock types. 
3. The lack of allowance for the actual amounts of the rocks repre

sented 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 tmit-area than other parts of the earth. I-Iow
ever, Clarke showed that the nverages for the individual continental 
areas are in marked agreement in spite of the widely different coverage, 
a fact which suggests that the results can probably be accepted as a 
reasonable approximation. 

The second objection is valid in that an average of published rock 
analyses must inevitably give undue weight to the rare and unusual 
rock types, and insufficient weight to the abundant and uniform types 
snch as granites and basalts. This objection is probably not so serious 
as has been asserted, since in a large number of analyses the unusual 
types will be drawn from the whole range of rock compositions and 
will tcnd to give a true average.· Also, as Cladce and Washington 
point out, their 1924 average was made from analyses of fresh, un
altered rocks only, thus eliminating lunny analyses of unusual rocks. 

The third objection, that all analyses are given equal weight regard
less of the areas occupied by the rocks and therefore of their I'elative 
amounts, can also be countered if it can be shown 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 may not affect the mean 
appreciably, since the relatively insignificant rocks range in composi
tion from persilicic to sl1bsilicic just as the more abundant rocks do. 
Furthermore, the surface ex.posure of a rock is no certain measure 
of its real volume and mass, for a small exposure may be merely the 
pea]{ or crest of a large subterranean body and a large exposure may 
l'cpresent only a thin layer. 
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An interesting confirmation of the general l"eliability of the figures 
of Clarke and Washington was provided by Goldschmidt. He sug
gested that if it were possible to obtain an average sample of a large 
part of 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 glaciul clay widely distributed in southent Norway, This day 
represents the finestrock flour deposited by melt water from the Fen
noscandian ice sheet. From 77 analyses of different samples of this 
material he calculated the fonowing averOlge analysis: 

Fe20a 
Si02 A}aOa + FeO MgO CnO Na20 K20 H20 Ti02 P205 

59.12 15.82 6.99 3.30 3.07 2.05 3.93 3.02 0.79 0.22 

These figures agree remarkably with those of C\arke and Washington, 
especially when the effects of hydradon and solution, which ~'esult in 
the leaching of sodium and calcium, are taken into account. 

A different approach to this problem is that ()f Poldervaa:rt (1955). 
I--Ie has analysed the composition of the crust in terms of four major 
geological divisions-the deep oceanic region, the continental shields, 
the young folded heIts, find the continental platform and slopes. For 
each of these divisions he has determined an average compostdon in 
terms of the estimated compositions and amounts of the major rock 
types. From these data he finally arrived at an average composition 
fOl' the crust, i.e., the rock material above the Mohorovicic discon
tinuity. This average, reduced to <a, water-free basis, is as follows: 

Si(h 
55.2 

FeO MnO MgO 

5.8 0.2 5.2 
eaG N!l-ZO K20 

8.8 1.9 1.9 

This average reflects more tlllly than the figures of Clarl{e and Wash
ington the composition of the crust as a whole, since it gives adequate 
consideration to the submarine region. Comparison 'with the average 
made by Cluke and vVashington sho'ws somewhat lower silica and 
alkalies and higher iron, magnesium, and calcium, reflecting the ferro
magnesian nature of the submarine crnst. 

So far we have considered only the major elements, those which 
are determined as a matter of COUl'se in a rocI{ analysis, and have 
omitted those present ill lesser amounts. Obviousiy, the determina
tion of the average amounts of the minor elements is a more difficult 
problem. I-lowever, in the last thirty years ou.r knowledge of the 
relative and absolute abundances of the less common elements has 
greatly increased, mainly as a result of the introduction of methods 
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TABLE 9. THE AVERAGE AMOUNTS OF THE Er.EM£NTS IN CRUSTAL ROCKS IN 

GRAMS PER TON OR PARTS PER MILLION 

(Omitting those present ill less than 0.001 g/tol1: Ne, Kr, Xc, and the shol't~ 
lived radioactive elements) 

0 466,000 Hf 5 
Si 277,200 Dy 5 
Al 81,300 Sn 3 
Fe 50,000 B 3 
Ca 36,300 Yb :.\ 
Na 28,300 Er 3 
K 25)900 Br 3 
Mg 20,900 Ge 2 
Ti 4,400 Be 2 
H 1 J400 As 2 
P 1,130 U '2 
Mn 1,000 Ta 2 
F 700 W 1 
S 520 Mo 1 
Sr 450 C5 1 
ila 400 Ho 1 
C 3'20 Eu 1 
CI 200 TI 1 
Cr 200 Tb 0,9 
Zr 160 Lu 0,8 
Rb 120 Hg 0,5 
V 110 I 0.3 
Ni 80 Sb 0.'2 
Zn 65 Hi 0.2 
N 46 Tm 0.2 
Ce 46 Cd 0.2 
eu 45 Ag 0,1 
Y 40 In. 0.1 
Li 30 Se 0.09 
Nd 24 A 0.04 
Nb 24 Pd 0.01 
Co '2J Pt 0.005 
La IS Au 0,005 
Pb 15 He 0.003 
Ga 1S Te 0,002 
Th 10 Rh 0.001 
Sm 7 Re 0.001 
Gd 6 Ir 0,001 
Pr 6 Os 0.001 
Sc 5 Ru 0.001 
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of q~1antitative spectrographic analysis and of colorimetric determina
tion of tr~ce amounts. Three distinct procedures have been used in 
determining abundances of minor elements: (/1) the averages of many 
individual analyses; (b) the analysis of mixtures of many different 
rock types; and (c) the determination of the proportion of the trace 
element to some more common element with \vhich it is associated 
(e.g., the abundance of rubidium can be estimated from the abundance 
of potassium and the average Rb:K). Table 9 presents the data on 
the abundances of the elements; most of these figures are based on 
determinations in igneous rocks but can reasonably be considered as 
representing abundances in the Cl"ust as n whole. The data on those 
elements more abundant than 1000 g!toll are taken from Clarke and 
Washington, for minor and trace elements from the work of Gold
schmidt and his co~workers, modified for many elements by more 
recent determinations. The relationship of abundance to atomic 
number is illustrated in Figure 7. 

Some interesting features of Table 9 may be noted. Eight ele
ments-O~ Si~ AI~ Fe .. Ca~ Na, K, j\tlg-make up nearly 99% of the 
total. Of these oxygen is absolutely predominant. As Goldschmidt 
first pointed out, this predominance is even more marked when the 
figures arc recalculated to atom per cent and volume pel' cent (Table 
10). The earth's Cl'ust consists almost entirely of oxygen compounds, 

TABl.E 10. THE COMMONER. CHEMICAL ELeMENTS IN THE EARTH's CRUST 

\'Vcight Atom Volume 
per cent per cent Radius (A) pet cent 

0 46.60 62.55 1.40 93.77 
Si 27.72 21.22 0.42 0.86 
Al 8.13 6.47 0.51 0.47 
Fe 5.00 1.92 0.74 0.43 
Mg 2.09 1.84 0.66 0.29 
ea 3.63 1.94 0.99 1.03 
Na 2.83 2.64 0.97 1.:)2 
K 2.59 1.42 1.33 1.83 

especially silicates of aluminum, calcium, magnesium, sodium, potas
sium, and iron. In terms of numbers of atoms oxygen exceeds 60%. 
If the volume of the different atoms, or rather ions, is calculated,' 
oxygen makes up more than 90% of the total volume occupied by the 
cleme":ts. Thus the cru~~ of the earth is essentially a packing of oxy
gen amons, bonded by slhcotl and the ions of the common nletals. As 
Goldschmidt remarked, the lithosphere may well be caned the oxy
sphere. 
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Table 9 shows that some of the elements that play a most impor .. 
tant part in our econOlnic life and that have long been lmown to and 
used by man are actu ally quite rare. F or example, copper is less 
abundnnt than zirconium; lead is comparable ill abundance with gal
lium; mercury is rarer than most of the so-called "rare earths." Com
plementary to this is the relative abundance of many unfamiliar ele
ments: rubidium is pl"esent in amounts comparable with nickel, vana
dium is much more abundant thnll tin, scandium more abundant than 
arsenic, and hafnium, one of the last elements to be discovered, is 
more abundant than boron. Evidently we mnst dnnv a clear distinc
tion between the abundance of an clement and its availability. Some 
elements, although pl'esent in the crust in considerable amounts, are 
systematically dispersed throughout cOmmon minerals and never oc
cur in any concentration. Vernadsky (1924) called these dispersed 
ele711entSj examples are rubidium, dispersed in potassium minerals, 
and gallium, in aluminum minerals. Other elements, such as titaniun1 
and zil'coniun1, form specific minerals which, in turn, are widely dis
persed in small amounts through some of the con1monest rocks. The 
longest known and most famili~r elements are those forming the major 
constituents of easily recognized minerals, minerals that are readily 
converted into useful industrial materials. 

Fersman introduced the term clm'ke, defining it as the average per
centage of an element in the earth's crust. Thus the clarke of oxygen 
is 46.60, of silicon, 27.72. In discussing dispersion and concentration 
of the elements, Vernadsky introduced a further term, the clarke of 
concentratiol1, which is a faccor showing the concentration of an 
element within a particular deposit 01' even a particular nlineral. Thus, 
if the clarke of manganese is 0.1, the clarke of concentration of man
ganese in pyrolusite is 632, in rhodonite, 419, in a psilomelane with 
50% Mn, 500. This factol' is useful in the consideration of the migra
tion and deposition of the elements and in the discussion of ore de
posits. An are is simply a deposit in which the concentration clarke 
of the element sought reaches a figure sufficient to make extraction 
profitable. Table 11 is an evaluation of the concentration clarkes 
necessary to form ore bodies of the commoner metals. 

The availability of an element depends in large part on its ability 
to form individual minerals in which it is a major constituent; the most 
unavailable elements are those which form no minerals of their own 
but occur in amounts generally much less than 1 % in minerals of other 
elements-indium, rubidium, gallium, hafniUlTI, rhenium, etc. Even for 
the" common" elements, however, the dispersed amounts exceed, by a 
vast factor, the amount available in so-called "ore deposits"; for 



48 STRUCTURE AND COMPOSITION OF EARTH 

TABLE 11. CONCENTRATION CLARKES FOR ORE BODIES OF THE 

COMMONER METAI.S 

t¥linimum per Concentration 
cent profitably clarke necessary 

1vleta\ Clarke extracted for an Ol'e body 

Al 8.13 30 4 
Fe 5.00 30 6 
Mn 0.10 35 350 
Cr 0.02 30 1500 
eu 0.007 1 140 
Ni 0.008 1.5 175 
Zn 0.013 4 300 
Sn 0.004 1 250 
Pb 0.0016 4 2500 
U 0.0002 0.1 500 

example, clay minerals are a far more l'eadily available source of 
aluminum than is bauxite, but the problem with the clay minerals is 
the technical one of extraction. Magnesium is extracted from sea 
water, in ,vhich it is present to the extent of 0.13%, although there 
are vast deposits of olivine that contain about 30%. The technical 
availability of a number of the rarer elements is conditioned in part 
by their inherently useful properties and in part by their being ob
tainable as by-products from the extraction of more abundant ele
ments. An example of the first kind is beryllium~ which, although 
absolutely and relatively rare (its sole industrial source is as the min
eral beryl, irregularly dispersed in a few granite pegmntites), has such 
valuable properties as an alloying element that it is an important indus
trial materilll. On the other hand, a number of exceedingly rare ele
ments could be produced relatively easily as by-products from extrac
tion processes. For example, the electrolytic refining of copper can 
provide tellurium in sufficient quantities to encourage the develOp
ment of industrial uses of this element. Similarly, Goldschmidt pointed 
out that if any demand for gallium or germanium existed large amounts 
of these elements (1000 tons or so annually) could be extracted from 
the ashes of certain coals. The demand for germanium for industrial 
purposes has resulted in the application of Goldschmidt's s~lggestion 
to the production of commercial amounts of this element. 

The Composition of the Mantle. Geophysic~l data have provided us 
with information regarding the elastic properties and probable density 
of the mantle; laboratory jnvestigations indkate that of the common 
rock types only dunite, peridotite, or eclogite satisfy the geophysical 
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requirements. The interpretation of meteorites as fragments of a dis
rupted planet suggests that the mantle of the earth may be composed 
of material similar to that of the chondritic meteorites, As mentioned 
previously, however; the l'adioactivity of meteoritic silicate would pro
duce an excessive amount of heat if such material made up the mantle. 
On the whole, a mantle of peridotitic composition seenlS more in line 
with the evidence. 

Several authorities have suggested that the mantle may contain ap
preciable amounts of disseminated nickel~iron, especially in the lower 
parts. This suggestion seems to be based in part on analogy \vith the 
siderolite meteorites and in part on the fact that the nlean density of 
the mantle is considerably higher than that of dunite or peridotite. 
However, the increase of pressure with depth is probably sufficient to 
produce the mean density by compression of a mantle wholly of sili
cate. Also, the analogy with siderolites may not be valid, since the 
evidence suggests that the earth is a considerably larger planet than 
the parent planet of meteorites, and therefore the greater force of 
gravity in the earth would probably produce a much cleaner separa
tion of silicate from nickel-iron. 

Goldschmidt suggested that the lower part of the mantle consists of 
a mixed oxide-sulfide layer similar to the matte layer often formed 
between metal and slag in smelting processes. This idea has not been 
generally accepted. Nevertheless, troilite is a common phase in me
teorites (Goldschmidt estimates an average content of about 8 % fOl' 

meteoritic matter), and some quantity of an jron sulfide phase is 
probably dispersed throughout mantle and core. 

The Composition of the Core. Evidence as to the nature of the core 
comes first fl'om its high density and second from the testimony of 
meteorites. The core has a mean density of about 10.7, which as 
11lentioned previously can hardly be explained except by the presence 
of a heavy metal. Since the most abundant henvy metal is iron, as 
shown by studies of the solar spectrum and by the composition of 
meteorites, it is reasonable to assume that the ealth's core also consists 
essentially or metallic iron. Analogy ,vith meteorites suggests that the 
iron is probably alloyed with an ~ppreciable amount of nicl{el. 

The Composition of the Earth as a Whole. The bulk composition of 
the earth is essentially detel'mined by the composition and relative 
amounts of the mantle and the core, since they make up over 99% of 
its mass. By using the deductions regal'ding the earth '5 interi()r dis
cussed above, an average composition for the earth as a whole can be 
calculated. 
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For the purpose of this calculation the following assumptions as to 
the composition of the core and the mantle a.re made: 

1. The iron aHoy of the core h<15 the composition of the average 
for meteoritic nic1{el-iron. 

2. The silicate material of the mantle has peridotitic composition. 
3. The earth contains 8% of sulfide, the composition of which is that 

of meteoritic troilite. The sulfur content of the earth is probably not 
less thall that of the ancestral body of the meteorites and may well be 
greater because of the superiol' retentivity of the larger body for vola
tile constituents, such as sulfur. 

4. The troilite content is divided more or less arbitrarily between 
the silicate and nickel-iron shells\ there being insufficient data on the 
probable distribution of sulfide within the earth. On the basis of 
such an arbitrary distribution the weight percentages of nickel-iron, 
sulfide, and silicate in the earth are taken as 28.8, 8, and 63.2, respec
tively. 

The results of this calculation arc given in Tuble 12. The figures 
obtained (rounded to two significant figures) are compared in Table 
13 with the published estimates of vVashington (1925) and Niggli 
(1928). Earlier estimates, such as those of Farrington, Linck, and 
Clarke, are based on erroneous earth models and give values too high 

TABLE 12.* CALCULATION OF THE BULK COMPOSITION OF THE. EAR.TH 

Metal X 0.288 Silicate X 0.632 Tl'oilite X 0.080 Total 
Fe 90.78 26.14 6.90 4.36 61.1 4.89 35.39 
Ni 8.59 2.47 2.88 0.23 2.70 
Co 0.63 0.18 0.21 0.02 0.20 
0 43.97 27.79 27.79 
Si 20.00 12.64 12.64 
AI 0.69 0.44 0.44 
Mg 26.90 17.00 17.00 
Ca 0.97 0.61 0.61 
Na 0.22 0,14 0.14 
K 0.11 0.07 0.07 
Ti 0.07 0.04 0.04 
Cr 0.12 0.01 0.01 
P 0.02 0.01 0.31 0.02 0.03 
S 34.3 2.74 2.74 
Mn 0.15 0.09 0.09 

:4< The composition of metal and troilite are those given in Table 4; the com
position of the silicate is that of Daly's average harzblll'gite (Bull. Geol. Soc. 
Amer.57, 711, 1946). 
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TABLE 13. THE CHEMICAL COMPOSITION OF THE EARTH 

Atomic Washington's Niggli's 
Element number Table 12 * estimate t estimate t 

Fe 26 35 39.76 36.9 
0 8 28 27.71 29.3 
Si 14 13 14.53 14.9 
Mg 12 17 8.69 6.73 
Ni 28 2.7 3.16 2.94 
S 16 2.7 0.64 0.73 
Ca 20 0.61 2.52 2.99 
Al 13 0.44 1.79 3.01 
Na 11 0.14 0.39 0.90 
Cr 24 0.01 0.20 0.13 
Co 27 0.20 0.23 0.18 
P 15 0.03 0.11 0.15 
K 19 0.07 0.14 0.29 
Ti 22 0.04 0.02 0.54 
Mn 25 0.09 0.07 0.14 

* Core nickel-iron, mantle peridotite, 8% troilite. 
tAm. J. Sci., (5) 9, 361 1 1925. 
t Pennia 50, No.6, 1928. 

for nickel and iron, as a result of assuming an iron core considerably 
larger than that now accepted. Washington based his calculation 
on the following structure of the earth: 

1. Central core, composition average of iron meteorites (27.30%). 
2. Lithospol'ic shell, composition average of equal \veights of me

teoritic nickel-iron and siderolitic olivine (8.51 %). 
3. Ferrosporic shell, composition average of stony meteorites 

(22.55%). 
4. Peridotitic shell, composition average of achondritic meteorites 

(40.08%). 
5. Basaltic shell, composition Daly's average of basalts (1.08%). 
6. Granitic shellt composition that of "average igneous rock" (Clarke 

and Washington) (0.48%). 

Niggli assumed an eclogite shell within the earth, which served to 
raise the figure for aluminum somewhat; otherwise his earth model 
corresponds quite closely with that of Washington. As can be seeJ1t 
the three estimates are in reasonable accord. The differences are 
largely the result of assuming in the present calculation a malltle of 
peridotitic composition, whereas the other estimates are based on a 
mantle with composition that of meteoritic silicate. 
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In view of the uncertainties and assumptions involved in calculations 
of this land too much weight should not be given to the numerical 
results obtained. Nevertheless, some significant deductions of a semi
quantitative order are probably justified. The results indicate that 
about 90% of the earth is made up of four elements, Fe, 0, Si, and Mg. 
The only other elements that may be present in amounts greater than 
1 % are Nit Ca, Al, and S. Seven elements, Na, K, Cr, Co, P, Mn, and 
Ti may occur in amounts from 0.1 to 1%. Thus the earth is made 
up almost entirely of fifteen elements, and the percentage of all the 
others is negligible, probably 0.1 % aI' less of the whole. 

Let us now compare the order of abundance of the major elements 
in the earth with their relative abundances in other parts of the solar 
system. Table 14 gives these data for the earth as a whole, for the 

TABLE 14. RELATIVE AD UNDANCES (BY WElGHT) OF THE ELEMENTS 

Crust :ole Whole earth t Meteol'i tes t Sun § 

0 Fe 0 H 
Si 0 Fe He 
Al l\1g Si 0 
Fe Si Mg Fe 
Ca Ni S Mg 
Na S Ni N 
K Ca AI Si 
Mg Al Ca S 
Ti Co Na C 
H Na Ct' Ca 
P Mn Mn Al 
Mn K K Ni 
S Ti Ti Na 
C p Co Cl' 

* From Table 9. 
t From Table 12. 
t From Table 4. 
§ From Table 3. 

earth's cnlst, fol.' the avemge composition of meteorites, and for the 
sun. The most striking featt1re is the relative uniformity throughout; 
the same elements appear in all columns, albeit 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 non-volatile ele
~ents, it js seen that iron, silicon, and magnesium in general head the 
lIsts and aTe followed by nickel, sodium, calcium, and aluminum. 
Note particularly that the most abundant elements are all of low 
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atomic number; nOlle with atomic number greater than 30 appears jn 
any of the lists. 

The relative abundances of the elements in the crust are included in 
Table 14 for comparison with the bulk composition of the earth. The 
main differences are the lesser abundance of iron and magnesium jn the 
crust, the non-appearance of nickel and sulfur, and the increased sig
nificance of aluminum, potassium, and sodium. This suggests that the 
primary differentiation of the earth led to a concentration of relatively 
light, easily fusible alkali-aluminum silicates at the surface, while the 
relatively heavy, infusible magnesium-iron silicates sank and concen
trated in the mantle. 

The Primary Geochemical Differentiation of the Earth. The parti
tion of the earth into crust, mantle, and core probably dates back to 
pregeological time .. The evidence of the oldest rocks suggests that 
when they were deposited conditions were much the same as at pres
ent-the earth presumably had the zonal structure of atmosphere, 
hydrosphere, crust, mantle, and core that it has today. Certainly 
differentiation has continued to a minor degree throughout geological 
time, especially for the atmosphere, the hydrosphere, and the crust, 
but the major separation into crust, mantle, and core was probably 
completed at an early period in the earth's history. 

Wllether the earth fanned by condensation of incandescent gas or 
by gradual accretion of solid particles, it may have passed through a 
stage when it was fluid throughout. Under these circumstances 
the elements would distribute thems~lves according to their affinity for 
the phases present, which would be silicate melt, metallic melt, sulfide 
melt, and a primordial atmosphel'e. 

The composition of the primordial atmosphere would be controlled 
by the vapor pressures of the elements and stable compounds that 
might be present; it would certainly vary greatly from one level to 
another, on account of the variation in tempel'ature and pre.ssure from 
its base to its outer limit. The nature of the condensed phases would 
be essentially determined by liquidus conditions within the Fe-lVIg
Si-O-S system, in which oxygen greatly exceeded sulfur and the sum 
of the two was insufficient to combine completely with the electro
positive elements. Since iron was the most abundant element, a sys
tem of three jmmiscible or partly miscible liquids-iran-magnesium 
silicate, iron sulfide, and free iron-would result, and the ratio of com
bined iron to fJ.'ee iron would be fixed by the amount of oxygen (plus 
sulfur). The distribution of the remaining electropositive elements 
between the three liquids would be governed by reactions of this type: 
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NI + Fe silicate ~ M silicate + Fe 

M + Fe sulfide ~ lVI sulfide + Fe 

i.e., by the free energies of the cOlTesponding 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 of the elements in a system of this kind. Iron, because of 
its preponderant abundance, was common to all the condensed phases 
-the metallic melt rich in free electrons, the ionic silicate melt, and 
the semi-metallic, probab Iy covalent, sulfide melt. Elements more 
electropositive than iron displaced iron from a silicate melt, in \vhich 
they were accordingly concentrated. Conversely, less electropositive 
elements concentrated in the metallic phase, being displaced by iron 
from an ionic melt. The sulfide melt attracted those elements that 
form essentially homopo]ul' compounds with sulfur and the metalloids 
and that cannot exist in an ionic environment with appreciable con
centrations of metalloid ions; such elements are in the main the metals 
of the sulfide group of analytical chemistry. 

It is highly significant that the distribution of elements in a gravita
tional field, such as that of the earth, is controlled not by their densities 
01' atomic weights, 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 of their atoms. For example, uranium 
and thorium, although of high density, are strongly electropositive 
elements and have concentrated in the earth's crust as oxides or sili
cates. Gold and the platinum metals, on the other hand, have no 
tendency to form oxides or silicates and alloy readily with iron; hence 
they are presumably concentrated in the earth's core. The distribu
tion of the elements is not directly controlled by gravity, which 
merely controls the relative positions of the phases; the distribution 
of the elements within these phases depends upon chemical potentials. 

The Geochemical Classification of the Elements. Goldschmidt was 
the first to point out the importance of this primary geochemical 
differentiation of the earth for the distribution of the elements. He 
coined the terms siderophile, chalcophile, lithophile, and atmophile to 
describe elements with affinity for metallic iron, for sulfide, for sili
cate, and for the atmosphere, respectively. When he put forward 
this concept in 1922, few quantitative data were available on ·which 
to base his ideas. The geochemical nature of an element eQuId, of 
course, be established by measul'ing its distribution between three 
liquid phases of metal, sulfide, and silicate. He recognized the diffi
culty of carrying out these measurements in the laboratory but re-
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mark~d that meteorites provide us with such nn experiment jn a fossil
ized condition. Many meteorites consist of n~l~J~i~on, t;I:pilite, and 
~ilicate, all of which have presumably solidified from a liquid state. 
The distribution of a particular element between those three phases 
would be established when the system was in a liquid condition and 
can be determined by mechanically separating these phases and analyz .. 
ing them individually. From such analyses the partition of the ele .. 
ment between metal, silicate, and sulfide can easily be calculated. 

In later years Goldschmidt and his co-workers made many measure .. 
111cnts of the content of various clements in nickel-iron, troilite, and 
silicate of meteorites. 1\/!uch ·work along these lines was also carried 
out by I. and VV. Noddack in Berlin. The information derived from 
meteorites Has been supplemented by that obtained by a study of 
smelting. processes, such as the distribution of elements during the 
smelting of the A1ansfeld copper slate in Germany. The smelting'l . 
of this slate gives a silicate slag, a matte rich in iron and copper sulfide,! 
and· riietallic iron. Spectrographic measurements of the concentration 
of many minor elements in the different phases have given distribu
tion coefficients agreeing on the whole with those determined from 
examination of meteorites;""· 

On the basis of these results an element may be classified according 
to its geochemical affinity into one of foul' groups: siderophile, chalco~ 
phile, lithophile, and atmophile (Table 15). Some elements show af~ 

TADLE 15. GEOCHEMICAL CLASSIFICATION OF THE ELEMENTS 

Siderophile 

Fe Co Ni 
Ru Rh Pd 
Os Ir Pt 
Au Re Mo 
Ge 5n 

~E 
(Ph) (As) (W) 

Chalcophile 

eu Ag 
Zn Cd Hg 
Ga In Tl 
(Ge) (Sn) Ph 
As Sb Bi 
S SeTe 
(Fe) (Mo) (Cr) 

Lithophile 

Li Na K Rb Cs 
Be Mg Ca Sr Ba 
B Al ScY 
Rare earths 
(0 5i Ti Zr HfTh 
(r) V Nb Ta 
O~WU 
(H) F Cl Br I 
(Tl) (Ga) (Ge) 
(Fe) @. 

Atmophile 

H N <9 (0) 
Inert gases 

finity fOLn1ore than one group, becaus~ t~~~. 9!s_t.rjb~~i9n of any element 
is dependent to so~e .. ~xtent on tCfI1P_~~_~.t.~~.re, pre_s_sure, and d~e chemical 
envlronmeriCof the system_ as a whole. For instance, cl!!~emium is ,n 
strongly lith~phile. ~lement in the e~l'th's crust, but if oxygen is de
ficient, as in iron meteorites, chromium is decidedly chalcophile, en
tering almost ·exclnsively into the sulfo~spinel dal1bl'celite, FeCr2S4. 
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Similarly, under strongly reducing conditions c~Irbon and phosphorus 
are siderophile. The mineralogy of all element, although a general 
guide, may not be altogether indicative of its geochemical character. 
For example, although all th~!Ji_~!lL!!?~_~~l:als are sulfides, the greater 

- part of the thallium in the earth's crust is contained in potassium min
erals, in which the Tl + ion proxies for the I{ + ion. In general, the 
classification of an element as lithophile, chalcophile, or siderophile 
refers to its behavior in Iiq~li9-liquid eqtu.li~ria bet\yeen melts. When 
an element shows affinity for more than one gl'OUP, it is given in paren
theses under the group or groups of secondary affinity .. 

The ge.ochemical character of an element is largely governed by the 
eleqtronic configuration of its atoms and hence is closely related to its 
sys~ematic posi~ion in the periodic table (Table 16). Lithophile e1e,
ments ~l'e those that readily form i011s 'with an outermost 8-electron 
s~IJ; the chg.l.cpphile: .ele~n~nts are.those .of.the B suqgr9ups, \vhos~ ions 
have)8 ele~~ons ill the Qu~e~ shells; the siderophile elements are tl~ose 
of Or-oup VIII and some neighboring elements, whose outel.'ffiost shells 
of elec.tron~ are for the .. mo~t p~l't incompletely filled. These factors 
are reflected by oth~r properties also. Goldschmidt pointed out the 
marked corl'elation between geoc;hemical character and atomic volume, 
If the atomic volume of the elements is plotted against atomic number, l 
the resu\ting curve shows maxima and minima, All siderophile ele- .'( 
ments are near the minima; the chalcophile elements are on sections 
in which the atomic volume increases with the atomic number; thcJ ~_re 
follo\ved by the ~tmophne elements, wher~as the lith.~R.l1i~e.e~~!l1ents are 
near the maxima and on the declining sections of the curve, 

Brown and Patterson have shown that if the heat of formation of an 
oxid~ is greater th~n.-dia_t. of lfeQ th~ 'elerpen~ _i_s .lit119phile; th~ -diff.~r
ence 6e~e.~n 'the two heats ~f formation is a measure of the intensity 
of the lithophile ~ha~·ac~er. Similarly, those el~ments having oxides 
with heats of formation lower than FeO are c1~alcophile or siderophile; 
those -ror·-~~i~~. -~the-_l~eat. of _ formaticm _of.the sulfide is equal to or 
gl'eat~r than that of FeS are generally chalcophile. SeIt!!:g~~~.~t~t~tive I 
measure of lithophile, side.rophile, or chal~9phile charaGtf!r is also_ pro
vided' by the electrode potential. Elements ,vlth high positive poten
tials (1-3 volts) ~ such as the alkali and alkaline earth metals., are litho
phile; the ~Q~le II1etals, with. high negatiye potentials, are siderophile; 
elements falling in the intermediate range are generally. cbalcophile. v" 

The Pre-geological History of the Earth. The pregeologico.L history 
of the earth comprises the sequence of events through which it passed 
before the time when the physical condition of the surface became 
much as it is today-a surface partly of rocks, partly of water, with a 
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mean temperature essentially determined by solar radiation. This is 
the zero datum for geological time, a datum following which the 
earth's surface has been subject to the normal processes of ,veathering 
and erosion. The pregeological history began ,vhen the earth orig
inated as an individual body within the llniverse. We do not kuo·w 
the length of time covered by this period with any degree of preci
sion; the earth's crust has existed for over 3000 million years, and the 
age of the earth as an individual body is probably of the order of 
4500 million years. 

As discussed in Chapter 2, the earth is believed to have formed from 
the same material that gave rise to the sun and the other planets. 
Hypotheses differ as to the mode of aggregation; one considers that 
the earth condensed from incandescent gas, the other that it grew by 
the gradual accretion of solid particles in a cosmic dust cloud. With 
this in mind it is interesting to compare the composition of the earth 
wi th that of the. sun. The major differences are the great abundance 
of hydrogen and helium ~nd to a lesser extent carbon and nitrogen 
in the sun. These differences can be adequately explained Oll either 
hypothesis, since these elements are either gaseous or form stable 
gaseous compounds. If the earth grew by the accretion of solid par
dcles, it is readily seen that these elements have always been of low 
abundance on the earth; if the earth was formed by the condensation 
of a mass of incandescent material, the light gases ,vould have tended 
to escape from the earth's gravitational field during cooling from the 
high temperatures. One piece of evidence, however, favors the accre
tion hypothesis; not only are the light gases of low abundance on the 
earth but the heavy gases are also. Krypton and xenon are about a 
million times less abundant than their immediate neighbors in the 
periodic table, a definite deficiency compared to their probable abun
dunce throughout the universe. If the earth condensed from incan
descent material\ these gases should be more abundant than they arej 
if· the earth was formed by the accretion of solid particles, then they 
were never present in any amount. On the accl'etion hypothesis the 
earth's atmosphere W'aS formed by the release of gases occluded and 
chemically combined in the solid particles. 

However, whichever theory of origin we accept, the internal struc
ture of the earth with its n1arked density stratification seems to de
mand that at an early period in its history it was a hot molten mass, 
well stirfed by convection currents, and, to the extent that the com
ponents were miscible in the liquid state, quite homogeneous. This is 
by no means an objection to the accretion hypothesis, since both the 
kinetic energy of the infalling pal'tides and the compression of the 
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material would generate great' heat) probably sufficient to liquefy the 
growing earth. In addition, radioactive disintegrations would also 
be an important source of heat. Birch (1951) has calculated that even 
an initially "cold" accumulation of undifferentiated matel'ial having 
a potassium content of 0.06% or more must pass through a stage of at 
least partial liq\lCfaction, and that if ,ve date the "l'esolidification" at 
3.3 X 100 years ago the time prior to this required for melting would 
be less than 1 09 years. This provides a nice fit with the age data given 
in Chapter 2; with so many uncertainties, however, the agreement may 
well be fortuitous. ' 

Proponents of the accretion hypothesis have also suggested that the 
temperature within the cosmic dust cloud varied considerably, and the 
solid particles that accreted to form the earth may have been fairly 
hot. The differences bet\veen the inner planets of comparatively high 
density and the outer planets of low density can then be explained by 
the temperature of the accreting materia1, the inner planets being com
posed of silicates and n1etaUic iron, which are solid to comparatively 
high temperatures, whereas the outer planets developed from the cooler 
p~ut of the cosmic cloud and contain large amounts of ·water, am
monia, methane, and other volatile compounds that condense at rela
tively low temperatures. 

By postulating the initial conditions and the final state it is possible 
to deduce therefrom the probable chemical and physical evolution of 
the ertrth. This has been done for an initial state as a l11ass of incan
descent vapor torn from the sun (Nutting, 1943) and for an earth 
formed by accretion in a cosmic dust cloud (Latimer, 1950). Both 
Nutting and Latimer accept the same final state (iron core, silicate 
mantle, and crust), and Latimer believes that heating effects during 
accretion would result in melting. Urey has also discl1ssed r:he physi
cal chemistlY of au earth formed by accretion and suggests that 
temperatures betwec111500 and 2800° may be expected during the 
development of an earth of this kind. In Chapter 2 it ,vas Il1entioned 
that the phase assemblages of meteorites suggest that they originated 
at temperatures of the order of 2000° and pressures of the order of 
1O<1_10u atmospheres. If meteorites represent fragments of a disrupted 
planet, as seellls likely, then it is l'easonable to expect that similar con· 
ditions have prevailed within the eanh. 

In a hot molten earth, however formed, the abundant elements were 
Fe, 0, Si, Mg, with lesser amounts of Ni, S, Ca, and Na. Insufficient 
oxygen was prescnt to convert all the electropositive elements into 
oxidic compounds, so that some of the iron and nearly all the nickel 
sank towards the center to form the core, carrying with them the 
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major part of the siderophile elements. The silicate mantle accumu
lated above the core. The sulfur combined with iron and other 
elements with an affinity for sulfur, and a sulfide phase formed, 
probably as immiscible drops spread through mantlc and core. As 
shown earlier, in a liquid silicate mantle cooling from the surface by 
convection temperature and melting' point both increase \virh depth, 
but the melting~point gradient is steeper than the convective gradient. 
As the liquid mantle cooled, therefore, the melting point was first 
reached at its base, and solidification proceeded from the bottom up
ward. Assuming the bulk composition of the earth to be that outlined 
previously, olivine would be the first solid phase to form. With the 
formation of a solid shell of silicate at the base of the mantle, the rate 
of cooling of the core would be enormously I'educed, and its tempera
tnre would pl'ob~bly not have changed greatly since. As the solid 
mantle grew by the crystallization of olivine and probably pyroxene, 
the remaining liquid was enriched in AI, Ca, Na, Si, and many of the 
minor constituents, includjng potassium and dissolved gases, such as 
water vapor and carbon dioxide. 

The development of the crust is a further problem and one of 
special importance to geochemistry. Considerable diversity of oph1ion 
exists. One school of thought pictures the entire crust of the earth 
solidifying as a basalt. No differentiation into continents and ocean 
basins would then exist. Localized fractures in this initially thin 
basaltic crust would channel lava, hot gases, and solutions from the 
hotter subcrustal layers, and these fractures would provide nuclei 
(something like present-day island arcs) for the nascent continents. 
The action of solutions carrying silica and alkalies \vould produce less 
basic crustal rocks. Erosion and sedimentation, at first on a small 
scale, would accelerate the chemical differentiation of crustal mate
rial. TIllS concept pictures the continents gl'Dwing through pregeo
logical (and geological) time by the successive welding of sedimentary 
deposits and new island arcs to the initial continental nuclei. 

The other school of thought pictures the initial continents as the 
iinal product of the solidification of the crust. It carries the differen
tiation by crystallization, already exemplified by the separation of 
basaltic crust from peridotitic man tie, a step further and considers 
the continental nuclei as being raft-like masses essentially of quartz 
and feldspar (i.e., of granitic or granodioritic composition). 

Present evidence suggests that the development of a stobIe crust was 
not a rapid, once-for-all process. The interval between the age of the 
earth and the age of the oldest dated rocks is over a billion years. 
Great crustal instability during this ~ntervp.l is indicated. The orig-
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inal continental nuclei may have been partly remelted and rebuilt 
many times before they grew to a sufficient size and thic}{ness to resist 
further engulfment. I-Iowever, by about 3 X 100 years ago the pat
tern of continental nuclei and ocean basins was probably established, 
since l'ocIes approachjng this age are known in most of the continents. 

The origin of the atmosphere and hydrosphere is discussed in detail 
in later chapters. The growth of the earth by accretion in a solar dnst 
cloud suggests an initial atmosphere rich in hydrogen and lacking free 
oxygen-it probably consisted largely of hydrogen, heli\lffi, nitrogen, 
water vapor, and carbon dioxide, ,vith perhaps some me'thane and 
ammonia (methane and ammonia are present in the atmospheres of 
the lal'gel' planets), The gl'avitational attraction of the earth is in
sufficient to retain hydrogen and helium, and they would gradually 
diffuse into outer ~pace. The evolution of the primeval atmosphere 
into the present one, which consists essentially of nitrogen and oxygen, 
is pictured as beginning with the photochemical dissociation of water 
vapor by solar radiation, thereby producing free oxygen. 1\tlethane 
would then oxidize to carbon dioxide and water. Other photochemi
cal reactions would produce more complex organic conlpounds, ulti
mately leading to self-reproductory systems, in effect living matter. 
The probability of such reactions has been demonsu'ated in the labora
tory by Miller (1957L who passed electrical discharges through a 
mixture of methane, ammonia, water vapor, and hydrogen and was 
able to demonstrate the presence of several cat'boxylic and amino 
acids in the products. 

The various suggestions as to how life originated are summarized by 
Opal'ln (1957) and Barghoorn (1957). They show that the initial de~ 
velopment of living matter was dependent on the pTe-existence of or
ganic molecules such as amino acids. I-Iowever, once cells of a kind 
were established photosynthesis became possible. Photosynthesis was 
a revolutionary event in earth history: it enabled organisms to collect 
and use solar radiation directly and thel'eby utilize carbon dioxide to 
synthesize more complex compounds; it was also responsible for the 
gradual release of oxygen into the atmosphere. Photosynthesis may 
have originated through the development of certain colored com~ 
pounds capable of acting as catalysts in photochemical reactions. 
These compounds WCl'e probably porphyrins, which are easily synthe~ 
sized and are extremely stable for organic substances. Porphyrins 
are formed by the condensation of four pyrrole derivatives around a 
metal atom [pyrrole is a five-membered ring compound with the 
empirical formula (CH)4NH]. It is extremely suggestive that por~ 
phyrins act as light receivers in the chlorophyll of plants, as oxygen 
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carriers in many animals, and as respiratory pigments in cells. Once 
photosynthesis was established a vastly greater supply of energy was 
available for organisms, ,vhether they used light themselves or ate 
others that did so. 

These stages in the evolution of the atmosphere, the hydrosphere, 
and the development of life probably took place largely in the pre
geological period of the earth's history. The oldest sedimentary 
rocks sho\v no features suggesting that conditions in the atmosphere 
or hydrosphere were very different from those today. Limestones 
ocenr in the oldest formations, showing that carbon dioxide was 
readily available. In limestones of the Bulawayan System of Southern 
Rhodesia, believed to be about 3 X 10° years old, algal structures have 
been recognized which place the origin of life far back in time. Al
though the earth's crust has undergone many changes since the begin
ning of the Precambrian and the atmosphere and hydrosphere have 
probably been affected by the addition of volatile material from the 
ertrth's interior during geological time, it does appear that these have 
been on a small scale of magnitude compared to those which took 
place during the first billion years of earth history. The pregeological 
evolution set the stage and established the geochemical pattern for the 
earth's crust. 
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c H A p T E R 

Some Thermodynamics 

and Crystal Chemistry 

F o u R 

Introduction. In the introductory chapter geochemistry was de
scribed as dealing with the abundance, distribution, and migration of 
the chemical elements in the earth. The basic units of geochemical 
investigatioI1 are thus the elements, either in the form of atoms 01' 

more often as charged particles or ions. Atoms and ions have a cel' .. 
tain energy content \vhich changes when they undergo a physical or 
chemical transformation. In redistribution and l'ecombination of the 
chemical elements in minerals and rocks the atoms or ions lose part 
of their energy and yield more stable systems. Every rock exemplifies 
the laws conditioning the stability of crystal lattices, laws 'which fol
lo,v the general principles of the structure of matter and of thermo
dynamics. Geochemical concepts are completely meaningful when 
they indicate. the relationship between atorns, ions, and crystal lattices 
and the factors determining their equilibrium conditions. Such rela
tions properly belong to the field of chemistry, but in vie\v of their 
significance in geochemistry a brief summary is given here. 

Fundamental lhermodynamic Equations. The ideas of thel'lllody
namics are most readily expressed in the form of equations. Only a 
brief summary of these equations is presented here; for further in
formation reference should be made to a textbook of chemical thermo
dynamics or to the discussions of Turner and Vel'hoogen (1951) and 
Ramberg (1955) on the application of thermodynamic principles to 
geological processes. 

A thet'modynamic system is characterized by certain fundamental 
properties, divisible into two types: (a) extensive 01' capacity prop
erties, such as mass, volume, and entl'opy, which depend upon the quan
tity of matter jn the system; (b) intensive properties, such as tempera
ture, pl'essure, and chemical potential, which are independent of the 
amount of matter in the system. The total energy of all kinds con
tained within a system is caned its internal energy (E). It depends 
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only on the state of the system and cannot be determined in absolute 
values; it is the change in internal energy which the system undergoes 
in passing from one state to another that is significant. 

The first law of thermodynamics states that energy can neither 
be created nor destroyed. If a system undergoes a change of state, 
and El is the internal energy in the first state and E2 the internal 
energy in the second state, then 6.Et the change in intel'nal energy, is 

IlE = E2 - El 

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

AE=q-w 

For an infinitesimal change 

dE == dq - dw 

The mechanical work, dw, is usually measured by a change in 
volume dV acting against a hydrostatic pressure P, in \vhich case 

dw = PdV 
so that 

dE = dq - PdV 

The second law of thermodynamics can be stated in the followitlg 
form: "In any reversible pl'ocess the change in entropy (dS) of a 
system is measured by the heat (dq) received by the system divided 
by the absolute temperature (T), Le., dS = dqjT; for any spontane
ous irreversible process dS> dq/T." Thus, fOl' a reversible process, 
the preceding equation can be restated in the form 

dE = TdS - PdV 

Because many pl'ocesses take place at constant pressllre with only 
heat energy and Inechanical energy involved and because under these 
circumstances the heat energy absorbed by the system from its sur
roundings is equal to the increment in the (E + P V) function of the 
system, it has been found convenient to define a function H, called the 
enthalpy, such that 

H = E + Pl7 

Hence for any infinitesimal transformation 

dH = dE + P dV + V dP 
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1f the transformation occurs at constfmt pressnre (Le., dP = 0), then 

. dH = dq 

i.e., the change in enthalpy in any process at constant pressure is 
measured by the heat received and for this reason js ofcen referred to 
as the heat of a reaction. 

The Helmholtz free energy (A) and the Gibbs free energy (G) are 
defined by the following equations: 

~i = E - TS 

G = E - TS+ PV 

The Gibbs free energy is especially significant in connection 'with 
processes that take place at constant temperature and pressure. Under 
these conditions 

dG = dE - T dS + P dV 

If the reaction is reversible 

and 
dE = TdS - PdV 

dG = 0 

Now a reversible reaction is synonymous with a state of equilibrium, 
and so we have as a criterion of equilibrium at constant pressure that 
the Gibbs free energy (hereafter referred to simply as the free energy) 
of the reactants must be equal to that of the products. 

All geochemical processes may be regarded as striving towards equi
librium, which may be approached rather closely when composition, 
temperature, and pressure remain approximately constant for a long 
time. However, equilibrium if attained is seldom preserved, o'ving to 
changes in physical conditions. For example, if a thel'mally meta
morphosed shale reached equilibrium under the conditions of nletamor
phism it is probably no longer in equilibrium at ordiu'tlry temperatures. 
However, the study of equilibria in laboratory experiments and by 
thermodynamic methods has thrown a flood of light on geochemical 
reactions, such as the origin of rocks and minerals, the processes of 
weathering and decomposition, and other kinds of transformations 
going on within the earth. 

Any reaction, chemical or physical, may be cha.racterized by an 
equation repl'esenting the transition from one state to another. If the 
reactants are in equilibrium \vith the products, AG for the reaction is 
zero, A large negative value of AG means that the reaction as wl'itten 
tends to proceed nearly to completion; a large positive value means 
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that the reaction tends to proceed in the opposite direction. As a 
simple example, we may consider the solubility of a solid in a liquid; 
if the Teaction is represented by the equation S ~ L, then at saturation 
IlG is zero, whereas a large negative value of 6.G means undersaturn
cion, i.e., a strong tendency to dissolve, and a positive value of fiG 
signifies supersaturation. 

Equations have been dCl'ived which express the effect of temperature 
and pressure on equilibrium. For temperature changes the relevant 
equation is 

d(-D.GjT) 6H 

dT =? 
This equation signifies that, if 6.H is positive, an increase in tempera
ture n1akes 6.G n10re negative; i.e., if heat is absorbed in a reaction, an 
increase in temperature causes the reaction to go n10te nearly to com
pletion. If 6.H is negative, all the other hand, increasing the tempera
ture tends to inhibit the reaction. The effect of pressure is character
ized by the equation d ~G/dP :::; L\ V, where AV is the aggregate 
change in volume that occurs when the reaction proceeds to comple
tion in the direction indicated. Thus, if d V is negative, an increase of 
pressure makes 6.G more negative; i.e., the reaction as written proceeds 
more nearly to completion. In other words, high pressure favors the 
existence of rnatel'ials of small volume, i.e., high density. These two 
equations give quantitative expression to Le Chatelier's principle, which 
can be stated thus: If a system is in equilibrium, a change in ony of the 
factors determining the conditions of equilibrium will cause the equi
librium to shift in such a way as to nullify the effect of this change. 
An interesting conclusion is that in general increasing temperature 
produces the same kind of effect as decreasing pressure. Tbe volume 
of a substance becomes greatet at higher telnperatures and lower 
pressure. Solubility of solids in liquids increases as a rule with in~ 
creasing temperature but is usually diminished by high pressure. 

For a chemical teacdon to proceed spontaneously, it is necessary 
that the total free energy of the products be less than that of the 
reactants, i.e., dG < O. The value of dO is a nleasure of the driving 
force or affinity of the reaction. To predict \vhether a certain reaction 
will occur it is therefore necessary to determine its free-energy change. 
The factors influencing the free-energy change are (a) the nature of 
the reactants and of the products or reaction, (b) their st~te of ag
gregation, (c) the relative amounts pl'esent, and Cd) the pressure and 
temperature. The experimental determination of the free-energy 
change of a chemical reaction is often extremely difficult. Neverthe-
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less, if the discussion is confined to the standard states of the reactants 
and reaction products, and heat capacity data are available, the problem 
is often simplified, because the molal free energies of formation of 
many chemical compounds in their standard states are no,v known. 
Under these conditions the free-energy change is 111crely the sum of 
the free energies of the products of the reaction minus the sum of 
the free energies of the l'eacting substances. These free energies are 
obtained by multiplying the standard molal free energy of formation 
of each substance by the number of moles that enter into the reaction. 
Unfortunately, few data are yet available on the free energies of sili
cates, but this information will undoubtedly be obtained in due course, 

The major value of thermodynamics in geochemistry is that it pro
vides a general approach to problems of stability, eqnilibrium, and 
chemical change. Even with qualitative data it enables predictions 
to be made regarding the probable course of all types of transforma
tion. In any l'eaction for which the free energies of 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 is not favored undel' the specified 
conditions. If the aITIount of the products is large, the suggested re
action is one that may be expected to go under the specified conditions. 
In geochemical processes, many of which proceed under conditions 
that cannot be reproduced in the laboratory, thermodynal11ics provides 
us with the means for predicting the conditions uuder ,vhich certain 
reactions mny occur, even though we cannot repI'oduce them experi
mentally. It js jrnportallt to realize, however, that thermodynamics 
cannot predict the rate at Which a reaction will proceed and does not 
tell us anything of the mechanism of the reaction. 

One of the first practical applications of thermodynamics to the 
solution of a geochemical problem \vas a study of the stability of 
jadeite, NaAIShOB (Kracek, Neuvonen, and Burley, 1951). Jadeite 
occurs in metamorphic rocks but: at that time had never been made 
in the laboratory; its comparatively high density suggested that it 
might only be stable nnder high pressures. Kracek and his cO-'workers 
examined the thel'modynamics of the following reactions by which 
jadeite might be formed: 

NaAlSiBOs = NaAlShOe + Si02 

N aAISi04 + N aAlSiaOg = 2N aAISi20 a 



THE STATES OF MATTER 69 

By measuring the heats of solution (in HF) of albite (NaAlSisOa) I 
nepheline (NaAlSi04), jadeite, and quartz, they were able to deter
mine AH values for each of the above reactions. The entropies of 
these substances had been measured, so it was then possible to evaluate 
b,G from the equation ~G == ~H - T fl.S. The figures obtained in
dicated that at 25° and 1 atm pressure the first l'eaction would tend to 
proceed from right to left (Le., jadeite would not be formed), whereas 
the other two reactions would tend to proceed from left to right, with 
the formation of jadeite. These results show that jadeite is more stable 
at ordinary temperature and pressure than mixtures of albite and 
nepheline) or of nepheline and quartz) and that its stability is not condi
tioned by high pressure. The difficulties of making jadeite in the 
laboratory are therefore to be ascribed to kinetic factors involving 
activation energies and rates of reaction. 

The States of Matter. Geochemistry is to a large extent concerned 
with the transformation of matter from one state to another, as exem
plified by the crystallization of magmas, the weathering of rocks, the 
deposition of salts from solution, and generally the fOl'mation of min
erals over a wide range of temperatul'es, pressures, and chemical en
vironments. These processes involve a change of state in all or part 
of the material. Three states of matter are recognized: solid, liquid, 
and gaseous. This division is a useful one, yet it should be realized that 
it is to some degree arbitrary. As we generally observe them, these 
states are sharply marked off from each other by distinctive proper
ties, but under some conditions the boundaries lack definition, ~nd the 
transitions solid ~ liquid ~ gas may be continuous rather than dis~ 
continuous. 
:)n terms of the aton1ic theory, the state of matter ranges from 

complete atomic disol'del' in gases to complete order in cl'ystals. How
ever, complete order is an abstract concept and exists only in perfect 
crystals at absolute zero. At any temperatul'c 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 of the 
atoms becomes sufficiently large, the crystal loses its rigidity, i.e., it 
melts or decompose~J Usually fusion takes place at a definite tern .. 
perature, but theoretical considerations indicate that the melting point 
is a temperature range, possibly too small to measure but nevertheless 
finite in theory. l\1elting-point ranges have been observed experi
mentally. A special case of this phenomenon is illustrated by some 
complex organic substances that melt to give a liquid in which the 
molecules still maintain a one- or two-dimensionnl orientation, which 
is lost at still higher temperatures. 
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Liquids ,vere formerly considered more akin to gases than to solids, 
and, indeed, beyond the critical point the distinction between liquid 
and gas ceases to have any validity. At temperatures and pressures well 
below the critical point, ho\vevel', liquids resemble solids. They dif
fract X rays, and the diffraction effects show that a considerable degree 
of order exists in the arrangement of the atoms or molecules. A glass 
is simply a supercooled liquid held together by bonds extending 
throughout the structure, much as in the crystalline form of the same 
substance. The essential difference is that in the crystalline form the 
atoms are arranged in a symmetrical periodic network, \vhel'eas in 
glasses the degree of orientation and periodicity is much lower. 

All matter strives to reach equilibrium with its environment. To 
a.ccomplish. this the atoms try to arrange themselves ill such a way 
that the free energy of the system is a minimum, and in the solid state 
this arrangement is usually an ordered crystal structure or structures. 
In geological terms, those minerals are formed that are most in har
mony with the physical envil'onment and the bulk composition of the 
system. Glasses are metastable phases, and even though they In3Y 
persist for an almost indefinite period they always tend to change into 
crystalline forms. Thus glasses are uncommon in roc1{s, and their 
occurrence signifies unusual conditions of composition and formation. 

The Crystalline State. The most obvious characteristic of crystals 
that have grown freely is their external form. lVlorphological crystal
lography, the study of the geometrical relationships of the faces of 
crystals, has shown that every crystal can be classified into one of 
32 classes based upon symmetry. I-Iaiiy, at the beginning of the nine
teenth century, conceived that the geometrical complex of crystal faces 
ch{tracteristic of a homogeneous substance n1t1st be determined by its 
internal structure, the molecular or atomic arrangement. In 1912 the 
truth of Haily's conception was demonstrated experimentally when 
the di~covery of X-ray diffl'action by crystals showed that in the 
crystalline state there is an ol'derly, systematic arrangenlent of atoms. 
The atomic arrangement largely determines the chemical and physical 
properties of a crystalline compound and js thus a fundamental feature. 

Principles of Crystal Structure. Since 1912 the crystal structures of 
many substances have been determined. Since minerals provide a 
ready soutce of well-crystallized substances, many of the early work
ers in this field nnturally used them for crystal structure investigations. 
As a result, and fortunately for the progress of geochemistry, the 
structures of many minerals were worked out comparatively soon. 
A valuable summalY of the data on the atomic structure of minerals 
was provided by W. L. Bragg (1937), who was himself l'esp~nsible 
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for much of this wor1{, especially all the silicates. Goldschmidt and 
his associates also made . important contriblltions in this field; it was 
one. of Golds~lu~idt's major services to geochemistry that he early 
reahzed the slgmficance of crystal structure in controlling the dis
tribution of elements in the earth's crust. 

The basic llnit in aU crystal structures is tl1e atom (the tel'ln atom 
also includes ion in this discussion), which may, hmvever, be associated 
with other atoms in a group behaving as a single unit in the structure. 
\Ve may consider atoms as being made up of electric charges dis
tributed through a small sphere which has an effective radius of the 
order of 1 A (10- 8 em). The radius can be measured ·with consider
able accul'acy and depends not only upon the nature of the element but 
also on its state of ionization and the manner in which it is linked to 
adjacent atoms. For example, the radius of the sodium atom in metal
lic sodium is 1.86 A, but the radius of the sodium ion in sodium salts is 
0,97 A. 

The different kinds of interatomic linkage are classed into four bond 
types: the metallic bond responsible for the coherence of a metal; the 
ionic 01' polar bond, which is the linkage in salts such as sodium 
chloride;' the homopolar or coordinate link present in crystals such as 
the diamond; and the residual or van der Waals' bond, which is re
sponsible for the coherence of the inert gases 'when condensed to solids 
at lo\v temperatures. These four types of bonds all impart character
istic properties to the substances in which they occur and provide a 
cOllvenient basis for the classification of crystal structures. IVlore than 
one type of bond may occur in a single compound; Evans terms such 
substances heterodeS1llic, and those in which only one bond type is 
present b01llodcS112ic. In heterodesmic structures the physical proper
ties, such as hardness, mechanical strength, arid melting point, are, in 
general, determined by the weakest bonds, which are the first to suffer 
disruption under increasing mechnnical or thermal strain. 

It should always be realized that although these four types of bond
ing have well-defined properties the classification is arbitrary insofar 
as the bonding in many compounds may be mOl'e or less intelmediate. 
The silicon-oxygen bonds in silica and the silicates are neither purely 
ionic nor purely covalent but are intermediate in nature. The struc
ture assnmed by any solid is such that the ,vhole system of atomic 
nuclei and electrons tends to arrange itself in a form with minimum 
potential energy. The energy of a configuration can theoretically be 
calculated by applying the principles of quantum mechanics, and no 
distincci~n between the di-fferent types of bonds appe~rs in the rigid 
mathematical expressions. 



72 THE R MOD Y N A M I C 5 AND CRY 5 TAL C HEM 1ST R Y 

Nearly all the common minerals can be looked upon ns io?ic stn~c
tures, and ,ve can consider them as compounds of oxygen amons wIth 
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FIGURE 8. The relationship between Ionic radhls and ionic chnrge for some of 
the elements. . 

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 l'adii of common ions are given in the 
appendix and illustrated in Figure 8. Hydrogen is not lncluded, as it 
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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 lik~ a ~imellsio?less center of positive charge. The radius 
of the OH- IOn IS essent1ally the same as that of the 0 2- ion; the 
hydrogen is embedded in the oxygen atom, and the OR group is 
effectively a sphere. 

Since the radius of, an ion depends. upon its atomic structure, it is 
related to the position of the element in the periodic table. The fol
lowing rules are generally valid: 

1. For elements in the same group of the periodic table, the ionic 
l'adii increase as the atomic numbers of the elements increase; e.g., 
Be2 + 0,35, Mg2+ 0.66, Ca2+ 0.99, 81'2+ 1.12, Ba2+ 1.34. This is, of 
course, to be expected, since for elen1ents in the same group of the 
periodic table the number of electron orbits around the nucleus, and 
hence the effective radius, increases in going down the column. 

2. For positive ions of the same electronic structure the radii de
crease with increasing charge. For an example, we may take the 
elements in the second horizontal row in the pel'jodie table, all of 
which have two electrons in the inner orbit and eight ill the outer 
orbit: 

Na+ 

0.97 

Mg2+ 

0.66 

A13+ 

0.51 

Si4+ 
0.42 

p5+ 

0.35 

SG+ 

0.30 

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 remaining, thus de~::l'easing the effective radius of the ion. 

3. For an element that can exist in several valence states, Le., form 
ions of diffetent charge, the higher the positive charge on the ion, the 
smaller the radius; e,g., Mn2+ 0.80, ]\I1n8 + 0.66, Mn40 + 0.60. The Same 
reason given in the previous l'ule applies here also; the loss of an elec
tron causes the remaining electrons to be more strongly attracted 
by the nucleus, thus effectively contracting the outer electron orbits 
and decreasing the ionic radius. 

An apparent contradiction to the first rule is provided by the rare 
earth elements, The trivalent ions of these elements decrease in radius 
with increasing atomic number, from 1.14 for La3+ to 0.85 for Lu8+, 
This remarkable feature, l<nown as the lanthanide contraction, is the 
consequence of the building up of an inner electron shell! instead of 
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 l'i\uthanide contraction also influences 
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the geochemistry of the elements following lutetium; hafnium and 
tantalum have ionic radii almost identical with the elements above 
them in the periodic table-zirconium and niobium-and therefore sho-w 
almost identical cl'ystallochemical properties. 

In 2n ionic structure each ion tends to surround itself with ions of 
opposite chargej the number that can be grouped around the central 
ion depends upon the radius ratio between the two. Figure 9 is a 

F'GURE 9. Phmar representation of the relationship between radius ratio rtnd CO~ 
ordination number. 

planar representation of the relationship. Assuming that ions act as 
rigid spheres of fixed radii, the stable arrangements of cations and 
anions f01' particular radius ratios can be calculated from purely geo
metric considerations (Table 17). Table 18 gives the radius ratio and 

TABLE 17. RELATIONSHIP BETWEEN RADIUS RATIO AND COORDINATION 

NUMBER FOR IONS ACTING AS RIGID SPHERES 

Radius ratio 
(Roatlan/ Rl\nion) 

0.15-0.22 
0.22-0.41 
0.41-0.73 
0,73-1-

1 

Arrangement of anions Coordination 
around cation number of cation 

Corners of an equilateral triangle 3 
Corners of a tetrahedron 4. 
Corners of nn octahedron 6 
Corners of a cube 8 
Closest packing 12 
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TABLE 18. THE RELATIONSHIP BETWEEN IONIC SIZE AND COORDINATION 
NUMBER WITH OXYGEN FOR THE COMMONER. CATIONS 

Predicted Observed 
Radius coordination coordination 

Ion (R) RjR02- number number 
Cs+ 1.67 1.19 12 12 
Rb+ 1.47 1.05 12 8-12 
BaH 1.34 0.96 8 8-12 
K+ 1.33 0.95 8 8-12 
Sr2+ 1.12 0.80 8 8 
Caz+ 0.99 0.71 6 6) 8 
Na+ 0.97 0.69 6 6,8 
Mn2+ 0.80 0.57 6 6 
Fez+ 0.74 0.53 6 6 
V 3+ 0.74 0.53 6 6 
Lj+ 0.68 0.49 6 6 
Ti4+ 0.68 0.49 6 6 
M g2+ 0.66 0.47 6 6 
Fe3+ 0.64 0.46 6 6 
Cr3+ 0.63 0.45 6 6 
A13+ 0.51 0.36 4 4, 6 
Si4+ 0.42 0.30 4 4 
p5+ 0.35 0.25 4 4 
Be2+ 0.35 0.25 4 4 
S6+ 0.30 0.21 4 4 
R3+ 0.23 0.16 3 3,4 

predicted coordination number with respect to oxygen for the com
moner cations, together "with the coordination actually observed in 
minerals. The close correlation bct\veen observation and prediction 
confirms the assumption that ions act as spheres of definite radius; for 
cations larger than oxygen, however, the coordination number is less 
well defined, since the grouping is less regular. 

iV1any c~tions occur exclusively in a particular coordination; others, 
for example, aluminum, which has a radius l'atio lying near the the-
0l'eticn1 boundary between two types of coordination, may occur in 
both. In such cases the coordination is to some extent controlled by 
the temperature and pl'essure at which crystallization took place. High 
temperatures and low pressures favor low coordina~on, and low tem
peratures and high pressures favor higher coordination. High co
ordination is evidently more economical of space. Aluminum is a 
good example; in typic9.11y high-temperature minerals it tends to 
aSSllme fourfold coordination and substitute for silicon, whereas in 
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minera.ls formed at lower temperatures it tends to occur in sixfold 
coordination. 

The structure of ionic compolmds is determined primarily by the 
demands of geometrical and electrical stability. The relative sizes of 
the ions and the mode of packing must result in the ions being more 
or less rigidly held in the structure, j nst as in a house built of blocks, 
where each block must support its neighbors. More than one struc
ture may fulfill this requirement, in which case the most stable will 
be that for which the potential energy of the ions is lowest. The 
requirement of electrical stability 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 equally between the surrounding 
anions, the number of whic~. is determined by relative size of the ions 
and not by their valency. l Pauling stated this in the following rule: 
"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." This expresses the tendency of any structure to as
sume a configuration of minimum potential energy, whereby the 
charges on the ions are as far as possible neutralized by their immedi
ate neighbors. 

This rule may appear rnOl'e or less self-evident, but it is highly sig
nificant in the rigorous conditions it imposes on the geometrical con
figuration of a structure, especially of complex substances such as the 
silicates.· It may be called the cardinal principle of mineral chemistry. 
It often explains the non-existence of certain types of compounds, 
although their formulas would be quite possible according to the re
quirements of valency. For example, the feldspars have linked silicon
oxygen and aluminum-oxygen groups with Si and Al in fourfold co
ordination. An oxygen linked to Si nnd At hns a valency only of 
one~foilrth left unsatisfied. This cannot be balanced by 1Vlg or Fe in 
sixfold coordination, as their contribution would be at least one-third. 
It can, however, be balanced by large univalent and bivalent cations 
having coordination l1umbers of eight or more, since they can supply 
the necessary small fractions. Hence we find the feldspars are com .. 
pounds of Ca, Na, and K and do not contain Mg or Fe. 

The above principles are the ba"sis for the crystal chemistry of 
minerals. They express the conditions for low potenthll energy and 
so for high stability. Only very stable compounds can occur as 
minerals; less stable compounds either do not form in nature or soon 
decompose. Artificial compounds have been made in which these 
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general principles of crystal structure are not closely followed, but 
such substances are not found as minerals. 

The Structure of Silicates. In all silicate structures so far investigated 
silicon lies between four oxygen atoms. This arrangement appears to 
be universal in these compounds, and the bonds between silicon and 
oxygen are so strong that the foul' oxygens are always found at the 
corners of a tetrahedron of nearly constant dimensions and regular 
shape, ,vhatever the rest of the structure may be like. The different 
silicate types arise from the various ways in which these silicon~oxygen 
tetrahedra are related to each other; they may exist as separate and 
distinct units, or they may be linked by sharing corners (ie., oxygens). 
Silicate classification is based on the types of linkages, which are ,as 
follows: 

1. Independent tetrahedral groups: in this type the si1icon~oxygel1 
tetrahedra are present as separate entities. The resultant composi6on 
is Si041 and a typical mineral is forsterite, l\IIg2Si04 • This division of 
the silicates is known as the nesosilicates. 

2. Finite linked tetrahedral groups; in this type the silicon~oxygen 
tetrahedra are linked by the sharing of one oxygen bet\veen each two 
tetrahedra. If two tetrahedra are linked in this way, the resulting 
composition is Siz07; a typical fllillernl is akermanite, Ca21VIgSi20 7, and 
such substances are classed as sorosilicates. If more than two tett'ahedra 
are so linked, closed units of a ring~like structure are formed, giving 
compositions SinOa". Rings containing up to six silicons are known. 
Typical examples are benitoite, BaTiSia0 9, with three linked tetra
hedra, and beryl, BeaA12Si(301s) \vith six. This division of the silicates 
is known as the cyclosiJicates. 

3. Chain structures: tetrahedra joined together to produce chains 
of indefinite extent. There are two principal modifications of this 
structure yielding somewhat different compositions: (a) single chains, 
in which 8i: 0 is 1: 3, characterized by the pyroxenes, and (b) double 
chains, in which alternate teu'ahedra in two parallel single chains are 
cross-linked and the Si: a ratio is 4: 11, characterized by the amphiboles. 
These chains are indefinite in extent, are elongated in the c~directi9n 
of the crystal, and are bonded to each other by the metallic elements. 
This division of the silicates is known as the inositicates. . 

4. Sheet structures: three oxygens of each tetrahedron are shared 
with adjacent tetrahedra to form extended flat sheets. This is the 
double-chain inosilicate structnre extended indefinitely jn two direc
tions instead of just one. This linkage gives a ratio Si: 0 of 2: 5 and 
is the fundamental unit in all mica and clay structures. The sheets 
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form a hexagonal planar network responsible for the principal char
acteristics of minerals of this type-their pronounced pseudohexagonal 
habit and perfect basal cleavage parallel to the plane of the sheet. This 
division of the silicates is known as the pbyUosiJic(ltes. 

5. Three-dimensional networks: every SiQ'l tetrahedron sh~res all its 
corners with other tetrahedra, giving a three-dimensional network in 
which the Si; 0 ratio is 1: 2. The various forms of silica-quartz, trid
yn1ite, cristobalite-h1lve this arrangement. The quadriva\ent silicon 
is balanced by two bivalent oxygen atoms. In silicates of this type 
the silicon is partly replaced by aluminum so that the composition. is 
(Si,Al) O2 , The substitution of A13+ for Si4+ requires additional 
positive ions in order to restore electrical neutrality. The feldspars 
and zeolites are examples of this division of the silicates~ which is 
known as the tektosilicates. 

All the silicate minerals can be placed in Olle of the types listed in 
Table 19. 

TABLE 19. THE S1'R.UCTURAL CLASSIFICATION OF THE Sn.lCATES 

.. 
Silicon: 

Classifi- oxygen 
cation Structural arrangement l'atio Examples 

. Nesosili- Independent tetrahedra 1 ~4 Forsterite, Mg2Si04 

cates 
Sorosili- Two tetrahedra shadng one 2:7 Akermani te, Co.'2MgSi'1.07 

cates oxygen 
Cyclo- Closed rings of tetrahedra 1 :3 Benitoite, BaTiSisOo 

silicates each sharing two oxygens Beryl, AbBe3SitlO18 
Inosili- Continuous single chains of 1 :3 Pyroxenes, e.g., enstatite, 

cates tetrahedra each sharing MgSiOs 
two oxygens 

Continuous double chains of 4:11 Amphiboles, e.g" 
.tetrahedra sharing altel'- anthophyllite, 
nately two and three oxy- NIg7(SLIOuh.(OHh 
gens 

Phyllo- Continuous sheets of tetra- 2:5 Talc, Mg3Si40 1o(OHh 
silicates hedra each sharing three Phlogopite) 

oxygens KMgs(AlSiaOlO) (OHh 
Tekto- Continuous framework of 1: '2 Ql1artz, Si02 

silicates tetrahedra each sharing all Nepheline) NaAISi04 

four oxygens 

The other constituents of a silicate structure, such as additional 
oxygen atoms, hydroxyl groups, \vnter molecules, and cations, are 
arranged with the silicate groups in snch a way as to produce a 
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mechanically stable and electdcally neutral structlu·e. Aluminum, 
after silicon the most abundant cation in the earth's crust, plays :t 

unique role. As discussed earlier, it is stable both in. f oUI'fold and in 
sixfold coordination. It can replace silicon in the Si04 groups and also 
the common six-coordination cntions-Mg2+, Fe2+, FeB+, etc. 

The valence charge on the silicate unit, which deteru1ines the nnm
bel' and charge of the other ions that may enter the structure, can 
easily be calculated if it is remembered that each silicon has a positive 
charge of four and each oxygen a negative charge of nvo. Thus1 the 
charge on a single Si04 unit is [4 + 4( - 2)] == -4; 01\ an Sb01 unit, 
-6; on an SiOa unit, -2; on an S1.1011 unit, -6; on an Si20 li unit, -2; 
and on SiOz, O. 

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 whereby their total potential energy is re
duced to a minimum. This tendency may be expressed in terms of 
lattice energies. The lattice energy of an ionic crystal, generally 
repl'esented by U, is defined as the energy absorbed when a mole of 
the crystal is dispersed into infinitely separated ions. The lattice 
energy depends upon the balancing of ·(a) the electrostatic forces be
tween ions of opposite charge, which give a resultant attraction falling 
off with the square of the distance, and (b) the internuclear repulsive 
fOl'ces, which fall oft very rapidly with distance. The attractive and 
repulsive,forces result in an equilibrium position of minimum potential 
energy, which summed over all the ions is numerically equal to the 
lattice energy of the crystal. The greater the lattice energy the 
greater the energy required to break up the crystfll into its constituent 
ions . 

. For binary compounds lattice energies may be directly calculated 
from the properties of the ions by means of the folIo'wing equation, 
originally derived by Born and Lande: 

u= 1--
NAzcza, (. 1) 

r n 
where U = lattice energy. 

N = Avogadro number . 
.If = Madelung constant, characteristic of the type of crystal 

structure. 
Zr., Za == charge on cation and anion, respectively. 

r = shortest anion-cation distance. 
tl == a factor allowing for the internuclear repulsion (n is usually 

about 10). 
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From the form of the equation it is clear that U approaches zero as l' 

approaches infinity. 
Although the Born-Lande equation applies only to binary com

pounds, it does enable qualitative statements reg<1rding the lattice 
energy of more complex substances. For a particular structure type 
lattice energies are greater the higher the charge on the ions, the 
smaller the ions, and the closer the packing. For an example of the 
first effect, we may cite two substances with the same crystal structure, 
NnCl (U = 183 Cal) and l\1g0 (U = 939 Cal). 

The energy U of the Born-Lande equation is equal to the amount 
of work per mole which must be expended to disperse the crystalline 
substance into an :lssemblagc 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 sublimation, 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 hydration of the ions, 
or with the heat of formation, which is the heat evolved by the forn1a
tion of the substance from its elements. Born and I-Iaber devised a 
thermochemical cycle by means of which the lattice energy can be 
related to measurable thermul data. This cycle is as follows, using 
Nnel as an example (squ31'e brackets indicate crystalline substances and 
parentheses indicate substnnces in the gaseous state) : 

u 
[Nnel] --> 

i-Q 
-s- D 

{Na1 + (-~C12) ~ 

(Na+) + (CI-) 
~-I+E 

(Na) + (CI) 

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 nentrnl atoms, now in the form of mon'atomic gases, are 

converted into the standard states for the elements at 25 0 and 1 atm 
pressure. 

4. The elements are then a110wed to combine chemicnlly to reform 
the crystalline substance. 

The symbols are defined by the following thermochemical equations: 

[NaCl] = (Na +) + (Cl-) D.H = U, lattice energy 

(Na+) + e = (Na) 

(CI-) = (CI) + e 

D.H = I~ ionization energy 

D.H = E, electron affinity 
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(Na) = [Na] 

(Cl) = (iC12) 

[Na] + (!C12) = [Nael] 

liB = S, heat of sublimation 

AH = D, heat of dissociation 

JJ.B = Q, heat of formation 

Since the final state of the systeln 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 l'cgarded as isothermal at 25 0

• 

The Born-Haber cycle thus provides us with a means of determin
ing lattice energies for complex compounds from other thermodynamic 
quantities, Unfortunately, for. the common silicate minerals these 
thermodynamic quantities are imperfectly known. The whole ques
tion of considering geocben1ical 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 (1935) introduced the EK concept, which is 
an empirical constant fol' each element, representing the contribution 
of that element to the lattice energies of its compounds. Thus for 
Nael 

UNaCl = K(EKNu + EKCl ) (K is an independent constant) 

From known lattice energies Fersman was able to assign EI{ values to 
most of the elements. However, the application of these -values to the 
calculation of lattice energies of silicate minerals and to the inter
pretation of geochemical processes has so far given ambiguous results, 
The differences in calculated lattice energies of corresponding amphi
boles and pYl'oxenes, for exarnplet are small, smaller than the probable 
error. One serious cl'iticism of Fersman's approach is that it allows 
only for the energy associated with a specific number of ions of dif
ferent elements but fails to consider the energy associated with the 
crystal lattice 9S such. For example, the above equation will clearly 
give the same lattice energies for all polymorphs of the same substance. 

A concept rather similar to that of Fersman's EIC -vulues is the acti
vution energy of migration of an ion, or E value, introduced by Wick
man (1943). To some extent Wickman's E value is the contribution 
of a single ion to the lattice energy of a crystal, but it differs from 
Fersman's EK value in that it is a function not DIlly of the ion itself, 
but also of the surrounding ions nnd takes into account structural 
differences. The E value concept is, however, qualitative only, as no 
means have yet been devised for expressing E values in figures. 
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Isomorphism. The term iS01J101'phis1JZ is applied to the phenomenon 
of substances with analogous formulas having closely related crystal 
structures. The term was introduced by Mitscherlich in 1819, who 
prepared crystals of KH2PO." KH2As04 , (NH4) H2P04 ! and (NH .. ) 
H 2As04 and found that they showed the snme forms and the interfacial 
angles between corresponding faces \vere very similar. By i\1itscher
Iich's original definition, substances with analogous formulas and sim
ilar crystallography were said to be isomorphous. X-ray studies hAve 
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FIGURE 10. Effect of cation radius in determinin.g crystal S[l'ucturCj 0 = trigonal; 
• = Orthorhomhic. (After Fleischer, ]. CIJem. Edut. 31, 450, 1954.) 

shown that similar crystallogmphy is a reflection of similar internal 
structure, hence the rewording of his original definition; sometimes 
the term lsostructural or isotypic is used for the phen01nenon. 

Isomorphism is widespread among minerals and is one of the bases 
of their classification. Many isomorphous groups are recognized, e.g., 
the spinel group, the garnet group, and the amphibole group. The 
basis of the phenomenon is that anions and cations of the same relative 
size (Le., showing the same coordination) and in the same numbers 
tend to crystallize in the same structUl'e type. This is ,veIl exemplified 
by sonle of the carbonate minerals (Figure 10). The anhydrous car
bonates of the bivalent elements form two isomorphous groups, one 
orthorhombic and one trigonal. It can be seen that the nature of the 
structure is determined by the size of the bivalent cation; those minerals 
with cations larger then calcium crystallize in an orthorhombic struc
ture, those with cations smaller than calcium crystallize in 11 trigonal 
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structure. Calcium carbonate itself can crystal]jze in either structure, 
the phenomenon known as polY11wr·pbisl1l. 

Other substances with analogous formulas are isomorphous with 
these carbonates. Thus soda niter, NaNOs, is isomorphous with 
calcite, whereas niter, KNOB, is isomorphous \vith aragonite, reflecting 
the simitar size of nitrate and carbonate groups and the larger siz.e of 
potassium ions as compared to sodium ions. The borates of trivalent 
elements sho\v similar relationships. Until the development of X-ray 
techniques for the determination of crystal structures, it was somewhat 
of an enigma that substances as different chemically as cakite and 
soda niter could show complete similarity in crystal form,· Other 
isomorphous pairs at first sight do not even have analogous formulas. 
Thus the rare mineral berlinite (AIP04 ) is isomorphous with quartz; 
the true analogy is seen 'when the formula of quartz is written SiSi04 • 

Both Al and P are similar in ionic size to Si and can exist in a crystal 
structure in four .. coordination with oxygen; as a result AIP04 can 
crystallize with the same structure as quartz. Similarly, tantalite, 
FeTa20a, is isomorphous with brookite, Ti02 (TiTi20 0); the metallic 
ions are similar in size an~ all show sixfold coordination with oxygen. 

The important factor in isomorphism is the similarity in size rela
tions of the different ions rather than any chemical similarity. This 
explains many apparently unusual examples of isomorphism and its 
absence between many chemically similar compounds. Thus corre
sponding calcium and magnesium compounds are seldom isomorphous, 
although these elements are similar in chemical behavior; when it is 
noted that the radius of Ca2+ is 0.99 A and that of lVlg2+ is 0,66 A it 
seems natural that the substitution of one for the other without pro
ducing a change in structure is improbable. 

Atomic Substitution. After the development of reliable methods 
for the analysis of minera1s it was 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 was described in terms of the concept of solid solution or· 
171ixed crystals, which implied the pl'esence, in a single homogeneous 
crystal, of molecules of two or mOl'e substances. Foe example, com
mon olivine may be described as a solid solution of l'1g2Si04 (Fo) and 
Fe2Si04 (Fa), and the precise composition of any sample of olivine 
may be stated in terms of these end-71Ze1l1bers, such as FOS5Fall';, i.e., 
(1Vlgo.sr.Feo.16)2Si04. This concept and terminology remain in general 
use, but the light thrown upon the structure of crystals by X·ray in
vestigation has resulted in a revised interpretation. In an ionic struc
ture there are no molecules, the structure being an infinitely extended 
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three-dimensional network Any ion in the structure may be replaced 
by another ion of similar radius without causing any serious distortion 
of the structure, just 3S a bricklayer, running short of red bricks, may 
incorporate yellow bricks of the same size here and there in his wall. 
Since minerals usually crystallize from solutions containing many ions 
other than those essential to the mineral, they often incorporate some 
foreign ions in the structure. 

A solid solution (or mixed crystal) can be simply defined as a 
homogeneous crystalline solid of variable composition. It was early 
found that many isomorphous substances have the property of forming 
solid solutions. There has been a tendency to equate isomorphism and 
solid solution, in spite of marked inconsistencies. For example, many 
isomorphous substances sho,v little or no solid solution, e.g., calcite 
and smithsonite; and extensive solid solution may occur between com
ponents which are not isomorphous, e.g., the presence of considerable 
amounts of iron in sphalerite, although FeS and ZnS have quite differ
ent clystal structures. On this account it must be emphasized that 
isomorphism is neither necessary to nor sufficient for solid-solution 
formation. Isomorphism an d solid solution are distinct concepts and 
should not be confused. 

In atomic substitution 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, pl'ovlded that electrical neutrality is main
tained by concomitant substitution elsewhere in the structure. Thus, 
in passing from albite (NaAlSisOs) to anorthite (CaAI2Si20 s), ~a2+ 
substitutes for Na + and electrical neutrality is maintained by the 
coupled substitution of AIS+ for Si4 +, similarly, in diopside (Cai\'Ig
Si20 o) lVlg2+-Si4 + may be replaced in part by AIB+-Al9+. Such 
coupled substitutions are especially common in silicate minerals and 
made the interpretation of their composition exceedingly difficult 
before this phenomenon was recognized and understood. 

As a general rule, little or no atomic substitution takes place when 
the difference in charge on the ions is greater than one, even when 
size is appropriate (e.g., Zr4 + does not substitute for Mn2 +, nor YB+ 
replace Na +); this may be due in part to the difficulty in balancing 
the charge requirements by other substitutions. 

The extent to which atomic substitution takes place is determined 
by the nature of the structure, the closeness of correspondence of the 
ionic radii, and the temperature of formation of the substance. The 
nature of the structure evidently has considerable influence on the 
degree of atomic substitution; some strucnll'es, such as those of spinel 
and apatite, are well known for extensive atomic substitution, whereas 
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others, such as quartz, show very little. In part this is due to the lack 
of foreign ions of suitable size and charge. Ionic size has, of course, 
a fundamental influence on the degree of substitution, since the sub
stituting ion must be able to occupy the lattice position without caus
ing distortion of the structure. From a study of many mixed crystals 
it has been found that, provided the radii of substituting and substituted 
ions do not differ by more than 15%, a \vide range of substitution may 
be expected at room temperature. Higher temperatures permit a 
somewhat greater tole~ancej in this respect solid solutions are analogous 
to solutions of salts in \vater, solubility increasing with temperaturc. 

This property of increased atomic substitution at higher tempera
tures provides a means of determining the temperature of mineral 
deposition (geological thermollzetry) 0 If for a specific mineral the 
degree of atomic substitution has been determined for different tem
peratures, the composition of the naturally occurring mineral may 
indicate the temperaturc of formation. Thus the amount of il'on in 
solid solution in sphalerite as a function of temperature is kno\vn from 
laboratory investigations. Sphalerite is a COflUllon ore mineral. Pro
vided the ore-forming solutions contained sufficient iron sulfide to 
saturate the sphalerite, the iron content of the mineral ,vill indicate 
the temperature conditions during Oloe deposition. 

The consequence of atomic substitution is that most minerals contain 
not only the elements characteristic of the particular species, but also 
other elements able to fit into the crystal lattice. For instance, dolomite 
is theoretically a simple carbonate of tnagncsium and calcium, but 
dolomites are found whose analyses show a considerable content of 
iron and manganese. Traditionally, these were described as solid solu
tions of the carbonates of all these elements, but it is more illuminating 
as well as more correct to consider them as products of the substitu
tion of iron and manganese for magnesium. Nevertheless~ ,ve con
tinue to use the traditional terms solid solution, mixed crystals, and 
solid solution series, since the terminology of atomic substitution has 
not yet provided expressions to take their place. The useful term 
diadocby has been introduced to describe the ability of different ele
ments to occupy the samc lattice position in a crystal; thus Mg, Fe) 
and Mn nre diadochic in the structure of dolomite. The concept of 
diadochy, if used rigidly, always applies to a particular structurej two 
elements may be diadochic in one mineral and not in another. 

Crystal structure investigations have also revealed t\vo other types 
of solid solution besides that due to atomic substitution. One is known 
as inte1'stitial solid solutio11, whereby Atoms or ions do not replace atoms 
or ions in the structure but fit into in.terstices in the lattice. This type 
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is very common in n1ctals, which take up hydrogen, carbon, boron, 
and nitrogen, all small atoms, in interstitial solid solution. If a sub
stance has an open-packed structure, interstitial solid solution may take 
place even with atoms or ions of a considerable size. 1hus cristobalite, 
the high-temperature forlll of Si02 , has been found with a considerable 
content of sodium and aluminumj the AP+ replaces Si4 +, and the Na + 
needed to maintain electrical neutrality occupies large openings in the 
cristobalite lattice. The other type of solid solution is that associated 
with defect lattices, in which some of the atoms are missing, leaving 
vacant lattice positions. It has been called olltission solid solution. A 
good example is the mineral pyrrhotite, in which analyses always show 
more sulfur than corresponds to the formula FeS. This was for a 
long time described as solid solution' of sulfur 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 deficiency of Fe, not 
all excess of S. J llst as ill 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 without the lattice col
lapsing. lVIol'C and more defect structures are being recognized among 
minerals, and an explanation is thereby afforded for otherwise puzzling 
deviations of chemical compositions from those predicted by the law 
of constant proportions. 

Polymorphism. An clement or compound that can exist in more 
than one crystal form js said to be polymorphous. Each form has 
different physical properties and a distinct crystal structure; i.e., the 
atoms or ions are arranged differently in different polymorphs of the 
same substance. Polymorphism is an expression of the fact that crystal 
structure is not exclusively determined by chemical composition, that 
there is often more than one structure into which the same atoms or 
ions in the same proportions may be built up. Different polymorphs 
of the same substance are formed undel' different conditions of pres
sure, temperature, and chemical environment; hence the presence of 
one polymorph in a focIe will often tell something about the condi
tions under which that rock was formed. For example, marcasite can 
be fonned only from acid solutions at temperatures below 450 0

, and 
the presence of marcasite in .1 deposit thus puts some limits on the 
conditions of origin. 

Two types of polymorphism are recognized, according to whether 
the change from .one polymorph to another is reversible and takes 
plnce at a definite temperature and pressure, or is irreversible and does 
not take place at a definite tempcrntl1rc alld pressure. The first type 
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is known as ellantiotropy and is exemplified by the relationship be-
8{)7" 

tween quartz and tridymite (quartz ~ tridymite). The second type 
1 alm 

is known as lIlO710t1'OPY,. an example is the marcasite-pyrite relation-
ship, in which marcasite may invert to pyrite but pyrite never changes 
to marcasite. With monotropic polymorphs Olle form is ahvays in
herently unstable and the other inherently stable; the unstable form 
always tends to change into the stable form, but the stable form 
cannot be changed into the unstable form without iiI'st completely 
destroying its structure by melting, vaporization, or solution, 

This distinction between el1antiotropic and mOllotropic polymorphs 
is useful, but the recognition of monotropic polymorphs is uSllally 
based 011 experimental evidence, and investigation over wide ranges of 
temperature and pressure or determination of energy relationships of 
the different polymorphs sometimes indicates that supposedly mono
tropic polyrnol'phs actually have an enantiotfopic relationship under 
conditions far removed from those usually attainable. Thus studies 
of the energy relationships between calcite and aragonite indicate an 
enantiotropic transition bet,veen them at about -60°, The diamond
graphite relationship is particularly interesting in this respect, both 
from the geological significance of the occurrence of these two poly
morphs and fro111 the practical aspect of developing ways to make 
diamond synthetically. For a long time it was unknown whether 
diamond and graphite were enantiotropic or monotropic polymorphs; 
the latter conclusion was favored because under laboratory conditions 
the transition 'vas always diamond ~ graphite, never the reverse, 
However, it has been estabHshed that the relationship is enantiotropic t 

and the actual conditions of the diamond;;::=:! graphite equilibrium have 
been worked out (Figure 11). This figure shows that the practical 
problem of making diamond synthetically lies in maintaining- pressures 
within the stability field of diamond at temperatures for which the 
reaction velocity for its formation is appreciable; this has been achieved 
by the development of special equipment capable of withstanding 
great pressures at high temperatures. It also indicates that the natural 
occurrence of diamond in igneous rocks implies an origin at considel"
able depths in the earth, where the combination of temperature and 
pressure is within the diamond stability field. Diamond is actually 
unstable undel' the physical conditions in which it is found (and worn); 
that it does not change spontaneously into graphite is due solely to the 
infinitesimal rate of a reaction which the energy relations nevertheless 
favoI'. 

The rate of ch~l1ge frOlll one polymorph to another Inay be very 
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slow or very rapid. Sometimes the change does not involve the break" 
ing of bonds between neighboring atoms or ions, but simply their 
bending, e.g., low-quartz ~ high-quartz, low-Ieucite ~ high-Ieucite. 
Such transformations 3re almost instantaneous at the transition tem
perature, and the high-teluperatl1re form cannot he preserved at lower 
tcmpemturcs (however, original crystallization as the high-tempera
ture form can often be recognized from the nature of the crystals or 
from the twinning that so often results from inversions of this type). 
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FIGURE 11. Graphite-diamond equilibrium curve, calculated to 12000 K, extra
polated beyond. (Nature, 176, 835, 1955.) 

High-low polymorphs are also characterized by the fact that the high
temperature form is always more symmetrical than the corresponding 
low-temperature form. Transformations other than the high-lo\v type 
require the breaking of bonds ill the structure and the rean'angement 
of atonuc or ionic linkages. They are often sluggish and may require 
the presence of a solvent in order to obtain an appreciable rate of 
change. These changes have been termed l'cconstructive u'ansforma
clons by Buerger and arc exemplified by the quartz ~ tridymite ~ 
cristobalite inversions. 

The high-temperature polymorph of a substance is generally more 
open-packed than a low-temperature form. The open character of 
the structure is dynamically maintained at high temperatures by 
thermal agitations, It may also be statically maintained by the in
corporation of foreign ions in the interstices of the lattice. These 
foreign ions will buttress the structure and prevent its trunsfOlmation 
to a different polymorph when the temperature is lowered. Their 
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complete removal is usually necessary to permit inversion to the close
packed form stable at low temperatures. Thus impure high-tempera
ture polymorphs may be formed and may survive indefinitely far below 
the normal stability range of pure compounds. This situation is likely 
to arise in nature. Buerger points out that the phenomenon is probably 
responsible for the formation and survival of cristobalite and trid ymite 
under conditions in which the stable form of Si02 is quartz. As men
tioned previously, cristobalite has been found \vith a considerable 
amount of sodium in interstitial solid solution, and the sodium atoms 
presumably stabilize the open structure of this mineral. The occur
rence of a high-temperature polymorph at ordinary temperatures is 
not 'necessarily to be interpreted as indicating metastability; the poly
morph may be simply a stable impure form. 

Transformations between polymorphs shnw a close analogy to the 
changes between the liquid and solid states, being amenable to treat
ment by the same thermodynamic principles. Buerger discusses the 
thernlodynamics of polymorphism at considerable length. Under a 
given set of conditions, each of several polyrnorphs of a substance is 
characterized by its free energy; all possible polymorphic forms tend 
to transform into the one with the minimum free energy, and that 
form is the stable one under those conditions. The free energy G 
is given by the equation G = E - TS + PV. For changes not in
volving a gas phase the PV term is small and can be omitted. vVhen 
T is zero, G = E, i.e" the free energy of a substance is equal to its 
internal energy. f-Ience at absolute zero the polymorph with the 
lowest internal energy will be the stable form. At temperatures other 
than zero the entropy term is significant, and the l'clative magnitudes 
of S for the different polymorphs may determine which form has the 
lowest free energy. At a transition point between two forms, the free 
energies of both are equal (Figure 12). Since the entropy of the high
temperature form is greater than that of the low-temperature form, it 
follows that the internal ellergy of the former must also be greater than 
that of the latter. The entl'opy involves the volume over which the 
atoms may be disOl'dered; hence there is a tendency for the forms of 
higher entropy to have greater open space available for thermal mo
tion. Although this does not necessarily involve openness of the \vhole 

'structure, it often does; high-temperature forms therefore tend to be 
less dense than low-temperature one,.,. Temperature and pressure tend 
to impose opposite conditions: high temperature promotes open struc
tures, high pressures compact structures. 

An interesting transformation that may be considered as a variety 
of pOlymorphism is the order-disorder type. It has been most studied 
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in alloys, as it has important effects on their .physical properties, but 
it is probably more common in minerals than is generally realized. A 
simple example is an alloy of 50% Cu, 50% Zn. Two di5tinct phases 
of this alloy exist. In the disordered foml the copper atoms and the 
zinc atoms are mndomly distributed over the lattice positions, whereas 
in the ordered form each element occupies a specific set of positions. 
The structures of the two forms are related, but the ordered one has 
lower symmetry than the disordered one. There is no definite transi-

o 1e 
Temperature, DK 

FIGURE 12. Energy relations between polymorphs 1 and 2 with transition tem
perature T t • E = internal energYi G = free energy; S = entropy. (After 
Buerger, Am. Milleralogist 33, 103, 194ft) 

tion point between the two forms; perfect order will be achieved only 
at absolute zero, and with increasing temperature the degree of order 
gradually decreases to complete disorder above a certain temperature 
characterjstic of the structure and the composition of the crystal. It 
has been suggested that the relationship between micro cline and sani
dine is an order-disorder transformation, the one aluminum and three 
silicon atoms in KAISiaOs being in disorder in sanidine hut ordered 
in microcline. Buerger points out that this accounts for the mono
c1inic-triclinic feature of the polymorphism, and that the typical twin
ning of micro cline is reminiscent of the twinning often observed in 
ordered forms. 
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Magmatism and Igneous Rocks 

What Is Magma? Magma is the parent material of igneous rocks. 
Lava is magma poured out through volcanic vents and thereby acces
sible to our observation, However, much magma solidifies below the 
surface and can only be observed as the end product, an igneous rock, 
from which the original nature of the magma must be infened. 
lVIagma has been defined as molten l"ock material, but this definition 
is not entirely satisfactory .. It fails to bring out that magma contains 
volatile components which are lost as it solidifies but 'which neverthe
less playa significant p:u't in detel'mining the course of crystallization. 
The definition also fails to emphasize that the solidification ~f a magma 
does not take place at a definite temperature, like,' for example, the 
solidification of molten lead, but is generally drawn out in time and 
place by fractional crystallization. The end products of such crystal- . 
lization include not only the igneous rock, but also a gas phase and 
possibly a watery solution. Hence the history of a magma may be 
long and complex, and the termination is often not easily defined. 
When does a magma cease to be a magma? When the first solid phase 
appeal's? When a quarter, or half, 01' three-quarters of it has solidified? 
When all that remains is a \vatery solution? The diversity of answers 
to this question is in part responsible for the vigorous controversies 
regarding the origin of some plutonic rocks, such as granites and 
granodiorites. Magma is characterized (a) by composition, in that 
it is predominantly silicate; (b) by temperature, in that it is hot (al
though the range in temperature may be great, say from 500 to B.OOO); 

_ and (c) by mobility, in that it will flow. Although a magma is fluid, 
only a minor part of it need be liqu_i:d, ..,In. this book the concept of 
magma ,~s essentially that prop~sectbwr,~ ~nd Verhoogen (1951, 
p. 46): ... the term magma lS.\r~ to Inclu~n l'i.aturally occurring 
mo~ile rock matter, ~hat cOI~~i~ts in noteworthy p~\ 1f4~ a liquid phase 
havmg the composltlon ofwsdlcate ,melt." ~ : t 

.• ,92 .. if ~ 
4' 
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The question as to whether or not there is a "primary" magma is one 
that has been extensively discussed. Many years ago Bunsen decided 
that there were two primary magmas, granitic and basaltic, and that 
igneous rocks of other compositions \verc mixtures of these two types. 
Bunsen's contention is apparently supported by the abundances of dif
ferent rock types. The igneous rocks of the globe belong chiefly to 
two types: granite and basalt. Daly estimates that the granites nnd 
granodiorites together comprise at least 95 % of all intrusives and that 
basalts and pyroxene andesites make up about 98 % of all extrusives 
(the latter figure seems excessive, since silica-dch' extl'usives-rhyolitcs 
and dacites-are fairly abundant). These relations are clearly of funda
mental significance in a consideration of magmatism. The trend of 
geological thought is toward the idea that material of basaltic com
position may well be the single primary magma from which most 
igneous rocks have been derived. lVlajor ~rguments in favor of this 
are (a) throughout geological time magma of this composition has 
broken through the crust and poured out on the surface in great 
floods; (b) the rocks of the great ocean basins arc almost entirely 
basalts; (c) experimental ,york has shown that differentiation of basaltic 
magma can yield rocks of widely varying chemical and mineralogical 
composition, and such differentiation has been observed in natural 
occurrences. The assumption of a primary basaltic magma in no way 
implies that magmas of other compositions are non-existent. This is 
clearly evident from the wide variety of lavas expelled by volcanoes. 
The formation of magmas of different compositions can be explained 
by fractional crystallization of a basaltic magma and the separation of 
residual magmas of different types, by assimilation of material of dif-

. ferent composition, and by the escape of volatile substances, all of 
which either singly or together nre adequate to produce significant 
changes in composition. 

The Chemical Composition of Magmas and Igneous Rocks. Clarke 
and Washington calculated the average composition of igneous rocks, 
with the following results: 

Si~ 

59.14 
AhOa 
15.34 

Fe20a FeO 
3.08 3.80 

MgO 

3.49 
CaO 
5.08 

All others less than 0.30 each 

Ti~ 

1.05 

It must, of course, be borne in mind that these figures are the average 
of several thousand analyses and are of no greater or less significance 
than is implied in that statement; they do not represent the composi
tion of a primary magma from which all igneous rocl{s may be derived, 
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nor the composition of any particular magma; minor constituents are 
omitted, as are the volatiles known to be present in all magmas. Never
theless, the figures do indicate that the following elements predomi
nate: 0, Si, AI, Fe, l'vlg, Ca, Na, and K; i.e., magmas are multicompo
nent systems of these and other elements. 

The different components do not vary randomly but are inter
dependent. The frequency relations of the commonest rock-forming 
oxides were worked out by Richardson and Sneesby on the basis of 
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FIGURE 13. The frequency disuibution of silica percentage in analyses of igneous 
rocks. (Richardson and Sncesby, Minerl71og. Mag. 19, 306, 1922.) 

Washington'S collection of 5000 superior analyses of fresh l'ocks (Fig
ures 13 and 14). The dominant oxide is silicn; most igneous rocks 
cOIltllill between 30 and 80% Si02• Its variation is not at all regular, 
as is clearly seen from Figure 13, there being two frequency maxima, 
at 52.5% Si02 and 73.0% Si02 ; i.e., rocks with about 52.5% Si02 and 
73.0% Si02 are the commonest. This corresponds with field experi
ence that the most abundant igneous rocks are granite and basalt. Alu-· 
mina varies commonly benveen 10 and 20%. Low Al20 a is character
istic of rocks with little feldspar or feldspathoid, i.e., ultl'abasic typesj 
high Al20 a is characteristic of anorthosites and rocks containing much 
nepheline. Soda shows a very symmetrical variation, the common 
range being from 2 to 5%; Na20 rarely exceeds 15%. The curve for 
I{20 is less regular, but most rocks have less than 6% 1(20, and only 
rarely does it exceed 10%. The em'ves for FeO and Fe20a are similar; 
both show a frequency peak at about 1.5% and fall off more or less 
regularly towards higher percentages. The sum of iron oxides in 
igneous rocks seldom exceeds 15%, except in magmatic iron ores. The 
frequency curve for magnesia percentage js very asymmetrical; most 
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rocks have a low iVIgO content, and only ultrabasic types rich in 
pyroxene and/or olivine have more than 20%. The curve for CaO 
resembles that for l\1g0; most rocks have less than 10% CaO, although 
in some pyroxenites CaO exceeds 20%. Water may reach 10% in a 
few volcanic glasses, but generally an igneous rock containing more 
than 2% H 20 11as acquired the excess by alteration. Three minor con
stituents that should be determined in a good rock analysis are Ti0 2 , 

P:20ii, and A'InO, all of which are present in most igneous rocks. [vIany 
other clements may be found in small amounts; their occurrence is 
discussed later in this chapter. 

The Mineralogical Composition of Igneous Rocks. Although more 
than 1000 different minerals are known, the numbel' of species present 
in more than 99% of the igneous rocks is very small. Apart fxom the 
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FIGURE 15. Approximate mineralogical composition of the commoner types of 
igneous rocl{s (effusive types ill brackets). 

seven principal minerals or mineral groups (the silica minerals, feld
spars, fcldspathoids~ olivine, pyroxenes, amphiboles, and micas), only 
magnetite, ilmenite, and apatite are commonly found, and then usually 
in very small amounts. A statistical study of about 700 petrographi
cally described igneous l'ocks (Clarke, 1924, p. 423) gave the follow
ing average mineralogical composition: quartz 12.0%, feldspars, 59.5%, 
pyroxene and hornblende 16.8%, biotite 3.8%, titanium minerals 
1.5%, apatite 0.6%, other nccessory minerals 5.8%. It is interesting to 
compare this average 11lode with the norm calculated from the average 
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composition of igneous rocks. This is Q 10.02, 01' 18.35, ab 32.49, an 
15.29, di 6.45, hy 8.64, mt 4.41, il 1.98, ap 0.67. 

The mineralogical composition is a basic criterion in the classifica
tion of igneous rocks. Several hundred rock types have been named, 
but of these only a few are of common occurrence. Figure 15 is a 
diagrammatic representation of the common types, showing the min
eralogical composition in terms of the important rock-forming min
erals. The diagl'um serves to emphasize that rock types grade into 
each other, and a rock name: is a convenient pigeonhole rather than a 
species of fixed composition. 

The principal minerals and mineral groups ~re no·w discussed in 
detail. 

The Silica Minerals. Silica occurs in nature as five distinct minerals: 
quartz (including chalcedony), tridymite, cristobalite, opal, and lecha
telierite. 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. 

Opal and lechatelierite are amorphous. The tlu'ee crystalline fOl'ms 
illustrate the phenomenon of enantiomorphism. Each has its own 
stability field; at atmospheric pressure quartz is the stable form up to 
867°, tridymite between 867 and 1470°, and cristobalite from 1470 up 
to the melting point at 1713°; from 1713 0 to the boiling point liquid 
silica is the stable phase. The one-component system Si02 has been 
extensively studied under varying conditions of temperamre und pres
sure; the equilibl'ium diagram is given in Figure 16. 

The addition of small amounts of H 20 to this system produces re
markable results. Tuttle and England have investigated it at tempera
tures up to 1300° and pressures of ,vater vapor up to 2000 kg/cm2• 

The results are indicated with dotted lines on Figure 16. The liquidus 
is lowered by several hundred degrees. Thus, at pressures above 1400 
kg/cm2, quartz melts at about 1125 0

, a depression of some 6000 in 
the melting point; the liquid so formed is a hydrous silica melt con
taining about 2.3% H 20. The stability field of tridymite is greatly 
contracted, and, whereas in the dry system tridymite has no stnble 
melting point, in the presence of water vapor it melts to a hydrous 
liquid at pressures above 400 kg/cm2• Water vapor under pressure 
thus has a tremendous fluxing power for SiOa and clearly will greatly 
influence the transportation of silica in a fluid form. The large ef
fects produced by a small weight per cent of water are a reflection of 
its low molecular weight, which results in its mole fraction in solution 
being comparatively large. 
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These three polymorphs of silica are all built of tetrahedral groups 
of four oxygen atoms sUl"l'olmding a central silicon atom. The silicon
oxygen tetrahedra are linked together to form a three-dimensional net-
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FIGURB 16. Stability relations of the different forms of Si02• Solid lines, dry 
system (AnTI. Rep. Geo-phys. Lab. 1952-53, p. 61); dotted lines, liquidus under 
water~vapor pressure (B1Ill. Geol. Soc. Amer. 66, 149, 1955). 

work, but the pattern of linkage is different for each of the three forms; 
hence the diffel'ence in their crystal structures and their properties. 
Cristobalite and tridymite have comparatively open strllctures, whereas 
the atoms in quartz are more closely packed. This is reflected in the 
densities and refractive indices, which are much lower for cristobalite 
and tridymite than for quartz: 
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Quartz 
Cristobali te 
Tridymite 
Lechatelierite 

Density 

2.65 
2.32 
2.26 
2.20 

99 

Mean Refrac-
tive Index 

1. 55 
1. 49 
1. 47 
1. 46 

Each of these three polymorphs has a high~ and low-tempera.rurc 
modification. In quartz, for example, the change from the one to the 
other takes place at 573 0 at atmospheric pressure. Similarly, high
tddymite changes into low-tridymite between 120 and 160 0 and high
cl'istobalite into low-cl'istobalite between 200 and 275°. The inversion 
of high- and low-temperature forms of the individual species is of quite 
another order to that between the species themselves. The three min
el"als have the Si04 tetrahedra linked together according to different 
schemes, and this linkage has to be completely broken down and re
arranged for the transformation of one to another. On the other hand, 
the change from a high-temperature to 3 low-temperature form does 
not 'alter the way in which the tetrahedra are linked. They tmdergo 
a displacement and rotation which alters the symmetry of the structure 
,vithout breaking any links. The high-temperature modification is 
always more symmetrical than the low-temperature nlodification. 

The high-low transformation of each mineral takes place rapidly at 
the transition tetnperature and is reversible. The changes from one 
polyn1orphic form to another are extren1ely slow and sluggish, and the 
existence of tridymite and cl'istobalite as minerals sho,vs that they can 
remain unchanged indefinitely at ordinary tempel'atures. Once 
formed, the type of linldng in tridymite and cristobalite is too firm 
to be easily broken, and it is possible to study the high-low inver
sions of tridymite and cristobalite at temperatures at which they are 
really metastable forms. As pointed out in Chapter 4, the presence of 
foreign elements in the structure may have a stabilizing effect on tridy
mite and cristob9lite. The few comprehensive analyses of these min
erals show the presence of Na and AI, suggesting n substitution of 
NaAI for Si in the open structures; quartz on the other hand is gen
erally very pure Si02• Two other phenomena of great significance 
should be mentioned here: 

1. Even at temperatures below 867°, especially when crystallization 
takes place rapidly (for example, in the presence of mineralizers, such 
as hot gases), cristobalite and/or tridymite may crystallize, although 
quartz is the stable phase. 
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2. High-quartz and low-quartz are formed only -wjthin their stability 
fields, never at higher temperatures. 

From these facts the follo"\ving conclusions can be drawn: quartz in an 
igneous rock signifies that its crystallization from the magma took 
place below 867 0 (,virh due regard for the effect of pressure); the pres-
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FIGURE 17. Inversion of quartz from granites and rhyolites. The higher tem
perature of inversion of most of the granitic quartz studied is believed to indi
cate that the quartz recrystallized at relatively low temperatures. M = granites 
from three localities in Maine: North Sullivan, Jonesport, :lud \Vnllace Cove. 
P = Pikes Peak granite. W =- granite from Westwood, "M\\ss. S = vVhite Stt-ver 
Plume granite from Colorado. (Am. J. Sci., Bowen Vol., p. 231, 1952.) 

ence of cristobalite or tl'idymite, on the other hand, proves nothing 
as to the temperature of crystallization. 

Keith and Tuttle (1952) have studied the high-low inversion oJ 
quartz in great detail. They measured the inversion temperal1tre for 
250 different samples and fOlmd a range of 38° for the inversion tem
perature of natural quartz and 1600 for synthetic quartz. f-Iowever, 
95% of the natural quartz specimens had inversion temperatures within 
a range of 2.5 0 of the mean, 573.3°. The variations are considered 
to be due to the presence of foreign ions in solid solution; since the 
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amount of solid solution is influenced by the temperature of growth 
the inversion temperature is an indicator of the relative temperature 
of formation. f-Iowevel', the data must be interpreted with care and 
discrimination. Keith and Tuttle conclude that the inversion tempera~ 
ture of quartz cannot be used as an indicator of the temperature of 
formation for rocks of ·widely different chemical conlposition. The 
inversion is a sensitive indicator of changing conditions of quartz 
growth within one chemical environment, as withhl one vein or one 
intrusive body or within a group of rocks of very sinlilar bulk com
position (Figure 17). Under such conditions variation of inversion 
temperature can be used to study zonal relationships and variations in 
the conditions of final crystallization of quartz. 

As alre~dy pointed out, at ordinary temperatures qtlartz is always 
present as lmv-quartz. By the crystal form, nature of the twinning, 
and other properties of less diagnostic importance, it is often possible 
to determine the original form. In this way it has been shown that in 
nearly all the quartz-bearing igneous rocks this mineral crystallized 
originally as high-quartz, i.e., above 573°. In quartz veins and some 
pegmatites it crystallized originally as low-quartz. It Inay therefore be 
concluded that the crystallization of the magma conoes ponding to the 
commonest quartz-bearing rocks took place above 573 0 and the resid
ual crystallization in part at least at lower temperatures. 

The Feldspar Group. The feldspars o\ve their importance to the fact 
that they are the most common of all minerals. 'They are closely 
related in form and physical properties, but they fall into two groups: 

T, the potassium and barium feldspars, which are monoclinic or very 
i'\nearly monoclinic in symmetry, and the sodium and calcium feldspars 

(the plagioclases), which are definitely triclinic. A point of great 
interest is the solid solution between albite, NaAlSisOs, and anorthite, 
CaAI2Si20 B• The theory that feldspars of intermediate composition 
\vere mixed crystals of these t\vo components was proposed by 
Tschermak in 1869. It is now known that NaSi often substitutes for 
CaAI, but Tschermak's theory is of historic importance as a first sug
gestion that so radical a substitution is possible. 

The general formula for the feldspars can be written WZ-lOS1 in 
which W may be Na, I{, Ca, and Ba, and Z is 8i and AI, the Si:Al 
ratio varying from 3: 1 to 1: 1. Sinc.e all feldspars contain a certain 
minimum amount of AI, the general formula may be somewhat more 
specifically stated as WAI(AI,Si)ShOa, the variable (Al,Si) being bal
anced by variation in the proportions of univalent atld bivalent cations. 

The structure of the feldspars is a continuous thrce~dimensional net
,york of Si04 and A104 tetrahedra, with the positively charged sodium, 
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potassium, calcium, and bUl'ium siruated in the interstices of the nega
tively charged network. The network of Si04 and AlDol tetrahedra is 
elastic to some degree and can adjust itself to the sizes of the cations; 
when the cations are relatively large (K,Ba) the symmetry is mono~ 

.• clinic or pseudo-monoclinic; with the smaller cations (Na,Ca) the struc
ture is slightly distorted and the symmetry becomes triclinic. 

The barium-containing feldspars are rare and of no importance as 
rock-forming minerals, and so we will omit them from further consid
eration. The feldspars may then be discussed as a three-component 
system, the components being KAlSiaOs (Or), NaAISiaOs CAb), and 
CnAbSi20 S (An). Complexities are introduced by the solid solution 
relations existing among these three components and the occurrence of 
polymorphic forms. 

The potash-feldspar minerals occur in several distinct forms having 
different but intergradational optical and physical properties. Sani
dine, the monoclinic high-temperature polymorph, occurs in volcanic 
rocks. Common orthoclase, another monoclinic variety, and micro
cline (triclinic) are found in a wide variety of igneolls and meta
morphic rocks which have crystallized at jntermediate to low tem
peratures. Adularia is the name given to a form (which may be either 
monoclinic or tridinic) with a distinctive crystal habit found in low
temperature hydrothermal veins. 

Recent l'esenrch has clarified the relationship between these forms. 
l\1icrocline and sanidine are polymorphs with an order-disorder rela
tionship, the Si and Al atoms being r~ndomly distributed over their 
lattice positions in sanidine but ordered in microcline. The disor
dered form is the more stable polymorph above about 7000

, and 
microcline has been transformed into sllnidine by hydrothermal treat
ment at this temperature; the l'everse transformation has not been 
achieved in the labol'atory, evidently because of the high activation 
energy required for the ordering of the Si and Al atoms. Orthoclase 
and adularia are structurally intermediate between sanidine and micro
cline. Nluch orthoclase probably crystallized originally as sanidine. 
Adularia is evidently 11 metastable form which develops under condi
tio11s of rapid crystallization within the stability field of micl'ocline; 
the rapid crystallization prevents the attainment of an ordered ar
rangement of Si and Al. 

At high temperatures complete solid solution exists between 
KAlSiaOg and NaAISiaOs. The more potassic members of the series 
are monoclinic and 'are called soda-orthoclnse; indeed, most of the 
orthoclase we identify in rocks is really soda-orthoclase with considel'
ably more potassium than sodium. The more sodic members of the 
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series are triclinic and are called anorthoclase. At lower telnpcrntures 
solid solutions intermediate between orthoclase and albite are meta
stable and under conditions of slow cooling break down into an ori
ented intergrowth of subparallel lamellae, alternately sadie and potassic 
in composition. Such an intergrowth is called perthite or antipcl"thite. 
In the perthites the plagioclase occurs as uniformly oriented films, 
veins, and patches within the orthoclase (or micro cline ); in the anti
perthites this relation is reversed. lVlany appnrently honlogeneous 
specimens of alkali feldspar on X-ray examination prove to be perthitic, 
the intergrowth being submicroscopic. Perthite, when heated for a 
long time at 1000°, becomes homogeneous once more. Not aU per
thites have been formed by exsolutionj some are undoubtedly the prod
uct of pa.rtial metasomatic replacement of an originally homogeneous 
potash feldspar by sodium-bearing soh1tions. 

X-ray examination of potash feldspar and of albite provides the fol
lo\ving explanation of the penhite lamellar intergro,vth. The frame
work of linked Si04 and A100l tetrahedra, being similnr for the mono
clinic and triclinic forms, is continuOlls throughout the structure. At 
high temperatures the I{ and Na ions are randomly distributed in the 
framework, producing n homogeneous crystal. At lower tempera
tures ordering may occur with the formation of potassium-rich and 
sodium-rich lamellae, producing alterate sheets with monoclinic 01' 

pseudo-monoclinic and triclinic symmetry, respectively. The (! repeat 
of potash feldspar and albite is markedly different (8.45 A and 8.14 A), 
whereas the band c repeats are almost identical (12.90 A, 7.15 A and 
12.86 A, 7 .17 A). This accounts for the lamel1ae being approximately 
parallel to 100, since the band c repeats coincide in the 100 plane, 
whereas the a repeat running through the lamellae shortens in the albite 
i'egions and lengthens in the potash feldspar regions. 

The Or-Ab system has been carefully studied by Bowen and Tuttle 
(Figure 18). Gl:eat difficulty has been experienced in the laboratory 
investigation of this system 011 account of the viscosity of the melts and 
their extremely sluggish crystallization. Considerable advances have 
been made by the addition of water under pressure, ,vhich promotes 
crystallization and lowers its temperature without affecting the general 
equilibrium relations. A pressure of 2000 kg/cm2 of \vater lo,vers the 
crystallization temperature by as much as 3000

, thereby confirming the 
opinion long held among some petrologists as to the importance of the 
water content in reducing the temperature of magmatic crystallization. 
The system Or-Ab is not truly binary because of the incongruent 
melting of 0.1 to give leucite; however, the field of lellcite almost 
disappears at 2000 kg/cm.2 pressure. 
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Data have also been obtained on the form of the solvus curve XY. 
The shape and position of this curve are not significantly altered by the 
presence or absence of water, since the equilibrium is One between 
solids, in which water 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 660 0 ± 10° I at a composition 
close to 55% Ab, Thus crystallization above 660 0 in the Ol'-Ab sys
tem gives a single feldspar at any composition. Any point on the solvus 
represents the minimum temperature of stable existence for homo
geneous feldspar of that composition; if equilibrium is ma.intained be
lo\v that teulperature the feldspar will begin to tlnmix, 

The situation is complicated by the existence of low-temperature 
forms both of potash and of soda feldspar. Figure 18 represents 
equilibrium conditions for the high-tempel'ature forms of these com
pounds. Bowen and Tuttle have found that in many instances the 
naturally OcculTing pel"thites are intergrowths of low-temperature feld
spars. Different kinds of naturally occurring pel"thites m~y be recog
nized, according to the particular forms of the soda and potash feld
spars which make up the intergrowth. Laves (1952) has discussed the 

. phase relations of the alkali feldspars in great detail and has devel
oped a logical schenle of nomenclature for the individual minerals 
and the val'ious kinds of perthite, 

The system Ab-An, long quoted as a classic example of perfect 
solid solution, also shows unsuspected complications. True, the 
solidus-liquidus relations, one of the first fruits of research at the Geo
physical Laboratory, remain unamended. The complete solid solu
tion at high temperatures, however, is affected by the iIJ.version of 
albite to a low-temperature form at about 7000

; the relationship be
tweell the low and high forms is evidently all order-disorder one, 
similar to that between microcline and sanidine, and the high-tem
perature disordered form is known as analbite. These complications 
were .first suspected when discrepancies ·were 0 bserved between the 
optical properties of plagioclases of the same composition from vol
canic and plutonic l'ocks, indicating distinct series of high-temperature 
~nd low-temperature plagioc1ases, It was also fonnd that plagioclases 
ranging from about Anso to An70 may be made up of submicroscopic 
intergrowths of two phases with compositions close to Anso and An1()' 
On this basis a tentative phase diagram for the Ab-An system has 
been developed (Figure 19). Additional complications olay arise as 
a result of the different degrees of ordering which are possible as a 
result of the varying proportions of Si and Al at different plagioclase 
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compositions. As a result many plagioclases \vhich are optically 
homogeneous prove to consist of· conlplex intergrowths when exam
ined by X-ray techniques. 

The mutual miscibility of Or and AIl is nearly zero at all tem
peratures; hence varieties intermediate between these t\VO components 
do not occur. Careful analyses of homogeneous plagioc1ases have 

700·± High Plagioclase 

2 Plagioclases 

Ab 10 30 50 70 
Percentage of An 

FIGURE 19. Tentative diagram of subsolidus relations in the plagioclase feldspars, 
modified from Buerger (Am. Mhlernlogist 33, 119, 1948) nnd Tuttle and Bowen 
(/. Geol. 58, 582, 1950). 

shown that the potassium content is very low, indicating that the 
normal amount of the KAlSiaOs component il1 solid solution is about 
1 % and that it seldom rises above 3 %. 

The composition of any feldspar is conveniently expressed by the 
use of the symbols Or, Ab, and An for the pure components: thus 
Abs2An6B \vould be a plagioclase falling in the labradorite section of 
the series, and Of26AboaAns is the composition of a possible anortho
clase. 

The Feldspathoids. The feldspathoids are n group of alkali-aluminum 
silicates which appear in place of the feldspars when an alkali-rich 
magma is deficient in silica. They are never associated with primary 
quartz. The following minerals are the mOre important members of 
this group: 
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Leucite 
KaliophiHte 
Kalsilite 
Nepheline 
Sodalite 
Noselite 
Cancrinite 

KAlSi~06 
KAlSi04 

KAlSi04 

NnAISi04 
N agAleSi6024(Cb) 
N nsAlaSi60 24(S04) 
N asAleSio024(H C03h 

T07 

Analcime, NaAISi20 o' H 20, is sometimes included among the feld
spathoids, as it appears occasionally as a primary mineral of igneous 
rocks deficient in silica. 

The feldspathoids are not a homogeneous series like the feldspars or 
the pyroxenes. They are grouped together more on petrographical 
than mineralogical similarities. Structurally, the feldspathoids belong 
to the tektosilicates, the Si04 and AI04 tetrahedra being linked as in 
the feldspars, whereas the metal jons (and the chloride, sulfate, and 
carbonate ions, when present) :fit into cavities in this framework. The 
feldspathoids are readily attacked by acids. This characteristic is evi
dently due to the comparatively high AI: 8i ratio; the aluminum is re
moved in solution and the lattice then collapses, often with the forma
tion of gelatinous silica. 

Leucite is the commonest potassium feldspathoid. It is abundant in 
the volcanic rocks of a few regions. It is not found in plutonic rocks, 
and labor!ltory investigations have indicated that lellcite is not a stable 
phase in the K 20-AlzOa-SiOz system at high pressures. Analyses of 
lel1cite show that a little sodium may replace potassium in the structure. 
Kaliophilite and kalsilite are mineralogical curiosities; lmliophilite has 
been recorded in Vesuvian lavas and kaIsilite in lavas from East Afl·ica. 
Their opticnl properties are so similar to those of nepheline that mis
identification could readily occur. On this account they may be of 
wider distribution than present records indicate. 

Nepheline is the commonest of the feldspathoids and is found in both 
volcanic and plutonic rocks. It is isomorphous with high-tridymite 
(cf. the formulas NaAlSi04 and SiSi04 ). The analogy between 
NaAlSi04 and 8i02 is further emphasized by the inversion at 1248° 
of nepheline to carnegieite, a high-temperature form \vhich is iso
morphous with high-cristobalite; carnegieite has nOt been found as a 
mineral. Analyses of nepheline generally show an excess of Si over 
the theoretical amoullt, the ratio Si:Al ranging up to 1.4 and the sodium 
being correspondingly deficient. The phenomenon is one of Si re
placing Al and the consequent omission of sodium ions to preserve 
electrical neutrality. Nepheline always contains some potassium re
placing sodium, the Nn: K ratio often being close to 3 : 1; this reflects 
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the atomic structure, in which one of the four positions that can be 
filled by an alkali iOll is larger than the other three and preferentially 
accommodates potassium. 

The Pyroxene Grou p. The pyroxenes are a group of minerals closely 
related in crystallographic and other physical properties, as well as in 
chemical composition, although they crystallize in two different sys
tems, orthorhombic and monoclinic. The group characteristics are the 
outward expression of common atomic structure. The tetrahedral 
Si04 groups are linked together into chains by the sharing of one 
OXygCll atOm between two adjacent groups; i.e., in each group two 
oxygen atoms also belong half to the groups on each side, giving the 
Si: 0 ratio of 1 : 3. The silicon-oxygen chains lie parallel to the vertical 
crystnllogrrtphic axis and are bound together laterally by the metal 
ions. The distinct prismatic habit of pyroxene crystals is a consequence 
of this internal structure, as is also the typical cleavage, which takes 
place between the silicon-oxygen chains. 

The chemicnl composition of the pyroxenes can be expressed by the 
general formula (TV) l-p (X, Y) 1+ pZ200, in which the symbols TV, 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: NOl, COl 
X: Mg, Fe2+) Li, Mn 
Y: AI, Fe8+) Ti 
Z: Si, Al (in mil10r amount) 

On the basis of chemical composition and crystal system the follow
ing distinct species are recognized: 

Enstatite 
Hypersthene 

Clinoenstntite 
Clinohypersthene 
Diopside 
Hedenbergite 
Augite 

Pigeonite 

Aegirine (acmite) 
Jadeite 
Spodumene 
Johannsenite 

Orthorhombic Pyroxenes 

MgSiOa 
(MgJFe)SiOa 

Ma.noclinic Pyroxenes 
MgSiOs 
(Mg)Fe)SiOs 
CnMgSbOo 
CaFe2+SbOll 
Intermediate between diopside and hedenbergite with 

some Al 
Intermediate between augite and cUnoenstatite-dinohy_ 

persthene 
NaFe3+Si20 e 
NaAlSi20 6 

LiAISi"Ot\ 
CaMnSbOo 
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Spodumene, although a member of the monoclinic pyroxenes, is not 
closely related to the other species in the gl'OUp) and no intermediate 
compounds are known. It is not an impol'tant l'ock-forming mineral, 
being confined to the complex granite pegmatites. Jadeite is a rare 
mineral of metamorphic rocks. J ohannsenite is found only as a vein 
minel'~l. These species are not considered here. 

The pyroxenes fall naturally into two divisions, those of ortho
rhombic synlmetry and those of monoclinic symmetry. 

The orthorhombic pyroxenes l'ange in composition from pure 
MgSiOa to about 90% FeSiOa. The compound FeSiOa is not a stable 
phase at high temperatures; from n melt of its composition sitka and 
fayalite (Fe2Si04) will crystallize. It has been reported in the mono
clinic form from lithophysae of an obsidian, where it would have 
formed at moderate temperatures, but the identification is not certain. 
The common ol'thopyroxenes of igneous rocks are all magnesium-rich. 
The orthorhombic pyroxenes have been divided into a number of sub
species based on composition, similar to the division of the plagioclase 
series. The utility of such subdivision is dubious; sub specific names 
are a burden on the nomenclature and the memory, and in general a 
designation in the form hypersthene (En,J1) is to be preferred, just 
as plagioclase (An25) is preferable to a less precise identification as 
andesine. 

When heated above 985 0 pure lvlgSiOa changes into protoenstatite, 
another orthorhombic phase \vith a different structure, which is stable 
up to 1557°, when it melts incongruently to give forsterite pIllS liquid. 
Protoenstatite has not been found as a mineral, but on nlpid cooling 
it changes into clinoenstatite, a monoclinic phase with the same struc
ture as diopside. Hypersthene has a corresponding monoclinic phase 
l{nown as clinohypersthene. Clinoenstatite and clinohypersthene are 
almost unknown in teJrestrial rocks but have been recognized in some 
meteorites. Intermediate compounds between these substances and 
augite are, however, found in basic volcanic and hypabyssal rocks 
and are known as pigeonite. The few good analyses of pigeonite 
suggest a maximum of about 10 atom % ea in W + X + Y. The 
diopside-hedenbergite series is well established throughout the whole 
range in composition. A limited amount of aluminum can enter into 
this series, and sneh aluminous pyroxenes are called augite. The intro
duction of Al into a diopside means that this Al must be divided 
between the Y and the Z lattice positions, otherwise the valence de
mands would not be satisfied. The aegirine-jadeite series may be con
tinuous throughout the AI-Fe range. Aegirine is connected with the 
diopsldc-hedenbcl'gite series and augite by members of intermediate 
conlpositiol1) 'which nre grouped under the name negirille~augitc. 
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The compositions of the naturally occurring pyroxenes are extremely 
variable because of the possibilities of atomic substitution. In the gen
eral formula p is zero or near zero in the diopside-hedenbergite and 
aegirine-jadeite series and 1 or close to 1 in the orthorhombic py-

MgSi03 ~?m~~~~~~~~~~~za~~~~~ FeSi03 
Clinoenstatite- Clinohypersthene 

(a) 

Diopside-Hedenbergite 

Enstatite - Hypersthene 

(b) 

FHjUlll~ 20. Solid solution relations and mineralogy in the pyroxene group: «(I) 
at high temperatures; (b) at medium temperatures. Shaded areas arc solid solu
tion fields, bl'ilnk areas, miscibility gaps. 

roxenes, their monoclinic dinl0rphs, and in the pigeonites. J\1agnesiulll 
and ferrous iron arc completely interchangeable. Reliable analyses of 
the common pyroxenes, the diopside-hedenbergite-ul.1gite group, sho'w 
a maximum of about 7% Fe20a (corresponding to 10% FeB+ in Y); 
about 8% A120 a (corresponding to 10% or n little more Al xeplacing 
Si and u smaller Al replacenlent in Y) i and about 1.5 % Ti02 • Minor 
constituents recorded in pyroxene analyses include chromium (up to 
1.2 % Cr~03 in some diopsides and allgites), vanadium (4% V 203 in 
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aegirine fl'om Libby, .i\ llol1tana), manganese, and potassium. The 
miscibility gap between augite and (j\IIg,Fe)SiOa is considerably less 
at high than at moderate temperatures; in volcanic rocks the pyrox
enes may be low-calcium augite (sometimes termed sub calcic augite) 
and/or pigeonite, whereas in plutonic rocks the pyroxenes are normal 
augites and/or orthOl'hombic pyroxenes almost free of calcium (Fig
nre 20). 

The Amphibole Group. The amphibole group comprises a number 
of species, ,vhich, although falling both in the orthorhombic and mono
clinic systems, are closely related in crystallographic and other physi
cal properties, as well as in chemical composition. They form iso
morphous series, and extensive replacement of one iOll by others of 
similar size can take place, giving rise to very complex: chemical com
positions. The species of the amphibole group form a series parallel 
to those of the allied pyroxene group; they were originally looked upon 
as complex metasilicates dimorphous with the corresponding pyrox
enes. This is not so, ho\vever; the amphiboles contain essential (OH) 
groups in their structure, and the Si: 0 ratio is 4: 11, not 1: 3 as in the 
pyroxenes. The true nature of the amphiboles has been elucidated 
by X-ray studies, which have shown that the fundamental unit in theie 
structure is a double chain of linked silicon-oxygen tetrahedra; in 
effect it is two single chains with alternate tetrahedra linked by the 
sharing of one oxygen, giving an Si: 0 ratio of 4: 11, instead of 1: 3 
as in single chains. In the structure these double chains lie parallel 
to the vertical crystallographic axis and are bound together laterally 
by the metal ions. The binding force between the chains is not so 
strong as the Si-O bonds along the chain. This is reflected in the well
knuwn fibrous or prismatic nature of the amphiboles parallel to the c 
axis and in the good prismatic cleavage. Another interesting feature 
of the amphibole structure is the presence of open spaces within the 
lattice into which an extra alkali atom for each t\vo SLIG U groups 
will fit, 

The difference in chemical composition bet\veen compounds of 
the amphibole type and corresponding compounds of the pyroxene 
type 1s not great, and it is understandable that it was overlooked for 
many years and that the amphiboles and pyroxenes of similar com
position were considered to be polymorphs of the same substun-ce. 
This is illustrated by the theoretical compositions of NlgSiOa and 
J\llg7 (Si .. O ll ) 2( OR) 2: 

MgSiOa 
1,,1 B7(S i40 11)z(O Hh 

MgO 
40.0 
36.2 

SiO~ 

60.0 
61. 5 2.3 
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A general formula for all members of the amphibole group can be 
,vritten (JVXY)7.S(Z4 011)2(O,OH,F)2, in which the symbols W, X, 
Y, Z indicate elements having. similar ionic radii and capable of replac
ing each other in the structure. TV stands for the large metallic cations 
ea and Na (I( is sometimes present in small amounts); X stands for the 
smaller metallic cations Mg and Fe2 + (sometimes lVln); Y for Ti, AI, 
and FeB + ; and Z for Si and AI. In the general formula the degree of 
atomic substitution is as follows: 

1. Al may replace Si in the Si40 11 chains to the extent of AlSisO ll 

(the amount of replacement is a function of the conditions of forma
tion; high-temperature amphiboles can be more aluminous than low
temperature amphibo1es), 

2. Fe2 + and lvIg al'e completely interchangeable. 
3. The total (Ca, Na, K) may be zero or near zero or may vary 

from 2 to 3; however, total ea never exceeds 2, and K is present only 
ill minor amounts. 

4. OH and F are completely interchangeable. The maximum is 2, 
but it may be less, presumably by 0 replacing OR or F. 

With these possibilities it is clear that the composition of the amphi
boles may be very complex. However, on the basis of chemical com
position and crystal structure five distinct series are recognized. 

Anthophyllite series 

Cummingtonite series 
Tremolite series 
Hornb1ende series 
Alkali amphibole series 

Glaucophane 
Riebeckite 
Arfvedsonite 

Orthorhom bie 

(Mg)Feh(Si~Oll)2(OH)a (Mg predominant over Fe) 

Monoclinic 

(Fe,Mg),(Si40 11)z(OH)2 (Fe predominant over Mg) 
C !l2(Mg, Fe) 5(Si40 11) 2(OH) 2 

Ca2N aO-.l(Mg,Fe,Al)6[(Al,Sj)40uh(OH)2 
(N a > Ca), e.g., 
N a2MgsAh(Si40 uh(OH)2 
Na2Fes2+Fe,l+(Si40 11)Z(OH)z 
N nsF e42+Fe3+(SLlOllh(OHh 

The anthophyllite series cOl'responds to the orthorhombic enstatite
hypersthene series in the pyroxene group. The ratio Mg: Fe ranges 
from 7: 0 up to about 1: 1; Al is often present and can replace 8i in 
(Si40 11 ) up to (AlSiaOu ), with corresponding replacements in the 
(lVXY) elements. Other substitutions are minor. Members of the 
anthophyllite'series have been found only in metamorphic rocks. 

The cummingtonite series corresponds to the clinohypersthene series 
in the pyroxene group. The ratio Fe: Mg ranges from 7: 0 to about 
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1: 2; i.e., the cummingtonite series and the anthophyllite series overlap 
in the middle composition range. Rocks containing these two am
phiboles side by side have been described. Members of the cumming
tonite series are also confined to metamorphic rocIes. 

The tl'emolite series corresponds to the diopside-hedenbergite series 
in the pyroxene group. In tremolite magnesium is replaceable by fer
rous iroll and also in part by aluminum and ferric iron, silicon in part 
by aluminum; titanium and fluorine may be present; and an additional 
sodium ion for each two (S4011) groups may enter the structure. 
The product of all these substitutions is the hornblende series, analogous 
to augite in the pyroxene group but considerably mote complex. Thus 
the mineral kno\vn as hornblende has a very wide range of composition 
and a correspondingly wide range in optical properties. Most horn
blende is green, but there is a dark brown variety. long known as 
basaltic hornblende, which is sometimes considered as a separate series 
on account of its distinctive properties. 

The alkali amphiboles can be considered as derived from the horn
blende series by the partial or complete substitution of Na for Ca. 
The best known of these soda amphiboles are glaucophane and the 
related riebecldte and arfvedsonite, although other varieties have been 
described. 

In view of the similarity in composition between corresponding 
amphiboles and pyroxenes the circumstances under whicll one or the 
other or both will crystallize from a magm.a have been the subject of 
considerable speculation. Amphiboles occur more often in plutonic 
rocks than in volcanic rocks, evidently because the incorporation of 
OH groups in the structure is favored by crystallization under pressure. 
Howevel', the composition of the magn1a may also be significant. The 
ea: Fe: Mg 1'acias of igneous hOl'nblendes and pyroxenes show char
acteristic differences; the hornblendes faU in the composition gap be
tween augite and the pigeonites and orthorhombic pyroxenes. 

The Olivine Group. The minerals of the olivine group are silicates 
of bivalent metals and crystallize in the orthorhombic system. There 
are a number of species: 

Forsterite 
Fayalite 
Olivine 
Tephroite 
Mon ticelli te 
GIRucochroite 
Larsenite 

Mg2Si04 

Fe2SiO .. 
(lVIgl Fe) 2SiO" 
Iv1112Si04 

CaMgSiO" 
CaMnSiOd 

PbZnSiO" 
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The only common rock-forming minerals are the magnesium-iron 
compounds, although monticel1ite is found in metamorphosed lime
stones and has been recorded from basic igneous rocks. The other 
species arc known from are deposits in metamorphosed limestones. 

X-ray studies on olivine shmv that it is built up of independent Si04 

t~trahcdra and that the magnesium and ferrous ions lie between in'cgu
lar groups of six oxygens and belong to two sets that are not struc
turally identical. In keeping ,vith this structural type, \vhich does not 
have extended chains or rings of Si04 tetrahedra, the minerals of the 
olivine group have 110 tendency to form fibrous or platy crystals and 
generally occur as equidirnensional crystals. The close-packed struc
ture of olivine is reflected in comparatively high density (forsterite, 
3.22; cf. cnstntite, 3.18; anthophyllite, 2.96; talc, 2.82) and high refrac
tive indices. 

The composition of olivine generally corresponds closely to 
(l\Jlg,Fe)2SiO'l' there being little replacement by other elements. A 
carefully collected and analyzed series of olivines from the Skaergaard 
intrusion (Wager and Deer, 1939, pp. 72-73) shows a little substitution 
by manganese, the amount increasing in the later-formed olivine (MilO 
0.22-1.01 %); the same series shows some caJcium (2.18% CaO) in the 
last-formed olivine. Olivines from dunites generally contain some 
nickel, often about 0.3%. A noteworthy feature of olivine is practical 
absence of aluminum; evidently replacement of NIg and Si by Al does 
not occur in the olivine structure. 

The Mica Group. With their characteristic perfect basal cleavage 
the members of the mica group are readily recognizable. The com
position of individual specimens may be very complex, but a general 
formula of the type HT(X,Y)2.aZ401O(OH,Fh can be written for the 
group as a whole. In this fOl'mula W is generally potassium (Na in 
paragonite); X and Y represent AI, Li, lVlg, Fe2+, and Fe&+; Z repre
sents Si and AI, the Si :Al ratio being generally about 3: 1, The dif
ferent species form a typical isomorphous group, but the phase rela
tions 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, etc. In the 
following list the formulas have been simplified to nn ideal type con
forming to the structure established by X-ray investigation. 

M uscovi te KAi2(AISiB0 1o)(OH)2 
Paragonite N aAI 2(AISia0 1o)(OH)2 
Phlogopite KMga(A1Sia0 1o)(OH)2 
Bioti te K(MgIF e) 3(AlSiaOlO)(OHh 
Lepidolite KLi2AI(Si 40 lO)(OH)2 . 
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The structural scheme of mica is as follows: The basic units, the 
Si04 tetrahedra, are each linked by three corners to neighboring tetra
hedra, forming a sheet. Each Si04 tetrahedron thus has three shared 
and one free oxygenj hence the composition and valency are repre
sented by (Si40 1o)4-. T,vo of these sheets of linked tetrahedra are 
placed together with the vertices of the tetrahedra pointing inwards. 
These vertices are cross-linked by Ai in muscovite or by l\1g and Fe in 
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FIGURE 21. Relationship between the stability curves of muscovite and phlogopite 
and the minimum melting curve of granite. (After Yoder and Eugster, GeoclJim. 
et Cos111ocbim. Acta 6, 157, 1954.) 

phlogopite and biotite. Hydroxyl groups are incorporated and linked 
to AI, IVIg, or Fe alone. A firmly bound double sheet is thus produced 
with the bases of the tetrahedra on each outer side. The structure is 
a succession of such double sheets, -\vith the potassium ions placed 
between them. 

The common mica of igneous rocks is biotite. Nluscovite is present 
in some granites. Lepidolite has been recognized in a few granites, but 
its typical mode of occurrence is in granite pegmatites. Phlogopite is 
sometimes found in igneous rocks I'ich in magnesium and poor in iron, 
sllch as peridotites, but is more common in metamorphosed limestones 
and in some pegrnatites. Paragonite is a rare mineral of schists. 

The common occurrence of biotite in igneous rocks in cOlltrast to 
the limitation of muscovite to pegmatites and some granites has been 
clarified by the work of Yodel' and Engstel' (Figure 21). They have 
found that the stability curve for phlogopite lies abo\1t 3000 higher 
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than that for muscovite and is 'well above the minimum melting curve 
for granjte. This means that phlogopite (and biotite) can form di
rectly frOlTI a magma at normal crystallization temperatures. The 
stability curve for muscovite, 011 the other hand, lies below the mini
mum melting curve for granite at low pressure, intersecting it at about 
700 0 and 1500 atm of water-vapor pressure; hence muscovite in :l 

granite implies crystallization at high water-vapor pressure, i.e., con
siderable depth, 01' Jater introduction into the already crystallized rock. 

Biotites from igneous rocl{s are exceedingly variable in chemical 
composition. lvlagnesjllm and ferrous ll-on are completely diadochic, 

FeO 

FIGURE 22. Variation of chemical composition of biotite with rock typej (A) in 
ultrabasic rocks; (B) in gabbros; (C) in diotites; (D) in granitesj (E) in pegma
tites. (After Hcinl'ichl Am. J. Sci. 244, 8361 1946.) 

and all types are known, from iron-free (i.e., phlogopite) to varieties 
in which nearly all the magnesium is l'eplaced by iron. Ferric iron 
may replace half or more of the six-coordinated alumitlum. Part of 
the hydroxyl may be replaced by fluorine, although most analyses of 
igneous biotites show only small amounts of this element. IVIinor 
amounts of Mnl Tj, Li, Na, and en are recorded in analyses of biotite. 
and less commonly Ba, Cr, Ni, Rb, and 03. There is a general trend 
from magnesium-rich biotites in ultrabasic l'ocks to iron-rich biotites 
ill granites and nepheline syenites (Figure 22). Aluminum is greatest 
in biotites from granites and pegmatites and is lowest in biotites from 
ultrnbasic rocl{s; silicon shows an inverse relationship to aluminum. 

The Nature of a Silicate Melt. Barth and Rosenquist (1949) and 
Wasserbul'g (1957) have discqssed the thermodynamics of silicate 
melts. The entropy of fusion of silicates is not high, and so the atoms 
or ions in the molten silicate evidently have a degree of order not 
greatly different from that in the solid. It thus appears that a good 
deal of the structural arrangement is preserved on melting. Since the 
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silicon-oxygen bonds nrc n1uch stronger than other linl{s in silicate 
structures, it is reasonable to assume that these bonds al'C present to 
some extent in the liquid also; i.e., the anions in the melt are predomi
nantly polymerized silicon-oxygen tetrahedra linked together by shar
ing oxygens into one-, two-, or three-dimensional net\vorks, similar 
to those in crystalline silicates but fl10re irregular. The high viscosity 
of silicate melts is evidently due to the presence of these complex 
silicon-oxygen groupings. 

The degree of polymerization of the silicate anions is nlar}{cdly 
affected by the ratio of Si (and AI) to 0, The linking of the silicon
oxygen tetrahedra wi1l be greatest at Si: 0 ra do of 1: 2 and will de
crease as the proportion of Si decreases, This is borne out by the 
increase in viscosity of silicate melts as the Si02 content increases. The 
presence of other ions is also significant. In alkali silicate melts the 
viscosity decreases in the sequence K> Na > Li; evidently sodium is 
mOl'e effective than potassium in disrupting the Si-O bonds and thereby 
breaking up the polytncl'ized anions into smallel' units, and lithium even 
more so. Probably bivalent cations are even more effective in this 
respect; iron-rich Dlelts are of notably low viscosity even at high 
SiOn contents. Laboratol-Y experiments have shown, however, that 
small amounts of rIgO have a particularly remarkable influence in de~ 
creasing the viscosity, evidently because of the strong tendency for 
the reaction H 20 + 0 2 - = 2(OH) - to take place. The oxygen links 
between silicon~oxygen tetrahedra are thereby destroyed and the poly~ 
merized anions broken down into simpler groups. Since the "molecu
lar weight" of OR is low, a small weight percentage of H 20 in a sili~ 
cate melt is very effective in eliminating links between silicon-oxygen 
tetrahedra. 

Information all the nature of silicate melts is especially significant in 
connection with the possibility of liquid immiscibility. Since the 
instances of immiscibility in laboratory melts have been at compositions 
far removed from those of igneous rocks, the consensus has been that 
within the compositional ranges of magmas liquid immiscibility does 
not occur. However, the discussion has been revived by Fenner 
(1948), who maintains that immiscibility in magmas is thermodynami
cally probable, discusses the penological implications, and· presents 
field evidence for its oec\u'rence. 

Crystallization in Silicate Melts. Through the study of crystalliza
tion in artificial silicate melts of known composition great advances have 
been made in the understanding of the geochemistry of igneous rocks. 
The principles of heterogeneous equilibrium govern cl'ysta-llizatiol1 
from a liquid; they express the conditions under which ()nly one ()f the 
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possible crystallization products is to be expected and under what 
conditions mOl'e than one may appear simultaneously. The basic rela
tion is, of course, the phase rulc, which states that in any system the 
number of phases (P) plus the number of degrees of freedom (F) 
are equal to the number of components (C) plus two, or P + F = 
C + 2. The phase rule has bcen extended in the consideration of 
geochemical processes ill the following way: In any system the maxi
mum number of phases can be reached only when the number of 
degrees of freedom are at a minimum. This state can be realized by 
fixing both temperature and pressure. However, it is extremely un
likely that such conditions will occur during magmatic crystallization, 
since it proceeds as t1 rule over a great P-T range; i.e., these factors 
remain variable and thus give two degrees of freedom. Under these 
circumstances the phase rule becomes P = C; i.e., in n system of 11 

components at arbitrary temperature and pressure no more than 11 

phases (minerals) can be mutually stable. This extension of the phase 
rule is due to Goldschmidt and is sometimes known as the 11Zineralogi
caJ pbase rule. 

Earlier in this chapter it was remarked that despite their wide Tange 
in chemical composition igneous rocks have a comparatively simple 
mineralogy in that probably 99% arc TIlade up essentially of seven 
minerals or mineral groups. This limitation to the number of phases 
normally formed by the clystallization of a magma is clearly under
standable in 'terms of the phase rule. Actually, considering a magma 
as an eight-component systeln of 0, Si, AI, Fe, ~'Ig, Ca, Na, and K, 
it is improbable that as many as eight phases would crystallize from 
any composition in that system because the individual components are 
not completely independent, some being capable of l'eplacing each 
other atom for atom in minerals. 

The Geophysical Laboratory has been l'esponsible for many of the 
laboratory investigations on equilibria in silicate melts. Since 1905 a 
steady stream of publications dealing with successively more complex 
systems has been issued by that institution. Since the results of this 
\vork are fully described and discussed in standard texts on petrology, 
110 attempt is made to cover this field here. However, the following 
systems are selected as illustrating the major principles that have been 
developed. 

The Pyroxene"Plagioclase System. This system is particularly sig
nificrmt in petrogenesis, since compositions within it are Teasonably 
close to basalts and gabbros, which are often essentially PYl'oxene
plagioclase rocks. We may start with the three-component system 
diopsidc (Di)-anol'thite (An)-albite (Ab). The albite-anorthite sys-
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tern has already been discussed; the diopside-anorthitc system is simple 
eutectic (eutectic point 58~{, Oi, 1274°); the diopside-albite system is 
also simple eutectic (eutectic point 3 % Di, 1085 0

). The ternary dia
gram (Figure 23) is very simple, since there are no ternary com
pounds. It is divided into a plagioclase field and a diopside field by a 
boundary curve joining the eutectic points in the Di-An and Di-Ab 

Diopside 

Wt% 

FIGURE 23. The system albitc-anorthite-diopside. (Bowen, Am. J. Sci. 190, 167, 
1915.) 

systems. This boundary curve is known either as a reaction curve or a 
cotectic line; it marks the bottom of a valley on the liquidus surface, 
as can ue seen fl'om the temperature contours, From any melt with a 
composition which places it in the plagioclase field 1 plagioclase will 
crystallize first, and the composition of the liquid will lnove in the 
direction of the l'eaction curve; when it reaches this CUl've diopside 
will begin to crystallize; thereafter diopside and plagioclase crystallize 
together, and the composition of the melt follows the reaction curve 
tmvards the albite-diopside eutectic. Solidification will be complete 
at a point that varies according to the initinl composition of the melt 
and the extent to which the composition of the feldspm' changes during 
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crystallization. The course of solidification is similar for a melt with 
an initial composition placing it in the diopside field, except that diop
side is then the first phase to crystaHi1.e. 

Dy the addition of FeSiOa (Hy) as a fourth component compositions 
resembling those of basalts and gabbros can be represented. This 
system has not been completely worked out in the laboratory, but 
considerable data are available for it, and Barth has established a tenta-

D(Hy) 

FIGURE 24. Tetrahedron illustrating the approximate composition of basaltic lavas. 
The plane pqrs represents the boundary sul"facc separating those lavas that prc
cipitate pyroxene first from those that precipitate plagjoclase first. (Bal"th, Am. 
I. Sci. 231) 331, 1936.) 

tive equilibrium diagram in the form of a tetrahedron in which each 
corner represents one component (Figure 24). In this diagram A 
represents Ab, BAn, C Di, and D By; the point p is the Di-Ab eutec
tic, q the Di-AI1 eutectic, and rand s the (probable) eutectics between 
Hy and An and Ab. The system consists of two binary solid solution 
series, the plagioclase series AB and the pYl'oxene series CD; four 
binary eutectic systems AC, Be, BD, and AD, with binary eutectics at 
p, q, r, and S; "nd four ternary systems each divided into two fields by 
the reaction curves pq, qr, rs, and sp; the quatel'nai'y system itself is 
divided into two parts by the reaction surface. 

I;'rolIl a melt with any composition between AB and the reaction 
stuface the first phase to crystallize will be plagioclase. The melt will 
thereby become richer in components C and D, and eventually its 
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composition will lie in the reaction surface pqrs. Whell this surface 
is reached, pyroxene will begin to crystallize together \vith the plagio
clase. From then on the composition of the melt will He iu the reaction 
surface and move down the temperature gradient, and the crystals both 
of plagioclase and pyroxene will react with the melt and change in 
composition c01:16nnollsly until solidification is complete. The same 
possibilities for fractional crystallization as in the simpler systems are 
present. If fractional crystallization takes place the early-separated 
crystals will be rich in An and Di and the last-formed crystals richer 
in the Ab and Hy components. 

Barth has studied the composition and sequence of crystallization of 
a number of basalts and has shO"wn that the ideas developed from a 
consideration of the quaternary system discussed above are borne out 
by the petrographic data. He ,vas able to derive approximate co
ordinates for the position of the reaction surface by plotting in the 
tetrahedron the compositions of those basalts that showed evidence of 
simultaneous crystallization or plagioclase and pyroxene. The points 
thus obtained defined the I'caction surface; he found that they lay 
almost exactly ill one plane and thnt the position of this plane agreed 
with the position that would be expected oil the basis of the (incom
plete) Iaboratol'Y study of this system. 

The KAISi04-NaAISi04-Si02 System. Compositions within this 
system are close to some igneous rocks-the granites, syenites, nepheline 
syenites, and the corresponding rhyolites, trachytes, and phonolites. 
Investigation of laboratory melts has shown that fractional crystalliza
tion of complex silicate melts containing potassium, sodium, and alumi
num leads always to a residual liquid enriched in alkali-aluminum sili
cate. Bowen therefore refers to the NaAISiO-!-KAlSi04-Si02 sys
tem as "petrogenis residua system.» In the equilibrium diagram (Fig
ure 25) the KAISiaOs-NaAlSiaOg join divides the system into two 
portions. Compositions benveen this boundary and the Si02 apex 
approach granitic compositions; compositions below this boundary 
(i.e., towards the NaAlSi04 -KAlSi04 join) approach the composi
tions of alkaline magmas which may crystallize as alkali feldspar plus 
nepheline or leucite. The nl0st significant feature is the low-tempera
ture trough within the 11000 isotherm. Fractional crystallization of 
any melt in this system will result in a residual liquid, the composition 
of which lies in this low-temperature region. Bowen pointed out that, 
if fractional crystallization has been of fundamental importance in the 
differentiation of magmas, then those igneous rocks which are the 
products of the crystallization of residual melts should have saHc com
ponents with bulk compositions lying in this low-temperature trough. 
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He ,vas able to produce many such examples from among the rhyo
lites, trachytes, and phonolites, and plots of the salic portion of the 
average granite, rhyolite, syenite, etc., aU fall in the low-temperature 
region, as shown by Figure 25: .. . 

Further work on the NaAlSlaOs-KAlSlaOs-Sl02 part of this sys
tem under water-vapor pressure has established these relations even 

1520· 1150· 
NaAISiO" 10 90 KA1Si04 

FIGURE 25. Equilibrium diagram for the system NaAlSi04-KA1Si04-Si02• 

The black dots represent plots of tIle normative compositions (except anorthite) 
of the averages of 15 tingunites (A), 25 phonolites (B), 32 alkaline syenites (C), 
19 alkaline trachytes (D), 546 granites (E), and 102 rhyolites (F). (Bowen, 
Am. J. Sci. 233, 20, 1937, and Schairer, J. Geol. 58, 514, 1950,) 

more clearly (Figure 26). The phase relations in this system resemble 
those in the albitc-anorthite-diopside system, there being two composi
tion nelds, one in which quartz is the first mineral to clystallize, the 
other in "which t1lkali feldspar crystallizes first. These 1:\vo fields are 
separated by the reaction curve AB. Under a water-vapor pressure 
of 1000 kg/cm2, clystallization ultimately leads to a low-temperature 
trough around the middle part of AB. When the normative composi
tion of analyzed granites is calculated in terms of 8i02, NaA18iaOsI 
and KAISisOs and these points are plotted on a composition diagram, 
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FIGURE 26. Composition of natural granites and its relation to the low.melting 
region of the system Si02-NaAISiaOB-KAISigOtj: (a) system under 1000 kg/cm2 
water vapor pressnre (AD is the reaction curve separating the field of qllartz from 
that of feldspar) i (b) contoured frequency-distribution diagram of the norma· 
tive composition of over SOD analyzed granites cuntaining 80 per cent or more 
of these components (over 90 per cent of these analyses fall within the solid 
black area). Al1ll. Rep. Geopbys. Lab., 1951-52, p. 41. 
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the frequency clearly reflects the position of this lo\v-temperature 
trough, i.e., the felsic portion of most granites corresp?nd~ in. com
position to the late liquid fraction produced by crystallIzatIOn m the 
Si02-NaAISisOs-KAlSiaOs system. This observation substantiates 
the formation of these granites by a process of fractional crystallization 
and is consistent with a magmatic origin for them. . 

The Crystallization of a Magma. From the study of crystallization in 
artificial silicate melts and the coordination of the results thereby ob
tained \vith the observations of igneous petrology, important conclu
sions have been established regarding magmatic crystallization. Simple 
eutectic crystallization, once believed to be commoll and important in 
magmas, probably never occurs. Nearly all rock-forming minerals 
are solid solution series. Crystallization of systems containing such 
compounds takes place over a range of temperature, and the phases 
s~parating have a considerable range of composition; eutectic crystal
lization is not possible under such conditions. The course of crystalli
zation is dependent upon the rate of solidification and the presence or 
removal of early-formed crystals, \vhereas in eutectic crystallization the 
rate of solidification has no influence, and the final condition is always 
the same, whether or not early-formed cl-ystals are ren1oved. Another 
significant feature in silicate systems is the frequent OCCUlTence of in
congruent melting, when olle solid phase will be converted into a 
different phase by reaction ,vith the liquid. Thus crystallization in a 
magma is characterized by reaction of two kinds: continuous reaction 
in a solid solution series, whereby early-formed crystals change UIl

interruptedly in composition by reaction with the tnelt, and discon
tinuous reaction, whereby an early-formed phase reacts with the melt 
to give a ne\v phase with a different crystal structure and a different 
composition. This concept of reaction as the fundamental phenome
non of magmatic crystallization is due to Bowen and has been devel
oped by him into the 'reaction principle. 

Bowen showed that the common n1inerals of igneous rocks call be 
arranged into two series, a discontinuous reaction series comprising the 
ferromagnesian minerals and an essentially continuous reaction series 
of the feldspars (Figure 27). In effect, each of the ferromagnesian 
minerals is itself a continuous reaction series, since all are solid solu
tions. 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 magmatic crystallization as indicated 
by the petrology of the igneous rocks. 

The petrological significance of the reaction principle may be illus
trated by considering briefly the crystallization of a basaltic magma of 
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sllch composition that olivine and bytownite are the first phases to 
form. As the temperature falls they will react more or less completely 
with the melt and be converted into pyroxene and labradorite, and if 
no fractionation takes place the melt will solidify as a pyl'oxene-lab1'a~ 
dorite rock, a basalt or gabbro. If fractionation takes place and some 
of the early-formed olivine and bytownite is removed from the sys-
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FIGuni 27. The reaction series. (Diagram after V<ln Eclcerrnann, Geol. FiJren. i 
Stockbohn Fo'rb. 66, 286, 1944.) 

tern, the reaction process will continue further, and the remaining melt 
will act upon pyroxene and labradoTite to form hornblende and an
desine. The greater the degree of fractionation, the more extensive 
the reaction process. With a high degree of fractionation, the whole 
reaction series is gone through, and the final liquid will be a watery 
solution rich in silica. ' 

According to the l'enction principle, therefore, the fractional crystal
lization of a basaltic magma under suitable conditions can lead to the 
successive formation of more siliceous roc1{s until ultimately a granitic 
composition is reached. This sequence has been confirmed in many 
areas of igneous rocks, e.g., the Oslo region, the Caledonian plutonic 
rocks of western Scotland, and the Duluth lopolith. Nevertheless, 11S 
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Bowen himself points out, fractional crystallization. i~ .a very fle~i~le 
process, and two mngmas of approximately the same InItIal compositlOn 
fllay produce very different rock types. One of the best documented 
examples of the fractional crystallization of a basaltic magma is the 
Skaergaard intrusion (vVager and Deer, 1939). In this intrusion dif
ferentiation has resulted in the late crystallization of iron-rich rock 
consisting essentially of plagioclase (Anao), olivine (Fa01) , and clino
pyroxene close to hedenbergite. Bowen suggests that the unusual 
sequence of rock types in the Skaergaard intrusion is due to the loss 
of volatile consti tuents through the thin and porous roof of the magma 
chamber. In the absence of water hornblende and biotite, the normal 
minerals of the discontinuous reaction series, could not form. Processes 
other than fractional crystallization may also be of significance in the 
diversification of igneous rocks; the mixing of two different magmas, 
the assimilation of solid matel"ial, and the splitting of a magma into two 
immiscible liquids have been suggested as responsible for certain types 
of igneous rocks. In some occurrences of igneous rocks it appears 
that the parent magma hud a distinctly aberrant composition, as in 
certain arens, e.g., Fen itl Norway and Alno in Sweden, where car
bonates are present in considerable amount. 

The reaction principle expresses succinctly the concept of differ
entiation by fractional crystallization. It illustrates how a magma may 
solidify as a single rock type or may give rise to many rock types. 
The basaltic magma we have discussed might solidify as a gabbro 
consisting of pyroxene and labradorite, or it might give rise to rocks 
varying fronl dunite to granite, depending upon the degree of frac
tionation and the extent to which early-formed phases were removed 
from further reaction with the melt. This type of crystallization 
should be contrasted to entectic crystallization, whereby a melt of n 
certain composition will always give the same solid phases of the same 
composition in the same proportions, whether cooling is fast or slow, 
whether early-fOlmed phases are removed or remain in the system, 
or whether solidification proceeds at a uniform rate or discontinu
ously. 

A ~ this stage it is of interest to examine some of the aspects of, the 
continUOUS and discontinuous reaction series of Figure 27. First, the 
~i~conti~uous 1'eaction series is marked by increasing complexity of 
SIlIcate lmkage, the sequence being' isolated tetrahedra-single chains
~ouble chains-sheets. This sequence is also synonymous with greater 
size of the structural units, the unit cell volumes increasing as follows: 
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The latter part of the series is characterized by the introduction of 
fluorine and hydroxyl into the structures (hornblende and biotite), 
reflecting a highel' concentl'ation of volatiles as fnlctionation proceeds. 
Since biotite contains essential potassium, its crystallization in place of 
hornblende is probably conditioned in part by incl'easing concentration 
of potassium in the liquid. 

This sequence of decreasing cOll1plexity of silicate linkage in passing 
up the discontinuous reaction series reflects an increasing thermal 
stability. Any of the linked stnlCtures lo\ver in the series can be dis
integrated into fragments of structures higher in the series by heat
ing. Thus with increasing temperature a mica sheet can conceivably 
be disintegrated into amphibole double chains, pyroxene single chains, 
and finally single tetrahedra, each step being accompanied by the pro
duction of a liquid residue. The melting of hOl'nblende to give py
roxene plus liquid and of 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 replacement of Si by AI. In the olivine there 
is no evidence of any such replacement; in most magmatic pyroxenes 
the amount of replaced Si is generally low, bu t 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 l'atio in igneous biotites ranges from 
6: 2 to 5: 3). In contrast to this feature the AI: Si ratio in the con
tinuous reaction series of the plagioclases shows a steady decrease from 
1: 1 in anorthite to 1: 3 in albite and potash feldspar. The Na + K: Al 
ratio also shows a progressive change from 0 to 1 in both the con
tinuous and discontinuous branches. 

The structural significance of the Al-Si substitution is evidently 
connected with the distribution of bond energies. If alumin.um proxies 
for silicon in an Si04- group, the lower charge on the aluminum ion 
l'esults in lesser neutralization of the negative charges on the oxygen 
anions, and this increment of negative charge leads to stronger bond-, 
ing between the silicate units. Substitution of aluminum for silicon in 
a structure thereby tends to increase its disintegrntion temperature and 
consequently raises its position in the reaction sel"ies. This is true not 
only in the continuous reaction series, but also in individual minerals 
of the discontilluoll,S reaction series. Aluminllnl substituting silicon 
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in amphiboles and pyroxenes evidently increases their thermal stability. 
The reaction' series provides us with a concise statement of the 

segregation of the major 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 concen
tration of these elements in the liquid is decreased. The crystallization 
of olivine also changes the IVIg:Fe ratio in the liquid, since this ratio 
is ahvays higher in the crystals than in the liquid from which they 
separate. In effect, olivine and all the other ferromagnesian minerals 
are individual continuous series in which the early-formed crystals 
are magnesium-rich, the late-formed, iron-rich. As crystallization 
proceeds, pyroxene becomes the stable phase instead of olivine, and 
calcium may now be removed from 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 appearance of horn
blende 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 Jate stage, since it can be loemoved in appreciable 
amounts only in biotite and in potash feldspar. 

The reaction principle thus describes the general distribution of the 
major elements among igneous rocks developed by fractional crystal~ 
lization. It depicts the sequence of phase separation as the temperature 
drops and as the composition of the melt changes by the removal. of 
some elements in the solid phases. The reaction principle, however, 
is essentially descriptive, not explanatory. It describes how the major 
elements distribute themselves among the different minerals but not 
why they act in this way, and it does not tell us anything regarding 
the fate of the minor elements. The explanation must ultimately de
pend upon thermodynamic considerations, the energy changes involved 
in assembling ions of differing size and charge in pal·ticular crystal 
lattices. 

The Thermodynamics of Magmatic Crystallization. The thermo
dynamics of magmatic crystallization is controlled by the nature of 
the ions present, their concentration, the temperature and pressure, 
and the type of crystal lattices formed. In effect, the question posed 
is, "How do changes in the composition and physical conditions of 
the magma affect the solubility of the many different possible com
pounds?:' .Accord~n9 to t~lel'modynal~ics a solid A will crystallize 
from a lIqUId contammg A 1f the chemIcal potential of A is less in the 
solid than in the liquid. However, although we can state the problem, 
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we cannot solve it, since the necessaxy thermodynamic data are not 
available. 

Crystallization is essentially an ordering phenomenon. In a crystal 
the degree of order is great and the ions are arranged in a regular lat
tice, whereas in a melt the anangement of the ions, although not en
tirely random, is of a low degree of ol·der. From the viewpoint of 
thermodynamics magmatic crystallization is characterized by the en
ergy and entropy changes involved in removing ions frOlTI the melt 
and packing them in an orderly fashion in a crystal lattice. The fate 
of an element during magmatic crystallization is linked with its con
centration in the magma and the nature of the structural lattices that 
may form. The silicon and aluminum content of the magma and the 
temperature are the factors controlling the sequence of crystal lattices. 
These crystal lattices act as a sorting mechanism for the cations. A 
cation can enter a crystal lattice only if it is of suitable size and Can 
attain its appropriate coordination number. Since in general a number 
of different ions can satisfy this requirement, that ion will enter the 
lattice in largest amount, ,relative to its concentration in the liquid, 
whieTl holds its position in the lattice with greatest tenacity, From 
studies of crystal structures and independently of energy considera
tions, Goldschmidt formulated the following empirical rules as a 
general guide to the cours'c of an element during liquid ~ crystal 
formation in a multicomponent system: 

1. If two ions have the same radius and the saDIe charge, they will 
enter a given crystal lattice 'with equal facility. 

2. If two ions have similar radii and the same charge\ the small~r ion 
will enter a given crystal lattice more readily. 

3. If two iOI1s have similar l'adii and different charge, the ion with 
the higher charge ,vill enter a givel1 crystal lattice more readily. 

These rules have wide application in the geochemistry of igneous 
rocks. We have already seen examples in considering the reaction 
principle. Calcium enters the feldspar lattice more readily than does 
sodium 011 account of its higher charge and so is concentrated in the 
early-formed plagioclase. The magnesium ion is somewhat smaller 
than the ferrous iOll, and magnesium is always concentrated in the 
early-formed fel'l'omagnesian nlinerals, ,vhether olivine, pyroxene, 
amphibole, or biotite. I-Iowevel', Goldschmidt's rules have had their 
gi'eatest utility in predicting the order of removal {l'om a magma not 
only of the major elements, but of the minor elements also. 

Minor Elements in Magmatic Crystallization. When a minor ele
ment has the same charge and all ionic radius simBal' to a major element, 
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we speal{ of it as being cmnoufiaged in the crystal lattice containing 
the major element. Thus Ni2 + (0.69 A) is camouflaged in magnesium 
minerals, and Hf4+ (0.78 A) is camouflaged in zirconium minerals. 
When a minor element has a similar ionic I'adius but a higher charge 
than that of a major element (or the same charge but a lesser radins), 
it is said to be captured by the crystal lattice containing the major 
element. Thus Ba2 + (1.34 A) is captured by potassium minerals 
(K + 1.33 A). Finally, whell a minor element has a similar ionic 
radius but a lower ch:wge than that of a major element (01' the same 
charge but a greater radius)} it is said to be admitted into the crystal 
lattice containing the major element. Thus Li + (0.68 A) is admitted 
into magnesium minerals. In capture and admission of ions of different 
charge the charge balance is maintained by concomitant substitution 
elsewhere in the crystal lattice. 

Goldschmidt's rules are a useful guide to the distribution of the 
elements during magmatic crystallization, 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, whereas the rules are predi
cated on a purely ionic basis. This has been carefully considered by 
Ringwood (1955), who shows that the electronegativity of an element, 
a measme of its tendency to form covalent bonds, has an important 
influence on the extent to which it will proxy for another element 
of similar size. Elements of the B subgroups of the periodic table have 
considerably higher electronegativities than corresponding elements 
of the A subgroups, and this must be considered ,,,hen comparing 
diadochy between elements belonging to different subgroups (Table 
20). Ringwood expresses the electro negativity factor in the form of 

TABLE 20. ELECTRONECATIVITIES OF THE COMMONER CATIONS 

Ca.tion Electronega tivi ty Cation Electl'onegativity 
Rb+ 0.8 Mn2+ 1.4 
K+ 0.8 Cr3+ 1.6 
BaH 0.85 Pb2+ 1.6 
Na+ 0.9 Fe'H 1.65 
SrH 1.0 NiH 1,7 
Ca2+ 1.0 Co2+ 1.7 
Li+ 1.0 2n2+ 1.7 
Rare earths 1.05-1.2 FeH 1.8 
Mg2+ 1.2 Cu+ 1.8 
Sc3+ 1.3 Cu2+ 2.0 
V3+ 1.35 
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a rule: Whenever diadochy in a crystal is possible between two ele
ments possessing appreciably different electronegativities the element 
with the lower electronegativity 'will be preferentially incorporated 
because it forms a stronger and more ionic bond than the other. In 
practice this rule is found to apply to substitutions involving elements 
differing in electronegativity by more than 0.1. 

The fate of the individual elements during magmatic crystallization 
will now be discussed briefly. 

Rubidizt1n. The only major element Rb can replace should be K, 
and this is found to be true. Rubidium forms no minerals of its own, 
being always incorporated in potassium minerals; in igneous rocks it 
is pl'csent in biotite and potash feldspar. Since Rb+ is considerably 
larger than K +, ru bidium is admitted into potassium minerals, and 
accordingly the Rb: K ratio increases with increasing differentiation; 
this ratio is highest in pegmatite feldspars and micas. 

Barizl1ll. Barium is too large (1.34 A) to replace Ca or Na. The 
only major element of comparable ionic size is potassinm, and barium 
appears, therefore, in biotite and potash feldspar. On account of its 
higher charge barium should be captured by potassium compounds. 
The available data indicates that this is generally true, barium being 
relatively enriched in early-formed potassium minerals. 

Lead. Traces of lead are found in the silicate material of many 
igneous rocks, pnrticularly in granites. It is evidently present as the 
Pb2 + ion (1.20 A), diadochic with K+. From the ionic charge alone 
it might be expected that the lead 1n a magma ,vould tend to be cap
tured by potassium minerals, but the much greater electro negativity 
of lead evidently results in a weakening of this tendency, and lead is 
admitted rather than captured by potassium minerals. 

Strol1tium. The size of the strontium ion indicates that it can 
proxy fo.1' either calcium or potassium, being admitted to calcium 
minerals (higher radius) or captured by potassium minerals (higher 
charge). The data indicate that strontium in igneous rocks is present 
mostly in the plagioclase and that its concentration increases as crystal
lization proceeds; this implies that admittance in place of calcium is 
the dominant process of removal of strontium from the magma. How
ever, this process does not operate with all calcimn minerals; strontium 
is present in only insignificant amounts in augite, suggesting that the 
pyroxene stl'nctm,'c will not readily acconlmodate the strontium ion. 

The Rare Eartbs (including Y). The charge and the comparatively 
large radius (Lu 0.85 A-La 1.]4 A) of the rare earths, coupled with 
their general low concentration, suggest that they would show rela
tively little tendency to replace the major elements during magmatic 
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crystallization, and this is borne out by the concentration of rare earths 
as individual minerals in pegmatites. Howevel', some replacement of 
Ca2 + by rare earths can take place in apatite. Titanite often contains 
rare-earth elements. In granites and pegmatites formed at sufficiently 
low temperatnres for the epidote structure to be stable we find the 
mineral allanite in which some of the calcium of epidote is replaced 
by rare earths. 

Manganese. Nlanganese is present in magmas as the 1\I1n2 + iOIl and 
in this form may be expected to proxy for Fe2 + or for Ca2 + . Ho\v
ever, manganese is much more electronegative than calcium and prob
ably on this accOllllt is seldom found replacing this element (except in 
the apatite of pegmatites). The manganese in igneous rocks replaces 
ferrous iron, and a relative increase in the lVIn: Fe ratio has been noted 
in later differentiates, indicating that the large!, size of the manganese 
ion causes it to be admitted to fel'l'omagnesian mine~·a]s. 

Zirconillrn. The combination of high charge and comparatively 
high radius (0.79 A) sets zirconium apart from any. of the major ele
ments of igneous rocks. On this account zirconium does not entel' 
into any of the common rock-forming minerals but always appears in 
a specific phase, usually zircon. Zircon is most abundant in later dif
ferentiates, evidently because the original zirconium concentration of 
a. magma is generally less than. saturation for zircon, 

H tt!niu1Jl. Hafnium, having the same charge as Zr and about the 
same radius, always occurs camouflaged ill zirconium minerals, and 
the Zr: Hf ratio remains almost constant throughout any process of 
fractional cl'ystal1iza tion. 

SC£Jndium. Scandium has a radius (0.81 A) close to that of ferrous 
iron, and, in view of its higher charge, scandium would be expected 
to be captured by ferromagnesian minerals. This is true for magmatic 
pYl'oxenes, which generally show a relative concentration of scandIum; 
lesser amounts may be present in hornblende and biotite. Scandium 
is not concentrated in the even earlier-fanned olivines, evidently be
cause of the difficulty .in balancing the excess positive charge thus 
introduced by other suitable replacements. 

Cobalt. The bivalent cobalt iOll is practically the same size (0.72 A) 
as the ferrous iOll (0.74 A), and cobalt should thus be camouflaged in 
ferrous compounds. It is found, however, that the Co: Fe ratio is 
greatest in early-formed minerals and decreases steadily with increas
ing fractionation. The effective radius of cobalt is, therefore, sonle
w~at less than the radius given above and is apparently almost identical 
WIth that of lVIg, since Nockolds and Mitchell found the Co: Mg ratio 
to be almost constant throughollt a rock series. The maj or part of 
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the cobalt in a magma is removed in the early-formed magnesian 
minerals, especially olivine. 

Nickel. The nickel ion has essentially the same radius (0.69 A) and 
the same charge as magnesium, and therefore should be camouflaged 
in magnesium minera1s. However, the ratio Ni: Mg is highest in early
formed crystals (especially olivine) and shows a steady decline in the 
later-formed rocks and minerals. Nickel behaves as if its effective 
radius were somewhat less than that of nlagnesium (resulting in capture 
in iVIg minerals); that this is actually so can be seen by comparing the 
sizes of the unit cells of Ni2Si04 (281 AS) and jVlg2Si04 (292 AS). 

Litbiznn. On the basis of chemical properties it might be expected 
that lithium \vould follow the other alkali elements in magmatic crystal
lization. I-Iowever, ionic size, not chemical properties, is decisive in 
crystallization, and the lithium ion is very much smaller than any of 
the other alkali ions (Li + 0.68 A~ Na + 0.97 A, K+ 1.33 A). Hence 
lithium follows magnesinm, since the ionic sizes are nearly identical; 
as the lithium ion has a lower charge than the magllesium ion it should 
be admitted into magnesium minerals, and this is found to be true. 
The Li: l\tIg ratio shows a steady increase in later-formed rocks and 
minerals. Strock, who made careful measurements of this ratio for 
different igneous rocks, suggested that it could be 11sed as an index to 
the stage of differentiation reached by a given rock. Lithium is found 
in the pyroxenes, amphiboles, and particularly the micas. However, 
a considerable amount remains in the liquid until a very late stage of 
differentiation, since pegmatites often show a particular concentration 
of lithium, which in the practical absence of magnesium forms indi
vidual minerals, such as lepidolite, spodumene, amblygonite, and 
petalite. 

Vanadiu11z. Vanadium is probably present in nlagmas as the va + 
ion. It is largely removed in magnetite, in which it proxies for Fe8 +; 
its ionic radills is greater than ferric iron, but its electl'onegativity 1s 
much less, the latter factor evidently being responsible for the enrich
ment of vanadium in early-formed magnetite. Vanadium also occurs 
in pyroxenes, amphiboles, and biotite and has been noted in marked 
concentration in aegirine, a mineral with a high Fe8 + content. 

Chro111izt1lt. Chromium is also present in magmas as the Cr8+ ion. 
The radius of this ion is very close to that of Fes+, but chcomimTI 
shows a high degree of preferential concentration relative to ferric 
iron, being largely removed from a magma in the early stage of crystal .. 
lization ns chromite. This can be ascl'ibed to the smaller electronegaM 

tivity of Cr8 + relative to that of Fe8+. 
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Titn11iurn. In igneous rocks titanium is present mainly as ilmenite. 
It can replace Al in six-coordination and appears therefore in pyroxene, 
hOl"nblende, and biotite; it is probably captured by snch minerals on 
account of its higher charge (Ti4 + -Al" + ). (The Jatter argument is 
not valid, ho\vever, if titanium is present in magmas as the Tia + ion, 
as has been suggested.) Titanium does not appear in muscovite, prob
ably because in highly siliceous magmas it is remO\'ed as titanite 
(CaTjSi05 ). 

Gallium. Gallium, 'with the same ionic charge and l'adius close to 
that of aluminum, is camouflaged in aluminum-bearing minerals. The 
somewhat larger size of the gallium ion (GaB+ 0.62 A, Alf~+ 0,51 A) 
suggests that gallium would tend to be more abundant in later-formed 
aluminum minerals. l'vleasurements by Nockolds and 1\/litchell of the 
Gn : Al ratio in igneolls rocks and their minerals show that this ratio 
is nearly constant, indicating effective camouflage of gallium in alum
inum minerals and little tendency to concentration in later differen
tiates. 

Germanilml. The germanium ion has the same charge and a some
what higher radius than silicon (Ge4+ 0.53 A, Si..J+ 0.42 A). Germa
nium replaces silicon, and measurements of the Ge: Si ratio in silicates 
generally show little variation, indicating that it is effectively camou
flaged in such minerals; there is, however, evidence of some degree of 
concentration of germanium in late differentiates. 

The remaining lithophile elements are those 'which do not substitute 
the major elements because of a great difference in ionic radius and 
ionic charge. On acco1111t of low concentration in the original 
magma they remain in solution and are enriched in the residual liquid 
of magmatic crystallization. These elements are B3+ (0.23 A), Be2+ 
(0.35 A), WB+ (0.62 A), Nb6 + (0.69 A), Tau+ (0.68 A), Sn4+ 
(0.71 A), Th4 + (1.02 A), U 4 + (0.97 A), and Cs+ (1.67 A) and also 
the rare eUl·ths (O.85-1.14A), Li+ (O.68A), and Rb+ (1.47 A). 
They afe concentrated in pegmatites, the only economic source of 
many of them. 

During the final crystallization of the residual liquid these elements 
may enter the structure of a common mineral (Rb in micl'ocline) or 
a rarer mineral (lvin in apatite); they may enter 01' be trapped by n 
much less appropriate mineral structure (Sn in muscovite) 1 followed 
in some instances by transfer to an. exsolved mineral; they may con
centrate in the residual .fluid till a specific mineral is formed (Cs in 
pollucite, Be in beryl); or they may be bound to the surface of some 
mineral or minerals by adsorption. This last process evidently is 
effective in the cl'ystallization of granitic rocks and results in' the 



RESIDUAL SOLUTIONS AND PEGMATITES 135 

attachment of the ions of minor and trace elements to the crystal 
surfaces of common silicate minerals. The binding by adsorption is 
relatively weak, as demonstrated by experiments in which considerable 
amounts of minor and trace elements 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 anlOunts of arsenic, antimony, bismuth, 
selenium, and tellurium to form sulfides and related compounds. Hmv
ever, the only sulfides commonly present in normal igneous rocks are 
pyrite and pyrrhotite. The sulfur content of magmas is relatively low, 
and nearly all combines with the abundant iron. Most of the chal
cophile elements become predominantly incorporated in silicates rather 
than in sulfides. This can be partly accounted for by the low thermal 
stability of most sulfides, so that sulfides, except for pyrite and pyrrho
tite, chal'actcl'istically segregate at a late stage and are ultimately de
posited in veins formed at comparatively low temperatures. The rela
tive concentration of sulfur and chalcophile elements probably in
creases in the late liquid fraction of a crystallizing magma as a result 
of the removal of the lithophile elements in the silicate minerals. 

The work of Wager and IVlitchcll (1951) on the Skaergaard in
trusion has given a useful account of the distribution of minor elements 
in different rocks which are clearly related on the basis both of field 
exposures and of their petrology. The sequence of differentiation is 
from gabbro to grnnophyre, and the amounts of the minor elements 
in various rocks of this sequence are given in Table 21. The amounts 
assigned to the initial magma are based on the analysis of material from 
the chilled margin of the intrusion. The correlation between the 
results presented in Table 21 and predictions 011 the basis of Gold
schmidt's rules is striking and provides independent support for the 
belief that the l'odes of the Skaergaard intrusion are the result of dif
ferentiation by fl'actional crystallization. 

Residual Solutions and Pegmatites. The data in the pl'cceding sec
tions indicate that the residual melt from fractional crystallization of a 
magma will in general be a siliceous liquid rich in the alkalies and 
alumina, containing water and other volatiles, and with a concentration 
of those minor elements which are not incorporated in the lattices of 
the common minerals of igneous I"Oel{S. Such a residual liquid will 
probably be unusually fluid for a silicate melt on account of the con
centration of volatiles. The pressure of ~olatiles will also provide the 
driving force to inject it along surfaces of 'weakness in the surrounding 
roeles, which may be the already solid part of the same igneous in~ 
trusion or the country rock. In this way pegmatites and hydrothermal 
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TABI.E 21. THE CONTENT OF MINOR ELEMENTS IN DIFFERENTIATES OF THE 

SK.AERGAARD INTRUSION COMPARED TO THAT IN THE INITIAL MAGMA 

(Fig\lrCS in ppm) * 
Gabbro 
picrite Hcden-

and Olivine- bergite Gmno-

Initial eucrite Olivine free grano- phyre 

magma (earliest) gabbro gabbro Ferrogabbros phyre (Intest) 

Rb 30 200 

Ba 40 25 25 45 50 150 450 1700 

Sr 300 200 700 450 700 450 500 300 

Lit 25 150 

Y 125 175 200 
Zr 40 40 35 25 20 100 SOD 700 
Sc 15 7 20 15 10 
Cu 130 70 80 175 400 200 500 20 
Co 50 80 55 40 40 5 10 4 

Ni 200 600 135 40 5 5 
Li 3 3 2 3 3 15 25 12 
V 150 170 225 400 15 12 
Cr 300 700 175 3 
Gn 15 12 23 15 20 20 40 30 

Proportion 
of rocks 
as per-

7! 2! 1 centnge 65 14 10 

It From Wager, Oburuafory 6'1, 103, 1947. 

veins may be formed. The literature 011 pegmatites is very extensive 
and has been critically summarized by Jahns (1956). 

Pegmatites are found in association with most plutonic rocks but 
more commonly in conllect~oll with granites, as is to be expected if 
gral1ites are the end product of fractional crystallization of a magma. 
Granite pegmatites consist essentially of quartz and alkali feldspar, 
generally with muscovite and biotite also, and are thus similar in com
position to granite; the essential difference is in texture, the minerals 
of pegmatites being of exceedingly variable grain size. Pegmatites are 
typically coarse-grained, and some of the largest crystals known have 
been found in them. This is evidently due to low viscosity and con
centration of volatiles, which promote the formation of large crystals. 

lYlost pegmatites are chemically and mineralogically simple, but the 
complex ones are spectacular in their content of l'are elements and 
unusual minerals; hence they have been intensively studied, Complex 
pegmatites are economically important and have been \vorked for 
lithium, beryllium, scandium, rubidium, yttrium, zirconium, molyb~ 
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denuITI, tin, cesium, the rare earths, niobium, tantalum, tungsten, 
thorium, uranium, and industrial minerals, such as feldspar, muscovite, 
phlogopite, tourmaline, and quartz. They are often internally zoned, 
and' a specific rare mineral may be confined to a particular zone; zoned 
pegmatites commonly have a core which consists almost entirely of 
massive quartz. The geochemistry of pegmatites is a fascinating sub
ject. The major factors influencing the concentration of certain 
elements in them have already been outlined. lVIany interesting fea
tures, howevel', such as the localization of one or a few minor elements 
in a particular pegmatite or group of related pegmatites, are as yet 
little understood. Thus the granite pegmatites in sputhern Norway 
are noted fOl' their content of I'are earths, and tin, lithium, and the 
rare alkalies are absent. In the pegmatites of the Black Hills (South 
Dakota) lithium is particularly abundant, tin is cornman, and the rare 
earths are absent. Those of central Texas contain rare-earth minerals 
but carry no other unusual elements. The pegmatites on the island 
of Honshu in Japan are characterized by the presence of the rare 
earths and beryllium. These regional differences may, of course, 
reflect the original composition of the magmas from which they were 
derived, but the l'easons for such compositional differences are unex
plained. Another curious fact i~ that only relatively few pegmatites 
carry the unusual elements; over 90% consist essentially of quartz 
and feldspar and are quite barren of rare minerals. Many geologists 
who have studied the complex pegmatites believe that the unusual 
minerals were deposited during one or 1l10re phases of hydrothermal 
replacement following the original formation of a simple quartz
feldspar-mica pegmatite. This idea helps to explain the often erratic 
occurrence of a single rare-mineral pegmatite among many simple 
ones. Another explanation of the simple character of most pegmatites 
is that many of them, especially those present in strongly metamor
phosed terrains, may have been fal'med by the differential fusion 
(anatexis) of pre-existing rocks. If pegmatites are the last fraction 
of a magma to crystallize, then it is reasonable to expect that the first 
fraction of rock to liquefy (provided suitable volatiles are present) 
will also have pegmatitic composition. The tenlperature of formation 
of pegmatites (probably 500-700°) has certainly been reached during 
regional metamorphism in Iunny areas. 

Pegmatites often contain minor amounts of sulfides and arsenides. 
Gold has been recorded from some. They show many of the char
acteristics of hydrothermal veins, and examples of pegmatites passing 
into sulfide-benring quartz veins have been described. More fre
quently, however, hydrothermal veins are younger than cogenetic 
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pegmatites. The relationship of hydrothermal solutions to the final 
stage in the crystallization of a nlug'ma is a subj ect of much difference 
of opinion. Some geologists believe that hydrothermal solutions are 
formed as a separate phase later than the pegmatite stage, and labora
tory experiments have been cited as indicating that a residual magma 
of granitic composition would separate on cooling into two immiscible 
liquids, one of which would be a hydrothermal solution. On the 
other hand, it has been found that during crystallization in systems 
containing an excess of alkali over that required to combine with 
alumina and silica to give feldspar, the liquid phase varies continuously 
in composition from a silicate melt containing a small amoullt of water 
to a liquid consisting largely of water (i.e., there is a continuous pas
sage from magmatic melt to hydrothermal solution), I-Iowever, as 
Vel'hoogen (1949) states in a discussion of the thermodynamics of a 
magmatic gas phase, ". , . the number of factOl's which are relevant 
in ;my magmatic process is mnch larger than is usually recognized, 
and there m'e no simple means of deciding in a general way what a 
magma would do undel' the most general circumstances .... Each 
case must be examined separately and the idea n1ust constantly be kept 
in mind that what is true for one magma under certain circumstances 
is not necessarily true for another magma under the same circum
stances, or fol' the same magma under different Circumstances." 

The Volatile Components of a Magma. All magmas contain volatile 
material in an amonnt and composition not well known, since no 
means of directly sampling it have yet been devised. As a result, the 
significance of this material has been the subject of extreme contro
versy. It has been maintained that magmas are essentially Udry." This 
opinion has been la,rgely discarded, however, since water has been 
found to be universally present both in volcanic exhalations and in the 
gases evolved from fl'esh igneous rocks by heating in vacuo. Never
theless, even this evidence has been subjected to doubt. It has been 
suggested that primary magma is rich in hydrogen, which by surface 
or near-surface oxidation has pl.'oduced the 'water or a considerable 
part of it. This is quite improbable, however, because a primary 
magma rich in hydrogen would crystallize to give rocks containing 
metallic iron and no ferric iron~ and such rocks are not fOllnd even 
among those which have crystallized within the crust (the occunence 
of iron in basalt at Disco Island in Greenland is the result of a natural 
smelting process produced by the assimilation of coal by the magma), 
From thel'modynamic data Ellis (1957) has calculated the theoretical 
compositions of possible magmatic gas systems, and shows that ob-
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served gas compositions nre explicable on the basis of a primary magma 
containing H 20, CO2, and H 2S. 

The amount of volatile matter in magmas is also subject to considel'
able differences of opinion. Here we are once more dependent on 
indirect evidence, such as observations on volcanoes, petrographic 
examination and chemical analyses of igneolls rocks, and experimental 
determination of the solubility of watet: and other volatiles in silicate 
melts. This evidence is in part contradictory. Some volcanologists 
have stated that in certain eruptions, such as that of Vesuvius in 1906, 
the mass of gas evolved outweiglled the solid matter ejected; in other 
eruptions the proportion of gas in the material ejected has been esti
mated as low as OJ %. Different volcanoes, and the same volcano at 
different times, evidently present very dissimilar appearances. 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 10%; 
this suggests that Inagmas probably contain less than this amount. 
All igneous rocks contain some volatile matter, mostly ,vater, which 
can be extracted by heating in vacuo, and Clarke's average of the 
analyses of fresh igneous rocks shows 1.15 % I-I20; this figure may 
perhaps be taken as a lower limit for the average ,vater content of a 
magma. Current estimates run from about 0.5 to 8% of water in 
magmas. 

As mentioned above, the composition of the volatile components 
cannot be directly determined, ,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 tech
nically difficult and personally uncomfortable or dangerous. The most 
satisfactory collections yet made are those of the gases evolved from 
the lava lake at IGlauea (Table 22). Averages of such variable figures 
cannot have more than qualitative significance; they show that the 
major constituents of the volatile matter at this place are H 20, CO2, 

and sulfur compounds and that H 20 is dominant. Observations on 
other volcanoes confirm this general picture. Water is ahvays the 
major constituent, generally making up over 80% of the \vhole by 
volume; CO2! tI2S, 5, 502, Hel, and NH4Cl are often abundant; and 
HF, N 2, H 2, CI-J4, HgBOa, and CO have been recorded in lesser 
amounts. In addition, gaseous emanations from magmas collectf trans
port, and deposit many other elements. Such minerals as magnetite, 
hematite, molybdenite, pyrite, realgal', galena, sphalerite, covellite, sal 
ammoniac, ferric chloride, and many others have been found in the 



140 MAGMATISM AND IGNEOUS ROCKS 

TABLE 22. ANALYTICAL DATA ON KILAUEA GASES 

Minimum and m nximum 
volume percentages at 
1200° and 760 rnm * 

Average analysis 
in volume 

H 20 
CO2 

CO 
H2 
N2 
A 
S02 
S2 
SOs 
C12 

17.97-97.09 
1.42-47.68 
0,00- 3.92 
0.00- 4.22 
0,68-37.84 
0.00- 0.56 
0.00-29.83 
0.00- 8.61 
0.00- 5.51 
0.00- 4.08 

* Shepherd, Am. J. Sci. 235A, 321, 1938. 
t Graton, /1m. J. Sci. 243A, 190, 1945. 

pel' cent t 
67.68 
12.71 
0.67 
0.75 
7.65 
0.20 
7.03 
1.04 
1.86 
0.41 

Average analysis 
in weight 
pel' cent 

45.12 
20.71 
0.69 
0.06 
7.93 
0.30 

16.67 
2.47 
5.51 
0.54 

throats of fumaroles, where they have been deposited dU'ectly from 
gases. The Valley of Ten Thousand Smokes provides us with one 
of the best documented examples of the role of volcanic emanations. 
The work of Allen and Zies (Zies, 1938) showed that the principal 
gas in all the fumaroles was water-vapor, the percentage by volume 
ranging from 98.S to 99.99. Other gases recognized were CO2 , O 2, 

CO, CH4 , H2S~ 1-12 , N 2, A, Hel, and ?F. Although these ·were present 
in very small percentages, the total amount evolved was enormous, 
Thus the average concentration of Ret was 0.117% and of HF, 
0.032%, but the total quantity of Hel evolved in 1919 was estimated 
as 1,250,000 tons and of HF, 200,000 tons. One difficulty in discussing 
the geochemical significance of these figures is that of determining 
how much of the emanations is primary, i.e., was contained in the 
original magma, and how much secondary, i.e., assimilated by the 
magma from surrounding rocks during its rise to the surface. Allen 
and Zies believe that much of the water-vapor given off at the Valley 
of Ten Thousand Smokes was ground water heated by the igneous 

. material. The same difficulty arises in assessing the amount of ma
terial in mineral springs that is magmatic in origin. Day and Allen 
suggest that perhaps 90% of the water in the Yellowstone geysel's 
and hot springs is activated ground water. Precise information on 
these points would greatly advance our lmnwledge of the geochemical 
significance of magma.tic emanations, but it is evident that igneous 
activity during geological time has brought vast amounts of water and 
otller volatile matter to the earth's surface. 
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Magmatism and Ore Deposition. Much evidence exists for the 
belief that many ore deposits are genetically related to magmas. Some 
of this evidence lies in the geological association of are bodies with 
igneous rocks, ~nd often with particular types of igneous rocks, for 
example, tin deposits with granites; sometimes gradations can be traced 
from pegmatites to ore-bearing veins to barren quartz veins, and 
examples of direct segregation of ore minerals from magmas are well 
known. Nevertheless, much difference of opinion exists as to the 
processes whereby ore materials arc extracted from a magma, tl'nns
ported, and deposited. Did the ore-forming material leave the magma 
as a gas phase or a liquid phase? Was the initial ore-forming fluid 
acid or allmline? What were the conditions of temperature and pres
sure? All these questions and many others remain to be answered. 

No definite criteria exist for telling whether a deposit was formed 
from a gaseous or liquid solution. Olle can visualize the following 
possibilities: 

(<<) If the temperature was above the critical temperature, trans
portation and deposition took place in.a gas phase, no matter how high 
the pressure. 

(b) If the temperature was below the critical temperature, the de
positing solutions were most probably liquid, since pressures at quite 
moderate depths are greater as a nIle than the critical pressure of 
moderately dilute solutions. 

On proceeding outward from an intrusive body the temperature will 
decrease, and material leaving the magma in a gas phase may be ex
pected to condense to a liquid when it cools below the critical tempera
ture. This suggests that the country rock immediately surrounding a 
cooling intl'llsion will be saturated with gaseous emanations, beyond 
which will be nn envelope of liquid solutions. 

It must be emphasized that a gas phase associated with a Inagma at 
depth has a density of the same order of magnitude as that of liquid 
water at the earth's surface. This dense fluid ,vill be capable of dis
solving and transporting many substances not themselves volatile. Lab
oratory experiments have demonstrated this, and the evidence of 
fumaroles shows that such transportation and deposition takes place 
readily under geological conditions. Proponents of gaseous transfer 
generally favor the idea that solution and transportation of metallic 
cOlnpounds is aided by the presence of halogen compounds. Since the 
chlorides of the common metals have high vapor pressures and be
cause the direct observation of volcanic sublhnatcs shows their pres
ence, it is considered probable that chlorides are the most important 
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form in which metals are removed from a magma. The physicochem
ical principles governing the conditions under which metallic halides 
mny exist in the gas phase together with such precipitating agents as 
H 20 and H 2S are expressed by the lRW of mass action. For a specific 
example 

Zn C1 2 + H2S ~ ZIlS + 2HCl 

the law states that (pznS) (PlIOI)2/(PZnCl2) (PU 2S ) is a constant for any 
given temperature (p symbolizes partial pressure). This means that the 
ratio of ZnCb to ZnS increases as the square of the concentmtion of 
HCl and inversely as the concentration of H 2S; therefore, increase in 
Hel concentration has a much greater influence on the reaction than 
increase in 1-12S concentration. Similarly, for the reaction 

SiC14 + 2H2 0 ;;::= SiOz + 4Hel 

the effect of Hel in driving the reaction to the left increases as the 
fourth power of its concentration, whereas the effect of H 20 ill pro
moting the reverse reaction varies as the square. 

Considerations of this kind suggest that gases containing halogen 
acids would be efficient transporting agents of many elements. Neu
tralization of the acid by reaction with country rock would then bring 
about precipitation of various sulfides and oxides. This may take 
place eithel' before or after the condensation of the gases to an aqueous 
liquid solution. Incidentally, the change from gas to liquid, which 
probably occurs as soon as the ore fluid cools below its critical tem
peratul'e, will have little effect on its chemical or physical properties. 
If the gases or liquids were originally acid, they mnst eventually be
come 'wealdy alkaline by the combination of alkalies extracted from 
country rock with weak acids, such as I-hS, IhCOg, and f-I/lBO l:h 

derived from the 111agma. New types of reaction become possible, 
involving previously deposited ore minerals and whatever else is present 
in the channels followed by the solutions. 

Some authorities believe, however, that the Qre material left the 
magma originally as liquid aqueous solutions. Since metallic sulfides 
are extremely insoltlble in pure water, but are more or less soluble in 
alkaline liquids, it is presumed that these liquids arc allolline from the 
beginning. In this connection, the possibility of complex formation 
should be considered, the metallic ions being associated with sevcml 
S2- ions as a complex sulfosalt anion. 

vVe nrc once again faced with the crux of so many geological prob
lems: in general we C~ll1 observe only the final product and not the 
steps by which it was formed. No certain criteria have yet been found 
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to provide an unequivocal answer to the questions posed at the begin
ning of this discussion. The answers 'undoubtedly vary from one ore 
body to another and probably from place to place within the same 
ore body. Ore material may be carried by gaseous 01' liquid solutions, 
may be deposited by changes in temperature, pressure, or chemical 
environment or combinations of these factors, and may be subjected 
to further changes after deposition. Seldom Can anyone of the 
numerous determining factors be singled out as of unique importance; 
the question 1S generally to what degree each has been significant. 
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Se.dimentption and Sedimentary Rocks 

Sedimentation as a Geochemical Process. Sedimentation is in effect 
the interaction of the atmosphel'e and hydrosphere on the crust of the 
earth, Various aspects of sedin1entatioll are described in terms of 
weathering, erosion,· deposition, and diagenesis, but no one of these 
processes works in isolation.· The original constituents of the crust, 
the minerals of igneous rocks, are to a large extent unstable with re
spect to the atmosphere and hydrosphere. They have been formed at 
high temperatures and sometimes at high pressures also, and cannot 
be expected to remain stable under the very different conditions at 
the earth's surface. Of the common minerals of igneous rocIes, only 
quartz is highly resistant to weathering processes, All the other 
minerals tend to alter; by the action of oxygen, carbonic acid, and 
water, they arc more or less attacked, and new minerals are formed 
\vhich are more stable under the new conditions. The altered rocl< 
l'apidly crumbles under the mechanical effects of erosion, and its con
stituents are transported by witld, water, or ice and redeposited as 
sediments or remain in solution. 

The core problenl in the geochemistry of sedimentation is the 
chemical bl'eakdown of some minerals and the formation of others. 
Of these, silicates are the most important, since they constitute more 
than 90% of the earth's crust (including quartz as a silicate). The 
processes by which silicate minerals nre bl'oken down chemically dur
ing 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 less well understood. 
Older hypotheses assumed hydrolysis of aluminosilicates with the for
mation of colloidal silicic acid and aluminum hydroxide, which later 
l'eacted to give clay minerals. . Recent investigations have shown, hmv
ever, that during the initial attack a silicate mineral goes into ionic 
solution, and even the silica and the alun1il1a are at least for a ShOl't 
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time in true solution (Correns, 1949, p. 208). At the surface of n 
crystal unsatjsfied valeucies exist which are the loci of reaction with 
water nl0lecules. Hydration and hydrolysis follow, whereby strong 
bases, such as potassium, calcium, and magnesium, are removed and 
oxygen anions in the crystal lattice may be partly l'eplaced by hydroxyl 
ions. Aluminum and silicon attract OR ions strongly; aluminum prob
ably groups six OH around it to assume its preferred sixfold co
ordination, whereas silicon remains four-coordinated. When first 
set free these elements are in ionic solution, but the ions tend to aggre
gate and to form clusters of colloidal size. When first formed these 
colloidal aggregates are probably amorphous, but, on ageing, orienta
tion into definite crystal lattices, such as those of the clay minerals, 
takes place. Some silicate minerals may not undergo complete break
down of the lattice during weathering; for example, biotite and mus
covite may perhaps pass directly into clay minerals by ionic substitu
tion, \vhereby fragments of the sheet structures may be directly in
corporated in the lle\V minernls. The ultimate fate of different ele
ments thus depends lal'gely upon the relative stability of their ions in 
water. The most stable are the alkali metal ions, followed by those 
of the alkaline earths, and they are for the most part carried away in 
solution. Silicon, alU111inum, and iron, on the other hand, are generally 
soon redeposited as insoluble compounds; new mincmls are formed 
from them at an early stage of weathering. 

The Chemical Composition of Sedimentary Rocks. The chemical 
composition of sedimentary rocks is exceedingly variable, more so than 
that of igneous rocks, since sedimentation generally lends to a further 
diversification. Considering compositions in terms of oxides, we find 
that Si02 may exceed 99% in some sandstones; AbOa may reach nearly 
70% in bauxite; Fe20a up to 75% in limonite; FeO as high as 60% 
in siderite; l\1g0 to 20% in dolomite; and CaD to 56% in pure lime
stones. In view of snch variations, the determination of the average 
chemical composition of sedimentary rocks is not simple. The method 
used by Clarke and Washington for igneous rocks is hardly applicable 
because of a lack of analyses of sedimentary rocks and of inadequate 
sampling. Thcl'e js little luge to analyze these rocks unless they have 
economic significance, and then they are g·enerally of unusual com
position. 

Clarke estimated the average composition of the common sedi
mentaxy ~oc1~s~shale, sandstone, and limestone-by analyzing mixtures 
of many In~lvldllal samples (Table 23). Then, by using an estimate 
for the relative amounts of these common sedimentary rocks an aver-

f . ' age 01' sedImentary rocks as a whole can be calculated. Such an 
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TAI3I,E 23. CHEMICAL COMPOSITION OF ROCKS 

Average 
igneous Average Average Average Average Average 

rock shale sandstone limestone sedilnent '" sediment t 
Si02 59,14 58.10 78.33 5.19 57.95 44.5 
Ti02 1.05 0.65 0.25 0,06 0.57 0.6 
AbOa 15.34 15.40 4.77 0.81 13.39 10.9 
Fe20a 3.08 4.02 1.07 0.54 3.47 4,0 
FeO 3.80 2.45 0.30 2.08 0.9 
MgO 3.49 2.44 1.16 7.89 2.65 2.6 
CaO 5.08 3.11 5.SQ 42.57 5.89 19.7 
NazO 3.84 1.30 0.45 0.05 1.13 1.1 
K 20 3.13 3.24 1.31 0.33 2.86 1.9 
FhO 1.15 5.00 1.63 0.77 3.23 
P205 0.30 0.17 0.08 0.04 0.13 0.1 
CO2 0.10 2.63 5.03 41.54 5.38 13.4 
SOa 0.64 0.07 0,05 0.54 
BaO 0.06 0.05 0.05 
C 0.80 0.66 
MnO 0.3 

99.56 100.00 100.00 99.84 99.93 100.0 

'" Shale 82, sandstone 12, limestone 6; after Leith and Mead. 
t Poldervaal't, Geo}. Soc. dmc1'. Spec. Paper 62) 132) 1955. 

average is given in Table 23, using the figures shale 82%, sandstone 
12%, and limestone 6%, given by Leith and Mend. There is con
siderable doubt as to the acceptability of these figures, since they seem 
to underestimate the amount of limestone. Poldel'vaal't recently cal
culated an average composition of all sediments, based on what is 
known of their distribution and average composition (Table 23). 
When his figures are compared \vith those based on Leith and 1\1ead's 
estimates the differences are clearly due largely to the greater amount 
of calcium carbonate allowed for by Poldel'vaart. 

It has been considered thnt the average composition of sedimentary 
rocks should correspond fairly closely to that of igneous roci{s, since 
all sedimentary rocks have ultimately been derived from igneous 
rocks by processes of weathering. The only permanent change 
should be the loss of those elements, principally sodium, which tend 
to 3ccl.1nmlate in solution in the ocean, and the addition of components 
from the atmosphere and hydrosphere, sllch as oxygen, carbon diox
ide, and water. However, if Poldenraun's figures are I'eliable, the 
average sedimel1t docs not correspond to the average igneous rock. 
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This apparent discrepancy in the geochemical balance sheet" espe
cially for calcium~ is a significant prob~em, It ~~y be, related: In part 
at least, to a marked increase of pelaglc foramlnIfers m TertIary and 
Recent times, leading to a greater precipitation of calcium carbonate 
in young sediments and sedimentary rocks. 

I I ! III ! 1 Sandstones and cherts 

K \ \ \ \ \ \1 Argillaceous rocks 

8102 

(Ca,Mg)COa 

~ Limestones and dolomites 

1----11 Laterites and bauxites 

FIGURE 28. The chemical composition of common sediments. Sediments with 
compositions falling in the blank area arc rare or non-existent. 

Significant features of the chemical composition of sedimentary 
rocks are the dominance of potassium over sodium, alumina in excess 
of the 1: 1 ratio to alkaJies and calcium, high silica in sandy and cherty 
rocks, high lime and magnesia in the carbol1atcs, and the presence of 
iron mainly in the ferric state. These ai'e generalizations, and many 
exceptions may be found. The relationship between chemical com
position and rode type ill the sediments can be expressed in a gross 
fashion by a triangular composition diagram in which the apices are 
Si021 (AI,Fe)20s'xH20, and (Ca,Mg)COs (Figure 28). Such a dia
gram neglects the alkalies, but they are generally low except in some 
argillaceous rocks. It is difficult, if not impossible, to define sedi-
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mentary rock types from chemical analyses alone by any such system 
as the norm for igneous rocks. The main groups overlap, as Figure 28 
shows. Some tentative limits can be stated; argillaceous rocks with 
more than 50% Si02 generally contain free silica, whereas those with 
more than 40% AhOa contain free alumina. To caU a rock a limestone 
or dolomite should at least imply that carbonate is the don1inant 
component, and similarly in sandstone or chert free silica should ex~ 
ceed any other conlponent. 

The Mineralogical Composition of Sedimentary Rocks. The min~ 
eralogy of sedimentary rocks is characterized by two distinct types 
of material: resistunt minerals from the mechanical breakdown of 
the parent rocks and minerals newly formed from the products of 
chemical decomposition. The latter minerals are generally hydrated 
compounds, as is to be expected in substances fOl'med ill a water-rich 
environment. Goldich (1938) has pointed out that the order of 
stability of minerals of igneous l'ocl{s towards weathering is the l'everse 
of their ol'der in the reaction series of Bo\ven; thus 

Stability decreases Quartz 

Muscovite 

Potash feldspar 

Biotite 
Alkalic plagioclase 

Alkali-calcic plagioclase Horn blende 

Calcic-alkalic plagioclase 

Augite 
Calcic plagioclase 

Olivine 

The arrangement does not of course imply a reverse reaction series; 
the minerals do not invert one into the other on weathedng hut are 
decomposed into their components. This identity of arrangement 
between Bowen's reaction series and Goldich's stability series indicates 
that the last-formed minerals of igneous rocks are more stable at 
ordinary tcmpel'anll'cs than are the miner-als formed at an carly stngc 
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of crystallization. In other words, the differential between conditions 
at the time of formation and those existing at the sl1rface reflects the 
order of stability of the common silicates of igneous rocks. 

The total number of minerals recorded from sedjmentary rocks is 

vel'y large, since almost any mineral of igneous or metamorphic origin 
may have at least a transitory existence in n sediment. Nevertheless, 
the common and abundant minerals of sedimentary rocks are few: 
quartz, feldspar, calcite, dolomite·, and clay minerals. Some other 
minerals, such as glauconite, limonite, bauxite, and collophane, arc 
abundant in sediments of restricted extent, and amorphous colloidal 
material may sometimes be present. 

Quartz and the feldspars are the nbundant detrital minerals, i.e., those 
set free by the mechanical breakdown of pre-existing rocks. Quartz 
is very resistant to chemical attack under surface conditions. The 
feldspars are less resistant, for, although they may persist indefinitely 
in sedimentary rocks, they are chemically decomposed by prolonged 
weathering. On the other hand, the alkali feldspars may undoubtedly 
be fornled in sediments under surface or 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 environments, whereas in alkaline en
vironments authigenic feldspar can form. Anorthite is readily decom- , 
posed by weathering, but it is interesting to note that authigenic cal
cium zeolites (heulandite, chabazite, and laumontite) have been found 
in some sediments. 

Calcite is precipitated frOI1l solution either by physicochemical 
changes 01" by the vital processes of organisms. Aragonite is some
times the form jn which calcium carbonate is deposited, but in general 
it does not persist, since it inverts morc 01' less readily into calcite~ the 
more stable form. The origin of dolomite has been n subject of much 
discussion, and general ngreenlent has not been reached. However, 
geological evidence indicates that many dolomites have been formed 
from limestones by the mctasOlmltic action of magnesium-bearing 
waters. In many instances sea water acting on calcium carbonate dul'
ing diagenesis has evidently been responsible. For the reaction 

2CaCOa + T\1g2+ = CaIVIg(COah + Ca2+ 

the law of mass action predicts that equilibrium will be determined 
?lmo~t entir~ly by the -:elative concentration of calcium and magnesium 
Ions In solutIon. StudIes on the thermodynamics of the reaction have 
shown that with the conditions of temperature and concentration 
prevailing in the sea the free-energy change of the above reaction is 
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negative, i.e., dolomitization will proceed spontaneously (Faust and 
Callaghan, 1948). 

Kaolinite, montmorillonite, illite, and chlorite, together with a num~ 
bel' of less common species, make up the clay nlinerals of sediments 
and sedimentary rocks. Clay mineralogy has been the subject of in
tensive research in recent years, and a detailed account has been given 
by Grim (1953). The clay minerals are stable secondary products 
formed by the decomposition of other aluminosilicates. It is significant 
that all these new-formed minerals have layer-lattice structures, which 
seem to have greater stability than other types under surface condi
tions. Besides their characteristic crystal structure, the clay minerals 
have other features in common. They nre nIl hydrous aluminosilicates. 
In most sediments their average grain size is very small, generally less 
than 0.005 mm in diameter and ranging down to colloidal dimensions; 
as grain size diminishes so does perfection of crystallinity, and prob
ably no sharp break exists between imperfectly crystallized clay min
erals and amorphous material which may perhaps be looked upon as 
aluminosilicate gel. Very of tell morc than one clay mineral is present 
in a particular sediment. Not only mechanical mixtures, but also 
umixed" crystals, in which molecular layers of n101'e than one clay
mineral species are interleaved in a single crystal, have been recog
nized. Thus the complications are many, and positive identification 
of the phases in the clay fraction of sediments can be the most exacting
problem with which a mineralogist is faced. 

The similarities and differences between the clay minerals can best 
be understood by consideration of their structures (Figure 29). They 
ate all phyllosilicates, and their structures can be considered as pro
duced by the stacking of two different units in the direction of the c 
axis. These units are (ft) linked (Si04 ) groups, each 'with three oxy
gens shared with adjacent groups, giving (Si40 10) sheets; and (b) 
aluminum-hydroxyl nnits, consisting of aluminum ions between two 
sheets of close-packed hydl'oxyls or oxygens; each aluminum is sur
rounded by six oxygens or hydroxyls) i.e., is in sixfold coordination. 
These two types of units are linked together in the, clay mineral by 
oxygens common to both. The individual clay minerals differ in the 
relative numbcl' of the two types of units in their structures and in the 
possibility of replacement of silicon or aluminum by other elements. 

The structure of kaolinite consists of one (Si40 10) sheet linked with 
one aluminum-hydroxyl sheet, i.e., 11 two-layel' structure. Replace
ment of silicon nnd aluminum by oth~l' 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, 
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nacrite, and halloysiie. Dickite and nacrite are generally of hydro
thermal origin and rarely occur in sediments. I-Ialloysite occurs in 
hydrothermal deposits, but it is also found occasionally in sedimentary 
rocks, where it has generally been precipitated from acid ground \vater 
carrying alumina and silica in solution. 

The montmorillonite structure has layers consisting of one alumi
num-hydroxyl unit sandwiched betweell two (Si40 10) sheets; these 
layers are stacked one above the other in the c direction, with watel' 
molecules between them. A characteristic feature of montmorillonite 
is the variable water content, which is reflected in the c repeat, vnrying 
from 9.6 A in dehydrated material to 21.4 A when the mineral is watcl'
saturated. lVlontmol'i1lonite is therefore said to have all expanding lat
tice; the characteristic swelling pl'opetties of bentonites in water are 
due to their montmorillonite content. Other polar liquids, snch as 
ethylene glycol and glycerol, have a similar effect. Considerable 
atomic substitution is also possible in the montmorillonite structure; 
the aluminum can be partly or wholly replaced by ferric iron (no11-
tronite), by magnesium (saponite), by zinc (sallconite) 1 and by smaller 
amounts of lithium, trivalent chromium, manganese, and nickel; the 
silicon can be partly replaced by aluminum, giving the variety beidel
lite. The chemical composition of montmorillonite (in the group 
sense) is therefore exceedingly variable. 

Montmorillonite ahvays differs from the theoretical formula in that 
the three-layer unit has a net negative charge resulting from the sub
stitutions noted above. j\tIany nnaJyses have shown this to be about 
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60 

Chlorite 
MglOAI2 (SisA1 2) 020(OHha 

FIGURE 29. Schematic presentation of the structures of the principal cl9.y minerg,ls. 
(After Grim, J. Geol. 50, 225-275, 1942.) 

two-thirds 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 which 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 01' hydromica (Glimmerton-mica clay
in German). The occurrence of a micaceous clay material with less 
potassium and more water than the theoretical composition of mus~ 
covite has been .tecognized for many years. The nature of illite has 
been elucidated by Yoder and Eugster (1955), who have shown that 
the name is useful as a general term, not as a specific clay-mineral name. 
Some illite is essentially clay-size muscovite; some is a mixed-layer 
muscovite-montmol'Hlonite, and some is a mechanical admixture. of 
muscovite and montmOl'i1lonite, often with some clay-size qnartz. It 
is evident £1'001 the work of Yoder and Eugstcl' that muscovite is an 
nuthigenic clay mineral in many sediments. 

The occurrence of chlorite as an important constituent of argil
laceous material is a comparatively recent discovery. Small amounts 
of chlorite admixed with other clay minerals are particularly difficult 
to detect. Structurally, chlorite may be derived from montmorillonite 
by the insertion of a (1\!J:g!Al) (OH) layer between each montmoril
lonite layer, just as muscovite is derived by the insertion of a layer of 
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potassium ions. This structural relation may a,lso be a pal:agenetic . 
relation, since there is evidence for the formation of chlorIte from 
montmorillonite in sea \vater, which is l'ich in magnesium ions to pro-
vide the (i\/Ig,AI) (OR) layer. . , 

Ivluch remains to be learned of the mutnalrelatlons of the clay mltl
erals and of the conditions favoring the formation of one in preference 
to anothex. The primary factors determining the n~tl1re of a clay 
are, first, the chemical character of the parent matenul and, second, 
the physicochemical environment in which alteration of this material 
takes place. The structure of kaolinite does not accommodate cations 
other than silicon and aluminum, and the formation of kaolinite is 
evidently favored by an acid environment, in which all bases tend to 
be removed in solution. Kaolinite also has the highest AI: Si ratio of 
the day minerals, and its fomlatioll 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 formation of kaolinite by the alteration of alkali feldspar in 
an acid environment, the Na + and K + ions released tending to stabi
lize the silica in solution. i\1ontmorillonite, on the other hand, has an 
Si :AI ratio about 2: 1, and other cations, such as magnesium and iron, 
nre probab]y essential to its formation; it seems to form most l'eadily in 
a neutral or slightly alkaline environment from ferromagnesian min
erals, calcic feldspars, and especially volcanic ash. IVlontmorillonite is 
the most reactive of the clay minerals and does not generally survive 
in pre-.Mesozoic sediments. It has a close stl'uctm'aI relationship to 
illite (muscovite) and chlorite and evidently changes readily to these 
minerals, especially in the marine environment, The comparatively 
high concentration of potassium and magnesium in sen water promotes 
this change. Illite is the commonest clay material in marine sediments 
and sedimentary Tocks. The fixation of potassium in illite and magne
sium in chlorite is probably an important mechanism in regulating 
sea-water composition. In general, diagenesis promotes the formation 
of illite and chlorite and the disappearance of kaolinite and montmoril. 
lonite, so that shales and argillites consist largely of the former minerals. 

Physicochemical Factors In Sedimentation. The geochemistry of 
sedimentary processes js essentially the geochemistry of reactions tak
ing place ill the presence of water. Now water is by no means a typi
cal liqn.id, and in this connection its unique properties deserve to be 
emphaslzed. As a solvent water is unequalled; no other liquid can 
compare with it in the number of 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 deeply 
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imbedded in the oxygen atom so that the molecule is approximately 
spherical. Its radius is only slightly gTeatel' than that of the oxygen 
ion. The bond angle between the lines joining the hydrogen nuclei to 
the center of the oxygen atom is 105°. This structure results ill a 
very uneven distribution of charge in the molecule. An excess of posi
tive charge appears at or between the protons, and the opposite side 
of the molecule is negatively charged. Thus the water molecule is a 
dipole. The lTIutual attraction of these dipoles makes the cohesive 
forces between water molecules very much larger than for nOl'mal 
Hquids, which owe their cohesion to weak van der Waals' forces. 
Hence water, for a liquid of low molecular weight, has extremely high 
melting- and boiling points. The liquid range of water, 100° at 1 atm, 
is unexpectedly long because of the persistence of bonding between 
the molecules. The energy necessary to break the remaining bonds at 
the boiling point is reflected in the abnormally high heat of vaporiza
tion, 9720 caljrnole. The cohesive forces between water molecules 
are also reflected in the surface tension, which is 72.75 dynes/ cm 
at 20°, compared with 26.77 for CCI4 and 28.88 for CoHo. Another 
important effect of the dipole nature of the molecules is to give water 
its abnormally high dielectric constant, namely, 80. The high dielec~ 
tl'ic constant is responsible for its activity as a solvent for ionic com
pounds, since the force of attraction between i011s val'ics inversely as 
the dielectric constant of the medium, and solution of 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 of water 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 n{)t only on the size of 
the ion, but, also on the intensity of the charge on its surface. For 
example, the lithiunl ion, with a radius of 0.68 A, exerts a much stronger 
attraction for water dipoles than the cesium ion, \vith a radius of 
1.67 A, although the charge on each is the sanlC. As a result, the 
lithium ion is hydrated, despite its small radius, 'whereas the cesium ion 
is not. The hydl'ation of an ion is thus pl'oportiollal to its charge (Z) 
and inversely proportional to its radius (1'). The factor Z/r is known 
as the ionic potential and is of great significance not only for the hy
dration of an ion, btlt for many of its properties in the presence of 
watel'. The importance of ionic potential in sedimentary processes 
was first pointed out by Goldschmidt as providing a measure of the 
behavior of an ion towards water. The Ionic potentials of a number 
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TABLE 24. IONIC POTENTIALS 

Cs+ 0.60 Th4+ 3.9 
Rb+ 0.68 Ce4+ 4.3 
K+ 0.75 Fe3+ 4.7 
Na+ 1.0 Zr4+ 5.1 

Li+ 1.5 Be2+ 5.7 
Ba2+ 1.5 A13+ 5.9 
Sr2+ 1.8 Ti4+ 5.9 
Ca2+ 2.0 Mn4+ 6.7 
Mn2+ 2.5 Nb6+ 7.5 
La3+ 2.6 Si4+ 9.5 
Fez + 2.7 Mo6+ 9.7 
Co~H 2.8 B3+ 13 
Mg~+ 3.0 pH 14 
Y3+ 3.3 SH 20 
L\13+ 3.5 C'H 25 
Sc3+ 3.7 NH 38 

of ions are given in Table 24. 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 isjts oxide; and, conversely, the 
larger the radius and the smaller the charge, the more basic the oxide. 
From the electrostatic viewpoint, the ionic potential is a meausre of 
the -intensity of positive charge on the surface of the ion. This con
centration of positive charge on the surface of a cation repels the 
protons in the coordinated water molecules. If the repulsion is suffi~ 
ciently great, some of these protons may be detached, thereby neu
tralizing the charge on the central cation and resulting in the pl+ecipi
tation of an insoluble hydroxide. With very high repulsive forces, 
i.e., high ionic potentials) all the protons are expelled from the at
tracted water molecules and an oxyacid anion is formed. 

The ionic potential of an element largely determines its plnce of 
deposition during the formation of sedimental'Y rocks and is significant 
in all mineral-forming processes in an aqueous fl1eciium. It provides 
an explanation for the similar behavior of dissimilar elements as, for 
example, the tendency of the hydrated ions of bivalent beryllium, tri
valent aluminum, and quadrivalent titanium to precipitate together 
during sedimentation. Elements with low ionic potential, snch as 
sodium, calcium, and magnesium, remain in solution during the proc
esses of weathering and transportation; elements with intermediate 
ionic potential are precipitated by hydrolysis, their ions being asso
ciated with hydroxyl groups from aqueous solutions; and elements 
with still higher ionic potentials form nnions containing oxygen which 
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are usually again soluble. When the elements are plotted on a diagram 
with ionic radius as ordinates and ionic charge as abscissae, the field 
can thus be divided into three parts: soluble cations, elements 'of hy~ 
drolysates, and elements of soluble complex anions (Figure 30). 

Some specific examples of the significance of ionic potentials in the 
behavior of certain elements during sedimentary processes may be 
cited. Iron in the ferrous state is stable in solution (2/1' ~ 2.7), so 
that precipitation of iron has to be preceded by oxidation to the ferric 

• es 
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cations 

• K 'Ba 
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• p • s 
Soluble complex. 

anions 
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Ionic charge 

FIGURE 30. Geochemical separation of some important elements on the basis of 
their ionic potential. 

state, with a much higher potential (Zit = 4.7). Similarly, manga
nese is stable in solution as manganous ions (Z/r = 2.5) and is precipi
tated in the hydrated quadrivalent form (Z/r = 6.7). Thus in 
many sedimentary tocks products of hydrolysis and of oxidation are 
associated in the same deposit. Again, it oumbel' of less common and 
rare quadrivalent elements are concentrated in hydrolysate sediments, 
their ionic potentials falling within the specified range. For instance, 
not only berylliun1 and gallium, which are chemically simihr to alumi
num, but also titanium, zirconiu111, and niobium may be concentrated 
in bauxite, the factol' of enrichment bejng often four~ to fivefold as 
compared to the parent material. 

Hydrogen-Ion Concentration. The hydrogen-ion concentration of 
natural waters is of great significance in chemical reactions accom~ 
panying sedimentary processes. In pure water at 20° the hydrogen~ 
ion concentration is 10- 7 moles/liter. If the concentration is greater 
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than tha t of pure water at the same tempeTatl1re, the Sol:ltion js said, to 
be acid; ill the contrary case, alkaline. The neutral pom~ alters with 
rising temperature in the direction of greater hydrogen-Ion concen
tration. As an inverse measure of hydrogen-ion concentration we use 
the pH, which is the negative logarithm of this factor; thus the pH. 
of pure water is 7. 

The pH of the medium is particularly significant in controlling the 
precipitation of hydroxides from solution. This is shown in Table 25, 

TABLE 25, T~E pH OF NATURAL MEDIA AND ITS REI,ATION TO THE 

PRECIPITATION OF HYDROXIDES 

pH Precipi tation of hydroxides Natural media pH 
11 11 

Magnesiulll 
10 Alkali soils 10 
9 9 

Bivalent manganese 
Sea wntel' 

8 8 
7 Zinc River water 7 
6 Copper Rain water 6 
5 B ivnlen t iron 5 
4 Aluminum J>eat wate" 4 
3 Mine watel'S 3 

Trivalent iron 
2 2 

1 
Acid thermal springs 

which gives the pH for beginning precipitation of hydroxides from 
dilute solutions (about 0.02 Arl) and the pI-I of some natural envirot1H 
ments. It will be noticed that the sea is slightly alkaline, whereas 
most terrestrial waters are somewhat on the acid side. The pH of 
many terrestrial waters is controlled by the bnffer system CaCOa-
CO2-H20; a saturated solution of CO2 at its partial pressure in the 
atmosphere has a pI-I of 5.2, and a solution of calcite in air-saturated 
water has a pH near 8. 

For the transportation and deposition of iron the solubility of ferric 
hydroxide and the consequent equilibria are of great importance. The 
solubility pl'odtlct of ferric hydroxide (S) is given by the equation 

Hence 
S = [Fe3+][OH~]3 
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But in water rOR -] = K/[H+), where K is the ionjzadon product of 
water. Therefore, 

[Fe3-1-] = S(H+]3/ 1(3 

At a fixed tempet"atul'e Sand ]( are constants; hence the concentra
tion of ferric iron in solution is propOl'tiol1al to the cube of the hydrogen
ion concentration. For example, at 18° S = 10-38.6 and ]( === 10-14 .2• 

Therefore, SjJ(3 = 10\ and at pH = 7) [Fe3+] = 10-17 mole/liter; at 
pH = 6, [Fe3+] = 10-14 mole/litet". In natural watel'S iron is present 
not only as Fe3 + but also as Fe2+ and FeOH2 + ions. Cooper (1937) 
has determined the total amount of iron in solution at different pH 
values, with the following results: 

p1: .. 1 Amount 

8.5 3 . 10-8 mg/rn3 

8 4.10-7 mg/rn3 

7 4.10-5 Illg/m3 

6 5.10-3 mg/m3 

Thus the solubility of iron at pH 6 is about IOU times greater than at 
pH 8,5. Weakly acid iron-bearillg solutions flowing into the sea from 
neighboring land areas must precipitate most of their iron in the weakly 
alkaline marine waters, This is bOl'lle out by actual figures which show 
that the average content of iron in river waters is about 1 ppm, whereas 
in sea water the amount is exceedingly' small, about 0.008 ppm. 

The pI-I of the environment is especially significant for the trans
portation of alumina and silica in solution and their ultimate redeposi
tion. To illustrate this, the solubilities of ah1l11inum hydroxide and 
silica with respect to pI-I are plotted on Figure 31. At pI-I < 4 alumina 
is readily soluble, "whereas silica is only slightly soluble. At such pH 
values alumina would be removed in solution and silica would remain 
with the parent material. Normal sedimentary environments, however, 
seldom have pH this }O\\" Fron1 pH 5-9 the solubility of silica in
creases considerably, but alumina is practically insoluble. Under these 
conditions renlOval of silica can take place, leaving alumina behind, as 
has been infel'red during the formation of laterites and bauxites. A 
study of Figure 31 also suggests a possible explanation for the forma
tion of either kaolinite or montmodllonite from the same parent mate
rIals under different conditions. These clay minerals are probably 
formed in natural waters carrying both silica and alumina in solution. 
In acid solutions (pI-I about 4) the solubilities of sHics and alumina aloe 
such that relatively mnch alumina and relatively little silica are pres~ 
Cllt, thus favoring the formation of material of kaolinitic composition 
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(A120 a:Si02 = 1:2); in alkaline solutions (pH 8-9) much more sHica 
is present, thus promoting the formation of montmorillonite (A120a: 
Si02 = 1 :4). 

Oxidation-Reduction Pofentfals. l\1any elements are present in dif-
ferent oxidation states in the earth's crust. The commonest is iron, 
occurring as the native metal (oxidation state 0), as ferrous compounds 

11~-r--~-T----~~--,-~~-r--'--'~ 

10 

2 

O~-L __ ~~ __ ~~==~~~~~L-~__J 
o 1 2 3 4 5 6 7 8 9 10 11 

pH 

FIGURE 31. The solubility of silica and alumina as a function of pH. (Correns. 
Einfiibrung i11 die Mineralogie, p. 210; reprinted by permission of Springer
Verlag.) 

(oxidation state 2), and as ferric compounds (oxidation state 3). Sirni~ 
lar elements are manganese (2,3,4), sulfur (-2,0,6), vanadium (3, 4~ 
5), copper (0, 1, 2), cobalt (2, 3») nitrogen (-3, 0) 5), and many 
others. 

The stability of an element in a particular oxidation state depeilds 
upon the enel'gy change involved in adding 01' removing electrons, A 
quantitative measure for this energy change is provided by the factor 
known variously as the 'ioxidatioll~l'eduction potential," "oxidation po
tentia]," or "redox potentiaP'; we will refer to it as the oxidation poten
tial. The oxidation potential of any reaction is a relative figure, the 
reference standard being the reaction 

(e = electron) 
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(i.e., the removal of electrons from hydrogen atoms or the oxidation of 
hydrogen to hydrogen ions). The oxidation potential (Eo) of this 
reaction, for unit activity (activity is a function of concentration that 
provides for deviation from the laws of perfect solutions) of the l'eact~ 
ing substances is al'bitmrily fixed as 0.00 voltt and the scale of oxidadon 
potentials extends on either side of zero. 

Table 26 lists some reactions in ol'der of decreasing oxidation poten~ 
tial, i.e., in order of increasing reducing power, the reduced form of 

TABLE 26. THE. OXIDATION POTENTIALS OF SOME R£ACTIONS OF GEOCliEMICAL . 

SIGNIFICANCE 

C02+ = Co3+ + e 
Nj2+ + 2H20 = Ni02 + 4H+ + 2e 
Mn2+ = Mns+ + e 
Pb2+ + '2H20 = Pb02 + 4H+ + 2e 
2H20 = O2 + 4H + + 4c 
NFI.,+ + 3H20 = NOa- + lOH+ + 8e 
Fe-H· = Fe8+ + c 
Ni(OBh + 20H- = Ni02 + 2H20 + 2e 
40H- = O2 + 2H';lO + 4e 
PhO + 20H- = Pb02 + H 20 + 28 
Co(OH)2 + OH- = Co(OHh + e 
S2- + 4H20 =: S042- + 8H+ + 8e 
I-h = 2H+ + 2e 
NHs + 90H- = NOa - + 6H20 + Be 
Mn(OH)2 + OH- '= Mll(OH)3 + (;' 
Fe(OH)2 + OH- = Fe(OH)a + e 

Eo (in volts) 

1. 84 
1. 75 
1.51 
1.46 
1.23 
0.84 
0.77 
0.49 
0.40 
0.25 
0.2 
0.14 
0.00 

-0.12 
-0.40 
-0.56 

any couple having sufficient energy to reduce the oxidized form of any 
couple of higher potential. For example, Fe2+ reduces l'vlnB+, H2 
reduces Fe8 +, and Mn(OH)2 reduces fI+ (I.e., liberates H2 from 
water). 

The oxidation potential varies with varying concentration of the 
reacting substances. This variation with concentration is of special 
importance in reactions involving hydrogen or hydroxyl ions, as many 
such reactions do (Table 26). A variation in pH produces large 
changes in oxidation potentials involving hydrogen or hydroxyl ions 
and must be taken into account in applying ED values to actual re
actions. The influence of pH on the oxidation potentials of some 
reactions given in Table 26 is sh.own graphically in Figure 32. 

The range of oxidation potentia1s of natural environments determines 
the reactions that may take place. Chemical reactions in aqueous 
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pH 

FIGURe 32. Variation of oxidation poten.tial with pH for certain reactions. 

A. H2 = 2H+ + 2e 
B. 2H20 = 02+ 4H-t + 4e 
C. Fe = Fe2+ + 2e 
D. Pb = Pb2+ + 2e 
E. Fe2+ = Fe8 + + e 
F. NH4 + + JH20 = NOs - + lOH+ + Be 

H. Pb2+ + 2H20 = Pb02 + 4H+ + 2e 
K. Mn2+ =:: Mns + + e 
L. Ni2+ + 2H20 = Ni02 + 4H +t + 2e 

M. Co2+ = Co8+ + e 
A', H 2 +20H- = 2}I20 +2e 
B'. 40H- == 02 + 2H20 + 4e 
C', Fe + ZOH- = Fe(OH)2 + 2e 
D', Pb+20H- =PbO+H20+2e 
£1, Fe(OH)2 + OH- == Fe(OH)s + e 
F', NH8 + 90H- :;: NOg - + 6H20 + 8e 
H'. PbO + 20H- = PbO + H20 + 2e 
l{', Mn(OH)2 + OH- == \1n(OH)s + e 
V. Ni(OH)2 + 20H- ::::: Ni02 + 2H20 + 2e 
M'. Co(OH)2 + OH~ = Co (OI-l) a + e 
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media arc theol"etically limited to those 'with oxidation potentials 
between those for the I'eactions 

Eo = 1. 23 volts 
and 

E() = 0,00 volts 

(1) 

(2) 

The oxidized form of any couple with a higher potential than that 
for (1) will theoretically decompose wate).' with the evolution of 
oxygen. The reduced form of any couple 'with a lower potential than 
that for (2) will theoretically decompose water with the evolution of 
hydrogen. These l'equiremcnts are not strictly met in practice on 
account of overvoltage phenomena j Le., it requires a greater potential 
than the theoretical to produce the evolution of hydrogen or oxygen 
at a measurable l':ue. Ho'wever, the chemjstry of sedimentation indi
cates that the potentials of these two reactions do largely control oxida
tion and reduction under natural C011ditions. 

Both these reactions involve hydrogen iOIlS, and their potentials are 
thus strongly affected by changes in pH. The Eo values given above 
are for hydrogen-ion concentrations of unity, i.e., pH = 0, and 'the 
potentials decrease (at 25°) 0.06 volt for each unit increase in pH. 
The pH of natural waters is variable, ranging from as low as 0 in 
strongly acid waters of volcanic regions to 10 01' Dlore in alkaline areas 
where sodium carbonate is present in solution. As a rule, hO\VeVel\ 

the pH of natural ,vaters lies between 4- and 9, the great majority being 
within one unit of the figure for pure water (pH:::: 7). For a pH of 
7 the potential of (1) is 0.82 volt and of (2) - 0.41 volt. [The poten
tial of 0.82 volt is that of ,vater with pH 7 saturated \vith oxygen at 
760 mm pressure; for oxygen at its partial pressure in the "atmosphere 
(160 mm) this potential is reduced to 0.81 volt.] These figures indi
cate that the oxidation potentials of natural environments, where the 
pHis near 7, should lie between - 0.41 and 0.82 volt. The compara
tively few lheasurements of. oxidation potentials in natural waters arc 
1n agreement with this statement, although values as low as - 0.5 volt 
have been recorded in marine-bottom deposits dch in organic matter; 
hydrogen may actually be generated in snch environments. 

The solution, transportation, and deposition of elements that may 
QCCU!' in two or more oxidation states are directly and po\verfully 
influenced by the oxidation potential of the environment. For ex
ample, the high potentials required to convert bivalent to trivalent 
cobalt and bivalent lead ·to Pb02 in acid solution indicate that the min .. 
erals stainiel.'ite (CoOOI-I) and plattnerite (Pb02) are deposited from 
alkaline solutions, for which the oxidation potentials are much less 
(Figure 32). Figure 32 shows that for many reactions the oxidation 
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potentials decrease rapidly with the increase of pH; generally, there
fore, oxidation proceeds more readily the more alkaline the solution. 
The potentials for some oxidations in alkaline solutions, particularly 
those that result in the precipitation of almost insoluble compounds, 
lie far belo,v the potentials for corresponding oxidations in acid solu
tions. This is especially mar}{ed with respect to the oxidation of fer
rOllS 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 figure at 
W11ich ferric hydroxide is pl'ecipitated the oxidation potential dl'ops 
sharply to a negative figure. Thus ferrous salts are comparatively 
stable in acid solution, being only slowly oxidized by air, but in solu
tions sufficiently low in acid fo1' Fe(OH)a to be precipitated oxida
tion proceeds rapidly to completion. Deposition of ferrous compounds 
in natur~ therefore demands either a very acid environment Ol' one 
with a very low oxidation potential, 011 the negative side of zero. 

The sepanltion of closely related elements in the upper zone of the 
lithosphere by processes involving solution and redeposition is often 
brought about by thejl' distjnctlve properties with respect to oxidation 
and reduction. Thus the three elements iron, nickel) and cobalt often 
occur together in primary deposits, yet supergene processes result ill 
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 environ
ments; cobalt requires a much higher potential even ill alkaline soln
tion, and in acid solutions the potential required lies high above that 
for the release of oxygen from water; nickel does not form trivalent 
compounds, but It dioxide is known, the formation of 'which even in 
alkaline solutions requires potentials somewhat higher than that for 
the release of oxygen from water. This is reflected in natural occur
rences: the common form of iron itl supergene deposits is hydrated 
ferric oxide; hydrated cobaltic oxide (stainierite) is found only where 
conditions have been strongly oxidizing; and the higher oxide of nickel 
is not known as a mineral. The separation of these three elements by 
supergene processes is well illusuoated 'where intense weathering of 
ultrabasic rocks has given rise to lateritic material rich in Fe20S, con
centration of the nickel as garnierite and of the cobalt as hydrated 
cobaltic oxide 01' as cobaltian wad. In this connection the work of 
Leith and Mead (1915, pp. 38-42) on the lateritic iron ores of eastern 
Cuba is pertinent. On the basis of chemical analyses of the residual 
ore and of the serpentine from which it was derived they showed 
tJ~at, in contrast to the enrichment in iron in the residual deposit, the 
meleel and the cobalt al'e strongly decreased in absolute amount and 
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even more strongly in relative amount; the greater mobility of these 
two elements is evidently due largely to their greater stability in the 
bivalent state. 

Oxidation processes also result in a similar separation of mang-anese 
from iron. Manganese is often present in solid solution in primary 
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FIGURE 33, Sedjmenrary assodJldons jn j·eJllcion to envh'onmentJll limitations 
imposed by oxidation potential and pH. (After Krumbein and Garrels, ,. Geal. 
60, 26, 1952.) 
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minerals containing iron, the ferrous and the manganous ions being 
mutually replaceable. Supergene processes, however, generally lead 
to fairly complete separation of iron from manganese, since the poten
tial required to convert iron to the ferric state is much lower than that 
required to convert manganese to manganese dioxide. The iron rea.dily 
precipitates as hydrated ferric oxide, whereas the manganese remains 
in solution longer and is eventually deposited under more oxidizing 
conditions as comparatively iron-free manganese dioxide. 

Oxidation potentials and pH are the basic controls which deter
mine the nature of many sedimentary products. Krumbein and Gar
rels (1952) have devised an ingenious diagram which illustrates the 
relation between these factors and the geological materials on which 
they act (Figure 33). In this diagl'am they develop the concept of 
the "geochemical fence," a boundary defined by the presence of a 
particular mineral or material on one side and its absence on the other, 
in effect, by a certain chemical reaction. A particular geochemical 
fence may represent a specific pH value or a specific oxidation poten
tial or n combination of both factors. NIany geochemical fences can 
he defined, but Krumbein and Garrels have shown that the most gen
erally useful ones in considering sedimentary processes are the neutral 
fence, at pH = 7; the limestone fence, at pH = 7.8 (at higher pH 
calcite is readily deposited, at lower pH it tends to dissolve); the 
sulfate-sulfide fence, determined by the sulfide-sulfate oxidation poten
tial; the Fe, ~1n oxide-carbonate fence, determined by the oxidation 
potential at which ferrous and manganous compounds (mainly car
bonates in the sedimentary environment) oxidize to the higher oxides; 
and the organic matter fence, below which organic matter is stable 
and above which it oxidizes to carbon dioxide. As a result, we obtain 
(\ classification of sedimentary environments based on the two signifi
cant parameters of pH and oxidation potential, and the careful study 
ofrhe mineralogy of R sedimentary deposit will elucidate the physico
chemical conditions under 'which it developed. 

Colloids and Colloidal Processes. The colloidal state is one of fine 
subdivision, the size range being approximately 10-8 to 10- 6 mm. 
Colloidal solutions grade into true solutions on the one hand nnd into 
suspensions on the other without any dL~tinct line of demarcation. 
The degree of dispersion is usually greater than the resolving power of 
nn ordinary microscope but is less than molecular; i.e., colloidal par
ticles fire generally multimolecular. The colloid particles of the dis
pe1'se phase are separated by the dispersion medium; the whole may be 
referred to as a disperse system. There are a number of different types 
of disperse or colloidal systems [solid-gas (smokes), liquid-gas (fogs), 
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liquid-liquid (emulsions)], 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 resembie liquids in their physical 
propel.·ties; thus they .flow readily and do not show rigidity. Gels, on 
the other hand, sho,v some rigidity. Pastes are syste111S in which, 
although the solid part is in the form of discrete pa.rticles, the concen~ 
tration of these particles has been so much increased that they form 
the bulk of the system, e.g., plastic clay. 

Sols in water are divided into two types, hydrophilic and hydro
phobic. In the first type there is strong interaction between the 
particles and the water molecules, \vhich serves to stabilize the colloidal 
solu6on, In the second type there is no such attraction between the 
particles and the water molecules, and they are thus much less stable 
than hydrophilic sols and more easily precipitated. In general the 
particles in hydrophobic sols are larger than those in hydrophilic sols. 
Further, when a hydrophobic sol has been precipitated by some physi
cal change it cannot be readily reconverted into a sol by reversing this 
change, whereas a hydrophilic sol is genel'ally reversible in this respect. 
No sharp boundary exists between these two types of· sols, but the 
division is useful. Silica is an example of a substance that forms a 
hydrophilic sol; aluminum hydroxide, on the other hand, forms.a hy
drophobic sol. 

Colloidal particles are electrically charged. This charg'e may orig
inate in two ways: either by adsorption of ions from the liquid or by 
the direct ionization of the material of the particle. Some colloids, 
e.g., ferric hydroxide, may acquire either positive or negative charges 
according to the environment in which they are fo rmed. The charges 
on some impOl·tant colloids are as follows: 

Positive 
Aluminum hydroxide 
Ferric hydroxide 
Chromic hydt'oxide 
Titanium dioxide 11ydrate 
Thorium dioxide hydrate 
Zirconium diox~de hydrate 

Negalive 
Silica 
Ferric hydrmdde 
Vanadium pentoxide hydrate 
Mangallese dioxide hydrate 
HUl11uS colloids 
Sulfide sols 

Colloidal particles may be either crystalline or amorphol1s. i\1ost 
inorganic colloids are crystalline, The establishment of this fact has 
been an important contrjbution of X-nly diffraction techniques to the 
study of colloids. 

Colloids may be produced by t\vo p~ocedures. Either coarser par~ 
tides may be broken down to colloidal dimensions, or smaller par-
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tides (molecules or ions) may be aggregated into particles of colloidal 
size. Most naturally formed colloids probably originated in the sec
ond way. 

The colloidal state is always a metastable one. An increase in the 
size of the particles will lead to a decrease in the total surface area, 
and hence a decrease in the free energy of the system, so that all 
colloids are theoretically unstable, although they may remain un
changed over long periods. The charge on the particles is an impor
tant factor in the stability of a colloid, and this generally requires the 
presence of small concentrations of electrolytes. Large amounts of 
electrolytes, however, are precipitants of colloids; on this aCCOUllt most 
colloidal matter is rapidly flocculated by sea water. Colloids show 
gTeat differences in re1ative 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. Obviollsly only those substances that form rather stable colloids 
are of importance in geological processes. Unstable colloids call, 
however, be stabilized by the presence of other substances. Of these 
the most importnnt are organic compounds. In the geological en
vironment such compounds are generally referred to as humus col
loids, for lack of more precise information as to their nature; they are 
probably albumins. The presence 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. 

Since silica is the most abundant material in the earth's crust and 
since it readily goes into colloidal solution, the role of colloidal silica 
in sedimentary processes has been the subject of a great deal of dis
cnssion. iVluch of the geological literature relating to the transporta
tion and precipitation of dissolved silica has been essentially unanimolls 
as to the colloidal state of the silica. However, the development of 
colorimetric tests which 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 significance of this fact for 
the dissolution and precipitation of silica during sedimentation has 
been carefully discussed by Krauskopf (1956). He sho\vs that the 
origin of chert may be plausibly ascribed to dissolution of remains of 
siliceous organisms and to reprecipitation of the silica (initially in an 
amorphous state), but not in general to direct inorganic pl·ecipitation. 

An important property of colloidal particles is theu' ability to bind 
and concentrate certain substances through adsorption. Two types of 
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adsorption are recognized: (a) physical or van der Waals' adsorption, 
and (b) chemical adsorption. Both types may act together, and all 
gradations between extremes exist. Physical adsorption is character
ized by low heats of adsorption and by a loose bonding of the ad
sorbate to the adsorbent. Chemical adsorption, or chemisorption, on 
the other hand, is charactel'ized by high heats of adsorption and a firm 
chemical bonding (i.e., by valence bonds) of the adsorbate. It mny 
involve the bonding of a foreign cation or a foreign anion, or both, 
to open bonds at the surface of the adsorbent; or it may be the ex
change or substitution of a foreign cation or anion, or both, for a 
cation 01' 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 with the clay 
minerals, may be considered as a particular type of adsorption. Some 
principles governing adsorption may be stated as follows: 

1. The amount of adsorption increases as the grain size of the ad
sorbent decreases, and hence its surface area increases. 

2. Adsorption is favored if the adsorbate forms a compound of low 
solubility with the adsorbent (an example is the adsorption of phos
phate ions by ferric hydroxide). 

3. The amount of a substance adsorbed from solution increases ·with 
its concentl'ation in that solution. 

4. Highly charged ions are adsorbed more readily than lower 
charged ions. 

Through adsorption processes many ions may be renl0ved from 
natural waters. The clay minerals, especially montmorillonite, show 
a marked adsorptive capacity; the chemical adsorption of potassium 
ions by montmorillonite may result in the formation of illite. Many 
complex ions (for example, those containing arsenic and molybdenum) 
and ions of the heavy metals are also adsorbed and thus removed from 
solution by natural colloids. Such elements are often enriched in 
sedimentary iron and manganese ores. Here we are dealing with a 
systematic "depoisoning" of the hydrosphere (analogous to the "de
poisoning" effect of freshly precipitated ferric hydroxide, utilized in 
medicine); without this phenomenon a number of biologically dam
aging elements would accumulate in ocean waters. Sufficient amounts 
of many elements, such as copper, selenium, arsenic, and lead, have 
potentially been supplied by weathedng and erosion during geological 
time to cause serious poisoning of the ocean had not some process 
of elimination of these substances been active. 
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Products of Sedimentation. A cursory examination of sedimentary 
processes suggests that they would tend to produce an average mixture 
of the individual components present in the parent material and thus 
work against any chemical differentiation. This, however, is not the 
case; weathering, erosion, and sedimentation lead generally to a marked 
separation of the major elen1cnts. As Goldschmidt pointed out, the 
cycle of matter at the earth's surface can be likened to a chemical 
analysis and to a quantitative analysis at that. The chemical differ
entiation that results is remarkable. The steps in this geochemical 
separation process are as follows: 

1. l\tIinerals tha t are especially resistant to chemical and mechanical 
breakdown collect as granular material. Of these, the commonest 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 of alumino
silicates, giving a mud consisting essentially of the clay minerals. This 
results in concentration of aluminum and also of potassium by adsorpw 
rion. The process COlTcsponds to the second step in a rock analysis, 
the separation of alumina and other easily hydrolyzed bases. 

3. AJong '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 ferric state precedes pre
cipitation by hydrolysis. Concentration of iron is the result, some
times to the extent of the formation of iron ores. 

4. Calcium is precipitated as calcium carbonate either by purely 
inorganic processes or by the action of organisms. Limestones are 
formed and calcium thereby concenu·ated. This may result in almost 
quantitative separation of calcium, as in a chemical analysis. Lime
stone can be pal·tIy or wholly converted to dolomite by the meta
somatic 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 jn quantity only by evapol·ation, giving rise to salt 
deposits. The most important of these bases is of course sodium, but 
lesser amounts of potassium and magnesium also nccumulate in sen 
watel'. 

The Ghemical breakdown of a l'Dele by weathering can be represented 
by the following scheme: 
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This scheme indicates the course followed by the major elements 
during sedimentation and gives a useful geochemical classification of 
sediments into resistates, hydrolysates, oxidates, carbonates, and evapo
I'ates. Goldschmidt l"ccognized a further class, the reduzates, "which 
includes coal, oil, sedimentary sulfides, and sedimentary sulfur. Coal 
and oil arc of organic origin and are discussed in the chapter dealing 
with the geochemistry of the biosphere. Sedimentary sulfides and 
sulfur also often owe their formation to organic processes, although 
possibly indirectly. 

,The fate of the major elements during sedimentation has been fairly 
well worked out. Silica concentrates in the l'esistate sedinlents, 
alumina in the hydrolysates, iron and manganese in the oxidates) and 
calcium a'nd magnesium in carbonates. A good pan of the sodium. 
remains in solution and eventually accumulates in the ocean; potas
sium is adsorbed by the clays and may form the minerals illite and 
glauconite. The fate of the minor elements during sedimentation has 
not been thoroughly investigated, and much less is known about their 
behavior under these circulllstances than during magmatism. This is 
in part due to a lesser interest in the chemistry of sedimentary rocks 
and in part to the lack of guiding pl'inciples, such as are provid,cd for 
igneous rocks by Goldschmidt's empiricall'ules for capture and admit
tance of ions by crystal lattices. Sedimentary processes are more com
plex in this respect, and many factors may play a part in determining 
the transportation and deposition of an element; they include ionic 
potential, pH and oxidation potential of the medium, colloidal prop~ 
erties, and adsorption. Hence it is not yet possible to make cate
gorical statements regarding the fate of many of the minor elements 
during sedimentation. 

Available data on the distribution of minor and trace metals in sedi~ 
mentary rocks have been carefully collected and evaluated by !(raus
kopf (1955). lie concludes from these data that nearly all the mino!' 
metals are somewhat more concentrated in shales than in limestones 
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or sandstones, but the amount in ordinary shales is seldom more than 
twice the crustal abundance. The greatest enrichment of rare metals 
is in the black shales rich in organic matter, which may show marked 
enrichment in any or all of the elements Ag, Au, As, Mo, Ni, and V. 
The concentration of rare elements in phosphorite is due mainly to 

. admixed organic matter, the only elements showing slight enrichment 
in the phosphate itself being Sr, the rare earths, and probably Pb and 
As. Sedimentary silicates, carbonates, and evaporates seldom show 
marked concentrations of rare metals. 

The resistates form the important group of sands and sandstones. 
Quartz is far and away the commonest and most abundant of residual 
minerals, and sands and sandstones are sources of silica for industrial 
uses. NInny other minerals may appear in small amounts in sands and 
sandstones, but most of these can be decomposed and removed by 
intense \veathering. 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 fairly resistant min
erals and accumulate in sands; other industrially important constituents 
of some sands are rutile, monazite, cassiterite, and, of course, gold and 
the plntinun1 metals. 

The hydrolysate sediments consist in great part of the clay minerals. 
Tropical weathering often produces alun1inum hydroxides rather than 
hydrated aluminum silicates, and high~alumina clays and bauxites re
sult. In either process the end product l'epl'esents a concentration of 
aluminum over the average amount in the earth's crust. As was indi
cated in the discussion of ionic potential, many elements, especially 
those in groups III and IV of the periodic table, may be expected to 
precipitate in hydrolysate sediments, and the meagel' data on minor' 
elements jn sedimentary rocks bear this out. Shales show concentra
tions 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 precipitated as 
sulfides by the H 2S often generated ill marine n1uds. The most re
markable hydrolysate sediments froin the geochemical viewpoint are 
the black bituminous shales and the bauxites, both of which have orig
inated under rather special conditions. The black shales were de
posited slo·wly in a strongly reducing marine environment rich in or
ganic matter. Sulfide ions were evidently present, produced by the 
reduction of sulfate. Analyses of black shale are charactedzed not only 
by a considerable content of organic carbon, but generally also by 
much sulfur, present mainly as FeS2. Enrichment of the following 
minor elements has been noted: V, U, As, Sb, IVIo, 0.1, Ni, Cd, Ag, Au, 
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and Inetals of the platinunl group. Vanadium has been produced com
mercially from such shales, and they are far more significant than all 
the primary deposits as a potential source of large amounts of ura
nium. It has been suggested that the minor elements were accl101ulnted 
by the vital activity of the organisms no\v represented by bituminous 
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FIGURE 34. Uranium contellt as related to carbon content in sedimentary rachs. 
(Beers and GOOdIlHlll, Bull. Geol. Soc. Amer. 55, 1248, 1944.) 

material, but this is far from certain. Judging from the chalcophile 
nature of many of these elements, precipitation from solution as sul
fides seems a fl101'e reasonable explanation. A linear increase of ura
nium with increasing carbon content has been demonstrated in some 
of these shales (Figure 34), 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 of colloidal size grades in the sediment; this might suggest 
that the u1'anium is present in the clay mineral, which in these black 
shales is generally illite. The evidence indicates that the concentl'a-
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tion of uranium is not the result of biological a,ctivity but of later 
chemical pl"ocesses probably related, in part at least, to the presence of 
organic matter in the sediments, Some phosphatic shales, such as 
those of the Phosphoria formation in Wyoming, Idaho, and iVlontana, 
show similar geochemical features, especially in the enrichment in 
vanadium and uranium; they seem to have been deposited under simi
lar conditions~ i.e., oxygen~deficient marine environments where or
ganic material was accmTIulating and the rate of sedimentation Was 
very slow. Bauxites have a different pattern of enrichment and often 
show a concentration of berylliulll, gallium, niobium, and titanium; 
of these gallium is actually being extracted as a by-product from the 
production of aluminum. 

The most important oxidate is ferric hydroxide, which, if pure, gives 
rise to a sedimentary iron ore. lVlanganese is also deposited as an 
oxidate sediment in the form of hydrated manganese dioxide, and such 
deposits 01' their metamorphosed equivalents are the significant sources 
of manganese ore. The adsorptive power of precipitated ferric hy
droxide and manganese dioxide hy.drate is very great; hence many 
minor elements are found in oxidate sediments. The pattern of en
richment differs; hydrated manganese dioxide~ being a negatfvely 
charged colloid, adsorbs cations, ,vhereas ferric hydroxide, generally 
a positively charged colloid, adsorbs anions. These adsorbed elements 
al'e sometimes in sufficient amounts to be important commercially, 
either as profitable by-pl'oducts (e,g., Ni in some sedimentary iron 
ores, W in some manganese ores) or as deleterious impurities (e.g., As 
in some iron ores). \'anadium, phosphorus, arsenic, antimony, and 
selenium have been reported in sedimentary iron ores in larger amounts 
than their average abundance in the crust; Li, K, Ba, B, Ti, Co, Ni, Cu, 
NIo, As, V, Zn, Pb, and W have been reported in notable concentra
tions in manganese orc. 

The common carbonate sediment is, of conrse, limestone, which con~ 
sists essentially of calcite. Calcium carbonate may also be deposited 
as aragonite, but it is doubtful whether aragonite ,vill persist for any 
considerable time in a geological formation, since it is a monotl'opic 
form and tends to change to calcite. vVhethcl' calcium carbonate was 
originally deposited as calcite or as aragonite may have significant geo
chemical consequences; the structure of aragonite permits ready substi
ultion by lal'g'er cations, such as strontium and lead, but not the 
smaller cations, whereas for calc"ite the reverse is true. :Hence the 
minor elements in a limestone will probably differ in kind and amOllnt 
according to the lla~Ul'e of the calcium carbonate in the original sedi
ment. 
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The evaporates a.re quantitatively unimportant as sediments but are 
highly significant in the interpretation of geological history. Geo
chemically they are of especial interest as a type of deposit with a 
mode of formation which can readily be reproduced in the labora
tory. They have been well described by Phillips (1947), and much 
of the following material is taken from his paper. As early as 1849 
Usiglio made experiments aimed at elucidating the conditions of forma
tion of salt deposits, but his results '\vere \msatisfactory, since he worked 
with sea water, a highly complex solution 'with \vhich he failed to get 
reproducible results. Later the pl.·oblem 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 determined the equilibrium relations in the simple, two-component 
salt-water systems and then extended these researches to multicompo
nent systems. Similar investigations were made at 83°, and specific 
reactions involving the appearance 01' disappearance of individual com
pounds were studied at the temperature of reaction. Vau't Hoff's 
success in working- out phase relations and applying these results to 
natural occurrences of evaporates (especially the Stassfurt deposits) 
was one of the fint fruits of the application of physicochemical prin
ciples (in this case the phase rule) to geological pl'oblenls. 

As sea water evaporates under natural conditions, calcium carbonate 
is the first solid to separate. The precipitation of calcium carbonate 
may be followed by that of dolomite, but there is no evidence that 
extensive deposits of dolomite have been formed in this way. Indeed, 
evaporation of sea water in a closed basin cannot give rise to thick 
carbonate deposits-sea water 1000 m deep would give only a few 
centimeters of limestone, 

vVith continued evaporation calcium sulfate is deposited. Depend
ing 011 temperature and salinity, either gypsum or anhydrite may be 
formed. In salt solutions of approximately the composition of sea 
water at 30° gypsum will begin to separate when the salinity has in
creased to 3.35 times the normal value; after nearly one-half the total 
amount of calcium sulfate has been deposited anhydrite becomes the 
stable phase. 'iVhen the solution has been concentrated to one-tenth of 
the original bulk, halite starts to separate. Anhydrite and halite then 
precipitate together until the field of stability of polyhalite, K.2Ca!!
Mg(S04)4·2I-120, is reached. 

l\1ost evaporate deposits contain calcium carbonate, calcium sulfate, 
and sodium chloride; evidently conditions under which other salts 
could be deposited have seldom been attained. Only ,vhen an evapo-
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rating body of sea water has been reduced to 1.54% of the original 
volume do potassium and magnesium salts begin to crystallize. Im
portant deposits of these salts are worked in Germany, in the Texas
New 1\1exico area of the United States, and in the province of Perm in 
the U.S.S.R. 

The fUl'ther course of crystallization can be discussed in terms of fl 
triangular diagram having corners \vhich represent K2! iVIg, and S04 

• Leonite 

Tn~nardita 

Epsomite Blodite 
Hellahydrlte 

Kleserite 

FIGURE 35. Stability fields of evaporate minerals at 2S0. (After Phillips, 1947.) 

and which shows the compounds in equilibrium with halite and satu
rated solutions at a particular temperature. Figure 35 is such a difl
gram for 25°. It shows that the continued isothermal evaporation of 
sea water lends to the crystallization of blOdite, Na2Mg(S04)2·4H20. 
The composition of the solution follows a path directly away from the 
point corresponding to bliidite and soon Ci"osses the boundal'Y into the 
field of epsomite, N[gS04' 7H20. Epsomite then begins to crystal
lize, and the further course depends upon whether the previously 
separated b16dite can react with the solution. If it does it will be 
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resorbed; under natural conditions, however, it may be crusted over 
and effectively removed from the system. In either event, the path 
of crystallization eventually reaches the boundary between the fields of 
epsomite and kainite, KMgS04CI· 3 H 20, and then follows this bound
ary curve, the two salts crystallizing together. The succession is hexa
hydrite-kainite, kieserite-kainite, kieserite-carnnllite, and finally the 
three salts ldesel'ite-carnallite-bischofite separate until evaporation is 
complete. During all this, halite and small amounts of calcium salts 
are still being deposited. Polyhalite, which began to crystallize almost 
contemporaneously with halite, ceases to form during the course of 
separation of lUlinite. 

The accompanying table is taken from Phillips' paper and i1l\1strates 
the theoretical profile to be expected from the evaporation of sea water 

Kieserite, carnallite, 
bischofite Bischofite zone 

Kieserite, carnallite 
Anhydrite Carnallite zone 

Kieserite, kainite I Kainite zolle Hexahydl'ite, kainite 
Epsomite, kainite Halite 
Epsomite } Potash-free magnesium Sllifate 
Blodite Polyhalite zone 
Polyhalite Polyhalite zone 
Anhydrite Anhydrite zone 
Gypsum Gypsum zone 
Carbonates Basal limestone and dolomite 

at 25 0
• This theoretical profile shows a general correspondence with 

the succession ill natural salt deposits in most areas. Commonly one 
finds limestones and dolomites passing up into calcium sulfate nnd 
halite, with or without polyhalite. The usual fOlUl of calcium sulfate 
in natural deposits is anhydrite rather than gypsum. The cOlTespond
ence with the higher parts of the theoretical profile is less Inarked, 
however. For example, sylvite, which does not appeal' in this profile, 
is the impol'tant potassium salt in n1any deposits. Epsomite and hexa
hydrite have generally lost water of crystallization and have been 
converted into ldeserite. A bischofite zone is rarely developed, prob
ably because complete evaporation is seldom if ever achieved in nature. 
Van't Hoff's jnvesdgations at higher temperatures showed that most of 
the Inineralogical features of natural deposits can be explained by as
suming either a temperature of ev~poration considerably higher than 
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25° or recrystallization at some higher temperatures after bul'ial-a 
mild thermal metamorphism. The latter suggestion is highly plausible. 

Total Amount of Sedimentation. The total amount of sedimentation 
during geological time is clearly a figure of great importance for 
quantitative geochemistry, and a number of attempts have been made 
to calculate it. Such calculations are generally based upon data re
garding the amollnt and composition of ocean water and the average 
composition of igneous and sedimentary 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 proportional to the 
total amount of sediments. Clarke used the following data: 

Sodium content of the ocean 1.14% 
Average sodium content of igneous rocks 2.830/0 
Composition of the lO~mile crust 93% lithosphere, 7% hydl'osphere 

From these figures the ratio between oceanic sodium and rock sodium 
is about 1: 3~. Hence the sodium in the ocean is equivalent to that 
contnilled in 1/30 of all the igneous rocks of the earth's crust to a depth 
of 10 miles. This fraction amounts to 54.8 X 10° cubic miles. How
ever, the calculation ]5 subject to correction, since it rests on the as
sumption that all the sodium accumulates in the sea. This is not SOj 

the sedimentary rocks contain sodium, even if in much smaller amount 
than the parent igneous rocks. Clarke put the average sodium content 
of sedimentary rocl{s at 0.90%, or 35% of the average in igneous rocks. 
Thus, of the original sodhlnl, only about 65% has corne to rest in the 
sea. The estimate of the amount of igneous rocks required to give 
the present sodium content of the ocean must therefore be increased 
by a factor of 100/65, from 54.8 X loa cubic miles to 84.3 X 100 cubic 
miles. An allowance for a 10% increase of volume of sedimentary 
rocks from the parent igneous material by oxidation, carbonation, and 
hydration gives a figure of about 93 X lOa cubic miles, or 3.7 X 10~ 
cubic kilometers for the total volume of sediments produced during 
geological time. This corresponds to a rock shell nearly 2500 feet 
thick enveloping the whole earth. If the material were confined to the 
continental platforms (roughly one~third of the area of the globe), its 
thickness would be about 7300 feet. 

Goldschmidt used a somewhat different procedure to calculate the 
total amount of igneous rock weathered during geological time and 
the amounts of the different sediments. For each square centimeter 
of the earth's surface, there are 278 kg of sea water; and, since sea 
water contains ],07% sodium (n later figure than Clarke's 1.14%), the 
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278 kg contains 2.975 kg of sodium. The average sodium content of 
igneous rocks is 2.83 % and, of sedimentary deposits approximately 
1 %. In the pl'ocess of wenthel'ing a certain amount of the matedal 
is leached away, and Goldschmidt estimated that the mass of the sedi
mentary deposits is 0.97 of the original igneous rocks that gave rise to 
them. 

Let X be the amount of igneous rock eroded per square centimeter 
of earth's surface. Let Y be the amount of clastic sediments deposited 
per square centimeter of earth's surface. Then, Y = O.97X. 

S d' f' 2 2.83 a lUrn content 0 Igneous rock per em = -- X X 
100 

Sodium content of clastic rock per cm2 = _1_ X Y 
100 

Bt1t the sodium content of ocean water per square centimeter :::; 2.975 
kg. Therefore, 

2.83 Y -x- - = 2.975 
100 100 

X = 160 kg/cm2 

Y = 155 kg/cm2 

The value of 160 kg/cm2 gives a figure of about 3 X 108 lems for the 
total amount of igneons rock \veathered during geological time, a 
value close to that obtained by Clarke. 

These calculations overlook, all the one hand, the sodium removed 
horn the ocean during geological time .in the form of salt deposits and, 
on the other, that added by way of volcanic exhalations and in solution 
in magmatic waters. Both these items are probably small in relation to 
the sodium cycle as a whole, and they work in opposite directions. In 
addition, of course, the calculations fail to talee into account the sodium 
that may have been present in the primitive ocean; any such sodium 
would reduce the anlount of weathering necessary to produce the 
present sodium content of sea water. 

Goldschmidt also calculated the quantity of calcium and magnesium 
carbonate in sedimentary rocks. He estimated the average content of 
non-carbonate CaD in sandstones and shales to be 0.6% and concluded 
therefore that CaD in excess of this figure is present as calcium car
bonate. Similarly, the average amount of non-carbonate MgO was 
estimated to be 2.6%. A balance sheet for the cycle of calcium and 
magnesium in sedimentation was then derived as follows: 
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In the ocean Ca 0.00042 X 278 = 0.117 kg/cm 2 

Mg 0.00130 X 278 = 0.361 kg/cm 2 

In igneous rocks 
In carbonate-free sediments 

160 kg igneous rocks contain 
155 kg carbonate-free sediments contain 

CaO 

5.08% 
0.6% 
8.128 kg 
0.930 kg 

MgO 

3.49% 
2.6% 
5.584 kg 
4.030 kg 

278 kg sea water contain 0.117 kg Cn 0.361 kg Mg 
corresponding to 0.164 kg CaO 0.598 kg MgO 

Therefore, the following amounts of calcium and magnesium car
bonates (per square centimeter) must be present in the sediments: 

7.034 kg CaO 
5.519 kg CO2 

12.553 kg CaCGs 

0.956 kg MgO 
1.043 kg CO2 

1.999 kg MgCOs 

Assuming that all the magnesium carbonate in sediments is there as 
dolomite, CaMg(COa)2, we obtain these figures: 10.170 kg eaCOs, 
4.372 kg CaMg(COsh. Hence the total amount of sedimentary rocks 
per square centimeter of the earth's surface is 155 kg clastics, 10.2 kg 
limestone, and 4.4 kg dolomite; the combined CO2 in sediments is 
6.562 1cg/cm2• From the above figures and the densities of these 
rock types the total average thickness of sediments can be calculated. 

Clastics (sandstones and shales) 
Limestone 
Dolomite 

Mass/cru2 

155 kg 
10.2 kg 
4.4 kg 

169.6 kg 

Density 

2.65 
2.7 
2.9 

Volume 
(cc) 

58,491 
3,777 
1,517 

Thickness 

585 m 
38 m 
15 m 

639 m 

Clarke's calculation for the total sedimentary rocks of the globe gave 
an approximate thickness of 2500 feet or 762 meters. The agreement 
between the figures of Goldschmidt and Clarke is good, considering 
the assumptions involved in both cases. 

Wicl{man (1954) has extended and refined these calculations of the 
total amount of the different sediments and has put limits on them. 
He finds the total amount of \veathel'ed igneous rocks to be 194 ± 21, 
of shale, 172 ± 28, sandstone, 17.3 ± 21, limestone, 12.8 ± 4.3, and 
dolomite, 6.8 ± 3.0, all in kg/cm2 of the earth's surface. The total 
amount of sediments formed by complete weathering is thus 209 ± 35 
kg/cm2, equivalent to a total volume of (4.1 ± 0.6) X 108 kma. This 
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compares with the figure of 3.7 X 108 kma obtained by Clarke and 
Goldschmidt. 

Kuenen has criticized these figures and has concluded from several 
lines of evidence that the total amount of sediments is considerably 
greater. He believes that the major source of error in previous calcu
lations is the figure f()r the average sodium content of sedimentary 
rocks, 'which he considers too low. Kuenen estimates that the total 
volume of sediments is about 7 X 108 kms, of which 5 X 108 kms is in 
deep-sea deposits, mainly red clay. He stresses the importance of the 
deep ocean basins as collecting grounds for vast amounts of sediment 
throughout geological time and predicts that the average thickness of 
such sediments is about 3 km. However, this prediction has not been 
borne out by recent seismic studies of the floor of the Pacific Ocean. 
These studies indicate that the thic1nless of sedinlents on the deep 
ocean floor is nearly everywhere less than half a kilometer. If this 
represents the total accumulation throughout geological time, then the 
rate of accumulation has been much less than estimated by Kuenen. 

A number of estimates for the relative amounts of the common sedi
ments are collected in the accompanying table. The lack of agreement 

1 

Shale 91 
Sandstone 
Limestone (and dolomite) 9 

1 Goldschmidt, 1933. 
2 Clarke, 1924. 
3 Leith and Mead, 1915. 

2 

80 
15 
5 

3 

82 
12 
6 

4 

46 
32 
22 

5 
57 
14 
'29 

6 
83 

8 
9 

4 Leith and Mend, 1915 (708,000 feet of sediments in North Americn, 
Europe, and Asia). 

6 Kuenen, Am. J. Sci. 239, 168, 1941 (for the sedimentary rocks of the East 
Indies), 

Q Wickman, 1954. 

is due to several causes. The estimates derived from actual measure
ments of stratigraphic sections are weighted in favor of the proportions 
of these sediments on the continental shelves, which are not the same 
as those for the earth as a whole; Kueneil points out that the deposits 
of the deep sea, which hardly appear in terrestrial outcrops, are by 110 

means insignificant. Since calcareous deposits form a greater propor
tion of the shelf sediments and red clay those of the deep sea, the sedi
mentary rocks show more limestone and less argillaceous material than 
the average for the whole eOl'th. The identification of a formation as 
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a limestone, a sandstone, or a shale is liable to be very gross; shales 
usually contain considerable sand, sandstones may carry much clay, 
and the term limestone is applied to many rocks with only 50% or so 
of carbonate. I-Ienee the disparity between the different estimates is 
not surprising, and the agreement is more remarkable than the dis
parity. It is clear, however, that limestones are more prominent in the 
geological column than one might expect from geochemical calcula
tions; this is certainly significant and confirms that shallow-water en
vironments are the great places of carbonate deposition, whereas much 
clayey matter is permanently deposited in the ocean deeps. 
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The Hyd rosphere 

The Nature of the Hydrosphere. The hydrosphere is the discontinu
ous shell of water-fresh, salt, and solid-at the surface of the earth. 
It comprises the oceans with their connected seas and gulfs, the lakes, 
the waters of the rivers and streams, ground watel·, and snow and ice. 
The oceans are clearly of first magnitude. They cover an area of 
361 X lOa lcm2, or 70.8% of the earth's surface. From the mean depth 
of 3800 m, the volume of the ocean ,vaters is 1372 X 106 lema. At the 
surface the density of sea water of normal salinity at 0° is 1.028, and it 
increases with depth on account of the compressibility of 'water under 
increased pressure. Clarke accepts a mean density of 1.03, which when 
multiplied by the above volume gives 1413 X 1021 g for the total mass 
of the oceans, 

It is more difficult to arrive at an accurate measure of the water in 
the other parts of the hydrosphel'e. Goldschmidt estimated that there 
are 273 liters of water in all its forms f01' every square centimeter 
of the earth's surface, made up as follows: 

Liters Kilograms 

Sea water 268.45 278.11 
Fresh water 0.1 0.1 
Continental ice 4.5 4.5 
\Vater vapor 0.003 0.003 

On the basis of these figures, the mass of fresh water and of conti
nental ice works out at 051 X 1021 g and 22.83 X 1021 g, l·espectively. 
Sea water thus comprises over 98% of the mass of the hydrosphere, 
and its composition can therefore be taken without serious en' 01' as 
giving an average composition of the hydrosphere, since the small 
amounts of fresh water and continental ice cannot affect the results 
significantly. 

The Composition of Sea Water. Two arbitrarily defined quantities, 
the chlorinity and the salinity, are commonly used in discussing the 

184 
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composition of sea water. The chlorinity is determined by the precipi
tation of the halides with a silver salt and is essentially the total amount 
in grams of chloride, bromide, and iodide contained in 1 kg of sea 
water, assuming that the bromide and iodide have been replaced by 
chloride. The salinity is also a ,defined quantity, slightly less than the 
total weight of dissolved solids per kilogram, and can be calculated 
from the chlorjnity 01' determined from a Ineasurement of the density. 
Both chlorinity nnd salinity are Cllstomarily expressed in grams per 
Idlognlm (g/kg) of sea ,vater or parts per thousand (%0). In the open 
ocean the salinity averages about 35%0 but rises to as much as 40%0 in 
the Red Sea and the Persian Gulf, \vhere evaporation is high and inflow 
and precipitation low. However, in all samples of sea water the rela
tive proportions of the various ions are practically constant, and so the 
determination of one constituent provides a measnre of the others. 
Because of the homogeneity of sea water the most accurate data of 
geochemistry are those regarding the ocean. 

Precise knowledge of the average composition of sea water was pro
vided by Dittmar, who in 1884 made careful analyses of 77 water 
samples, 'representative of all oceans and taken both from the surface 
and fl"om the depths. These samples had been collected on the voyage 
around the world of H.M.S. C/:Jallenger (1872-1876). He deter
mined the halides, sulfate, magnesium, calcium, and potassium. On 
composite samples he found the ratio of bromine to chlorin.e and esti
mated the carbonate. Sodium was calculated by difference from the 
sums of the chemical equivalents of the negative and positive ions. 
This procedure was followed because he was unable to achieve satis
factory direct determinations for sodium. Dittmar's work sho\ved that 
there are no significant regional differences in the relative composition 
of sea water, and his average values can be llsed to represent the ratios 
between the major dissolved constituents. Since 1884 much research 
has been devoted to the chemical composition of sea water, and great 
advances have been made in the science of analytical chemistl'Y. Never ... 
theless, the figures obtained by Dittmar agl'ee closely with those ac
cepted today as the best available, a remarkable tribute to his work. 

The figures for the major constituents are given in Table 27 and are 
referred to a chlorinity of 19%0, which is taken as the standard concen
tration of sea water. Because of the constancy of the relative propor
tions of the major constituents anyone may be 'used as a measure of 
the others, and chlol'inity is that most readily determined. The com
plexity of sea water makes it impossible by direct chemical analysis 
to determine the total quantity of dissolved solids in a given sample. 
Furthermore, reproducible results cannot be obtnined by evapora.ting 



186 THE HYDROSPHERE 

TABLE 27. THE MAJOR DISSOLVED CONSTITUENTS OF SEA \VATER 

Ion CI = J9%'O Per Cent 

CI 1S.980 55.05 
Dr 0.065 0.19 
S04 2.649 7.68 
Beag 0.140 0.41 
F 0.001 0.00 
H3BOa 0.026 0.07 
Mg 1.272 3.69 
en 0.100 1.16 
Sr 0.008 0.03 
K 0.380 1.10 
Na 10.556 30.61 

Total 34.477 99.99 

sea water and weighing the residue, because some of the components, 
particularly chloride, are lost in the last stages of dlying. Hence the 
use of indirect methods based 011 the chlorinity factor. 

So far we have been considering only the major constituents. How
ever, about fifty elements have been identified in sea ·water and others 
are certainly present, although not detectable by the analytical meth
ods used. Table 28 gives the available data on the amounts of the 
minor and trace elements. It should be realized that the quality of 
these data is nOt always satisfactory, since some figures are based on 
the analysis of a single sample, and many of the samples were taken 
from inshore surface waters, which for minor and trace elements may 
not be representative of the ocean as a whole. fi10re adequate sam
pling and improved analytical techniques will undoubtedly produce 
changes in many of the figures given in Table 28. 

Ranges in amount arc given for many of the elements and should 
probably be shown for others, but insufficient determinations are 
available. Some of the fluctuations in amount are related to biological 
activity and through this to depth. Calcium may be relatively dimin
ished in surface layers through abstraction by organisms. Silica is also 
removed from surface waters in this way, and its contents in sea water 
generally shows a regulal' increase with depth. The distribution of 
phosphorus is greatly affected by organic agencies; this element is 
markedly enriched in the deeper parts of the ocean as a result of the 
mssolucion of dead organic matter. 

Sen water also contnins gases in solution. Since the atmosphere and 
the ocean are in contact, a relation must exist between the amount of 
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TABLE 28. ELEMENTS PRESENT IN SOLUTIOli IN SEA WATER) EXCLUDING 

DISSOLVED GASES 

Partly based on material from H. W. Harvey) The chemistry and jertility oj sea 
waters, courtesy of Cambridge University Press. 

Element Concentration (g/ton) 
B 
F 
Si 
Al 
N as ammonium-N 

as nitrjre--N 
as nitrate--N 
as organic~N 

Rb 
Li 
Pas phosphate-P 

as organic--P 
I 
Mo 
Zn 
Ba 
Ph 
Se 
Fe 
Sn 
U 
V 
Cs 
As 
Ni 
Ti 
Cu 
Cr 
Mn 
Ga 
Ce 
La 
y 
Sb 
Bi 
Ag 
W 
Co 
Sc 
Cd 
Hg 
Au 
Th 
Ra 

4.6 
1.3 
0.01-4 
0.003-2.4 

<0.005-0.05 
0.0001-0.05 
0.001-0.6 
0.03-0.25 
0.12 
0.1 

<0.001-0.06 
0-0.016 
0.05 
0.012-0.016 
0.009-0.021 
0.006 
o . 004-0 . 005 
0.004 
0.0034 
0.003 
0.0033 
0.0024-0.007 
0.002 
0.0016-0.005 
0.0015-0.006 
0.001-0.009 
0.001-0.025 
0.001-0.0025 
o . 0007-0.001 
O.OOOS 
0.0004 
0.0003 
0.0003 
0.0002 
0.0002 
0.00015-0.0003 
0.0001 
0.0001 
0.00004 
0.000032-0.000075 
0.00003 
0.000004-0.000008 
0.000001-0.00001 
0.3 X 10-10 
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the gases in solution and their partial pressures in the atmosphere. The 
surface waters are in equilibrium or near equilibrium with the oxygen 
and nitrogen of the air. It is generally assumed that nitrogen dis
solved in sea ,vater does not enter into chemical reactions; hence its 
concentration is not subject to appreciable variation. Oxygen on the 
other lland pJays an active pal"t in metabolism and in the decay of 
organic matter, and its percentage varies considerably from place to 
place. The atmosphere also regulates the carbon dioxide content of 
surface waters, but the relationship is complex because carbon dioxide 
is present in sea water in four distinct forms-free carbon dioxide, car
bonate ionst bicarbonate ions, and undissociated H 2COS• The carbon 
dioxide content of sea water, which is the most important factor COl1-

tl'oIIing the solubility of CaC081 is also dependent on the nature and 
amount of biological activity. Ammonia, argon, helium, and neon 
have been recorded in sea water. I-Iydrogen sulfide is often locally 
present (probably ill part as sulfide ions rather than free gas), and 
may be widespread in stagnant bottom waters. Table 29 gives some 
data on dissolved gases in sen water. 

TABLE 29. DISSOLVED GASES IN SEA \VA'l'ER.;Io 

Coneen tration 

Oxygen 
Nitrogen 
Total carbon dioxide 
Argon (residue after removal of N) 
Helium and neun 
Hydrogen sulfide 

(mlfl) 
·0-9 

8.4-14.5 
34-56 

0.2-0.4-
1.7 X 10-' 

0-22 or more 

'" Sea wa ter of 19%0 chlorinity at 0° in equilibrium with normal dry atmosphere 
will contain 8.08 mlll oxygen and 14.40 ml/l nitrogen. 

The Composition of Terrestrial Waters. Although the total amount 
of terrestrial waters is insignificant with respect to the mass of the 
hydrosphere, these waters arc important geochcmicalIy, since they are 
responsible for most of the weathering and erosion of the land masses. 
A knowledge of their amount and composition is clearly essential to an 
understanding of the evolution of the ocean. The ultimate source of 
most terrestrial waters is rain, although some magmatic water is un ... 
doubtedly added through thermal springs. Part of the total rainfall 
runs directly off into streams, part is taken up as ground water and 
may ultimately reappear as springs, part is retained by the formation 
of hydrated compounds, and part is returned to the atmosphere. Be-
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cause of the solvent power of water the runoff fl"om the land is never 
pure H 20 but aI-ways contains dissolved material. The at110unt of this 
dissolved matel"ial, however, differs greatly from time to time and from 
place to place. 

It has been estimated that the total anIlual rainfall on the land areas 
of the earth amOl.1l1ts to 123.4 X 1018 g, of which 27.4 X 1018 g drains 
off to the sea. Clarke estin1ates that this ,vater carries 27.3S X 1014 g 
of dissolved material, which gives an average salinity for river water .of 
about 100 ppm. Actual salinities are very variable; analyses of river 
water show salinities from 13 to 9185 ppm, but figures greater than 
1000 ppm are uncommon. Conway (1942) has critically examined 
Clarke's data and shows that the concentrations of carbonate, calciulTI, 
and Dlagnesium l'jse rapidly with salinity until limiting values are 
reached at about 200 ppm; higher salinities are largely due to increases 
in sodium, sulfate, and chloride. Conway points .out that waters of 
salinity up to 50 ppm drain areas consisting mainly of igneous 01' meta
morphic rocks, whereas for salinities of 50-200 ppm the drainage is 
largely from sedimentary rocks; higher figures indicate human con~ 
tamination on a large scale or drainage of arid l'egions where saline 
soils are common. 

Gains and Losses of the Ocean. By weighting the composition of 
the water from different river systems in proportion to the total supply 
of dissolved material Clarke computed an average composition of river 
water (Table 30, column 1). Comparison shows that river ,vater 
and sea water are opposites in chemical character. In sea water 
Na> Mg> ea and Cl > S04 > COs; in average river water ea> 
Na > lVIg and COs> 804 > Cl. In addition, as Conway has con
vincingly shown! over 90% of the chloride and a good deal of the 
sulfate ill river waters is cyclic! being derived ultimately from the 
ocean via the atmosphere. Hence, as Sverdrup and his co-workers 
have suggested, the average composition must be adjusted for these 
cyclic salts in discussing its effect on oceanic composition. This cor
rection has been made in the third column of Table 30 by assuming 
that all the chloride in river water is cyclic and lTIodifying the amounts 
of the other elements in the proportions in which they occur in sea 
water. The assumption is somewhat arbitrary, but the resulting figures 
undoubtedly give a truer picture of the net contl'ibution to the sea 
of material in solution. 

Evidently factors other than the supply {)f djssolved matet'ial in 
runoff from the lands regulate the composition of sea water. Many 
reactions take place in the sea to alter the balance of dissolved sub
stances. Adsorption and base exchange by particles of sediment re-
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TABLE 30. PERCENTAGE Cm.fPOSITION OF DISSOLVED SOLIDS IN RIVER AND 

SEA WATER 

H. U. Sverdrup, The Oceans (copyright, 1942, by Prentice-Hall, Inc.), p. 214. 
Reprinted by permission of the publisher 

COa 
804 
Cl 
NOs 
Ca 
Mg 
Na 
K 
(Fe,Al)20 a 
Si02 

River Water 
(Clarke) 

35.15 
12.14 
5.68 
0.90 

20.39 
3.41 
5.79 
2.12 
2.75 

11.67 
Sr, HaB03, Br 

100.00 

River Water 
Sea Water Less Cyclic Salts 
0.41 (HCDs) 35.13 
7.68 11.35 

55.04 0.00 

1.15 
3.69 

30.62 
1.10 

0.31 

100.00 

0.90 
20.27 
3.03 
2.63 
2.02 
2.75 

11.67 

89.75 

move some ions from solution; other ions react with sedimentary 
material to form new minerals, as for example glauconite and phil
lipsite. Biological activity is responsible for the extraction of much 
of the dissolved material from the land. This is particularly true for 
calcium carbonate, which forms the hard parts of marine organisms, 
and for silica, which is used by diatoms and radiolaria. 

It is not certainly l{nown whether the addition of dissolved matter 
has brought about progressive changes in the relative composition of 
sea water during geological time. In any event, such changes must 
be exceedingly slow. The total quantity of dissolved solids in the 
ocean, assuming an average salinity of 35%0 and a mass of 1413 X 1021 

g, is 49.5 X 1021 g. The total amount of material in solution con
tributed annually by yunoff from the land (27.35 X 1014 g) is only an 
infinitesimal fraction, 5.s X 10 -8) of this amount; it is, nevertheless, 
significant in terms of the length of geological time. 

The Balance of Dissolved Matter in Sea Water. Goldschmidt made 
an interesting study of the balance between supply and removal of 
several elementS in sea water. The basis of his comparison \vas the 
total amounts of different elements supplied by weathering, disinte
gration, and sedimentation during geological time. According to 
Goldschmidt, about 160 leg of igneous rocks have been weathered for 
each square centimeter of the earth's surface. Since there are 278 kg 
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of ocean water per square centimeter, approximately 600 g of rocl< 
have been weathered for each kilogram of water in the oceans. The 
600 g of igneous rock have therefore been the p()tential source of the 
dissolved matter supplied by weathering to 1 kg of sea water. Of 
course, only a part of this 600 g has actually dissolved and remained 
in solution. Goldschmidt drew up a "balance sheet" relating the po
tential supply of several elements in 600 g of igneous rock to the 
amounts present in solution in 1 kg of sea water. His table has been 
considerably expanded 011 the basis of more and better data by 
Rankama and Sahama (Table 31). The "percentage in solutionU 

has been obtained by dividing the amount of each element in sea water 
by the potential supply. 

The most striking feature of Table 31 is that the concentrations of 
a few elements are far greater than can have been supplied by weather
ing. These are the common anions of sea water-chloride, sulfate, 
borate, and bromide. Either they were present in great amounts in 
the primeval ocean or they have been supplied largely from volcanic 
gases and thermal spl'ings throughout geological time. Judging by 
the data available all amounts and composition of igneous exhalations, 
the latter alternative is adequate to explain at least tile major part of 
these "superabundant" elements in sea water. 

In the chapter on sedimentation and sedimentary processes (Chapter 
6) we saw the importance of ionic potential as a nleaSUl'e of behavior 
of an element in aqueous solution. Comparison of the pel'centages of 
different elements in solution in sea water shows that other factors 
besides ionic potential must be significant in the ocean. ' Thus, of the 
alkali elements, all of which have low ionic potentials, only sodium 
remains to any great extent in the sea; little potassium is present, and 
rubidium and cesiunl have been even more effectively removed, evi
dently as a consequence of the strong adsorption of their ions by 
colloidal particles of hydrolysate sediments. The alkaline earth ele
ments are also largely removed from sea water. Biological activity is, 
of course, responsible for the extraction of much of the calcium. 
Strontium remains in sea wateT to four times the extent of calcium. 
The very small amounts of ttivalent, quadrivalent, and quinquivalent 
elements in sea water evidently reflect their high ionic potentials, 
causing them to be almost quantitatively precipitated. In this connec
tion, it is interesting to note that some early spectrographic work by 
Sir William Crookes showed the presence of minute amounts of rare 
earths in the calcium carbonate of marine organisms, an observation 
later confirmed by Goldschmidt and his co-workers. The substitution 
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TABLE 31. GEOCHEMICAL BALANCE OF SOME ELEMENTS IN SEA WATER 

(Rnnknma and Sahama, Geocht1llJislry, p. 295. Reprinted by permission of the 
University of Chicago Press.) 

Element 
Li 
B 
C 
N 
F 
Na 
Mg 
Al 
Si 
P 
S 
CI 
K 
Ca 
Sc 
V 
Mn 
Fe 
Co 
Ni 
Cu 
Zn 
Ga 
As 
Se 
Br 
Rb 
Sr 
y 
Mo 
Ag 
Sn 
I 
Cs 
Ba 
La 
Ce 
Au 
Hg 
Pb 
Bi 
Ra. 
Th 
U 

Total amount sup
plied to sea water 

(g/ton) 
39 
1.8 

192 
27.78 

540 
16,980 
12,540 
48,780 

166,320 
708 
312 
188.4 

15,540 
21,780 

3 
90 

600 
30,000 

13.8 
48 
42 
79.2 
9 
3 
0.054 
0.972 

186 
180 
16.86 
9 
0.06 

24 
0.18 
4.2 

150 
10.98 
27.66 
0.003 
0.3 
9.6 
0.12 
0.00000078 
6.9 
0.6 

Amount present 
in sea water 

(g/ton) 
0.1 
4.6 

28 
0.7 
1.4 

10,561 
1,272 

1.9 
4 
0.1 

884 
18,980 

380 
400 

0.00004 
0.0003 
0.01 
0.02 
0.0001 
0.0005 
0.011 
0.014 
0.0005 
0.024 
0.004 

65 
0.2 

13 
0.0003 
0.0007 
0.0003 
0.003 
0.05 
0.002 
0.05 
0.0003 
0.0004 
0.000008 
0.00003 
0.005 
0.0002 
3.10-10 

<0.0005 
0.0016 

Percentage 
in solution 

0.3 
256 
14.6 
2.5 
0.3 

62 
10 
0.004 
0.002 
0.01 

283 
10,074 

2.4 
1.8 
0.001 
0.0003 
0.002 
0.00007 
0.0007 
0.001 
0.03 
0.02 
0.006 
0.8 
7.4 

6,687 
0.1 
7.2 
0.002 
0.008 
O.S 
0.01 

28 
0.05 
0.03 
0.003 
0.001 
0.3 
0.01 
0.05 
0.2 
0.04 

<0.007 
0.3 
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of a rare-earth metal for calcium is perhaps accompanied by the re .. 
placement of boron fOl' carbon in the acid radical. 

A remarkable feature js the very lo\v percentages of certain poison .. 
ous metals and metalloids in sea water, including some, such as selenium 
and arsenic, which form soluble complex anions and therefore might 
be expected to accumulate. The quantities of these elements poten
tially supplied to the ocean during geological time are so great that 
a serious poisoning action would have resulted had not SOIDe process 
been active in eliminating them. 

Krauskopf (1956) has made an extensive study of the factors con
trolling the concentrations of Zn, Cu, Pb, Bi, Cd, Ni, Co, Hg, Ag, Cr, 
Mo, 1-V, and V in sea water. He investigated in detail four processes 
for the removal of these elements: ptecipitation of insoluble com
pounds with ions nonnally present in sea water; precipitation by 
sulfide ion in local regions of low oxidation potentia.lj adsorption by 
materials such as ferrous sulfide, hydrated ferric oxide, hydrated 
manganese dioxide, and clay; and removal by the metabolic action of 
organisms. He showed both by calculation and experiment that sea 
water is greatly undersaturated in all these ions, i.e., precipitation of 
insoluble compounds cannot be responsible for the observed concen
trations. Local precipitation of sulfides is a possible control mechanism 
for some of the elements, but is probably not the chief control because 
the concentrations are unrelated to sulfide solubilities. Adsorption is a 
possible mechanism for all elemenrs except V, W, Ni, Co, and C.t; 
if Cr is assumed to be removed by local reduction and precipitation 
of the hydroxide and the other four elements by biological processes, 
the existing concentrations can be fairly adequately accounted for. 
Adsorption processes supplemented by biological removal also furnish 
an explanation for the distribution of minor and trace metals in marine 
sedimentary rocks. ' 

With few exceptions, therefore, all the elements h~ve been poten
tially available in much larger amounts than are actually present in sea 
water. The solubility of its compounds, physicochemical factors such 
as adsorption and coprecipitation, and biological activity control the 
removal of an element from solution. Probably some ions in river 
water are precipitated as insoluble compounds as soon as they enter 
the sea because of the difference in chemical environment. Son1e 
elements are removed from solution by complex reactions between 
ions in solution and solid material, which may be particles in suspension 
or bottom sediments. Such processes nre termed halmyrolysis. 

An interesting example of halmyrolysis is the accumulation of radio
active material in the upper fayers of deep-sea sediments. The break-
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down of U 288 in sea water results in the production of Th280 (ionium), 
which is precipitated almost quantitatively and accumulates in the 
bottom sediments, giving them abnormally high radioactivity. The 
half-life of ionium is 83,000 years; hence the amount of ionium falls 
off with the age of the sediment; i.e., the ionium content is greatest 
in the surface layers and decreases belo,v. It is thus possible to calcu
late the age of different layers in deep-sea cores. Some valuable re
sults on rates of deposition of deep-sea sediments have been obtained 
by this method; it has been shown that red clay in the central Pacific 
accumulates at a rate of about 1 rom in 1000 years, whereas the red 
clay in the Atlantic generally shows a deposition rate considerably 
more rapid. 

Bjological activity is undoubtedly of great importance in controlling 
the concentrations 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 example, the concentration 
of copper and iron is extremely low in sea water, but one or the other 
is an essential constituent of the blood of many marine animals. 01'
ganisms remove from solution elements that would not otherwise pre
cipitate, and, if conditions are such that some of the organic material 
becomes a permanent part of the sediments, this process must play 
an important part in controlling sea-wate!' composition. 

For many elements in solution in the oceans there is probably a 
dynamic equilibrium between supply and removal. Under such con
ditions the amount extracted from the sea by various processes balances 
the amounts returned by runoff from the land. The ocean may thereby 
act as a self-balancing mechanism in which most of the elements have 
reached an equilibrium concentration. 

The History and Evolution of the Ocean. A review of the literature 
reveals little agreement concerning the histOlY and evolution of the 
ocean. Some geologists have suggested that there ,vas probably no 
deep sea until the end of the Palaeozoic, implying that the earth had 
an insignificant hydrospher~ for the greater part of its history and 
has since acquired its present volume of sea water at a rapid rate. 
Twenhofel has proposed similar, but less extreme views, believing 
that much of the growth of the oceans has occurred since Devonian 
times. Kuenen, on the othel" hand, considers that the volume of the 
oceans has remained almost constant since well back in the Pre
cambrian. These ideas can best be illustrated by graphs in which the 
~ug~ested volume of the oceans is plotted against geOlogical time, as 
In FIgure 36. Whether or not the volume of the ocean has increased, 
the trend in ideas is towards the view that its composition has not 
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altered greatly throughout geological time; continual addition of water 
and dissolved matter may have occurred, but the various reactions that 
take place in the sea have served to maintain comparative constancy of 
composition. This position has been vigorously maintained by Rubey 
( 1951). By a careful analysis of a great deal of data he shows that 

Conway (hypotheses 1 and 2) 

Kuenen 
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p~laj!Oloic MeS020ic 

Years x 106 

FIGURE 36. Variation in the amount of ocean waters during geological time, ac
cording to the views of \Valther, Twenhofelt Kuenen, and Conway. 

the composition of the oceans and the atmosphere can have varied 
little since Archaean tinles. 

Conway (1943) has discussed the chemical evolution of the oceans 
in terms of the following hypotheses: 

1. The ,vater condensed from the primeval atmosphere and the 
chloride has been added throughout geological time (constant volume
volcanic chloride hypothesis). 

2. Both water and chloride are the result of initial condensation 
(constant volume-constant chloride hypothesis). 

3. Both components have appeared gradually (volcanic ocean-vol
canic chloride hypothes~s). 

4. The chloxide was present as metallic chloride on the earth's sur
face, and the water has been added throughout geological time by 
volcanic activity (volcanic ocean-constant chloride hypothesis). 

Conway appears to favor the fu'st hypothesis as being most consistent 
with the data available. He considered the fourth hypothesis most 
unlikely and gave it little consideration, although he was able to show 
that, after the Precambrian, oceanic evolution would be much the 
same on both the fourth and the second hypotheses. The third hy
pothesis leads to results intermediate be~veen those of the first and 
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second. I-Iutchinson (1944 and 1947) has discussed the problems of 
oceanic evolution at some length and devoted particular attention to 
Conway's views. 

The uniformitarian view that the composition of the ocean has been 
similar to that at the present day as far back as the Archaean is borne 
out by the available data. We know 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. Nluch of the water, and some 
of the other gases also, may be cyclical. On the ·whole it appears 
that no one of Conway's theses can be accepted as presenting the full 
story. Current ideas on the origin of the earth suggest the formation 
of an ocean as soon as the surface was cool enough for ·water to con
dense. The amount and salinity of the primitive ocean are unknown. 
Throughout geological history the oceans have grown by the addition 
of primary magmatic water. This growth may well have been con
siderably more rapid in early geological time, when a thinner crust 
and a greater production of radiogenic heat probably resulted in more 
violent igneous activity. Such a view of the growth of the oceans is 
essentially that of Kuenen, as expressed in Figure 36. The nature of 
sedimentary rocks and fossils indicates that the content of dissolved 
substances has pl'obably remained much the same, approximate con
stancy of composition being maintained by the complex chemical re
actions outlined in the previous section. 

Whether igneous activity has provided sufficient water to account 
for all or the greater part of the hydrosphere is still a matter of dispute. 
For example, Verhoogen (1946) concludes that the total lava extruded 
since the beginning of the Cambrian cannot exceed a volume of 
3 X 1022 emS or, adopting an average density of 3.3, a mass of 1 X 1028 

g. Even if this lava \vere accompanied by as much as 10% of its mass 
of water, not more than 0.7% of the ocean can have been added since 
the beginning of the Palaeozoic or less than 5 % during the whole of 
geological time. I-Iowever, Verhoogen's estimate does not appear to 
include submarine volcanic activity, which is probably as widespread 
as terrestrial volcanism and would thus increase his figures by a factor 
of three. In addition, much magmatic water undoubtedly reaches the 
surface in thermal springs. Rubey discusses this problem in detail and 
estimates that the hot-spring discharge from the continents and ocean 
floor combined is about 66 X lO1!:i g H 20 per year. This rate, con
tinued over a period of 3 X 10° years, would yield an amount of 
2.0 X 1020 g H 20. Rubey estimates the total quantity of water in the 
atmosphere) hydrosphel'e, nnd biosphere and that buried in ancient 
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sedimentary rocks as 16,700 X 1020 g, which is 0.8% of tIus amount. 
In other words, if hot springs are delivering to the surface an average 
of only 0.8% of juvenile water, derived fl'orn a primary magmatic 
source (the remaining 99.2% being heated ground water), the entire 
volume of the ocean could be accounted for in the course of geo
logical time. 

If the oceans have incl'eased in volume throughout geological time, 
we are faced with the pl'oblem of correlating this with the relationship 
between continents and ocean basins. The doctrine of the permanence 
of continents and ocean basins is one for \vhich there is a great deal 
of geological evidence. This evidence is, however, largely based on 
the l'ecord of the fossiliferous rocks, which represent only the latest 
sixth of geological time. If the amount of sea water has increased 
continually, then the ocean basins must have incl'eased in area or in 
depth or both. The relationship of continents and ocean basins during 
Pl'ecambrian time is very poorly known. Since for the most part 
the oldest Tocks are concentrated in the central shield areas, with 
younger rocks around their edges1 it has been suggested that the 
present continents have grown laterally throughout geological time. 
This implies a considerable reduction in the area occupied by the 
ocean, and the sea floor must necessarily have become deeper in rela
tion to the continental level. Revelle ( 1955 ) has suggested that a 
considerable portion, perhaps as much as one-fourth of all the water 
in the oceans, has appeared since the late Mesozoic, i.e., in the last 
thirtieth or fortieth of geological time. This hypothesis is based on 
the presence of coral atolls and flat-topped sea mounts in the Pacific 
Ocean, which indicate a subsidence of the sea floor in relation to sea 
level. Remains of reef corals and shallow-water mollusks of Middle 
Cretaceous age have been dredged from the flat-topped summits of 
the submerged mid-Pacific mountains, which now lie at depths of 
5000 to 6000 feet. However, the question as to whether this repre
sents a world-wide rise of sea level of this amount or a regional de
pression of the sea floor remains unanswered. 
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The Atmosphere 

The Composition of the Atmosphere. The atmosphere is rather 
simple in composition, being made up almost entirely of three ele
ments: nitrogen, oxygen, and argon. Other elements and compounds 
are present in amounts that although small are nevertheless significant 
in terms of the geochemistry of the atmosphere. The average com .. 
position is set out in Table 32. By virtue of Avogadro's law, the 

TAnLE 32. THE AVERAGE COMPOSITION OF THE ATMOSPHERE 

(After F. A. Paneth, Quart. J. Roy. Me/eol'ol. Soc. 63, p. 433, 1937, with some 
more recent data) 

Gas 

N~ 
Oz 
A 
CO2 

Ne 
, He 

CH4 

Kr 
N'lO 
H2 
Oa 1 

Xe 

Composition 
by volume 

(ppm) 

780,900 
209,500 

9,300 
300 

18 
5.2 
1.5 
1 
0.5 
0.5 
0.4 
0.08 

1 Variable, increases with height. 

Com posi tiol1 
by weight 

(ppm) 

755,100 
231,500 

12,800 
460 

12.5 
0.72 
0.9 
2.9 
0.8 
0.03 
0.6 
0.36 

Tatal mass 
(X 1020 g) 

38.648 
11.841 
0.655 
0.0233 
0.000636 
0.000037 
0.000043 
0.000146 
0.000040 
0.000002 
0.000031 
0.000018 

volume concentrations give directly the relative number of the differ
ent molecules and atoms. Convection currents maintain constancy 
of the proportions of the different components at elevations below 
20 km, but above that level gravitational separation according to 

195' 
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11101ecular weight may begin, although such separation does not be
come significant until above 60 km. Auroral observations indicate 
that even at high altitudes oxygen and nitrogen predominate. The at
Inosphere gradually thins out into intel'planetulY space; above an alti
tude of about 600 km the atoms and molecules describe hee elliptical 
orbits in the earth's gravitational field. Although from the viewpoint 
of composition the atmosphere can be looked upon as becoming uni
formly more diffuse upward, it does show some structural featnres of 
remarkable physical significance. The lower part of the atmosphere, 
in which convection is prominent, is known as the troposphere; above 
this is the stratosphere, so named because it appears to be stratified in 
a number of layers between '\vhich no strong vertical circulation seems 
to exist. The boundary between the troposphere and the stratosphere 
varies both with the latitude and with the season, but can be placed 
at a height of about 10-15 km. In the troposphere the temperature 
decreases with increasing height, whereas in the stratosphere the tem
perature is independent of altitude. Above about 80 km the strato
sphere passes into the ionosphere; in these regions the atmosphere is 
rendered conducting by ionization induced by ultraviolet radiation 
from the sun. At least three apparent layers are recognized in the 
ionosphere, the E (Heaviside) layer and the Fl and F2 (Appleton) 
layers; they are characterized by their specific absorptive and reflective 
properties towards radio waves. 

The minor constituents of the atmosphere are highly important. 
Carbon dioxide, whose concentration is only a few hundredths of one 
per cent, provides the raw material for plant life. Ozone l most of 
which is present in a diffuse layer (the ozonosphere) within the strato
sphere, plays a vital part in that it is responsible for absorption of 
ultraviolet radiation; if this absorption did not take place the excessive 
ultraviolet radiation at the earth's surface would be fatal for most forms 
of life. The ozonosphere is also of some consequence in reducing the 
escape of terrestrial heat by radiation into space. 

Tlle mass of the atmosphere is given by the product of the average 
height of the mercury barometer in centimeters, the density of mer
cury, and the area of the earth in square centimeters. The result thus 
obtained by several authorities is about SO X 1020 g; the latest and most 
careful estimate gives 51.17 X 102Q g for the total mass of the dry 
atmosphere l i.e., without any water vapor. 

The Evolution of the Atmosphere. The evolution of the atmosphere 
can be discussed in terms of the following factors: 
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1. The composition of the pl'imeval atmosphere. 
2. Additions during geological time. 
3. Losses during geological time. 

Although the quantitative results produced by these factol's are difficult 
to evaluate, considerable data have been accumulated. These data are 
discussed briefly in the following sections. 

The Composition of the Primeval Atmosphere. Our ideas as to the 
composition of the primeval atmosphere are conditioned largely by 
the mode of origin that \ve ascribe to the earth. If we believe that 
the earth condensed from a body of incandescent material torn from 
the sun, the primeval atmosphere consisted of the gases remaining 
after the material of low volatility had condensed, minus those that 
escaped during the high-temperature stage. Oil the planetesimal hy
pothesis, the particles aggregating to form the earth had no atmosphere 
associated with them; the primeval atmosphere originated from the 
gases occluded or combined within the planetesimals and released by 
the heat and chemical reactions accompanying aggregation. 

If the earth began as a body of incandescent material torn from the 
sun, it must initially have consisted almost entirely of hydrogen and 
helium, with only small amounts of the heavier elements. At the 
temperature of the surface of the sun, however, the gravitational force 
of the ancestral earth 'would be unable to l'estrain the lighter atoms 
from diffusing away into space, and the greater part of the hydrogen 
and helium would rapidly be lost. Not only would hydrogen and 
helium be lost, but other elements of low atomic weight also. From 
an ancestral earth at 4000° it appears that all elements with an atomic 
weight of 20 01' less (those up to neon) would tend to escape, and the 
composition of the earth 'would thereby be radically altered in favor 
of a concentration of the heaviel· elements. As the earth cooled the 
rate of loss of the lighter elements and compounds would stea~ily de
crease; at the present time the only gases still capable of escaping from 
the earth's gravitational field are hydrogen and helium. Belo\v 20000

, 

H 20 and CO2 are stable compounds and would be formed in a cooling 
earth, such as outlined here, if hydrogen, oxygen, and carbon were 
present. Nitl'ogen would presumably remain largely uncombined, 
although it is possible that small amounts of nitrides and ammonia 
might be formed. When a liquid phase developed in the earth con
siderable amounts of gases would dissolve therein, gases tllat have since 
been released throughout geological time by igneous activity. Below 
374°, the critical temperature of water, the hydrosphere would begin 
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to form, and when the temperature of the earth's surface had dropped 
to approximately its present value the remaining atmosphere would 
probably consist largely of carbon dioxide and nitrogen. The actual 
amounts of these gases in the primitive atmosphere would depend upon 
the volume of the hydrosphere, which would dissolve them in propor
tion to their partial pressures. Thus, even at the beginning of geo
logical time, the oceans would perform a v'ital function in regulating 
atmospheric composition. 

But, as we have seen in Chapter 2, the earth probably did not orig
inate in this way. The planetesimal hypothesis, or some variant of 
it, is more in accord with the astronomical and geochemical evidence. 
On this hypothesis the formation of a primitive atmosphere would 
follow a very different course; it would be derived from gases occluded 
or chemically combined in the planetesimals and released during 
accretion. 

With these two hypotheses in mind, it is interesting to compare 
terrestrial ~nd cosmic abundances of the lighter elements. Table 33 

TABLE 33. THE ABUNDANCES OF SOME ELEMENTS IN THE EARTH AND IN TEE 

UNIVERSE AS A \VHOLE 

(Atoms/IO,oOO atoms Sj) 

Atomic Whole earth Cosmos Deficiency factor 
number (a) (b) log (/;/a) 

H 1 84 3.5 X 108 6.6 
He 2 3.5 X 10-7 3.5 X 107 14 
C 6 71 80,000 4.0 
N 7 0.21 160,000 5.9 
0 B 35,000 220,000 0.8 
F 9 2.7 90 1.5 
Ne 10 1.2 X 10-8 50,000 10.6 
Na 11 46() 462 0 
Mg 12 8,900 8,870 0 
Al 13 940 882 0 
Si 14 10,000 10,000 0 
P 15 100 130 0.1 
S 16 1,000 3,500 0.5 
Cl 17 32 170 0.7 
A 18 5.9 X 10-4 1,200 6.3 
Kr 36 6 X 10-8 0.87 7.2 
Xe 54 5 X 10-9 0.015 6.5 

provides such il compadson in terms of a deficiency factor, based on 
the assumption that silicon, as an element forming stable non-volatile 
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compounds, has the same relative abundance both in the earth and 
throughout the universe. In the last column of Table 33 the deficiency 
factor is expressed on a logarithmic scale in which zero represents 
comparable abundance in the earth and throughout the universe, i.e., 
neither enrichment nor deficiency. The truth of the assumption that 
silicon is an element that has the same relative abundance in the earth 
and in the universe is supported by the fact that comparable elements, 
such as sodium, magnesium, and aluminum, also give deficiency factors 
of zero; i.e., their terrestrial and cosmic abundances are of the same 
order. The degree of precision of these deficiency factors is not great, 
but qualitatively they are undoubtedly significant. The n1l1ch greater 
deficiency factor of helium than hydrogen can be ascribed to the re
tention of hydrogen by chemical combination with other elements; 
helium, being an inert gas, cannot be retained in this way. A similar 
relation is evident when the deficiency factors of oxygen, nitrogen, 
and neon are compared; clearly, chemical activity has played a signifi
cant role in the retention of the gaseous elements. The deficiency of 
these lighter constituents in the earth is explicable on either the nebular 
or the planetesimal hypothesis; however, as Table 33 shows, the heavy 
inert gases are also deficient. ,Krypton and xenon are about a million 
times less abundant in the earth than their immediate neighbors in the 
periodic table. Since their nuclear properties are not strikingly dis
similar to those of their neighbors, it is reasonable to expect these rare 
gases to be of the same order of abundance. If the earth condensed 
from solar matter, krypton and xenon, unlike the lighter elements, 
should have been completely l"etained because of their high atomic 
weight. Their deficiency theref ore is an important point in favor of 
some form of the planetesimal hypothesis. 

The nature of the p1"imitive atmosphere has been the subject of 
considerable speculation. A number of investigators have concluded 
that it may well have consisted largely of methane and ammonia, a 
hypothesis which has been strongly supported by Urey (1952). 
Several reasons have been advanced for this. If hydrogen were at one 
time very abundant in the earth's atmosphere, then methane and am
monia, rather than carbon dioxide and nitrogen, 'would have been the 
dominant gases. Another consideration is the fact that methane 'and 
ammonia are the most abundant gases in the atmospheres of the major 
planets; however, these planets are all more distant from the sun and 
more massive than the earth, and it does not follow that their atmos
pheres are representative of that of the earth in its initial state. 

Cogent arguments can be advanced for the belief that the primitive 
atmosphere consisted largely of carbon dioxide and nitrogen. These 
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a.rguments have been carefully evaluated and summarized by Rubey 
(1955). If meteorites can be accepted as essentially similar to plane
tesimals, then the nature of gases evolved from meteorites will give 
some indication as to the composition of such a primitive. atmosphere. 
The most abundnnt gases occluded in stony and iron meteorites are 
CO2 , CO, and N 2• Similarly, the gases now being contributed to 
the atmosphere from volcanoes are mainly "vater vapor, carbon diox
ide, and oxides of sulfur; the evidence of volcanic gases, however, is 
not conclusive, since it is uncertain how much of these gases is primary 
and how much recycled from the atmosphere through pl'e~existing 
rocks. 

Whether the primitive atmosphere consisted largely of methane 
and ammonia or of carbon dioxide and nitrogen, it presumably con
tained no free oxygen. The problem of the time of appearance of 
free oxygen and its mode of formation is all intriguing one. It has 
been argued that conditions at the earth's surface may have been 
anaerobic throughout most of Precambrian time. Some ,"vork on the 
ratios of sulfur isotopes has been cited as supporting this view; the 
ratios of S80: SS2 and SS4: SB2 increase in sulfates and decrease in sulfides 
from the Cambrian to the present, whereas in the late Precambl'lan 
isotopic fl'acdonation of this sort seems to be absent. This has been 
interpreted ns indicating that aerobic metabolism was responsible for 
this fractionation, and did not begin till the late Precambrian. How
ever! the data are meager and the interpretation open to doubt. Geo
logical evidence has been cited both for and against the argument 
that the Precambrian atmosphere lacked free oxygen. On the whole, 
however, the evidence of the roc]{s suggests that atmospheric condi
tions. have not changed l'adically throughout geological time. 
Archaean sediments are not markedly diffel'ent from those of more 
recent epochs. In particular, their state of oxidation, as measured by 
the ratio of ferric to ferrons iron, is comparable with that of post
Cambrian rocks. Anhydrite and gypsum ocem' interbedded with 
Precambrian limestones, indicating that sulfur was present in the 
oxidized state, There is also good evidence that in the Precambrian 
the atmosphere probably contained about the same amount of CO2 as 
at the present time. Urey has pointed out that reactions such as 

CaSiOs + CO2 = CaCOa +: Si02 

ie., the formation of carbonates from rock-forming silicates, must 
have operated to maintain the concentration of CO2 in the atmosphere 
at a lo\v level throughout geological time. Had the atmosphere in 
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early Precambrian time contained a high concentration of CO2 we 
should expect to find very extensive limestone formations from that 
period, which is not the case. 

Three theories have been suggested for the origin of free oxygen, 
. namely: (a) formation through photosynthesis by green plants; (b) 
thermal dissociation of water vapor when the mean temperature of 
the earth's surface was 1500 0 or higher; and (c) photochemical dis
sociation of water vapor by solar radiation in the upper layers of the 
atmosphere. At the present time the oxygen content of the atmos
phere is largely maintained by phot<lsynthesis; however', it is improb
able that photosynthesis could have been established under an oxygen
free atmosphere. Carbon dioxide assimilation by means of chlorophyll 
is characteristic of the higher plants. The lower plants absorb oxygen 
and expire carbon dioxide, as the green plants do \vhen in the dark. 
Thus it is not easy to see how the photosynthetic production of oxygen 
could have commenced until plant life had reached a fairly advanced 
evolutionary stage. Until tha.t stage was reached a non-biological 
source of oxygen was required. The possible role of thermal dis
sociation of water vapol' is difficult to evaluate because it depends on 
many unknown factors. On the other hand, the photochemical dis
sociation of water vapOl' occurs even today and appears to be very 
effective. Free oxygen is being produced continuously in the upper 
atmosphere by the photo dissociation of water vapor, followed by the 
escape of hydrogen from the earth's field. Kuiper (1952) estimates 
that this process is operating at a rate which, continued through geo
logical time, would yield about five times as much oxygen as is in the 
atmosphere today. This is, however, only a fraction of the total 
oxygen which has been removed from circulation by the oxidation 
of materials now incorporated in sedimentary rodes .. 

Probably the initial free oxygen is best ascribed to photochemical 
dissociation of water vapor. However, as soon as photosynthesis be
came established, this process became the decisive facto!' in establish
ing and maintaining the oxygen equilibrium in the atmosphere. Plant 
life has probably been active since early geological times. It is true 
that the first abundant record of plants is in sediments of the Devonian 
period, but these forms are highly differentiated pteridophytes, ob
viously far along in their evolutionary development. Free carbon 
pl'esumably of organic origin is disseminated in large quantities in 
Precambrian sedimentary rocks. 

Atmospheric Additions during Geological Time. The following 
additions have been made to the atmosphere during geological time: 
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1. Gases released by the crystallization of magmas. 
2. Oxygen produced by photochemical dissociation of water vapor. 
3. Oxygen produced by photosynthesis. 
4. Helium from the radioactive breakdown of uranium and thorium. 
5. Argon from the radioactive breakdown of potassium. 

Carbon dioxide and a very small amount of methane are contributed 
to the atmosphere by the vital activity and decay of organisms, but, 
since this is material which was ultimately derived from the atmos
phere, its significance is discussed in a later section. 

The contribution of igneous activity to the atmosphere is consider
able. Water vapor is by far the most abundant volcanic gas, but it 
is rapidly condensed and added to the hydrosphere along with other 
readily soluble gases produced by volcanism, such as Hel, HF, 1-128, 
and S02' Next to water, carbon dioxide is probably the most im
portant contribution of igneous activity to the atmosphere. Some of 
this CO2 is pl'esumably secondary, having been picked up from sur
rounding rodes during the ascent of the magma, but the greater part 
is probably juvenile, brought up from the depths as a new contribu
tion to the atmosphere nnd hydrosphere. Igneous activity is evidently 
the source of the CO2 needed to replace that locked up as carbonate 
minerals and free carbon during geological time. Rubey (1951) has 
carefully evaluated the conu'ibution of igneous activity to the atmos
phere and hydrosphere, and his results are given in Table 34. The ex-

TABLE 34. ESTIMATED QUANTITIES (IN UNITS OF 1020 GRAMS) OF VOLATILE 

MATERIALS Now AT OR NEAR THE EARTH'S SURFACE 

Total H,B, 
Cas Br, A, 

H2O CO2 Cl N S F, etc. 
In present atmosphere, hy-

drosphere, and biosphere 14,600 1.5 276 39 13 1.7 
Bmied in ancient sedimen-

tary rocks 2)100 920 30 4.0 15 15 
Total 16)700 921 306 43 28 16.7 

Supplied by weathering of 
crystalline rocks 130 11 5 0.6 6 3.5 

Excess volatiles unac-
counted for by rock 
weathering 16)600 910 300 42 22 13 

cess volatiles unaccounted for by rock weathering must be the amounts 
present in the primeval atmosphere and hydrosphere, plus that added 
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by igneous activity dur~ng geological time. From Rubey's data it 
seems reasonable to assume that the latter quantity far exceeds that 
originally present. 

Some nitrogen has also been added to the atmosphere from magmatic 
sources during geological time. It is usual to ascribe the nitrogen 
recorded in volcanic gases to atmospheric contamination, and most of 
it probably originates thus. However, analyses by Rayleigh (1939), 
and others, indicate nitrogen as a constituent of igneous rocks and 
so presumably of magmatic gases. Rayleigh found that the nitrogen 
content of igneous rocks of all compositions, from ultrabasic to acidic, 
is remarkably constant, averaging about 0.04 cc N 2/g, or 0.005 wt %. 
The nitrogen js largely pl'csent in combination, since an appreciable 
amount is driven off as ammonia when the rocks are heated with soda 
lime. Chemical combination of the nitrogen is bOl'ne out by the 
nitrogen:argon ratio, which is 2000 in igneous rocks as against 120 in 
the atmosphel·e. 

The photochemical dissociation of water vapor in the upper at
mosphere, with the subsequent escape of the hydrogen to outer space, 
is a process which has been adding to the earth's supply of free oxygen 
through its history. Kuiper (1952) has carefully analysed the data 
for this process and estimates that it produces oxygen at the rate of 
1.94 X 1012 g per'year. If \ve adopt the figure of 4.5 X IOn years for 
the age of earth, the total production of oxygen by this process 
amounts to 89 X 10~!O g. 

The total amount of oxygen released by photosynthesis can be 
calculated if we know the amount of organic carbon which has been 
"fossilized" in the sedimentary rocks. Rubey estimates that the total 
organic carbon in the sedimentary rocks is the equivalent of 250 X 1020 

g CO2 , which would correspond to the photosynthetic liberation of 
182 X 1020 g oxygen. No reasonable explanation of the organic carbon 
of sediments other than a biological origin has been proposed, so we 
may assume 182 X 1020 g oxygen has been liberated by photosynthesis 
and not reconvel'ted to carbon dioxide by decay or respiration. 

The rate of production of helium is 1.16 X 10-7 cc per gram of 
uranium per year and 2.43 X 10-8 cc per gram of thorium per year. 
A simple calculation based on the amounts of uranium and thorium 
in the earth and an age of 3 X 10° years shows that the quantity of 
helium liberated by radioactive decay during geological time is many 
times that now present in the atmosphere. This is explained by the 
loss of helium from the earth into interplanetary space, which is dis
cussed in the next section. 

Argon has three isotopes, ABa, ASB, and A40, of which A40 is by far 
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the most abundant (the percentages of A8G, ASs, and A40 are 0.307, 
0.061, and 99.632). The amount of argon on the earth is anomalously 
high when compared with that of the other inert gases. Tllls is evi
dently due to the production of A 40 by the radioactive decay of Kilo 
thl'oughout geological time. Much of the argon thereby produced 
has probably remained occluded in the potassium minerals where it 
originated, but sufficient has been liberated to the atmosphere to give 
it a comparatively high argon content. 

Atmospheric Losses during Geological Time. Atmospheric losses 
during geological time can be summarized under the following heads: 

1. Loss of oxygen by oxidation of ferrous to ferric iron, sulfur 
compounds to sulfates, manganese compounds to manganese dioxide, 
and similar reactions. 

2. Loss of carbon dioxide by the formation of coal, petroleum, and 
disseminated carbon from the death and burial of organisms. 

3. Loss of carbon dioxide by the formation of calcium and mag
nesium carbonates. 

4. Loss of nitrogen by the formation of oxides of nitrogen in the air 
and by the action of nitrifying bacteria in the soil. 

S. Loss of hydrogen and helium by escape from the earth's gravita ... 
tional field. 

Removal of oxygen is observable wherever weathering is taking 
place. Ferrous iron oxidizes readily to ferric iron under most surface 
conditions, as is evidenced by the yellow or red colors produced by 
ferric oxides in many sediments. Clal'ke's figures for the average com
position of igneous rocks show FeO :> Fe20s, whereas for sedimentary 
rocks the relationship is reversed. Iron is the principal consumer of 
oxygen dudng weathering, but manganese is converted from the bi
valent to the quadrivalent state, and oxidation converts sulfides into 
sulfates or free sulfuric acid. 

The amount of oxygen removed by these processes throughout 
geological time has been evaluated by Rubey (1951). He estimates 
that the oxidation of ferrous to ferric iron has consumed about 
14 X 1020 g oxygen, and the amount of sulfates in sediments represents 
about 21 X 1020 g oxygen. By adding in the figures for oxygen in 
the atmosphere (12 X 1020 g) and for oxygen in oceanic sulfate 
(26 X 1020 g) we obtain a figure for free and fossil oxygen of 
73 X 10'20 g. We found in the previous section that the total pro .. 
duction of free oxygen by photochemical dissociation of water and 
by photosynthesis can be estimated at 271 X 1020 g. This discrepancy 
between present and fossil oxygen and the computed quantity of 
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oxygen produced during geological time was remarked upon by 
Rubey, who suggests as an explanation that an appreciable amount 
of the primary magmatic g?s is CO rather than. CO2; this \vould serve 
to fossilize an atom of oxygen for every molecule of CO liberated. 
The explanation is a l'easonable one. It should also be realized that 
the data on which the various estimates are based are not of high pre~ 
cision, and part at least of the discrepancy may be removed by more 
aCCUl'ate figures. 

The loss of carbon dioxide from the atmosphere by deposition as 
carbonate and organic carbon in sedimentary l'ocI{s ,vas estimated by 
Rubey as totaling 920 X 1020 g. More l'ecently, Wickman (1956) 
has published some revised figures. I-Ie places the amount of carbonate 
carbon per square centimeter of the earth's surface at 2420 ± 560 g 
and of organic carbon at 700 ± 200 g. Taking the figul'e of 3100 
g/cm2 for the total amount of carbon tral1sferred from the atmos
phere to the sedimentary l'ocks, this is equal to a total of 158 X 1020 

g carbon, or 580 X 1020 g CO2• The latter :figure is of the same order 
of magnitude as Rubey's estimate but considerably lower. The figures 
show clearly that the amount of carbon dioxide deposited in sedi
mentary rocks far exceeds the amount in the present atmosphere, 
hydrosphere, and biosphere (about 1.5 X 1020 g), and thus indicate 
that large amounts of carbon dioxide must have been released from 
magmatic sources throughout geological time to maintain organic 
activity. Wickman's figures sho,v, in addition, that far more carbon 
dioxide has been removed as limestone and dolomite than as coal or 
other orgallic carb on. 

Nitrogen is removed from the air by both organi<:! and inorganic 
processes. The organic processes include nitrogen-fixing microol'gan~ 
isms living in the root nodules of certain plants, soil orgllnisms (both 
aerobes and anaerobes), and some blue~green algae. Inorganic proc
esses produce oxides of nitrogen by electrical discharges and photo~ 
chemical reactions in the atmosphere. The amount of organically 
fixed nitrogen greatly exceeds that fixed by inorganic processes; 
Hutchinson (1954) has carefully analysed the geochemical cycle of 
nitrogen and estimates biological fixation at 0.008-0.07 mg N 2/cm2 

per yenr for the land surfaces of the earth, non-biological fixation at 
not nlore than 0.0035 mg N 2/cm2 per year. Much of this nitrogen 
is eventually returned to the atmosphere by the decay of organic 
matter. Some, however, remains in the sediments and in a few places 
may be sufficiently concentrated to form nitrogenous deposits, such 
as the Chilean nitrates; lower concentrations of nitrogen are found in 
guano deposits. Hutchinson gives a figure of 67-108 g/cm2 of the 
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earth's surface for the amount of fossil nitrogen in sediments; of this 
fossil nitrogen he estimates that about 8 g/cm2 have been derived from 
the weathering of igneous rocks, so that 60-100 g/cmz have been 
abstracted from the atmosphere. Assuming a figure of 80 g/cm2

, this 
amounts to a total of 4.8 X 1020 g nitrogen removed from the atmos
phere during geological time, a very small amount compared to that 
of carbon dioxide. 

The loss of gases by escape from the earth depends on the strength 
of its gravitational field and the mean square velocity of the gas mole
cules. The mean square velocity is the velocity whose square is equal 
to the mean of the squares of the individual velocities; it varies in
versely as the square root of the molecular weight of the gas and 
directly as the square root of the absolute temperature. At 00 the 
mean square velocity is 1.84 km/sec for hydrogen, 1.31 for helium, 
0.62 for water vapor, 0.49 for nitrogen, 0.46 for oxygen, and 0.39 for 
carbon dioxide .. At 100 0 these velocities are increased by 17%. For 
any body there is a so-called velocity of escape which may be calcu
lated from the fonnula 

p2 = 2GM 
R 

in \vhich V is the velocity, G is the gravitational constant, M is the 
fl1ass of the body, and R its radius. The gravitational constant is 
6.67 X 10-8, the mass of the earth 5.97 X 1027 g and its radius 
6.37 X lOB em; therefore, the velocity of escape is 11.2 km/sec. Even 
if the mean velocity of the molecules is considerably less than the 
velocity of escape, an atmosphere will gradually be lost by the escape 
of fast-moving molecules from its extreme upper region, where the 
free paths of the molecules are so long that they stand a chance of 
getting away without being stopped by collisions. Jeans showed that 
all atmosphere will be stable throughout geological time (> 101) years) 
if the mean square velocity of the molecules is less than one-fifth the 
velocity of escape. On this basis no loss of gases into interplanetary 
space should have taken place since the earth cooled to its present 
temperature, because even for hydrogen the mean square velocity is 
considerably less than the velocity of escape. The situation is, how
ever, not quite so simple as it may appear. First, hydrogen and helium 
atoms colliding with metastable oxygen atoms in the upper atmosphere 
acquire sufficient momentum for their velocities to exceed the escape 
velocity. In addition, temperatures in the upper atmosphere are con
siderably higher than at the earth's surface (recent estimates suggest 
temperatures between 200 and 12000 at altitudes of 120-700 km, as 
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a result of absorption of ultraviolet radiation) and this sufficiently in
creases the mean square velocities of hydrogen and helium to permit 
their escape. The fact that no more than one-tenth the amount of 
helium supplied by radioactive disintegration during geological time 
is present in the atmosphere shows that such escape has occurred. 

Constancy of Atmospheric Composition. Geological evidence indi
cates a uniformity in climatic and biological conditions which could 
not have existed had the atmosphere been subject to marked changes 
in composition. Nevertheless, minor changes in atmospheric composi
tion have been suggested as possibly responsible for climatic variations. 
For example, the onset of glacial 'periods has been ascribed to a decrease 
in carbon dioxide, since this gas is a selective absorbent for solar radia
tion. On the other hand, water vapor performs a similar function, 
and its presence in the atmosphere in large amonnts far outweighs 
the climatic significance of CO2 , The present attitude is that only a 
small part of climatic variations can be attributed to ~arying CO2 con
tent of the atmosphere. 

Eskola has made the interesting suggestion of a correlation between 
periods of rapid organic evolution and periods during 'which carbon 
dioxide was available in greatest amounts. He points out that rapid 
organic evolution has coincided with ,vorld-wide orogeny. During 
orog~nic periods igneous activity is at a maximum; hence the addi
tion of carbon dioxide to the atmosphere also reaches a maximum. 
The increased supply of carbon dioxide would stimulate organic ac
tivity and be at least a contributory factor in the evolution of higher 
forms of life. 

Considerable interest has been aroused by the prospect of a marked 
increase of carbon dioxide in the atmosphere as a result of the greater 
use of fossil fuels in recent years. The latest figure for the amount 
of coal mined annually is 1.63 X 10° tons; assuming an average of 
78% C, this would produce 4.67 X 1016 g CO2 • For oil the annual 
production figure is 3.4 X 10° barrels (1 barrel = 160 liters) ; assum
ing a density of 0.9 and an average of 85% C, this would produce 
1.53 X 10115 g CO2• The total CO2 produced by the burning of the 
annual production of coal and oil is 6.2 X 101G g, or about % 0 0 of 
the amount in the atmosphere today. This might suggest that at the 
present fate of consumption of fossil fuels atmospheric carbon dioxide 
will be doubled in 300 years. I-Iowever, in this connection the im
portance of the hydrosphere as a reservoir of carbon dioxide should 
be emphasized; its significance has been discussed by Revelle and Suess 
(1957). Sea water contains 20 g COdcm2 of the earth's surface, as 
against 0.4 g/cm2 in the atmosphere. Oceanic and atmospheric car-
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bon dioxide are interdependent, the former being a function of the 
partial pressure of CO2 in the atmosphere. Thus to double the paIti~1 
pressure of carbon dioxide in the atmosphere would require the addI
tion of nmch more than is llQW present therein, since most of that 
added would be absorbed by the ocean; similarly, to decrease the 
carbon dioxide in the atmosphere by one-half ,vould require the 
removal of many times the ptcsent content. It is apparent that the 
oceans, by controlling the anlount of atmospheric CO2 , playa vital 
part in maintaining stable conditions suitable for ol"ganic life on the 
earth. The dense carbon dioxide atmosphere of Venus may well be 
due to a total lack of a hydrosphere to act as a regulating medium. 

VarIable Constituents of the Atmosphere. So far \ve have been 
discussing the invariable constituents of the atmosphere-those that 
are present in all samples of the air and in amounts that do not vary 
appreciably from time to time or from place to place. Besides these 
constituents there are others that must be taken into account. Of 
these, the most important is water vapor, which may be present in 
amounts varying from 0.02 to 4% by \veight. The content of water 
vapor depends on a number of factors, of which temperature is the 
lUost significant; thus the annual average values for different latitudes 
are 00, 2.63 vol. %; 50 0 N, 0.92 vol. %; 70° N, 0.22 vol. %. Water 
vapor in the atmosphere plays an important part in l·egulating climatic 
conditions. It absol'bs heat radiation and acts like the glass 1"00£ in 
a greenhouse. This absorption of heat brings about a closer approach 
to uniformity in the temperatures of different latitudes than would 
exist on a dry earth. 

Sulfur compounds are present in the atmosphere in variable quan
tities and may be considered as contaminants rather than normal con
stituents. Hydrogen sulfide is a product of putrefaction and is also 
given off, together with suJiur dioxide., by volcanoes. An important 
local source of sulfur compounds in the air is the combustion of coal, 
and as is to be expected the highest concentrations of such compounds 
are found in industrial areas. Sulfurons gases afe temporary constit
uents of air insofat' as they are readily soluble in water and are washed 
out by rain. The total amount of sulfur thereby circulated throngh 
the atmosphere is by no means insignificant; careful measurements 
over a period of years at Rothamsted, England, showed that the 
equivalent of 17.26 Ib of SOs was annually precipitated on each acre 
of land at the agriculture expel'imental station there. 

Similar measurements have been made in many localities to evaluate 
the amount of combined nitrogen brought to the surface of the earth 
in solution in rain water. The figures vary from 1 to 10 Ib per ncre 
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per year, mainly hl the form of ammonium nitrate. A large part of 
this has been added to the atmosphere by the decomposition of organic 
matter at the earth's surface, but some is due to the inorganic pro~ 
dUCtiOll of oxides of nitrogen. Nitrous oxide is produced in the soil 
by 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 indirect decomposition of the gas in the 
upper atmosphere. As mentioned previously, Hutchinson estimates 
that the maximum non-biological fixation of nitrogen amounts to 
about 0.0035 mg/cm2 of sul'face per year, corresponding to about one
seventh of the mean annual precipitation of nitrate nitrogen in tem
perate localities. 

Of the temporary constituents of the atmosphere, sodium chloride is 
very important. Figures for the amount of tIus substance precipitated 
upon the land by rain range from 20 to 200 lb per acre annually. Most 
if not all represents salt raised by vapor from the ocean. As would 
be expected, sodium chloride in the nil' is greatest near the sea and 
rapidly diminishes away from the coast. The atmospheric circulation 
of salt has received much attention, since cyclic salt of this kind is 
largely responsible for the sodiUlll chloride of inland waters. 

The other halogens-fluorine, bromine, and iodine-have also been 
detected in the atmosphere. Fluorine is probably an industrial con
taminant liberated by the burning of fuel and the calcil1atiol1 of ma
terial containing fluorine or released in the manufacture of phosphate 
fertilizers from rock phosphate, which always contains SOtlle fluorine 
(in the form of apatite). In places this results in an accmnulation on 
surrounding grasslands which may be harmful to animals. Bromine 
and iodine appear to be universally present in the atmosphere in very 
small and variable amounts; analyses of rain water show 0.03-0,002 
mg/liter of bromine and 0.002-0.0002 mg/liter of iodine. The ocean 
is probably the major source of these elements, although some ,viil be 
contributed by industrial gases. The ratio of CL:Br:I is 100:0.34: 
0.00021 in sea water and about 100: S: 0.5 in rain \Vatel'; this indicates 
a moderate enrichment of bromine and an enormous enrichment of 
iodine in atmospheric precipitation. Iodine is read,ily libel'ated from 
its compounds, and since it has an appreciable vapor pressure at ordi
nary temperattu'es it can easily exist free in the atmosphere. 
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The Biosphere 

The Nature of the Biosphere. The concept of the biosphere was 
introduced by Lamarck, and the term is used in two senses, one de
noting that part of the earth capable of sustaining life and the other 
the sum total of living matter-plants, animals, and microorganisms. 
In the first sense it appears to comprise a narrow zone at the surface 
of the hydrosphere and the lithosphere, and this indeed is the region 
in which life is most prolific, thanks to the favorable conjunction of 
water, air, and radiant energy. However, the zone of life is more 
extensive than this: insects and spores have been collected at high 
altittldes, living organisms have been dredged from the ocean bottom 
at great depths, and bacteria have been found in oil-'well brines from 
within the upper crustal layers. 

The b.iosphere evidently developed later than the other geochemical 
spheres, since life can hardly have begun before surface conditions 
were much as they are today, presumably with an atmosphere and 
a hydrosphere. How much later is largely a matter of speculation. 
Well-preserved fossils first appear in Cambrian formations, but or
ganisms complex enough to leave fossil remains must surely have 
been preceded by a long evolutionary cycle. Even in very ancient 
Archaean formations slates and schists containing free carbon are 
found, and it is reasonable to assume that this free carbon is the residue 
of some form of life. Structures believed to be those of primitive 
algae have been recognized in limestones of the Bulawayan system of 
Southern Rhodesia, one of the oldest Precambrian systems, with an 
age of about 3 X 10° years. Hutchinson, who has done much ,vork 
on problems of biogeochemistry (a term introduced by Vernadsky, 
whose school of Russian investigators has been particularly active in 
this field), prefers the hypothesis that life, atmospheric oxygen~ and 
the ocean appeared concurrently; this implies that the biosphere came 
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into being in the last stages of the original development of the earth 
rather than at some later date. 

In the material sense the biosphere is made up of a group of com
plex organic compounds. Life as we know it consists of a relatively 
small number of ol'ganjc molecules-alcohols, fatty acids, amino acids, 
and purines-out of which are built up the more complex molecules 
of the carbohydrates, proteins, fats, and nucleic acids. Life has one 
common material characteristic, the presence of protein molecules, 
and one common physicochemical process, the stepwise formation of 
organic substances carried ont practically isothermally. Living mat
ter can in general be divided into the two great classes of plants or 
producers, animals or consumers. Since animals are completely de
pendent on vegetable matter for their nourishment, they cannot be 
considered as independent organisms but rather as parasitic on the 
plants that constitute their food. The assimilation of carbon dioxide 
by means of chlorophyll and light is of dominant importance for Hfe 
on tIus planet. The process can be expressed by the following equa
tion: 

6C02 + 6HzO = CaH 120 6 + 602 

For the reaction as written ~G = 688,000 cal and AH:;;:;: 673,000 cal. 
Since tlG is positive, energy must be supplied if the reaction is to go 
from left to right; this energy is provided by solar radiation. In this 
way the radiant energy of sunlight is converted into the chemical 
energy of organic compounds. The reverse reaction is one of biologi
cal oxidation, or respiration, and the energy thus liberated may ap
pear as heat or as work. A fairly close balance presumably exists 
between photosynthesis and respiration, although over the whole of 
geological time respiration has been exceeded by photosynthesis, the 
ellergy derived therefrom being stored in coal and petroleum. 

The Mass of the Biosphere. Looking on the biosphere as the sum 
total of living matter, we may attempt to determine its mass, just as 
we have determined the mass of other geochemical zones. Here, how
ever, we are faced with many difficulties, difficulties that were not 
present in other calculations of this kind. The matter of the biosphere 
is not uniformly distributed, as is, fol' example, that of the atmosphere. 
It is also in a constant state of change, and the cycle of changes is very 
rapid. The life span of any organism is minute in comparison to geo
logical time, and the life cycles of different organisms are immensely 
varied-compare, say, the life of a redwood tree with that of a protozoa. 

In spite of all these difficulties quantitative work in biogeochemistl'Y 
demands some idea of the total omount of matter ill the biosphere. 
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Borchert (1951) estimated that the total amount of carbon in living 
organisms is 2.8 X 1017 g. The total annual productivity is also an 
important figure in discussions of the biosphere. I-Iutchinson (1954) 
has analyzed this problem and accepts the data of Riley as the most 
reliable. Rney expressed his results in terms of the total annual pro
ductivity of organic carbon per square ldlometer of different environ
ments. He arrived at a figure of about 160 (metric) t0l1s/krn2 as the 
average for terrestrial environments (forest, cultivated lands, steppe, 
and desert) and 340 tQns/km2 for open oceanic waters. The total 
annual production of organic carbon thus determined is 20 ± 5 X Ion 
tons fOl' terrestrial environments and 126 ± 82 X 109 tons for marine 
environments, a grand total for the earth of 146 ± 87 X lOa tons. 

Examination of these figures should induce a properly humble opin
ion of the land as the predominant domain, even in the realm of life. 
The ocean is twice as fertile as the land per square kilometer, and 
because of its much gl:eater area it is quantitatively predominant in 
the amount of living matter it supports. Admittedly, life on land is 
practically limited to the surface, whereas life in the ocean ranges to 
depths of several kilometers; nevertheless, the concentration of ma
rine life is near-surface, \vithin the range of radiant energy-the 
euphotic zone. The great bulk of life in the sea consists of minute, 
free-fioating organisms, the phytoplankton and the zooplanl{ton, which 
occur in all oceans from the surface to the depth of effective light 
penetl'ation (roughly 40 to 150 m). The enormous number of indi~ 
viduals compensates for their small size. The comparative uniformity 
in fertility of the marine environment contrasts strongly with the 
variability on the land. Large areas of the land, for example, 1:lrid 
tracts and polar regions, are almost unproductive, whereas no such 
areas occur in the seas, The abundance of life in polar seas contrasts 
particularly with the sterility of the land in those regions. 

The mass of the biosphere is insignificant in comparison to that of 
other geochemical zones, According to Ran1{ama and Sahama, the 
relative weights of the hydrosphere, the atmosphere, and the biosphere 
are expressed by the following figures: 

Hydrosphere 69,100 
Atmosphere 300 
Biosphere 1 

In spite of the negligible mass of the biosphere, however, it is a Zone 
of great chemical actiVity, and its geochemical effects are of consider .. 
able significance. Its significance can best be realized in terms of the 
turnover of material taking place therein. If the mass of the biosphere 



218 THE BIOSPHERE 

has been approximately constant over the last 500 million years and if 
the average life cycle 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, most organisms appear to us 
as inconspicuous blobs of organic matter which have a certain life 
cycle, reproduce, die, and leave their surroundings very much as they 
were before. This picture is, however, a false one. We saw in the 
previous chapter how much of the free oxygen of the atmosphere 
has been produced by the chemical activity of plants. An individual 
organism secreting calcium carbonate does not change the character of 
the earth much, but during geological time such organisms have taken 
calcium in enormous amounts from a dilute solution in sea water and 
thereby formed most of the carbonate rocks. An even nlOre remark
ab1e separation is the deposition of silica by radioJaria and diatoms from 
sea \vater which contains as little as 0.02-4 g/ton of silicon. Millions 
of square kilometers of the ocean floor are covered with siliceous 
sediments, and cherts representing deposits of such organisms are com
mon in the geological column. The organically deposited carbon in 
sediments has been extracted from an atmosphere which throughout 
geological time has probably never contained more than a few hun
dredths of a per cent of carbon dioxide. In addition, evelY organ
ism has some metal compounds in its structure, and the biosphere is 
thus of considerable significance in the migration and concentration of 
many elements. 

The Composition of the Biosphere. If an estimate of the mass of the 
biosphere is difficult, an estimate of its average composition is even 
more so. Living matter varies greatly in composition, the analytical 
data are rather meager, and our knowledge of the relative amounts of 
different organisms in the biosphere little more than guesses. To a 
greater or less extent ,"vater is the principal component of all organic 
matter; wood contains about 50% and vertebrates about 66%, \vhereas 
marine invertebrates may be more than 99% 1-I20. Webb and Fearon 
(1937) discussed the ultimate composition of biological material, and 
Table 35 is taken from their paper, with some additions. The meta
bolic role of the invariable elements is fairly well understood. They 
can be roughly classHied jnto energy elements (c, 0, H, N), macro
nutrients (P, Ca~ Mg, K, S, Na, CI-Na and Cl are essential for ani
mals, but not for plants), and micronutrients (Fe, Cu, Mn, Zn for 
both animals and plants, B, 1\10, and Si for plants only, and Co and I 
for animals only). A few of the variable elements I such as vanadium 
and bromine, may play an important part in the metabolism of some 
organisms, but for many of them no biological function is known. 



THE COMPOSITION OF THE BIOSPHERE 219 

TABLE 35. DISTRIBUTION OF ELEMENTS AS PERCENTAGE BODY '''EIGHT OF 

OR.GANISMS * 
(Webb and Fearon, 1937, with additions) 

Invariable Variable 

Pri- Sec- Micro~ Micro- Con-
mary ondary constituents Sec- constit- tami-
60-1 1-0,05 <0.05 andary uents nants 

H Na B Ti Li He 
C Mg Fe V Be A 
N S Si Al Se 
0 Cl Mn Br Cr Au 
p K Cu F Hg 

Ca I Ni Bi 
Co Ge TI 
Mo As 
Zn Rb 

Sr 
Ag 
Cd 
Sn 
Cs 
Ba 
Pb 
Ra 

* \Vebb and Fearon remark that for some of the elements the number of 
organisms analyzed by relia.ble methods is insufficient to enable to one to decide 
whether an element is strictly variable or invariable, and, furthermore, that 
the quantitative classification, though convenient, is necessarily arbitrary. 

It has been suggested that radioactive elements may playa part in cell 
division and the makeup of genes. 

In all, over sixty elements have now been recorded in analyses of 
. organisms, but many of these are Uultramicro" constituents. Great 
difficulty is experienced in cleaning organisms for analysis, since in
organic matter on the surface and in the digestive system is not easy 
to remove, and many published data are therefore suspect. However, 
if analytical techniques were sufficiently refined, presumably evelY ele
ment could be detected in uncontaminated organic matter, if oniy to 
the extent of a few thousand atoms. The statement that an element 
is "present" in one species and "absent') from another may give unwar
ranted prominence to comparatively small differences in concentration 
which happen to span the limits of sensitivlty of the analytical method 
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used. For an element to have biogeochemical significance it must 
either be shown to participate in the life of the organism or else to be 
present consistently in concentrations greater than that in the environ
ment. 

When the data on the occurrence of the different elements in or
ganisms are plotted on the periodic table (Figure 37), certain relations 
are apparent. The invariable elemen.ts (except iodine and molyb
denum) are all of low atomic number, belonging to the first four 
horizontal rows in the table. 

The probability that an element will play fin important part in 
metabolism depends upon its ability to participate in the aqueous col
loidal systems constituting the bodies of living organisms. Common 
elements will be more likely to occur than rare ones, elements usually 
soluble in aqueous systems more than those highly insoluble. Hutchin~ 
son (1943) sho,ved that ionic potential is significant in this. Table 36 

TABLE' 36. THE RELATIVE AMOUNTS OF DIFFERENT ELEMENTS IN IGNEOUS 

RocK.S AND IN ORGANISMS 

Li 
Na 
K 
Rb 
Mg 
ea 
Sr 
Ba 
Rare earths 
Al 
Ti 
Si 
B 
P 
S 
V 
Mo 

(After Hutchinson, 1943) 

(1) 
Percentage in 
igneous rocks 

0.0065 
2.83 
2.59 
0.031 
2.09 
3.63 
0.015 
0.025 
0.0148 
8.13 
0.64 

27.72 
0.0003 
0.08 
0.052 
0.015 
0.0015 

(2) 
Percentage in living 

terrestrial plants 

0.00001 
0.02 
0.3 
0.0002 
0.07 
0.5 
0.002 
0.003 
0.00004 
0.002 
0.0002 
0.15 
0.0005 
0.07 
0.05 
0.00002 
0.00005 

Ratio (2): (1) 

0.0015 
0.007 
0.12 
0.0066 
0.034 ' 
0.14 
0.13 
0.12 
0.0027 
0.00025 
0.00032 
0.0055 
1.7 
0.88 
0.96 
0.0013 
0.033 

presents his data comparing the amounts of some elements in igneous 
rocks and in plant material. It is evident that elements of comparable 
abundance are very unequally taken up by plants. Wh.en the ratio 
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bet\veen the percentage of an clement in plant material and the average 
in rocks is plotted on Goldschmidt's ionic potential diagram (Figure 
38), the correlation is readily seen. Elements of low ionic potential, 
which form soluble cations, and those of high ionic potential, which 
fornl soluble anions, are readily assimilated; the elements of inter
mediate ionic potential, which form insoluble hydrolysates, are un
available and generally play no paft in metabolism. Since plants sus-

o 3 4 567 
Ionic charge 4 

FWURE 38. Concentratiun ratio of clements in terrestrial plants and in the ernst, 
in relation to ionic potential. (Hutchinson, 1943, p, 337.) 

tain herbivorous animals and, ultimately, carnivorous animals as well, 
the same features apply to these organisms. 

Some data on chemical composition of specific organisms are repro
duced in Table 37. If we compare these figures with those for the 
average abundances of the same elements in the earth's crust, we find 
that a few are decidedly enriched in organisms. Hydrogen and oxygen 
head the list, of course, since organisms are so largely 'water, but car
bon, nitrogen, phosphorus, and sulfur are also concentrated by the 
vital activities of animals and plants. Considel'ed in terms of the ash, 
instead of the living material, several more elements arc enriched
Nat K, Br, and I in a marjne invertebrate such as Calanlls fin'fnarchicus; 
Ca, K f el, Mg, and B in alfalfa; P, Na, K, el, Br, and I in man. On 
the average, however, plants and animals concentrate relatively few 



THE COMPOSJTJON OF THE BIOSPHERE 223 

TABU: 37. ELEMENTARY COMPOSITION (\VEIGHT PER CENT) OF DIFFERENT 

ORGANISMS 

Cn/allus jimllarclliclIS 
(a copepod) * Alfalfa (lucerne) t Man + 

0 79.99 0 77.90 a 62.81 
H 10.21 C 11.34 C 19.37 
C 6.10 n. 10° H 8.72 11.10° H 9.31 II. 10° 
N 1.52 N 8.25 N 5.14-
Cl 1.05 ea 1.38 

Na 5.4 n. 10-1 P 7.06 n. 10-1 S 6.4 II. 10-1 

K 2.9 Cn 5.80 P 6.3 

S 1.4 K 1.70 Na 2.6 
p 1.3 S 1.037 K 2.2 

Cl 1.8 

ea 4 n. 10-2 Mg 8.2 n. 10-2 Mg 4 n. 10-2 

Mg 3 Cl 7.0 

Fe 7 n. 10-3 Si 9.3 n. 10-3 Fe 5 n. 10-3 

Si 7 Fe 2.7 Si 1 
At 2.5 Zn 2.5 

Br 9 n.1O-4 B 7.0 n. 10-4 Rb§ 9 n. 10-4 

I 2 Rb 4.6 eu 4 
Mn 3.6 Br 2 
Zn 3.5 Sn 2 
Cu 2.5 rvIn 
F 1.5 I 
Moll 1 

Ti 9 n. 10-5 At 5 n. 1O-1i 

Ni S Pb 5 
Br 5 Mo§ 2 
Ti 4.6 B 2 

V 1.6 

I 2.5 n. 10-6 As 5 n. to-6 

Co 2 Co 4 
Li § 3 
V§ 2.6 
Ni 2.5 

As, Sn, Pb, Sr, Bn n. 10-n Sr, Bn n.lO-1'1 

• VernRdsky, Z. Krist. Mineral. Petrog., Abt. B, Mineral. Petrog. Mitt. 44, 191, 1933. 
t Water, 75.1 %i arg., 22.45%; ash, 2.45%; from Bertrand, 1950~ p. 442. 
t Water, 60%i org., 35.7%; ash, 4.3%; from Bertr.tnd, 1950, p. 442. 
§ Mean figure for mammals. 
II Normnlly in plants, 3.1O-Ii

• 
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of the elements. Exceptions are known, especially for plants, which 
are often capable of taking up large amounts of an element if it is 
readily available in the soil. A cl assic example is afforded by some of 
the plants associated with seleniferous soils of the western Great 
Plains of the United States; selenium contents as high as 1.5% have 
been reported in some specimens of locoweed (Astragalus racemosus). 
The ability of certain plants to Teflect the presence of unusual con
centrations of a particular element in the soil and subsoil has been 
applied to the search for hidden ore bodies (one method of geochemi
cal prospecting; sec, for example, Hawkes, 1957). 

Generally, however, the most remarkable examples of chemical con
centration through biological processes are provided by marine organ
isms. Thc ability of many marine invertebrates to extract calcium 
carbonate and of diatoms and radiolaria to extract silica has already 
been mentioned. Bromine is concentrated as dibromoindigo, the 
classical Tyrian purple dye, in some species of iYlurex. Vanadium is 
concentratcd by ascidians and a few ·other organisms. Some sponges 
and corals are rich in iodine, but marine plants are particularly effec
tive in extracting this element, so much so that certain seaweeds were 
once harvested to provide commercial iodine. Oysters commonly 
build up a concentration of copper two hundred times that in sea 
water; along with many other marine animals their respiratory fluid is 
hemocyanin, a close relative of hemoglobin, but with copper instead 
of iron as an essential constituent. 

The Biogenic Deposits. vVe have been considering the composition 
of living organisms as a background to the understanding of deposits 
in tl1C geDlogical column resulting fl'om biological activity. Such 
deposits may be called bioliths and were divided by Grabau into two 
groups, the acaustobioliths, or noncombustibles, and the caustobioliths, 
or combustibles. The most important acaustobiolith is limestone, 
which has been discussed in the chapter on sedimentary rocks. Sili
ceous deposits of organic origin are much less widespread. The bio
logical origin of non-clastic siliceolls rocl{s in the geological column is 
difficult to prove, since the silica in organisms (diatoms, radiolaria, 
and sponges) is present as opal, which is easily reconstituted by dia
genesis with the obliteration of organic structures. However, sea 
water is not saturated with Si02t and therefore the initial deposition 
of silica from solution ill sea water must be biogenic. Chert is a gen
eral term for sedimentary non-clastic siliceous material, and it may 
occur dispersed as nodules, generally in limestone, and sometimes as 
the major part of whole geological formations hundreds and occasion
ally thousands of feet thick. Bramlette (1946) has given a careful 
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account of one of these great chert formations, the Nlon tcrey of Cali
fornia, and summarized the work of previous investigators on this and 
similar deposits. The lVlonterey chert lends itself to the elucidation of 
the mode of formation of these rocl{s, since it is geologically young 
(iVliocene) and little altered. Its original nature is therefore more 
certainly deciphered than that of older formations in which diagenesis 
and mild metamorphism have caused solution and redeposition of the 
silica with the obliteration of primary structures. Bl'amlette con
cludes that the silica was deposited originally as organic remains, 
mainly diatoms. In effect, the 1\1onterey cherts and probably many 
other such deposits are primarily organic in origin. 

IVlicroorganisms probably playa considerable role in the fornultion 
of many biogenic deposits. The evidence for this is carefully pre
sented by Beerstecher (1954). Bacteria and algae are capable of great 
chemical activity. Several types precipitate hydrated ferric oxide, 
utilizing the energy of a reaction of the type 

4FeCOa + O2 + 6H20 = 4Fe(OH)a + 4C02 + 40,000 cal 

Some geologists consider that these organisms have been responsible 
f01' the deposition of extensive iron ores. Gruner (1922) has photo
graphed structures that he considers are the remains of bacteria and 
algae in ferruginous cherts of the Precambrian iron formations of the 
Mesabi Range; however, these identifications have been criticized and 
the structures ascribed to inorganic processes. 

Because of the delicacy of microorganisms they seldom leave any 
recognizable trace behind them, so the positive identification of fossil 
bacteria is exceedingly difficult. However, the demonstration of a 
bacterial origin fol' deposits in the geological column may be obtained 
indirectly. A case in point is the occurrence of sulfur deposits in 
sedimentary l'oc1{s. These have been investigated by Feely and 
Kulp (1957). Anaerobic bacteria can reduce sulfates to hydrogen 
sulfide, and the formation of these sulfur deposits has heen. ascribed 
to their activity. This hypothesis has been greatly strengthened 
by work on the sulfur isotopes. Bacterial reduction of sulfate 
to sulfide results in a higher 882/S84 ratio in the sulfide than the sulfate 
from which it originated. Sulfide and sulfur of the deposits in salt 
domes of Louisiana and Texas have higher S82/S84 ratios thall the asso
ciated sulfate, indicating enrichment in S32 during their fOl'1nation. It 
is believed that bacterial reduction of calcium sulfate produced hy
drogen sulfide, which then reacted with more calcium sulfate to pro
duce the sulfur of these deposits. 

In this chapter \ve are mainly concerned with the caustobioliths, 
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of which there ure two principal divisions, coal and petroleum. Geo
chemically these materials represent concentrations of carbon com
pounds produced by organic activhy. The OJ·jgin of coal and petro
leum presents the following problems: the nature and composition of 
the parent organisms; the mode of accumulation of the organic mate
rial; and the reactions whereby it was transformed into the end 
products. 

The Origin of Coal. Geological evidence provides ample justifica
tion for the belief that coal has been formed from terrestrial plant 
remains. The chief constituents of plant material are cellulose and 
lignjn, although a great variety of minor components-pl'oteins, essen
tial oils, organic acids and their salts, tannins, etc.-enter into the com
position of vegetable matter. The empirical formula of cellulose is 
CaHloOD and that of lignin approximately ClzH1S00, so that they do 
not differ greatly in the relative proportions of carbon, hydrogen, 
and oxygen. The structure of lignin is, however, aromatic-i.e., made 
up of' ring-like groups of carbon atoms, the benzene ring being a 
familiar example-in contrast to the aliphatic nature of celllliose. On 
this account some authOl'ities beJie\Te that lignin is the chief mother 
substance of coal, since the breakdown products of coal are largely 
aromatic. In addition, lignin is resistant to attack by microorganisms, 
whereas cellulose is readily decomposed into carbon dioxide, methane, 
and aliplltltic acids. IIowevcr, it has been shown that cellulose can 
be converted into aromatic compounds under conditions similar to 
those believed to exist d'uring coal formation. The story is, of course, 

, mOl'e involved than the conversion of lignin or cellulose into coal 
substances. Neither cellulose nor lignin contains nitrogen, yet nitro
gen compounds are important in coal. Some of these may be derived 
from minor constituents, such as plant proteins, but the nitrogen con
tent of coal is relatively high compared ,vith that of most plants. It 
has been suggested, therefore, that bacteria playa major part ,in the 
first stllges of the formation of coal, since the nitl'ogen content of bac
teria runs up to 13 %. 

The transformation of vegetable matter to coal is generally believed 
to involve two stages, one biochemical and the other metamorphic. 
During the biochemical stage microorganisms are active in reconsti
tuting the organic matter. This stage is eventually brought to an end 
when conditions become unsuitable for bacterial activity, either by 
burjal under inorganic sediments or by the development of toxic con
ditions within the organic matter. Beyond that stage metamorphism, 
the action of heat and pressure, is responsible for coalification. 

The biochemical stage may be important in determining the ultimate 
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type of coal. Plants are on the whole so similar in chemical composi
tion that it seems improbable that different kinds of coal can be 
ascribed to differences in the vegetation from which they were formed. 
Possibly under one set of conditions cellulose, under another set lignin, 
may be preferentially destroyed, so that the residue giving rise to the 
coal may in the one situation be enriched in aromatic compounds, in 
the other in aliphatic compounds. The product of biochemical decay 
of vegetable matter is called humus, a term that seems to be a useful 
label for a complex mixture of amorphous organic substances. 

The progressive change from wood through peat to coal can readily 
be followed by chemical analyses. Table 38 gives the average COIn-

TABLE 38. THE AVERAGE COMPOSITION OF FUELS 

(From Clarke, The Data oj Geochemistry, p. 773) 

C H N 0 
Wood 49.65 6.23 0.92 43.20 
Peat 55.44 6.28 1.72 36.56 
Lignite 72.95 5.24 1.31 20.50 
Bituminous coal 84.24 5.55 1.52 8.69 
Anthracite 93.50 2.81 0.97 2.72 

positions of wood, peat, and three successively higher ranks of coal
lignite, bituminous coal, and anthracite. Rank is a measure of the 
degree of metamorphism a coal has undergone. Various suggestions 
have been made regarding the geological factors that have determined 
the rank of a coal. Some of these are (a) the length of time since 
burial (Palaeozoic coals are generally high-rank, Tertiary coals lo'w
rank), but many exceptions are known, and it is no"\.v believed that 
time has no direct influence on rank; (b) the action of heat from earth 
movements 01' from igneous intrusions; (c) pressure resulting from 
compression during folding and faulting; and (d) increased pressure 
and temperature resulting from depth of burial. Of these the latter is 
most readily evaluated and has been formulated into a rule (Hilt's 
rule)! In a sefies of coal semlZS the fixed carbon increases and the vola
tile 1natter decreases with depth. Hilt's rule has been applied to many 
conI basins, and the decrease in volatile matter is generally of the order 
of 0.2-0.8% per 100 feet of descent. Suggate has analysed the depth
volatile relationship in a number of coalfields and has demonstrated 
(Figure 39) a general pattern of depth-volatile distribution for British 
coals from low-rank bituminous (42% volatile matter) to anthracite 
(5% volatile matter). He presents good evidence that depth of burial 
is the cause of rank increase, except in areas of contact metamorphism. 
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For the transformation of peat into low-ra nk bituminous coal he esti
mates a depth of burial of 7500 feet and for transformation into anthra
cite with 5% volatile matter a depth of burial of about 19,000 feet. 
These data can be usefully applied in reverse to determine original 
depth of burial of coal seams whose present position is the result of 
tectonic movements or erosion. 

Chemically, the passage from wood to anthracite is mainly an in .. 
crease in carbon coupled with a decrease in oxygen. Hydrogen also 
decreases, but much less rapidly. The process is essentially one of 

Depth in thousands of feet below average coal with 42% volatile matter 

FIGURE 39. Depth-volatile relationship for British bituminous and anthracite 
coals, calculated on a dry, ash-free basis. (After Suggatc, Geol. Mag. 93,212, 1956.) 

reduction. The H:O ratio (weight per cent), which is 1:8 in cellu-, 
lose and 1: 7 in ·wood, jncreases to 1 : 1 in anthracite. The changes in 
composition froll1 peat to anthracite in terms of the changes in carbon 
and hydrogen arc shown diagrammatically in Figure 40. 

The processes outlined above give an empirical account of the trans
formation of plant material to coal. Little, however, is known of the 
chemical reactions involved. TeichmUller an.d Teichmiiller (1954) 
have provided a useful summary of the present state of knowledge 
in this important fiela. Research on the chemical constitution of coal 
has indicated that the coal material consists essentially of cOlllplex 
organic substances of high molecular weight. Study of the break
dmvn products of coal shows that these compounds are largely aro
matic and that the degree of aromatization increases with rank, until 
Ultimately complete arQmatization to graphite may be reached. The 
oxygen is evidently present as OB and COOH groups and is expelled 
?ufing rank increase as water and carbon dioxide. The rapid drop 
In hydrogen content from bituminous coal to anthracite is a reflection 
of the expulsion of methane at this stage of metamorphism. Nitrogen 
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is present in coal as amjno groups or substituting carbon in the xing 
structures. The evidence of the chemical reactions of coal suggests 
that the carbon in the ring systems is largely saturated, i.e., the rings 
are naphthenic, and that six-membered rings predominate. 

.... 
Ql 
0. 

Anthracite Bituminous Lignite 
7r---~~.-------~--~~~------~~----~ 

Peat 

90 ao 70 60 50 
Per cent carbon 

FIGURE 40. Compositional changes, calculated on a dry, ash-free basis, in the 
series from peat to anthracite, in terms of the content of carbon and hydrogen
the so-called coal band. 

The Origin of Petroleum4 General agreement exists that the source 
material of petroleum was organic and was laid down in a sedimentary 
environment, although the theory of the inorganic origin of petroleum 
dies hard, and a supposedly serious book published in 1950 ascribed oil 
to a cosmic rain. There is some uncertainty as to whether non-marine 
sediments are to be entirely excluded as petroleum source beds, but 
the predominance of marine sediments in oil-bearing formations snp
ports the belief that the parent material of most petroleunl was de
posited in a marine environment. 

Important clues to the origjn of petroleum may be deriv"ed from a 
knowledge of its composition. Crude oil sho\vs a remnrl{able con
stancy in elementary composition. Generally it has a carbon content 
of 83-87%, a hydrogen content of 11-14%, and other elements, mainly 
oxygen, nitrogen, and sulfur, up to a maximum of about 5%. Over 
99% of many crude oils consists of carbon and hydrogen only. The 
ash content is uniformly low, from 0.001-0.05%. 

In contrast to this uniformity and simplicity of elementary composi-
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cion crude oil shows a great variability and complexity with respect 
to the compounds which may be present. It consists of a variable mix
ture of a large number of different hydrocarbons which may be 
grouped into three homologous series: (a) paraffins, with the general 
fOl'll1ula C"H211 +2 ; (b) cycloparaffins or naphthenes, ring-type hydro
carbons with the general formula C,H2n ; and benzenoid hydrocarbons, 
with the general formula CIIH 211 - 6• The proportions of these major 
types vary considerably from one crude to another, and crudes are 
distinguished as paraffinic, naphthenic, or benzenoid, according to the 
predominan t type. 

If crude petroleum is assumed to be a mixture in thermodynamic 
equilibl'jum, it should be possible to calculate its composition, pro
vided adequate thermodynamic data on the many possible hydrocar
bons are available. j\·Iuch work on the free energies of hydrocarbons 
has been cnrried out at the U. S. Bureau of Standards and elsewhere in 
recent years. Some of the major results of this work are summed up 
in the following statements: 

1. Paraffins arc comparatively the most stable hydrocarbons at lower 
temperatures. 

2. In an homologous series the stability increases as the number of 
carbon atoms decreases. iVlethane is the most stable hydrocarbon. 

3. The stability of the naphthenes does not differ greatly from that 
of the paraffins. 

4. In the temperature range most directly concerned with oil genesis 
benzenoid hydrocarbons are less stable than the corresponding sat
urated hydrocarbons. 

Because of the wide variation in amounts of the different hydrocarbons 
in crudes of approximately the same bulk composition it is evident 
that crude oil is not n thermodynamic equilibrium mixture. The 
composition of a crude probably depends largely on the relative l'e
action rates of the competing reactions \vhich have been responsible 
for its formation. However, oils from older strata as a rule contain 
more paraffins and more volatile (i.e., low molecular weight) hydro
carbons than those from younger formations. This suggests that in
creasing age is reflected in a closer approach to thermodynamic 
equilibrium. 

Other clues as to origin provided by the composition of crude oil 
are the presence of heat-sensitive compounds, such as porphyrins and 
complex nitrogen-substituted hydrocarbons, which are decomposed at 
temperatures around 200°. Evidently temperatures of 200 0 are not 
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exceeded in petroleum formation, and probably the maximum tem~ 
perature has generally been much lower. This is supported by an 
overall correlation between the occurrence of oil and the rank of coal 
within the same general area; oil cannot be expected "when the rank 
of coal exceeds a certain value, best expressed by the fixed carbon 
content (fixed carbon in excess of 70% usually signifies absence of 
petroleum). Oil is clearly more sensitive to metamorphism and is 
readily destroyed by conditions which merely cause an increase of 
rank in the coal. 

The nature of the original organic matter from which crude oil 
has been formed is a subject of considerable controversy. It is con
ceivable that practically any organism, animal or plant, nlay have 
contributed to the formation of petroleum. Since, however, plankton 
is the most abundant organic material in the sea and forms the food 
of higher organisms, it is reasonable to consider its composition as 
representative of the composition of the raw material from which 
petroleum has been formed. The data on the chemic al composition 
of plankton arc summarized by Vinogradov (1953). Planl{ton, like 
higher Ql'ganisms, contains carbohydrates, proteins, and fats, and small 
amounts of hydrocarbons have been found in diatoo1s. On death 
planktonic organisms are either eaten or sink to the bottOiTI to become 
part of the marine sediments. Oceanographic investigations have 
revealed the environment of deposition whereby organic matter may 
be preserved for butial ~ and ultimate transformation into petroleum. 

Reducing conditions are clearly necessary, since oxidation rapidly 
decomposes organic matter into carbon dioxide and \vater. The en
vironment must also be inimical to carrion-eating animals for ,vhich 
dead organisms serve as food. These conditions are present 011 the 
ocean floor in places where the bottom waters are stagnant, especially 
in basins and troughs. In such areas organic matter sinking to the 
bottom is not destroyed in the usual manner but is decomposed by 
the action of anaerobic bacteria. Putrefaction takes place, and the 
product is a black mud lcno\vn as sapropel. A present-day example 
is the Black Sea, where water circulation is restricted and bottom 
sediments with as much as 35% organic matter have been recorded 
(the average marine sediment contains about 2.5% organic matter). 

Sapropel is believed to be the parent substance of petroleum, just 
as peat is the parent substance of coal. The conversion of sapropel to 
petroleum probably involves both biochemical and inorganic processes, 
although the relative part each of these plays is subject to much dif
ference of opinion. Good evidence exists for the importance of bac-
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terial action in converting carbohydrates and proteins into compounds 
which may change into hydrocarbons. Chemically, the conversion of 
organic matter to hydrocarbons can be represented schematically by 
the equation 

(CH20)n = xC02 + yeH.;: 
Carbohydmte Carbon dloxide lIydrocBrbons 

i.e., a reciprocal oxidation and reduction in which part of the organic 
material is completely oxidized to CO2 and part completely reduced to 
hydrocal'bons. However, this is certainly an oversimplification. Prob
ably biochemical processes first produce fatty acids, which are later 
converted into hydrocarbons by a series of reactions involving fission, 
condensation, cyc1ation, and dehydration. These reactions may be 
prol11oted by catalysts, in which connection the significance of clay 
deserves to be emphasized. Clay particles are strong adsorbents and 
thereby bring fOl'eign molecules into close contact. In addition, such 
moleCUles are not fixed at l·andom but in definite positions relative not 
only to the day, but also to each other, where they may be able to 
interact and form new compounds. 

A controversial point of much significance in discussing the origin 
of oil has been the time factor. Since little oil has been produced from 
rocks younger than Pliocene (and that may have migrated from older 
rocks), the widely accepted view has been that the formation of oil 
is a slow process. TIus view was seemingly confirmed by the failure 
of past investigators to detect liquid hydrocarbons in recent sediments. 
However, the situation has been completely changed by the work of 
Smith (1954) and others, who have succeeded in extracting paraffin, 
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 matel'ial has formed in place and 
is not petroleum migrating from older formations is proved by carbon-
14 dating, which has indicated an apparent age of about 10,000 years 
for the hydrocarbons. Extrapolation of the data for sediments of 
the Gulf of Mexico off Louisiana and the Santa Cruz Basin off Cali
fornia gives estimates varying from 4,500,000 to 10,400,000 barrels of 
crude oil per cubic mile of sediments in these areas. The problem 
of the origin of petroleum thus appears solved; however, after forma
tion it must migrate and accumulate where favorable structural condi
tions, such as porous reservoir rock and impervious cap rock, prevail. 

The Geochemical Cycle of Carbon. Carbon, although not one of 
the more abundant elements in the earth, plays an important rolc, 
perhaps the most important one, in geochemistry, because carbon 
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compounds are essential for every known form of life. The geo
chemistry of carbon is closely linked with that of the other essential 
elements of organisms, especially hydrogen, oxygen, nitro gen, and 
sulfur. Various aspects of the carbon cycle have been studied for 
over a century. In 1933 Goldschmidt developed the concept of the 
carbon cycle in both its biological and geological aspects (Figure 41) 
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FIGURE 41. The circulation of carbon in nature. 

and made quantitative estimates of the amount of carbon in the dif
ferent parts of the cycle, Some of these estimates have been revised 
by later ,Yorkers, especially Borchert (1951) and Wickman (1956). 

Much work has been done in recent years on variations in the rela
tive abundances of the two stable isotopes of carbon. Craig in Chicago 
and Wickman in Stockholm have made many measurements of the 
CHl jC1S ratio in materials from different geochemical environments 
and have found small but regular variations. The ratio varies from 
about 88.3 to 91.4 and shows consistent values for specific types of 
material. Carbonate rocks are richest in C18, with an average ratio 
of 88.55, and fossil organic carbon (from coal, bituminous shale, and 
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petroleum) is richest in C12, with an average ratio of 91.00. In 1941 
Wicl<man, in one of the earliest applications of isotopic variations in 
geology, used the data then available on C12 jela ratios in an ingenious 
calculation to determine the amount of organic carbon in sedimentary 
rocks. The basis of his calculation is that the differences in C12/C13 

ratios between carbonate carbon and organic carbon represent frac~ 
tionation of the two isotopes from original crustal carbon of uniform 
isotopic composition. If the total amount of carbonate carbon is A, 
organic carbon, V, their isotope ratios, x and y, and the isotope ratio 
of oxiginal crustal carbon, z, then 

A/B = (y - z)/(z - '\') 

vVickman (1956) hns discussed the concept of Hcrustal carbon" at some 
length and shows that the C12 lela ratio for diamonds, for carbonates 
of probable magmatic origin~ and for a number of graphites all give 
consistent values for this ratio around an average of 89.11, which he 
accepts as the figure for z. Then, using the figures given above for 
the C12 leIs ratio in carbonate rocks and in fossil organic catbon and 
his earlier estimate of 2420 ± 560 g/cm2 of the earth's surface for A, 
he calculates that B is 700 ± 200 g/cm2• This corresponds to a content 
of 0.41 ± 0.13% C in the average shale, a figure consistent \vith direct 
analytical data. 

The Concenfration of Minor elements in Biogenic Deposits. In terms 
of the average composition of the earth's crust coal find petroleum are 
greatly enriched in carbon and hydrogen and sometimes in nitrogen 
and sulfnr. In addition, the biogenic deposits often show remarkable 
concentrations of tare elements. The classic example was Gold
schmidt's djscovery of 1.6% Ge02 in the ash of a coal from the 
Newcastle district in England "(a figure that "vas recently surpassed 
by the finding of up to 7.5% germanium in the ash of lignite from 
the District of Columbia). Goldschmidt followed up this discovery 
by a systematic study of the geochemistry of coal ash, and Table 39 
is a summary of some of his results. The figures in Table 39 are for 
the average content of Urich" ashes, and individual samples) such as 
the Newcastle ash with 1.6% Ge02~ may show much higher enrich
ment f~ctors. Additional data are available in a paper by Gibson and 
Selvig (1944). The remarkable feature of these results is the hetero
geneous group of elements found in coal ash. These elements differ 
'widely in their geochemical behavior. Both chalcophile and lithophile 
elements are present, although the chalcophile pl'edominate. Ionic or 
atomic radii are apparently not significant, since the association in the 
coal ashes embraces elements with small, medium, and large radii. 
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TABLE 39. RARE ELEMENTS IN COAL ASH 

Average content Average con ten t 
in coal ash in earth's crust Factor of 

Element (g/ton) (g/ton) enrichment 
B 600 3 200 
Ge 500 2 250 
As 500 2 250 
Bi 20 0.2 100 
Be 45 2 22 
Co 300 23 13 
Ni 700 80 9 
Cd 5 0.15 33 
Pb 100 16 6 
Ag 2 0.1 20 
Sc 60 5 12 
Ga 100 15 7 
Mo SO 1 50 
U 400 2 200 

Several possibilities may be suggested for the enrichment of a rare 
element in coal ash: 

1. The element was accumulated by the vital processes of the plants 
that formed the parent material of the coal (possibly followed by 
selective decay whereby the rare element was further concentrated). 

2. The element \-vas precipitated from ground water by adsorption 
or chemical reaction during coalification. 

3. The element formed part of the mineral matter deposited along 
with the organic material. 

The third possibility can be discounted because there is no reason to 
expect mineral matter deposited with organic material to be especially 
rich in rare elements. In addition, Goldschmidt's analyses show clearly 
that the rare elements are not present in the mineral mutter, since the 
concentration of these elements is usually greatest in low-ash coals and 
least in those with high-ash content. The first possibility may be 
responsible for some instances of enrichment of trace elements, al
though in general plants sho\v little capacity to accumulate elements 
from the soil. Goldschmidt favored a concentration during dec-ay 
of the plant remains whereby the more soluble elements \vere leached 
out, leaving others retained either as insoluble compounds or as metal
organic complexes. The second possibility, however, seems to provide 
particularly favorable circumstances for concentration of rare elements. 
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The lo\v oxidation potential of the medium would reduce sulfur com
pounds to H 2S, and thereby lead to the precipitation of chalcophile 
elements, mnny of which are markedly enriched in coal ashes. An
other significant process is probably chelation of metallic ions by com
plex organic molecules; experiments have shown that humns has con
siderable capacity for adsorbing a variety of cations from solution 
and retaining them in stable combination. This process has been held 
responsible for the enrichment of uranium in some lignites, in which 
the uranium has been leached from overlying strata and is especially 
concentrated in the upper part of the lignite. 

Compared with coal, petroleum (including asphaltites and bitumens) 
is far more specific in the concentration of rare elements. Vanadium 
shows a strong affinity for pet.roleum, and over 70% V 20 G has been 
recorded from petroleum ash. Some shipping companies have found 
it profitable to buy fuel oil from a particular locality, since the ashes 
can be sold as vanadium ore. In the famous Nlinasragra deposit in Peru 
the vanadium occurs with asphnltite. According to Goldschmidt, the 
typical elements associated with petroleum and bitumen are vanadium, 
molybdenum, and nickel. He believed that they are present as organo
metallic compounds 'which migrate with the hydrocarbons, and he 
pointed out that these elements are effective catalysts for the synthesis 
of hydrocarbons; hence they TIlay have been active in- facilitating the 
formation of petroleum from organic remains. These elements may 
have been extracted from sea water by organisms that utilized them in 
the form of metal-organic porphyrin compounds. The porphyrin 
compounds are exceedingly stable and have been recognized .in shales, 
asphalts, and petroleum dating back to the Palaeozoic; they are evi
dently able to withstand the ordinary processes of diagenesis. 

As discussed in the chapter on sedimentary rocks, the black bitumi
nous shAles also show unusual concentrations of minor elements. An 
economically important example is the lV[ansfeld "Kupferschieferu of 
German y, which is a bituminous shale with a considerable copper 
content. It is ,vorked as a copper ore and is markedly enriched in As, 
Ag, Zn, Cd, Pb, V, 1\10, Sb, Bi, Au, and the platinum metals. The 
increased interest in uranium in recent years has revealed that this 
element, too, is often enriched in the black shales, contents of up to 
400 g/ton being not uncommon. 
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Metamorphism and Metamorphic Rocks 

Metamorphism as Ct Geochemical Process. Metamolphism may be 
defined as the sum of the processes that, working below the zone of 
weathering, cause the recrystallization of rock material. During 
metamorphism the rocks remain essentially solid; if remelting takes 
place a magma is produced, and metamorphism has passed into mag
matism. Metamorphism is induced in solid rocks as a result of pro
nounced changes in temperature, pressure, and chemical environment. 
These changes affect the physical and chemical stability of a mineral 
assemblage, and metamorphism results from the effort to establish a 
new equilibrium. In this way the constituents of a rock are changed 
to minerals that are more stable under the new conditions, and these 
minerals may arrange themselves with the production of structures 
that are more suited to the new environment. iVletamorphism ac
cordingly results in the partial or complete recrystallization of a rock, 
with the production of new structlu'es and new minerals. 

The three factors of heat, pressure, and chemically active fluids are 
the impelling forces in metamorphism. The heat may be due to the 
general increase of temperature with depth or to contiguous magmas. 
Pressures may be resolved into two kinds: hydrostatic or uniform 
pressure, which leads to change in volume; and directed pressure or 
shear, which leads to change of shape 01' distol'don. Uniform pressure 
results in the production of granular, non-oriented structures; shear 
results in the production of parallel or banded structures. Whether 
shear has a distinctive influence on the mineralogical composition of 
metamorphic rocks, i.e., whether shear affects chemical equilibria, is 
still a controversial topic. Uniform pressure affects chemical equi .. 
libria by promoting a volume decrease, i.e., the formation of minerals 
of higher density The action of chemically active fluids is a most 
important factor in metamorphism, since, even when they do not add 
or subtract material from the rocks, they promote reaction by solution 
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and redeposition. vVhen they add 01' subtract material the process is 
called 1Ilctaso1JlotiS11Z. Probably some degree of metasomatism accom
panies most metamorphism. "Vater is the principal chemically active 
fluid, and it is aided by carbon dioxide, boric acid, hydrofluoric and 
hydrochloric acids, and other substances, often of magmatic origin. 

The Chemical Composition of Metamorphic Rocks. The bulk chem
ical composition of metamorphic rocks is exceedingly variable. It may 
correspond to that of any of the igneous and sedimentary rocks, and 
metasomatism may produce a composition different again from these. 
I t is, however, often possible to determine the nature of the original 
rock from its chemical composition even after it has been totally re
crystallized and the original structUl'C completely destroyed. vVe have 
seen how sedimentary rocks can be more extreme in their composition 
than igneous rocks, and this feature aids in the elucidation of their 
Inetamorphosed equivalents. Some of the chemical criteria that may 
be used to establish an originally sedimentary origin of metamorphic 
rocks are (a) an excess of alumina, which will appear as C when the 
notm is calculated (if C exceeds 5% a sedimentary origin may be sus
pected; if C is greater than 10% a sedimentary origin is almost certain); 
(b) 1(20 > Na20 combined with lVlgO > CaO (this feature is char
acteristic of argillaceous rocks, especially those containing appreciable 
amounts of illite and montmorillonite) j and (c) a very high Si02 con
tent (say greater than 80%, or 1110re than 50% Q in the norm), which 
suggests that the rock was originally a sandstone or a chert. 

The general tendency of metamorphism is to smooth out variations 
and to produce rocks of more or less uniform mineral composition over 
wide areas. This is exemplified by regions of monotonous Precam
brian gneisses, consisting almost entirely of quartz, feldspar, horn
blende, muscovite, and biotite. Recrystallization during metamorphism 
may bring about a segregation of certain minerals into lenses and bands, 
thel'eby producing chemical segregation on a small scale; this is known 
as nletamorphic differentiation. 

The bulk chemical composition of a rock may remain constant dur
ing metamorphism (isochemical metamorphism), 01' it may change 
through the introdllction and/or l'emoval of material (allochemical 
metamorphism). Even isochemical metamorphism involves some 
transference of material, although it may be over very small distances. 
For example1 Hutton and Turner have described metacrysts of man
ganese garnet which have grown in a chlorite schist, even though the 
average manganese c,ontent of the parent rock is only 0.1 %. Manga
nese has been transferred from the surrounding rock and concentrated 
in the garnet metacrysts, but the distance of migration is quite small, 
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of the order of a millimeter. Even the change from one PolYOlorph to 
another in l'esponse to changing physical conditions involves the re
arrangement of atoms and hence their movement within the crystal 
lattice. When we speak of transference of material during meta
morphism, ,ve generally have in mind processes that result in marked 
composition changes of large rock masses, but it is well to remember 
that the same processes are active on a small scale in essentially iso
chemical metamorphism. 

Allochemical metamorphism or metasomntisnl raises the questioll as 
to how the introduction 01' removal of material has taken place. Three 
ways may be suggested: transportation in a gas phase; transportation 
by liquids; and transportation involving neither of these. The last 
process may be visualized as a n1igration of atoms or ions along crystal 
boundaries or even through solids, and its significance in metanlorphism 
is a subject of acute controversy. That such a process is possible is 
universally accepted. The controversy, like so many others in geol
ogy, rages around the magnitude of the effects this form of material 
transfer has actually produced in the rocks. Some workers ascribe to 
it the alteration of enormous volumes of material; specifically, it has 
been stated (Perrin and Roubault, 1949) that granite m-asses of bath
olitie dimensions are the result of allochemical metamorphism of pre
existing rocks without the intervention of liquid or gas phases. Other 
workers state ~hat migration of ions in and through solids is :an insig
nificant factor in metamorphism at best, being cOlllpletely over
shadowed by other types of tl'anSpOI'tation, and that in any case the 
requirements for extensive migration of this kind .are unlikely to be 
realized under the usual conditions of metamorphism. 

On the whole the evidence favors the latter view. Measurements of 
diffusion in silicates indicate that the rate of migration of ions in solids 
'of this kind is much too slow to produce extensive changes, even in 
the time available durhlg cycles of metamorphism. These experimental 
data arc complemented by deductions based on energy considerations. 
Diffusion in and throngh solids is conditioned by the kinetic energy 
of the ions and the presence of defects in the cl·ystallattices. Rising 
temperatures will promote such diffusion by increasing the kinetic 
energy of the ions and the degree of disorder. However, as Bowen 
has pointed out, diffusion is insignificant until the temperature ap
proaches the melting point of the solid j in fact there is a threshold 
value below which diffusion is ineffective. For silicates this threshold 
value is given as 0.8 to O.9T, where T is the melting temperature (in 
degrees absolute) of the individual silicate. As Bowen observes, if this 
condition holds rigidly, diffusion in the solid state may be ruled out 
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as a metamorphic process, since an assemblage of minerals \vill begin 
to melt at a temperature far below the melting point of any individual 
mineral. Hence magma will be regenerated at temperatures wen below 
those at which ions would begin to diffuse in and through the indi
vidual minerals. In this connection the presence of zoning in feldspars 
and other minerals shows that differences of chemical composition 
over microscopic distances can persist over vast periods of time and 
through severe changes ill physical conditions, 

The controversy regarding diffusion in the solid state as an agent of 
metamorphism has tended to overshadow the significance of other 
pl'ocesses of transportation. "Vater and other volatile substances are 
practically omnipresent, at least in small amounts, in alll'ocks and are 
also set free in large amounts by igneous activity, thereby providing 
a universal and effective medium for the transportation of material. 
Field observations and laboratory experiments indicate that metasoma
tism is essentially the result of introduction or removal of material by 
liquids or gases rather than by transference in and through solids. 

The Mineralogy of Metamorphic Rocks. Since the chemical com
position of metamorphic rocks is so varied, it is to be expected that 
their mineralogy will be correspondingly diverse. In addition, meta
morphic rocIes are formed under a wide range of temperatures and 
pressures, and even if no change in bulk composition takes place a 
mineral assemblage stable under certain (P, T) conditions may be re
placed by a totally different assemblage under other (P, T) conditions. 
In these circllmstances it is noteworthy that the mineralogy of meta
morphic rocks is not more complexj this is largely due to the stability 
of some common minerals over considerable ranges of bulk composi
tion and of physical conditions. 

A list of some of the silicate minerals of metamorphic rocks is given 
in Table 40, along with information regarding their relative composi
tions. We shall need this information in discussing the mineral trans
formations characteristic of metamorphic processes. The figures in 
Table 40 are derived from the ideal formulas of the minerals, all re
duced to a common basis of 24 (0, OR) ions. The figures do not take 
into account possible ionic substitution, such as magnesium for iron or 
ferric jron for aluminum. The table provides a useful means of rapid 
comparison for determining what additions or subtractions are neces
sary in the transformation of one mineral to another of related com
position and for indicating the minerals that may appear in rocks of 
specific bulk composition. 

The significant features of the important silicates with respect to 
metamorphism can best be discussed with regard to theil' structural 
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TABLE 40. THE COMPOSITION OF MINER.ALS OF METAMORPHIC ROCKS IN 

ATOMIC PROPORTIONS, BASED ON A COMMON CONTENT OF 24(O,OH) IONS 

Mineral Formula Si Ai Mg Fc ea Na K 
Quartz Si~ 12 
Andalusi te, silli-

manite, kyanite AI2SiOlj ",5 "'10 
Cordiedte Mg2ALtSi501S ",,7 "'-'5 ....... 3 
Pyrope MgaAI2(Si04)3 6 4 6 
Chlorite MgljAl(AlSiaOlo)(OH)s 4 "'3 ro.J7 
Enstatite MgSiOa 8 8 
An thoph ylli te Mg,(Si40U)2(OH)1l 8 7 
Talc MgsSi40 10(OH)2 8 6 
Serpentine MgsSi20 5(OH)4 5 8 
Forsterite Mg2SiOoi 6 12 
Staurolite H2FeAl4Si2012 4 8 2 
Chloritoid Fe2A12 (Ah Si201(1) (OH4) ",4 ",8 ",,4 
Almandite FeaAI2(Si04)a 6 4 6 
Cummingtonite Fe7(Si4011)2(OH)2 8 7 
Wollastoni te CaSiOs 8 8 
Grossulari te CnaAI2(Si04)s 6 4 6 
Zoisite Ca2A1a(Si 04)s(OH) "-'6 ",,6 ,...,4 
Anorthite CaAhSi20S 6 6 3 
Diopside CaMgSi2,OB 8 4 4 
Tremolite CIl2Mg6(Si40 n)2(OH)2 8 5 2 
Jadeite NaAlSi20 0 8 4 4 

Glaucophane N a2MgaAb(Si40u)2(OHh 8 2 3 '2 
Albite NaAISig08 9 3 3 
Potash feldspar KAISiaOa 9 3 3 
Muscovite KA12(AlSiaOlo)(OHh 6 6 '2 
Phlogopite KMgs(A1ShOlO) (OH)2 6 2 6 2 

type. Of the common tektosilicates, quartz is present in silica-rich 
rocks over practically the 'whole range of metamorphic conditions (at 
high temperatures and low pressures tridymite and cristobalite l11ay 
farm). The feldspars are common and abundant, but individual species 
sho\v marked differences in occurrence. Albite is found over a wide 
range of conditions. Except for the rare occurrence of paragonite in 
a few schists, jadeite in eclogite, and glaucophane in glaucophane 
schists, albite is the principal carrier of sodium in metamorphic rocks. 
Potash feldspar occurs more usually as microcline than as orthoclase, 
conditions of metamorphism being generally favorable to the crystal
lization of the ol'dered form. Anorthite is rare in metamorphic r()cks, 
the common calcium aluminum silidate being zoisite or epidote. Pla
gioclase composition is often a sensitive indicator of metamorphic 
grade; in the lowest-grade rocks it is pure albite, and the calcium 
content increases as the grade increases. 
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Minerals of the inosilicate grOUpt i.e., the pyroxenes and amphiboles, 
are common and abundant constituents in metamorphic l'ocks. Some 
amphiboles and pyroxenes are practically confined to these rocks, e.g., 
jadeite among the pyroxenes, and anthophyllite, cummingtonite, trem
olite, actinolite, and glaucophane among the amphiboles. In gen
eral, the amphiboles are typical of metamorphic rocks formed at low 
and moderate temperatures, the pyroxenes of those formed at higher 
temperatures. However, diopsidic pyroxene is often associated with 
hornblende 01' with calcite in calcareous rocks at fairly low grade. 

l\iincl'als with layer lattices, i.e., the phyllosilicates, are especially 
characteristic of metamorphic rocks. Talc, serpentine, the chlorites 
and chloritoids, and muscovite and biotite are common and widespread, 
some of them being practically confined to these rocks. The clay 
minerals of sedimentary rocks are particularly susceptible to recrystal
lization, and argj)Jaceous l'ocl{s are thus especially suitable for tracing 
the initial stages of metamorphism. In this connection Yoder and 
Eugster (1955) have j'ecognized a series of subtle changes in the 
crystal structure of the clay mica, from a one-layer randomly stacked 
polymorph to a one-layer ordered polymorph to a t\vo-layer ordered, 
polymorph during progressive metamorphism. Similar changes can 
be expected in other phyllosilicatest such as the chlorites. 

The nesosilicates are common and abundant in Inetanlorphic rocks, 
and some of them, such as the garnetst epidote, and the aluminum 
silicates, are especially typicnl of such rocks. The nesosilicates in gen
el.'al are closely packed structures and would be expected to show 
marked stability under high pressure. The aluminum silicates-kyanite, 
sillimanite, and andalusite-are found in metamorphic rocks with high 
alnmitlUm content. Stability relations of these three polymorphs are 
not well understood. Kyanite is much denser than the other two and 
may indicate conditions of extreme pressure, although it occasionally 
occurs as a vein mineral. Andalusite is particularly characteristic of 
thermally metamorphosed rocIes and appears to be unstable under stress. 
Sillimanite is probably the commonest of the three and may well be the 
form with the largest stability field. Under extremely high tempera
ntres typified by the contact action of basic lavas the mineral mullite, 
which resembles sillimanite closely but is of somewhat different com
position, may appear. The garnets occur frequently in metamorphic 
rocks. Their composition is, of course, conditioned by the bulk com
position of the rock, but they are also sensitive indicators of meta
morphic grade. In the lowest grades of metamorphism the only 
garnet found is the manganese variety spessartite. At somewhat higher 
grades of regional metamorphism almandite may be formed, whereas 
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garnets rich in the pyrope com ponent are formed only at high meta
morphic grades. The calcium-iron gal'net andradite is characteristic 
of limestones that have been metasomatically altered by iron-rich 
emanations. The zoisite-epidote group is a common constituent of 
metamorphic l'ocks of low and medium grade, iVlinerals of this group 
are important carriers of calcium and aluminum 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 with fairly high density, the formation of 
which is favored by increased pressure; their structures generally 
tolerate considerable atomic substitution and may therefore form 
under variable bulk composition of the rocks. Some nesosilicates, 
especially minerals of the garnet and epidote groups, arc also character
istic of many metamorphic rocks. 1\1any of the tektosilicates or frame
'work structures, on the other hand, show a marked instability under 
conditions of metmnorphism, probably because of their distinctly open 
lattices. 

The role of aluminum in the silicate minerals of metamorphic facIes 
deserves mention. We have been that aluminum is capable of either 
sixfold or fourfold coordination with oxygen; in sixfold coordination 
it is structurally similar to magnesium 01' ferrous and ferric iron, 
whereas in fourfold coordination it acts like silicon. A distinct cor
relation exists between the type of coordination of aluminum and the 
grade of metamorphism. In general four-coordination of aluminum 
is promoted by increasing temperature; thus the amount of aluminum 
replacing silicon in such minerals as the amphiboles, pyroxenes, and 
micas increases at higher metamorphic grades. The effect of pressure 
is less obvious, but sixfold coordination .is more economical of space 
and should be favored by high pressures. i\1inerals containing four
coordinated aluminum are characteristic of igneo'l1s rocks and the 
products of thermal and high-grade regional metamorphism l whereas 
in sedimentary rocks and low- to n1edium-grade metamorphic rocks 
aluminum typically occurs in six-coordination. 

Many other minerals besides the silicates discussed here occur in 
metamorphic rocks, but generally in quite minor amounts. An excep
tion should be made for calcite and dolomite, ,vhich make up the 
greater part of some metamorphic rocks. Their stability is a direct 
function of the partial pressure of carbon dioxide during metamor
phism, and they may thus be stable over a wide range of rempel'atl1res 
and pressures, provided sufficient carbon dioxide is present to prevent 
decomposition. l'Vlagnesium carbonate is much morc readily dccom-
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posed than calcium carbonate, and therefore calcite is stable to higher 
111et-amorphic grades than dolomite. 

The Stability of Minerals. Stability is a relative property. For 
examplet calcite is said to be stable at ordinary temperatul'es and 
pressures. So it is, but only in the sense that under specific conditions 
it \vlll remain unchanged indefinitely. Drop it into dilute hydrochloric 
acid, howevel', and it is certainly far from stable. Stability must there
fore be defined not only in l'espect to pressure and temperature, but 
also as regards chemical environment. lVlost discussions of the stability 
of particular minerals or mineral associations assume an indifferent 
chemical environment, in \vhich stability is a function of physical 
conditions only. 

Three states may be distinguished: stability, metastability, and in
stability. A stable mineral association is that which has the lowest 
possible free energy under the particular circumstances and which 
therefore has no tendency to change. A mineral association is unstable 
when it is not the association with the lowest free energy under the 
specific conditions! and when the rate of change to all association ,vith 
lower free energy is appreciable. A metastable association is one with 
more than the minimum frce energy for the system, but in which the 
rate of change to an association with lower free energy is so slow as 
to be undetectable-an input of energy is required to make the trans
formation take place at a finite rate. Stability therefore involves two 
independent factors, thermodynamics and kinetics. 

Thermodynamics of Metamorphism. The thermodynamics of meta
morphism can be expressed in terms of the transformation of a mineral 
association A + B + C ... into a different association L + 1\1 + N ... 
according to the equation 

/1 + B + C ... = L + AI + N ... 

For this change to take place the net fl'ee energy of L + M + N 
must be less than that of A + B + C .. " i.e., the free energy change 
must be negative. This condition can be expressed in the following 
way 

AG = (GJ.I + GlI{ + GN ... ) - (GA + GB + Gc ... ) < 0 

However, in general the free energy change is obtained indirectly, 
usually by the application of the second law of thermodynamics, as 
expressed in the following form 

fiG = aH - TAS 
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in which AH is the enthalpy or heat of reaction and ~S the entropy 
change. 

The application of the simple thermodynamic equation to the con
sideration of actuall'eactions is complicated by the variatioll of AS and 
AH with temperature and pressure, and in order to study a reaction 
over a range of temperatures and pressures one must have data on 
compressibility, specific heat, and thermal expansion fo1' the different 
phases. In addition, AS and AH have been measured for very few 
reactions of geological significance. Such measurements \vould pro
vide basic data for significant advances towards the e luddation of 
fundamental geochemical problems. However, qualitative statements 
based on Le Chatelier's principle are often possible. Increased pressure 
will cause a reaction to run in a direction such that the total volume of 
the system decreases. Increasing temperature favors endothermic 
reactions. Since the volume change accompanying metmnorphic re
actions (except those involving gas phases) is generally small in com
parison to the heat of reaction, temperature changes are luore signifi
cant than pressure changes in displacing equilibrium. 

One of the few Teactions of metamorphism for which adequate 
thermodynamic data are available is the formation of \vollastonite from 
'calcium carbonate and silica, according to the equation 

CnCO::! + Si02 = CaSiOa + CO2 

The thermodynamics of this reaction and its significance for the meta
morphism of siliceous limestone ,vas first discussed by Goldschmidt, 
and he derived therefrom information regarding pressure-temperature 
conditions during metamoTphjsm. With the aid of modern high tem
perature-high pressure equipment Harker and Tuttle have succeeded 
in determining the equilibrium curve for the reaction experimentally 
(Figure 42). The general features deduced by Goldschmidt are con~ 
firmed, although the reaction takes place at a lower temperature than 
he predicted. At zero pressure of carbon dioxide the formation of 
wollastonite may take place at temperatures below 400 0

• As may be 
predicted from the law of mass action, this temperature increases \vith 
increasing pressure, reaching 750° at 2000 atm. Figure 42 shows that 
for conditions abov,e curve AB the formation of wollastonite from 
calcium carbonate and silica can take place spontaneously (AG < O)i 
below CUl"ve AB the reaction is reversed, and calcium carbonate and 
silica can be formed from wollastonite and carbon dioxide; curve AB 
itself represents equilibrium conditions (AG = 0). 

Goldschmidt's computations and H~al'ker and Tuttle's experimental 
work were performed on a close,d system in which the pressure was 
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that of the CO2• Barth (1952) has pointed out that under geological 
conditions this situation is improbable, since during the reaction of 
calcium carbonate and silica the carbon dioxide produced ,vill tend to 
diffuse away. Wollastonite is denser than either calcite or quartz, and 
so in terms of the solids the reaction proceeds with a decrease in 
volume, and hence if the CO2 escapes the temperature of formation 
of wollastonite will decrease with increasing pressure. Curve AC is 
the q llantitative expression of this decrease l as calculated by Barth by 
means of the Clapeyron equation. This example i11ustl"&tes the im-
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FWURE 42. Pressure-temperature curve for the reaction CaCOs + 8i02 = 
CaSiOs + CO2-

portance of distinguishing betweel) open and closed systems for re
actions involving volatile components. Such reactions are common in 
l11etamorphism. 

Thermodynamic studies have been applied to the inv~stigati(}n of 
the formation of jadeite in metamorphic rocks. Jadeite is a fare 
mineral and in spite of its simple chemical composition effOl'ts to make 
it in the laboxatory have only recently been successful. It is, of course, 
a phase in the system Na20-A120s-Si02 and is intermediate in com
position between albite and nepheline. The thermodynamic data show 
that jadeite is a stable phase in this system at 25 0 and 1 atm pressure. 
That it is a rare mjneraJ is evident1y not because of any lack of stability 
but probably because of the extreme slowness of the reactions that 
will f01'111 it. The conectlless of these deductions from the thermo
dynamic data has been confirmed by the discovery of jadeite ns an 
important constituent of Californian greywackes which have evidently 
been metamorphosed at quite low temperatures. In these rocks jadeite 
has apparently been formed by the reaction albite = jadeite + quartz. 
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For this reaction at 25° and 1 atm pressure AG has a small posItive 
value which diminishes \vith increasing pressure and beconlcs negative 
above about 1600 atm, i.e., jadeite and quartz would then tend to form 
from albite. Such a pressure corresponds to a depth of about 20,000 
feet, and the jadeite-bearing gl'eywac1<es were evidently metamor
phosed at this depth or greater. 

Thermodynamic data thus enable predictions concerning the rela
tive stability of possible phases under specified conditions of tempera
ture, pressure, and chemical environment. Knowledge <JE the free
energy change accompanying any reaction is adequate for determining 
whether or not the reaction can take place. Those reactions take place 
which lead to a decrease in the free energy of the system as a whole. 
Thus during metamOl'phism the tendency is towards the transfo 1'ma
tion of the rock material into a mineral association which for the 
specific conditions has the lowest possible free energy. However, the 
rate at which such trunsformation will proceed cannot be determined 
£l'om the thermodynamic data but js dependent on other factors. 

Kinetics of Metamorphism. The significance of kinetics in nleta
morphism can be illustrated by the simple case of recrystallization of a 
limestone. A fine-grained aggregate of calcite Can alter spontaneously 
to a coarse-grained aggregate, since the change will result in n reduc
tion of the net surface energy. Yet some fine-grained limestones 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 content is evidently 
required to cause a metamorphic change to take place. 

The kinetics of heterogeneous reactions are not well understood, but 
qualitative statements can be made \vith some degree of assurance. 
The ionic groupings found in minerals are all relatively stable entities, 
and before they can be rearranged to give different minerals they must 
undergo some kind of dislocation. Energy is required for this, and 
only ,"vhen energy is available in appreciable amounts can the rate of 
reaction become significant. This factor is an exponential function of 
E/RT, in which E is known as the activation energy. This function 
makes the activation energy the most important single factor deter
mining reaction velocities and shows that they are increased by 11 

certain amount per unit temperature rise. The usual statement that 
a reaction rate is doubled by a rise in temperature of 10° is a rough 
generalization and implies n uniform energy of activation of about 
13,000 caljmole; measured energies of activation show a considerable 
range but are of this order of magnitude. 

Temperature is thus the most significant factor in determining the 
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rate of a reaction. }Iowever, any agent that weakens the bonding 
within the phases present will give the reacting units greater freedom 
of movement and thereby decrease activation energies and accelerate 
reaction. The influence of ,vater, a powerful solvent and ionizing 
agent, is particularly significant in mineral transformations, which are 
essentially ionic in chamcter. 

Although rise in temperature is perhaps the most important source 
of activation energy, it is by no means the only one. Laboratory 
experiments have shown that light, X rays, and gamma rays can 
accelerate reactions by the input of energy of which they are capable. 
Althoug'h these have little or no significance in metamorphism, the 
importance of shear iIl this connection deserves to be emphasized. 
Shear is an important source of energy in metamorphism and is prob
ably responsible for much reconstitution that would not take place 
in its absence. This is borne out by field observations which suggest 
that the formation of low-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 of the di ffering effects of uniform load and directed pressure. 

The activation energy of the reactions taking place during meta
morphism may ~e expected to vary according to the nature of the 
reaction and to be considerably influenced by the type of Stl'uctural 
changes involved. Studies of polymorphic changes have sho,vn that 
the rate of such transformations depends greatly on the degree of l'e

arrangement of the structural units. A typical example is the rapid 
inversion of low-quartz to high-quartz compared with the sluggish 
transformation of high-quartz to tridymite. By analogy it nlay be 
expected that the change from chlorite to biotite, for example, prob
ably has a much lower nctivation energy than the change frol11 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 of silicon-oxygen tetrahedra must be completely 
broken down before the garnet structure can be built up from them. 

In addition to the above factors, the rate of reconstitution of a rock 
,vill also be influenced by the physical condition of the reacting ma
terial, particularly the size of the individual grains and the intimacy of 
their mixture. The reacting units come together lTIOre easily the 
smaller the grain size and the more complete the mixing; Le" 1ine
grained rocks willl'espond to metamorphism more rapidly tha.n those 
of coarser gnin. Here stress has an important mechanical effect by 
grinding the constituent minerals together and thereby crushing them 
and bringing them into closer contnct. 
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The importance of reaction rates can be illustrated by a considera
tion of the kinetics of the wollastonite reaction discussed in the pre
ceding section. The thermodynamic data show that \vollnstonite can 
form from calcium carbonate and silica at temperatures as low as 380°. 
However, in the laboratory the reaction between calcium carbonate 
and silica is general1y not detectable below about 500a

• On the basis 
of the thermodynamic data alone we might conclude that the absence 
of wollastonite in a limestone of suitable composition indicates that 
its telnpel'ature had never exceeded 380°, This conclusion would not 
be justified, hO\VeVel\ since the rate of formation of wollastonite may 
not become finite, even under favorable circumstances) until higher 
temperatures are reached. 

The sluggishness of many reactions at low tu moderate temperatures 
undoubtedly results in the persistence of some minerals 11llder condi
tions in which they should be changed to others with a lower free 
energy. This is particuhu'}Y true in rocks that have been metanlOr
phased at high temperatures. Their mineralogy is more or less 
"fl'ozen" at these high temperatures and often shows little if any 
effect of retrogressive llletamorphism during cooling. In general, 
response in rocks to rising temperatures will be more rapid than re
sponse to falling temperatures because of the accelerating effect of 
temperature increase on reaction rates. 

Metamorphism and the Phase Rule. The most fruitful line of ap
proach to the geochemistry of metamorphism has been tlll'ough the 
principles of equilibria in heterogeneous systems as codified by the 
phase rule. The study of metan10rphic rocks indicates that equilibrium 
is generally attained during metamorphism, altho\lgh the evidence for 
it is usually indirect. In igneous rocks it is often. possible to decide 
such a question by direct refel'ence to the results of laboratory experi
mentation. Experimental observation of equilibria in silicate systems 
at the temperatures and pressures of metamorphism has not yet pro
gressed to the same extent. In general, the evidence for equilibtium 
in the phase assemblages of metan10rphic rocks rests on such criteria 
as their simple mineralogical composition and the tendency for certain 
typical minel'al associations to recur in rocks of the same general 
composition, despite widely different age and locality. By the ph<1se 
rule the number of minerals capable of existing together as phases of 
a system atequilibrium is strictly limited by the number of components 
in the rock. We find that usually even fewer phases than the maxi
mum number allowed by the phase rule nre present. Nlany chemically 
complex metamorphic rocks, such as amphibolite (hornblende-plagio
clase) and mica schist (muscovite-chlorite-albite-quartz), are extremely 
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sitnple mineralogically. This is evjdently beCallSe the individual ele
ments that appear in the composition of the rock are not distinct com
ponents in the thermodynamic sense; Le., ferrous iron and magnesium 
often act as a single component and, to a lesser degree, aluminum and 
ferric iron, and sodium and calcium. 

As mentioned above, the approach that has proved so fruitful in the 
elucidation of the evolution of the igneous rocks, viz., the laboratory 
investigation of phase relations in silicate systems, has only recently 
been extended to conditions corresponding to those obtaining during 
metamorphism. The first extensive research of this kind to appear 
is that for the system i\1g0-Si02-H20 (Bowen and Tuttle, 1949). 
This lag is mainly due to the technical difficulties in cnuying out equi
Hbxium studies involving volatiles, and to the sluggishness of many l'e
actions nt temperatures and pressures corresponding to those of meta
morphism. The approach has thus been from observations on meta
morphic roc]{s, largely without the assistance of data obtained from 
the laboratory. Geologists have studied the products of completed 
reactions, viz., the mineral associations of metamorphic rocks, and 
much progress has been made, especially in determining compatible 
and incompatible minerals and mineral associations. Here again, as 
in the investigation of mineral formation in igneous rocks, real ad
vances date from the introduction of physicochemical principles, espe
cially the phase rule, as a guide in the study of reactions in rocks. 
The credit for applying these principles to metamorphic rocks goes ill 
the first place to Goldschmidt, for his classic ,"York 011 contact Ineta
morphism in t11e Oslo region published in 1911, and secondly to Eskolu, 
who in 1915 applied the same principles to regional metamorphism in 
his study of the relationship between mineralogical and chemical com
position in the metamorphic rocks of the Orijarvi region. These and 
other studies led to the formulation of the facies principle for the classi
fication of metamorphic rocks. 

The Facies Principle. Ideally, n genetic classification of metamorphic 
rocks would be based on the temperature and pressure at which the 
mineral assemblage originated. It is not yet possible, however, to 
make precise estimates of the conditions of temperature and pressure 
at which different metamOl'phic rocks are formed. Nevertheless, 
Eskala recognized that the mineral associations are indicative of con
ditions of formation as well as of the chemical composition of the rock 
itself. He exemplified this principle by selecting different rocks with 
similar chemical analyses and showing that the mineralogical composi
tion of each was distinctive (Table 41)'-

In the rocks of Table 41 the bulk composition is much the same 
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throughout, and (assuming equilibrium has been reached in each case) 
the different mineral associations can only represent different condi
tions of crystallization. This phenomenon is the basic idea behind 
Bkola's facies classification. Each of the rocks in Table 41 represents 
a distinct facies. The mineral assemblage of a rock reflects the physical 
conditions under which it developed and is thus the criterion by which 
the facies may be recognized. The term is analogous to the strati
gra phic facies, which comprises sediments with characters pointing 
to a genesis under similar circumstances. Eskola formulated the con
cept of mineral facies in the following words: 

A mjnernl facies comprises all the rocks that have originated under tem
perature and pressure conditions so similar that a definite chemical com
position has resulted in the same set of minerals, quite regardless of their 
mode of crystallization, whether from magma or aqueous solution or gas 
and whether by direct crystallization from solution (primary crystalliza
tion) or by gradual change of earlier minerals (metamorphic crystallization). 

Ramberg (1952, p. 136), who has done much work on the mineral 
fncies concept, expresses it succinctly: "Rocks formed or recrystallized 
within a certain (P, T) field, limited by the stability of certain critical 
minerals of defined composition, belong to the same mineral facies. n 

These definitions 5ho\v that the concept can be applied to any rock 
at all, sedimentary, igneous, or metamorphic, but in practice it has 
found its greatest utility in the study of metamorphic rocks. A min
eral facies comprises all rocks that have reached chemical equilibrium 
unde!' a particular set of physical conditions. In effect, the facies con
cept is an expression of the phase rule stated in the following way: 
In any system at equilibrium the number and composition of the differ
ent phases wHI depend only on the bulk composition of the system and 
the temperature and pressure at which equilibrium was reached. Facies 
are recognized and defined by the occurrence of critical minerals or 
mineral associations that are characteristic of the facies in qllestion and 
that do not appeal' in any other facies. Relatively few minerals are 
sufficiently sensitive to be critical in this sensej many-quartz, calcite, 
albite, and others-are stable over snch a range of condition.s that they 
may appear in several quite distinct facies. . 

Eskola (1939) has given a diagram (Table 42) enumerating the facies 
that have been generally recognized and correlating them with the 
conditions of temperature and pressure under which they originated. 

The actual rnnges of temperature and pressure characteristic of each 
facies nre not known with any degl'ee of precision. Turner and Ver
Imogen suggest that the l1ppel~ boundary of the amphibolite facies is 
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TABLE 42. RELATIONSHIP OF WhNERAL FACIES TO TEMPERATURE. AND PRESSURE 

(Aftel' Eskola) 

PI'es
slire 
in

creas
ing 

1 

Temperature increasing ~ 

De\-'elopment of I!eolitcs ill igne-
ous rocks and metamorphosed 
sediments 

Greenschist Epidote- Amphibolite 
facies amphibolite facies 

facies H omb/( IIde-
gabbro jacies 

G I au cop ha ne-sch ist facies 

Pyroxene-hurnfels 
facies 

Granulite facies 
Gabbro Jacies 

Eclogite facies 
Eclogite jacies 

Note: Metamorphic facies are in roman type, igneous tucies in italics. 

about 700-7500
• The boundary between the amphibolite and epidotc

amphibolite facies may perhaps be placed at near 5000 and that be
tween the epidote-amphibolite facies and the greenschist facies at about 
350 0

• Judging from the geological evidencc t such as the unmetamor
phased nature of the sedimentary rocks associated with anthracite coal, 
it is probable that temperatures approaching 200 a are necessary to 
initia te -apprecia b Ie lnetmllorphism. 

Since different facies represent different temperature-pressure fields, 
their mutual relationships can be represented by a diagram using teIll

perature and pressure as axes (Figure 43). If the pressure is due to 
rock load, it can be correlated with depth of burial, as indicated on 
the right of the diagT3m. This figure also serves to illustl'ate the diffuse 
boundary bet\veen metanlOrphisI11 and diagenesis, on the one hand, 
and between metamorphism and magmatism on the other. The mini
mum melting curves of "granite" and "basalt" (Yodel" and Eugster, 
1954) define the brond zone within which magmas of different com
position crystallize. To the left of the melting curve of "granitett no 
remelting of normal silicate rocks can he expected. In the region 
between this curve and the melting curve of "basalt" the amount of 
remelting (anatexis) a rock will suffer will depend largely on its 
composition and the presence or absence of v·olntiles. Pure quartzite 
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and alkali-poor slates Illay remain essentially solid at even highe~ ten~
peraturcs, but other rocks will pr~~a.bly produce some melt, 1n thIS 
region. It is clear that no sharp dlVlSlOn between metamorplusm and 
magmatism is possible. 

In Figure 43 the field of metamorphism is limited on the low-tem
perature side by a line representing the minimum thermal gradient 
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FIGURE 43. The principal metamorphic facies in rchltion to temperature and 
pressure. 

in the crust, This is based on a temperature of 300 0 at a depth of 
30 km. The normal facies of regionally metamorphosed rocks are 
indicated as lying along 3 considerably steeper thermal gradient. The 
reactions accompanying progressive regional metamorphism are gen
erally endothermic, and the process thus requires a considerable input 
of heat, probably more than that available under the conditions of the 
minimum thermal gradient. Orogeny, regional metamorphism, and 
igneous activity are broadly associated in space and time, and they can 
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all be l:egarded as geological manifestations of an input of energy, 
mainly thermal. 

The greenschist, epidote-amphibolite, amphibolite, and granulite 
facies may be called the normal facies of regionally metamorphosed 
l'ocks, arranged in order of increasing grade of metamorphism. The 
eclogite facies and glaucophane-schist facies are believed to originate 
under unusually high pressure, being characterized by nlinerals with 
high density (garnet, jadeitic pyroxenes, and lawsonite). A facies 
which is not included in Table 42 is the sanidinite facies, which ,vould 
be placed to the right of the pyroxene-hornfels facies, it is exemplified 
by xenoliths in basic lavas, in which the temperature llas been very 
high, leading to incipient vitrification and the developnlcnt of such 
minerals as mullite and sanidine. 

The characteristic minerals and mineral assemblages of the normal 
facies are illustrated in Table 43, In studying this table it should be 
borne in mind that mineral transformations, particularly fxom one solid 
solution series to another, are conditioned not only by tempel'ature and 
pressure, but also by chemical environment; for example, the transition 
from chlorite .to garnet evidently takes place at lower temperatures in 
iron-rich phases than in magnesium-rich ones. Similarly, the stability 
of calcium and magnesium silicates in the greenschist facies depends in 
part on a low partial pressure of CO2, as a high concentl'ation of CO2 

would favor the formation of carbonates, Such considerations al'e 
discussed more fully in the following section. 

The characteristic mineralogical features of the different facies can 
most clearly be illustrated by means of triangular conlposition dia
grams, similar in principle to the diagrams used to illustrate three
component systems. In such diagrams each of the apices represents a 
particular component, and those components are chosen which are 
mainly responsible for the observed mineralogical variation within the 
facies. Such diagrams ,vere introduced by Eskola and are usually ACF 
diagrams in which A is AI20 a + FC20a, C is CaO, and F is (Fe,Mg)O. 
The effect of silica on the possible mineral assemblages can be illus
trated by comparing two ACF diagrams, one (the most usual case) 
for racles with excess Si02 (present as free quartz) and the other for 
rocks deficient in Si02 • In the same way diagrams have been con
structed for rocks of special compositions, viz., AKF diagrams in which 
]{ l'epl'eSents K 30, A CF diagrams Hlustrating the different facies are 
given in Figure 44. 

The critical minerals for the sanidinite facies are sanidinc, clinoen .. 
statite .. clinohypersthene and their mix-cl'ystals with diopside~hedenber~ 
gite (pigeonite) and (at very high temperatures) the ttluminum sili-
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TABLE 43. THE MINERALOGY 

Facies 5i AI, st K,AI, Si Na, AI,Si Ca, AI, Si Ca, Si, (CO2) 

Greenschist Quarl:!. Muscovite Albite Zoisitc Quartz + calcite 
Micl'ocline 

I~pid()te- Quartz Ryanite Muscovite Albite Zoisite Quartz + calcite 
amphibolite Microdinc 

Amphibolite Quartz Kynnite Muscovite Zoisite Wollastonite 
Sillimanite Microdinc Plagioclase Qmutz + calcite I Grossularite 

Granulite Quartz Kyanite Orthoclase Plagioclase Wollastonite 
Sillimanite 

I G .... ul"i .. 

Quartz + calcite 

Pyroxene Quart1. Andalusitc Orthoclase Wollastonite 
hornfels Sillimanite Plagioclase 

! 
Sanidinitc Tridymitc MlIllite Sanidinc Plagioclase Wollastonite 

(PscudawoI1as-
tonite) 

Larnite 
Rnnkinite 

cate mullite. In limestones and dolomites metainorphosed under these 
conditions a considerable number of unusual minerals have been de
scribed~ such as larnite (Ca2Si04 ), rankinite (CUaSi207), and merwinite 
(CasNlgSi20s) . 

A critical mineral combination for the pyroxene-hornfels facies (in 
common with the granulite facies) is the pair hypersthene-diopside, 
which do not form mix-crystals under the conditions of this facies. 
This distinguishes the pyroxene-hornfels facies from the sanidinite 
facies. Another difference is that (l\1g,Fe)SiOa in this facies is always 
orthorhombic. Sariidille does not appear, potash and soda feldspar 
forming distinct phases. The potash feldspar is orthoclase, not micro
cline, in harmony with the idea that orthoclase is a disordered form 
and microcline an ordered form. 

The granulite facies comprises rocks which have been subjected to 
high-grade regional metamorphism. It is characterized by the absence 
of micas; instead of muscovite we find sillimanite (or kyanite) and 
orthoclase, instead of biotite, galnet and orthoclase. Calcite is prob~ 
ably the stable phase at high lime compositions instead of wollastonite, 
prov.ided sufficient CO2 is present. 
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0.1' THE DlFFERENT FAC1ES 

Si, Fe, (Mg), Si, Mg, (Fe), lSi, MO, Co, (CO.l Ca, AI, Mg, Si 
MR, (Fe). Fc,o.lg), K, Mg, Fe, 

(CO2) (CO2) AI, Si AI.5i Al,Si 

Siderite + qUQrtz MlIgnesite + Dolomite + Quart? Chlorite Chloritoid Muscovite + 
qunrtz Tille + calcite chlorite 

Talc Trcmolite 

Cumming tonite Talc Tremolite Blue-green Chlorite Chloritoid Biotite 
Serpentine hornblende Almandite 
Anthoph:Yllite 

Climmingtonite Anthophl'lIite Tremolitc Green Cordierit!! Almandite Biotite 
Forstcritc Diopside hornblende Staurolite 

Hypersthene Ensta(ite Diops.ide Hornblende Pyrope-almanditc Ortho<:lare+ 
Forsteritc 

CO,di,d',1 
pyroxene 

Hypersthene Enstatite Diopsidc Brown Biotite 
Forsterite hornblende P.)Itope-1I1mantlite 

Augite 

Clinohypersthcnc Forstcrite Diopsidc Augite Cordieritc Ortbocillse+ 
Pigeonite pyroxene 

Clinoenstatite Melilite 

I I 
Mcrwinitc 

In the amphibolite facies amphibole always appears, provided the 
bulk composition allo\vs it, The combination hornblende-plagioclase 
is critical. Its high-tempel'atl1re limit is marked by the appearance of 
diopside and hypersthene in place of hornblende, and its low-tempera
ture limit by plagioclase composition, which decreases in An content 
with decreasing metamorphic grade. 

For the epidote-amphibolite facies the combination hornblende
albite-epidote is critical. Under the conditions of this facies the 
anorthite component of plagioclase is converted to zoisite or epidote; 
the plagioclase thus beCOlnes high in the albite component. Horn
blende is still stable. 

At metamorphic grades lower than those for the epidote-amphibolite 
facies hornblende is unstable, and in its place one finds more chlorite 
and epidote, or~ if the partial pressure of CO2 is high, dolomite or 
magnesite plus quartz. Carbon dioxide can decompose silicates under 
these conditions, forming associations of quartz and carbonntes. 

The eclogite facies is characterized by pyroxenes of the omphacite 
type (intermediate between diopside and jadeite) and garnet with a 
high pyl'ope content. Other minerals that may be present moe kyanite 
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and hypersthene. It is difficult to draw a satisf~ctory ACF diagram 
for the eclogite facies, since known rocks belongll1g here have a com
paratively small range in composition. 

Sanlc:llnilll facles 
/tel" dlDgram (or ~k9 whit e~ccss SiO l 

(aller Eskola). 

A MUscovite 

Amphibolite facies 
/tel" di~gram for rod18 with eJlC1tn SiO, ond K.O 

(all ~t £akol~). 

c~cl-j-te-----+-----=-Tal: 
Green!l(hiet fades (Magnesite) 

ACF diagram rOt rocks wilh cx~ss SjO~ 
(after Eotwta). 

C~-----_~ ______ ~F 
Wollaslonite Diopsitle Hypersthene 

i'yroKen" ~ hornfe!s tQdes 
It ('1" diagram for rocks wilh excess S iO l 

(aller ODldB<:hmldt). 

C~-----___ ~~~~~F 
Calcite Anthophyllite 

(Cummlngtoni!tl ) 
Epldotc~Dmphlbo1lto fDdt! 

It CF diagram (or roeks with excess SiO, 
(after Esko!a). 

C~-----4-__ ~ ____ ~F 
Calcite Diopside Hypersthene 

(Wollastonite) 
GrnnulitG fades 

ACF diagram tOt rocks wlLh ucell5 SIQ, 
(aner Turner and Vethoollen). 

FIGURE 44, ACF diagrams for different facies. 

In the glaucophane-schist facies the critical minerals are glaucophane 
and lawsonite, lvluscovite, almandite, epidote, and pumpellyite have 
also been recorded; these minerals are found in rocks of the greenschist 
and epidote-amphibolite facies, and glaucophane schists occur in close 
association with such rocks. This suggests that the glaucophane-schist 
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facies is related to these facies, but probably represents higher pres
sures, since glaucophane plus lawsonite can be considered as the high
density equivalents of plagioclase plus chlorite. 

Mineral Transformations and the Facies Principle. Much remains 
to be done to make the facies classification the precise tool that it po
tentially is. This demands careful study of mineral assemblages and 
especially the determination of the variability in chemical composition 
of many of the characteristic minerals. The variability is linked not 
only with the bulk composition of the rock, but also with the probable 
temperature and pressure conditions under ,vhich it was formed. A 
mineral facies represents a definite (P, T) interval within which the 
rock attained its present mineralogical composition. The different 
facies are characterized by the stability fields of their critical minerals 
or mineral associations. The boundaries of a facies are delimited by 
the equilibrium curves for the reactions which produce the critical 
minerals and mineral associations. 

In 1940 Bowen showed that the progressive metamorphism of lime" 
stones and dolomites could be considered in terms of a series of re
actions of increasing decal'bonation taking place at successively higher 
temperatures at any given pressure. fIe pointed out that the equilib~ 
rium curves for these reactions, when plotted 011 a pressure-tempera
ture diagram, delimited :fields of stability of specific minerals and 
mineral associations, thus forming what he termed a pet1'oge1letic grid. 
At that time the equilibrium curves for the reactions he considered 
had not been determined., but he could arrive at approximations for 
them by· evaluating the geological information provided by meta
morphosed limestones and dolomites. 

The thermodynamic basis for this petrogenetic grid and its relation 
to the facies principle have been thoroughly discussed by Thompson 
(1955), who points out that the boundaries between facies are curves 
of univariant equilibrium. If the equilibria involve only crystalline 
solids, then these curves have slopes determined by the Clapeyron 
equation and are virtually straight lines. i\tJ:any significant equilibria in 
metamorphism, ho\vever, involve gain or loss of a volatile constituent 
such as carbon dioxide or ,vater, acted on by a pressure equal to or 
less than that acting on the crystalline solids. If only one volatile con
stituent is involved in the equilibrium and the pressure on it is equal 
to the total pressure, the Clapeyron equation still applies, but the curves 
nre concave toward the pressure axis and have a positive slope (since 
increasing pressure raises the decomposition temperature of a substance 
containing a volatile component). 
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These principles are illustrated in Figure 45, which gives equiM 

libriurn curves for n nllmher of reactions pertinent to conditions of 
l1letamorphism. These curves have been determined either by experi
mental investigation of the equilibrium or by calculation of the eql1i-

Temperature 
200 400 600 800 1000 1200 
O~~--~~---r-r---n~~--'-----I 

B 

FIGURE 45. Equilibrium curves fot' some reactions of significance in metamorphism. 

Low Temperature High Temperature 
A. Dolomite + quartz = Diopside + carbon dioxide 
B. Orthoclase + albite = Sanidinc 
C. Pyrophyllite + corundum = Sillimanite + quartz + water 
D. Almandite = Hercynite + iron cordicrlte + fayaHte 
E. Muscovite = Sanidine + corundum + water 
F. Phlogopite = Forsterite + leucite + KAISi04 + water 

librium curve from thermochemical data. It can be seen that for 
reactions involving' volatiles the curvature of the lines is greatest at 
lo,v pl'essures, and they become virtually straight at comparative1y 
moderate pressnres. 

As mentioned above, these Cl1rves represent the condition obtained 
when the pressure of the volatile component is equal to the total pres
sure. This condition may not apply in a specific case of metnmofM 
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phism. For example, if the rock undergoing metamorphism is con
nected by pore spaces to the surface, the volatile constituent can 
leak away; its partial pressure may be very low and in the extreme 
case may approach that at the surface. Under these circumstances the 
equilibrium curve will have a negative slope. This situation is illus
trated by the calcite-wollastonite reaction (Figure 42). In effect, we 
have two limiting conditions fOl' nny reaction involving volatiles, and 
the temperature at ,vhich the reaction takes place w·ill depend upon 
the extent to which the volatile component is able to escape. 

The commonest volatile component in metamorphic reactions is 
water, and its significance in this connection has been emphasized by 
Yoder (1955). He points out that n~any discussions of metamorphism 
have tacitly assumed that water as a component is always present in 
S11fficient amount to give rise to the most highly hydrated phases 
stable under the specific temperature and pressure conditions. An
hydrous minerals havjng hydrous equivalents are then considered to 
indicate temperatures of formation above the cquilibl'imn curve for 
reaction to give the hydrous equivalent. FOl'sterite, for example, 
reacts with water to give serpentine at about 5000

• However, if water 
is not available, forsterite is stable below 500 0

, and in the absence of 
water it can form below 400 0 from magnesite and <]uartz, as shown 
by vVeel{s (1956). The logical consequence js that the mineralogy 
of a metamorphic rock will depend not only on the composition of 
the original material and the temperature and pressure of metamor
phism, but also on the am<?unt and partial pressure of water and other 
volatiles. In terms of the facies principle we should be able to dis
tinguish water-deficient and water-sufficient variants of the same facies. 
For example, in rocks of the greenschist facies the usual calcium 
aluminosilicate is zoisite or epidote; however, in some tuffaceous grey
\vackes \vhich have suffered low-grade metamorphism pl'ehnite and 
calcium zeolites, minerals of similar composition except for a higher 
water content, are found instead. Similarly, the amount and partial 
pressure of carbon dioxide \vill have a marked effect on the mineralogy 
of roc1(s containing appreciable amounts of calcium and magnesium. 
In the amphibolite and granulite facies both wollastonite and calcite 
plus quartz are probably stable, their occurrence being conditioned 
by the partial pressnre of carbon dioxide. 

A noteworthy feature of Figure 45 is that the reaction curves are 
all steeply inclined to the temperature axis; in other ,vords, they are 
much more strongly temperature-dependent than pressure-dependent. 
Such renctions are suitable for assessing temperatures of metamorphism 
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but not for assessing pressure. There is a notable lack of reactions 
which are strongly pressure-dependent and can thus serve as geological 
ba1'o11leters and indicators of depth of crystallization. It is known 
that magnesium-rich garnets characteristically occur in rocks that are 
believed to have crystallized at great depth, such as eclogites, but the 
equilibrium relations of such garnets are, as yet unknown. Diamond 
is probably a good geological barometer, but its restricted occurl'ence 
lhnits its usefulness. It has been suggested that aluminum substitution 
in orthopyroxenes may serve as an indication of pressure conditions, 

Te mperature ~ 

FIGURE 46. The possible fields of stability and the inversions of the three aluminum 
silicates; the triple point is believed to be about 400 0

• (Hietanen, Am. Mineralogist 
41, 25, 1956.) 

but data are lacking. One relationship that should be strongly pres .. 
sure-dependent is that between kyanite and the other polyrnorphs of 
AbSi 0 5, sillimanite and andalusite, kyanite having a density about 
3.6 and the other polymorphs about 3.2. Laboratory ~ata on the 
equilibrium relations of these minerals have been lacking, but attempts 
have been made to construct an equilibrium diagram from the geo
logical data (Figure 46). Recently Griggs and Kennedy (1956) have 
succeeded in following the sillimanite-kyanite equilibl'ium in the labo
ratory. Their results confirm that the equilibrium is strongly pres
sure-dependent and that kyanite is the high-pressure phase. However, 
their data indicate that kynnite is a stable phase above 700 0 and at 
depths greater than 50 km. This is not consistent with the geologi
cal evidence, which shows that kyanite forms readily at 111uch lower 
temperatures and pressures. The explanation of this inconsistency may 
also lie in the role of water, since the reaction by which Griggs and 
K.ennedy produced kyallite was pyrophyllite = kyanite + quartz + 
water, and the water vapor pressnre was apparently equal to the total 
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pressure; if the water vapor could escape it is possible that kyanite 
would be formed at much lo·wer temperatures and pressnres than they 
found. 

We are handicapped in our elucidation of the geochemistry of meta
morphism by our lack of knowledge of the equilibrium conditions of 
many important metamorphic reactions, especially those taking place 
at lower grades. Figure 45 points up the absence of equilibdum 
curves for temperatures below 400-500°. This is a consequence of 
the difficulty of achieving reaction between solids at lower tempera
tures in the laboratory and a lack of thermochemical data on minerals 
from \vhich equilibrium curves can be calculated. In addition, the 
significant reactions are often very complex. For exatllple, one of the 
commonest reactions of low-grade metanlOrphisrn is muscovite + 
chlorite = biotite, and the incoming of biotite is an iInportant marker 
in many l'egions of progressive metamorphism. This reaction has not 
been reproduced in the laboratory, and the evidence from the minerals 
themselves shows that it is not a simple one. Rather than being a 
direct combination of muscovite and chlorite it seems to be a reac~ 
tion between muscovite of one composition and chlorite to give mus
covite of a different composition and biotite. l\1ost ulinerals of meta
morphic rocks are capable of considerable variatioll in composition 
through atomic substitution, and the stability of a mineral and its re
actions with other minerals will be affected by the nature and extent 
of these substitutions. For example, garnet in metatllorphic rocks 
varies from iron-rich almandite in low-grade schists to magnesium
rich pyl'ope in high-grade eclogites and granulites. Similarly, the 
anorthite content of plagioclase increases with increasing lllctamo.rphic 
grade, as does the aluminulll content of hornblende. 

It has long been recognized that the anorthite content of plagio
clase in metamorphic rocks often increases with increasing degree 
of metamorphism. This is a reflection of the independent role of 
sodium and calcium in these rocks. Sodium is generally present al
most entirely in the form of the albite component of plagioclase, 
whereas calcium may be present in a number of calciunl aluminum 
silicates. In most dynamically metamorphosed rocks of lo\v grade 
albite is associated with zoisite or a mineral of the dinozoisite-epidote 
series. As the degree of metamorphism increases the plagioclase be
comes more calcic and the nmount of zoisite decreases t in effect, the 
zoisite is converted to anorthite, which enters the plagioclase, The 
reaction can be represented by the equation 

Ca2AlaSis012(OH) = 3CaA12Si20 s + CaD + H 20 
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This is certainly an oversimplification, but it shows that the reaction 
involves water, and the equilibrium ,vill be affected by the partial 
water-vapor pressnre. If we consider the reaction to take place at 
some fixed ,vater-vapor pressure" the relationship between degree of 
metamorphism and plagioclase composition can be represented dia
grammatically (Figure 47). In Figure 47 at the point X zoisite co
exists with plagioclase of composition Yj as the degree of metamor-

11 m 

n 

I 
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FIGURE 47. Suggested relations between zoisite and plagioclase (after Ramberg), 
showing tentative correlation with mineral facies: I = greenschist facies; II = 
epidote-amphibolite facies; III = amphibolite facies. 

phisnl increases to Z the composition of the plagioclase follows the 
line YZ and at point Z zoisite disappears. Zoisite alone is not a criti
cal mineral for the recognition of mineral facies; it may be present in 
the greenschist, epidote-nmphibolite, or amphibolite facies. How
ever, within each of these facies we find the coexistence of zoisite (or 
epidote) find plagioclase of a specific composition range. The fol
lowing correlations may be suggested: greenschist facies~ zoisite + 
plagioclase (An < 5); epidote-amphibolite facies, zoisite + plagioclase 
(An < 10); amphibolite facies, zoisite + plagioclase (An> 10). 

Transfornlations of the type discussed above can thus be used as 
recorders of the conditions under which metamorphism took place. 
Careful study of such transformations, both in laboratory preparations 
and as revealed in metamorphic rock, can contribute greatly to a 
more precise knowledge of the different facies and their mutual reln~ 
tionship. 
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Metasomatism in Metamorphism. In discussing the facies principle 
'we have considered metamorphic rocks as the end products of chemi
cal reaction; the equilibrium assemblage of minerals has been deter
mined by the conditions of metamorphism and the ultimate composi
tion attained by the rock in question. We have not been concerned 
with the possible changes jn composition that the rock may have un
dergone during metamol'phism, i.e., whether metasomatism has played 
a part. It remains to consider some of the problems posed by meta
somatism, apart from the mode of transportation of the mctasomatiz
ing substances, which was discussed in a previous section. 

Demonstration of metasomatic activity depends on chemical evi
dence that the original rock differed in composition from the final 
product. This evidence is readily available when \ve find rocks such 
as serpentines, talc-carbonate rocks, and the like, having bulk com
position corresponding neither with igneous nor sedimentary rocks. 
However, the situation is seldom so clear-cut. The common types of 
sedimentary and igneous rocks vary in composition, and analyses of 
different samples of the same formation must be interpreted 'with this 
in mind. In a study of the composition of metamorphic rocks Lapadu
Hargues (1945) presented evidence from which he concluded that 
there is a progressive change 111 composition during the metamorphisnl 
of pelitic sediments, leading ultimately to rocks of granitic composi
tion. This claim was based on statistical comparison of 302 analyses 
of shales, slates, mica schists, gneiss~s, and granites, which sho\vs an 
increase in potassium and sodium and a decrease in magnesium, cal
cium, and iron in going from the unmetamorphosed rocks to granite. 
The validity of such a procedure is doubtful, since individual analyses 
of all these rocks vary wIdely, and the conclusion is probably not justi
fied. Even if the trend were a paragenetic one, it could hardly be held 
to prove that all sequences of progl'essive metamorphism from sedi
mentary rocks to gneiss have been subjected to metasomatism. In 
problems of this sort each occurrence has to be considered individ
ually; in some jnstances the evidence indicates the introduction and 
removal of certain elements, in others the· essentially isochemical na
ture of the metamorphism is \vell documented. 

The reactions accompanying metasomatism are governed, of course, 
by physicochemical principles, of which the phase rule and the law of 
mass action are the most significant in this connection. Ho\vever, an 
additional rule has been found to apply to metasomatism: experience 
has shown that metasomatism usually takes place without cIlange of 
total volume; i.e., the metasomatized rock generally occupies the same 
volume ns it did before metasomatism. This is highly significant in 
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that metasomatic reactions are not quantitatively represented by the 
conventional simple equation, which merely balances equal weight of 
material on the right and left sides, respectively, without taking vol
ume changes into account. Thus Turner and Verhoogen show that 
the serpentinization of olivine can be represented by the following 
equations: 

3Mg2SiO,* + Si02 + 4HzO = 2H4 Mg3Si20 0 

or 
5Mg2Si04 + 4H20 = 2H4MggSi20 9 + 4MgO + Si02 

Of these two equations the second better approximates the convel'sion 
of olivine into an equal volume of serpentine (assuming excess MgO 
and SiOl! are removed in solution) nnd may be expected to represent 
more closely the actual process. It is thus unsafe to interpret me.ta
somatism quantitatively in terms of simple equations ,vhich actually 
correspond to reactions involving marked charges of volume, although 
such equations arc useful for indicating qualitatively the general direc~ 
tion in which chemical reaction may have proceeded, 

Some instances of metasomatism have already been mentioned. The 
formation of dolomite by the action of magnesium-bearing solutions 
On calcite, \vhich was discussed in Chapter 6, is an example. l\tlany ore 
deposits seem to represent a metasomatism of pre-existing rocks, the 
ore material having replaced them volume for volume. i\1etasomatism 
very often accompanies the late stages of magmatism. Many china 
clay deposits, such as those of Cornwall, are evidently the result of 
the metasomatic alteration of granite, whereby the feldspar is altered 
to kaolin, Schematically 

2KAISiaOB + 2H20 = A12Si20 5(OH)4 + K20 + 4Si02 

That the metasomatism takes place volume for volume is shown by the 
way in which the kaolin occurs as pseudomorphs after the feldspar. 
Ultrabasic rocks are particularly subject to metasomatism. Conver
sion to serpentine is the commonest form of alteration, but if calcium 
is present or introduced assemblages such as actinolite-chlorite may 
form, At temperatures corresponding to the greenschist facies CO2 

may replace Si02, and talc-dolomite, dolomite-quartz, 01' magnesite
quartz rock may be the ultimate products. Some of the best-described 
examples of metasomatism are those accompanying ore deposits, since 
they are often well exposed by mining operations and their interpre ... 
tation is important for an understanding of the economic geology. 
They were first described in connection with ore deposits in the 
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strongly metamorphosed Precmnbriun of Sweden, and the Swedish 
term skarn has become a general term for such material. Extensive 
skarn masses generally surround iron ores in limestones; the major 
skarn minerals are usually garnet (andradite), pyroxene (hedenberg
ite), and amphibole (actinolite and hornblende). Often the source 
of the metasomatizing solutions can be traced to neighboring intru
sions of granite; sometimes the skaros are due to interchange of ma
terial between the are body and the country rock during regional 
metamorphism. 

An interesting development in the concept of metasomatism is the 
doctrine of "fronts" (see, for example, Reynolds, 1947). It has been 
expounded especially in connection with theories of the origin of 
granite batholiths through the metasomatism of pl'e-existing rocks by 
processes of ionic migration through solids. This involves not only 
the addition of elements characteristic of granites, such as sodium and 
potassium, but the removal of superfluous ones, such as calcium, mag
nesium, and iron. It is therefore a.rgued that the country rock around 
a granite should be "basified" by the addition of these superfluous 
elements, and the wave of migrating material is l{nown a.s a "basic 
front," in advance of the encroaching "granitic front." A front occurs 
wherever there is a diffusion limit marked by a cha.nge in the mineral 
assemblage. On this basis zones of hornfelses around intrusions have 
been interpreted as evidence of successive fronts. Turner and Ver
hoogen observe that it is difficult to reconcile the discrepancy in size 
between some very large granite batholiths and the narrow aureoles 
bordering them with the doctrine of fronts. The larger the granite 
batholith, the larger should be the wave of migrating ions pushed ahead 
of it and the broader the metamorphic aureole. lVIany hornfels 
aureoles show that the difference in mineralogy between successive 
zones is essentially an expression of the temperature gradient in passing 
out from the intrusion rather than successive changes in chemical 
composition. 

Accessory Elements In Metamorphic Rocks. Whereas considerable 
data on the abundance and distribution of minor and trace elements 
are available for igneous rocks and, to a lesser extent, for sedimentary 
rocks, corresponding information for metamorphic rocks is conspicu
ollsly scanty. This has led to much speculation on pattel'l1s of be
havior nnd their possible geological significance in Inetamorphic ter
ranes. For example, the occurrence of tourmaline in schists derived 
from sedimentary rocks has been cited as evidence for boron meta
som~tism from supposedly deeper-lying granite intrusions; ho\vever, 
since many marine clays show a notable enrichnlent in boron, this may 
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be sufficient to account for the tourmaline in many schists. Theoreti
cal considerations enable some predictions as to possible patterns of 
behavior for certain elements. Strongly lithophile trace elements 
nlay be expected to follow Goldschmidt's rules for camouflage, ad
mission, and capture by the crystal lattices of the common minerals 
of metamorphic rocks. The gxeater variety of minerals and of con
ditions of crystallization in metamorphic rocks, compared to igneous 
rocks, will result in more complex relations. The greater possibilities 
of disorder in crystal lattices at higher temperatures suggest greater 
tolerance for foreign elements in minerals formed at higher grades 
of metamorphism. For trace elements of chalcophile or weakly litho
phile character electronegativity and the concentration of sulfide ions 
are probably more significant than ionic size in determining their ulti
mate deposition. 

One of the few investigations of minor and trace elements in meta
morphic rocks for which both geological and geochemical data are 
closely controlled is that of Shaw (1954). He selected the Littleton 
formation of New Hampshire for examination, since it is a series of 
pelitic roc1{s which has undergone progressive regional metamorphism, 
and its present condition shows a transition from shales through in
crensingly metamorphosed l'ocks to sillimanite schists and gneisses. 
Analyses were made of sixty-three samples of the formation, repre
senting all grades of metamorphism. The results of this extensive 
study showed that the concentration of most elements renlained con
stant during the metamorphism. The only detectable changes in trace 
elements \vere a slight decrease hl nickel and copper and a 'well-defined 
increase in lithium and lead, the latter being con"elated with some de
gree of potassium metasomatism. 

This work of Shaw has general significance because it shows that a 
formation of fairly uniform composition retains the primary pattern 
of minor and trace elements even after extensive and intensive meta
morphism. Thus the pattern of minor and trace elements may be a 
useful guide to the charactex of the original rock. This principle has 
been applied to the problem of the original nature of certain amphibo
lites. Nearly identical amphibolites, consisting essentially of horn
blende and plagioclase, may evolve frOln skarn-like metasomatism of 
carbonate sediments or from essentially isochemical metamorphism of 
gabbroic and dioritic rocks. In such amphibolites the most satisfactory 
clue to their origin may lie in their distinctive inheritance of necessary 
elements. Dynamothermal mctamorphisnl of gabbrok rocks does not 
generally remove the initial concentrations of such elements as chro
mium. cobalt, nickel, and copperi conversely. amphibolites derived 
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by the replacement of marbles tend to be deficient in these elements 
and show higher concentrations of barium and lead. 

Under some circumstances, however, it appears that appreciable 
changes.ill pattern of accessory clements are possible. DeVore (1955) 
has' made a large number of analyses of the individual minerals ex
tracted from rocks of different metamorphic facies, and claims that 
the replacement of one mineral assemblage by another \vill be nccOlU
pallied by a redistribution and fractionation of both major and minor 
constituents. For example, he suggests that the transformation of an 
epidote-amphibolite facies hornblendite to a granulite facies horn
blendite could release large amounts of Cr, Ni, Cu, and i\1g, and the 
reverse transformation could release Ph, Zn, Ti, Mn, and Fe. His 
data indicate that a cubic kilometer of epidote-amphibolite hornblend
ite changing to granulite facies hornblendite could release eight million 
tons Cr20a, four million tons of NiO, and 800,000 tons of CnO, and 
the reverse transformation could release 11 million tons i\inO, 94 mi I
lion tons Ti02, 800,000 tons ZnG, and 27,000 tons PbD. This would 
provide an excellent source of ore-fonning elements, but no con
vincing mechanism for the extraction of this material and its concen
tration into ore bodies has been proposed, nor have instances of ore 
deposits formed in this way been described. Under these circum
stances this concept must he considered RS an interesting speculation 
rather than an established fact. 

Ultrametamorphism. If the temperature continues to rise during 
metamorphism, any rock must eventually melt. In this W~ly a magma 
is gener~i.~ed, and the further geochemical evolution is no longer part 
of metamorphism. The regeneration of magma will not, ho,"vever, take 
place at a definite temperature and pressnre but over a range of tem
peratures and pressures; the process may not proceed to completion 
and may be halted at any stage. NIixed rocks are thereby fanned 
with characters partaking of those of both igneous and metamorphic 
rocks. 

The process can be looked upon as the reverse ()f magmatic crystal
lization. In the melting of rocks we may expect that the first liquid to 
form will resemble the last liquid fraction of a magma and be rich in 
silica, soda, potash, alumina, and water. The process of differential 
fusion or anatexis can be co~ceived as beginning with the j'sweating'l 
of the low-melting fraction from the main mass of the rock and its 
segregation into lenses. In the light of laboratory work on the crystal
lization of hydrous feldspar melts differential fusion of rocks may be 
expected to begin at temperatures of 600-700 0

• If the process ceases 
at this point, the fused material will crystallize as an aggregate of quartz 
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and feldspar as lenses within the morc refractory material, giving rise 
to the rock type that has been caUed venite, a particular variety of 
migmatite. A similar product could be formed by the injection of the 
last fraction from magmatic crystallization between the layers of a 
solid rock (lit-par-lit injection); the resulting rock has been called 
artcrite to distinguish it from one formed by differential fusion. In the 
field it is often difficult to decide whether a migmatite is an arterite or 
a venite, and indeed both processes outlined above may have been 
active at the time of formation. 

Under conditions of u]tl'ametamorphism the regenerated nlagma will 
most likely be granitic. Some granites may well have been formed by 
the actual remelting of material of suitable composition. However, 
granites may also originate without remelting. The mineral associa
tion of granite-quartz, potash feldspar, biotite and/or hornblende-is 
typical of the amphibolite facies, and any body of rock 'with a bulk 
composition corresponding to that of gl'anite (or 'which is converted 
thereto by metasomatism) will recrystallize to give this typical min
eral association under conditions of that facies. Generally, as a result 
of directed pressure during crystallization, the product will be a 
gneiss, but, jf directed pressure js weak or lacking, a normal granite 
may result. Thus granites may be produced in several ways: by the 
fractional crystallization of a magma; by the crystallization of a melt 
produced by the differential fusion of a pre-existing ro'clq and by the 
recrystallization without fusion of a pre-existing rock. Any body of 
granite may include within it representatives of all these types of 
origin. Deciding the mode of formation of a particular granite may 
require all the resources, field and laboratory, of a geologist, and even 
so the answer may not be unequivocal. The volume of discussion on 
the origin of granite is an eloquent expression of the difficulty in de
termining the boundary between magmatic and metamorphic processes 
in actual rocks. 
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C H A p T E R E L E v E N 

The Geochemical Cycle 

The Earth as a Physicochemical System. Geochemically, the ealth 
may be considered a closed system, as this term is used itl physical 
chemistry. This concept can be criticized as an oversimplification; we 
have seen that some material-meteorites and meteoritic dust-is con
tinually being received from outer space, and that some hydrogen 
and helium is being lost by escape from the upper atmosphere. Never
theless, these gains and losses are insignificant as compared with. the 
systeo1 as a whole. If our interpretation of the geological record is 
correct the chemical processes taking place on the surface and within 
the earth have ptobably operated with a remarkable degree of uni
formity for the last 3000 million years. 

By the nature of things the geochemist is mainly concerned ·with the 
surface of the earth, since it is the only part accessible to direct exami
nation. In the discussion of the origin and structure of the earth an 
attempt was made to present a logical account of the probable nature 
of the interior. The data on which this account was based are indirect, 
their interpretation speculative. However, the general picture of a 
nickel .. iron core, a mantle largely of magnesium-iron silicate, and a 
crust in which oxygen, silicon, aluminum, iron, calcium, magnesium, 
sodium, and potassium are the major constituents gives a consistent 
interpretation of information gleaned from many independent sources 
-the study of meteorites, the physics and' chemistry of the earth, seis
mological data, and so on. We may therefore accept such a picture as 
a \vol'king hypothesis, realizing always that it is a hypothesis, but a 
well-buttressed one. 

One of the few subjects upon which universal agreement seems to 
pI'evail is that the earth was not created in its present state. The geo
chemical evidence supports the idea that its internal structure is prob
nbly the result of forces originating within the earth itself. The earth 
is a system with considerable mass and thus exerts a gravitational force 
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on its own components. The resulting gravitational field has affected 
the distribution of material by concentrating the heavier phases to
wards the center and the lighter phases to\vards the surface. The rate 
of such a gravitational differentiation clearly depends upon the viscos
ity of the system; it will be more rapid in a gas than in a liquid, more 
ra pid in a liquid than in a solid. The idea of an earth at one time liquid 
is attractive as enabling such gravitational differendation to take place 
within a comparatively short time. Geophysical data sustain the the
ory that the earth has a layered structure due to separation of its 
material into shells of different density. Goldschmidt termed this 
the primary geochemical differentiation. It was a differentiation due 
to gravity acting 011 a system in which iron, oxygen, and silicon were 
the major components. Iron Was the principal component, and the 
distribution of the elements between a metalIic core and a silicate 
mantle was controlled by their oxidation potential with respect to that 
of iron. Elements more readily oxidized than iron concentrated itl 
the mantle; the others alloyed with iron to form the core, Hence the 
fate of an element in this primary geochemical differentiation is in 
effect a reflection of the number and arrangement of its orbital elec
n·ons. Those elements forming ions with a noble gas structure went 
into the silicate phase; the tl'£1l1sition elements, on the other hand, 
concentrated in the metallic core or in a sulfide phase. 

The Crust as a Separate System. The separation of crust, mantle, 
and core enables us to consider the outer part of the earth as a distinct 
physicochemical system. The migration of material within the crust 
can then be discussed as an independent phenomenon; it is partly me
chanica~, brought about by orogenic movements Of gravitational forces, 
and partly chemical. IVIechanical movements belong in the field of 
geology. Geochemistry is concerned ,vith the migration of the el.e
ments under the influence of physicochemical fOl'ces. This migration 
has been discussed in terms of the processes of magmatism, sedimenta
tion, and metamorphism. We have seen that the fate of an element 
during magmatic crystallization is pl'imarlly a function of its ionic 
size. A particular element appears in those minerals in the lattices of 
which it fits most l'eadily and with the greatest decrease of free energy. 
The distribution of the elements by ionic size in this way was de
scribed by Goldschmidt as the secondary geochemical differentiation. 
Magmatic crystallization also adds important mnounts of a fe\v ele
ments to the atmosphere and hydrosphere. 

The processes of sedjrnenta don can be looked upon as leading to a 
further degree of geochemical diffel·entiation. At the comparatively 
low temperature of sedimentary processes ionic substitution in minerals 
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is much less prominent, although still significant. Coprecipitation Ull

der a particular set of physicochemical conditions is, ho-wever, an im
portant way in which certain elements become associated in specific 
types of sediment. The controlling factors are those pertaining to the 
properties of ions in aqueous solutions, and the ionic potential is of 
primary importance. Geochemical differentiation during sedimenta
tion is rhel'efore governed in large part by jnrel'l'elationship behveen 
ionic radius and ionic charge. 

Sedimentation also involves an interaction of the hydrosphere and 
the atmosphere with the lithosphere. Water and carbon dioxide are 
incorporated in sedimentary minerals; soluble ions, especially sodium, 
are contributed to the hydrosphere. Processes involving living organ
isms are intimately associated with sedimentation but can be consid
ered separately, and these processes are even more closely linked with 
the hydrosphere and the atmosphere. We have seen how photosyn
thesis has probably been largely responsible for the present composi
tion of the atmosphere and ho-w the balance of dissolved material in 
the ocean is largely a function of the organic life therein. Thus in 
the biosphere a further geochemical differentiation takes place through 
the metabolic action of ol·ganisms. 

The series of changes so far discussed has led on the whole to an 
increasing degree of geochemical differentiation. This tendency is 
reversed by metamorphism. In general, metamorphism tends to\vards 
uniformity of distribution of the elements. One can visualize unlim
ited metamorphism as resulting in an ideal condition itl which the 
whole lithosphere reaches a uniform composition. This may seem an 
exaggerated vie,v, but that such a tendency exists is evidenced by the 
comparatively monotonous chemical and mineralogical conlposition of 
ancient geological formations. Compared with the chemically diverse 
rock types of younger ages,. the Archaean. is dominantly made up of 
gneisses of relative uniformity, probably due in considerable degree to 
long-continued 11letamorphic and metasomatic reactions. 

Thus in the beginning the relative abundances of the elements were 
determined by the stability of their isotopes, i,e" by the number of 
neutrons and protons in the nucleus and the binding energy. The 
processes by which the earth was formed led to a first separation of 
elements according to their volatility or ability to form volatile com
pounds; the earth is evidently impovel'ished in the more volatile ele
ments and compounds in comparison with the _universe as a whol~. 
The separation of the eal·th into nn .iron core and' a silicate mantle and 
crust resulted in n strong fl'actionation of the elements according to 
their affinity for metallic iron or for silicate; this fractionation was 
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controlled by the number and arrangement of the outer electrons. 
The next step in the evolution of the earth was the solidification of 
mantle and crnst, which led to a further fractionation, this time deter
mined largely by the role of the different elements in liquid ~ crystal 
equilibria. The major controlling factor was ionic size. Dluing geo
logical time consid~rable fractionation of the elements has taken place 
3t the earth's surface as a result of sedimentary processes; the fate of an 
element under these conditions is largely a matter of its ionic potential, 
the ratio of ionic size to ionic charge, The absolute abundance of an 
element is conditioned by its nuclear structure; its abundance in a 
particular part of the universe or of the earth is conditioned by fllOre 
superficial atomic characters, such as the number and arrangement of 
the orbital electrons, and the size of the atom or ion. The geo
chemical behavior of each element depends on irs individual properties 
under the physicochemical conditions at each stage in the geochemical 
cycle. . 

The Geochemical Cycle. This overall picture of the migration of 
the elements in the onter part of the earth provides us 'with the concept 
of the geochemical cycle (Figure 48). In the lithosphere the geo
chemical cycle begins with the initial crystallization of a magma, pro
ceeds through the nlteratioll and weathering of the igneous rock and 
the transportation and deposition of the material thus produced, and 
continues throngh diagenesis and lithification to metamorphism of 
successively l1igher grade until eventually, by anatexis and pnlingene
sis, magma is regenerated. Like any ideal cycle, the geochemical 
cycle may not be realized in practice; at some stage it Dlay be indefi
nitely halted or short-circuited or its direction revel·sed. The geo
chemical cycle is not closed, either materially or energetically. It 
receives "primary" magma from below bringing energy with it in the 
form of heat. The surface receives an insignificant contribution of 
meteoritic matter, which nevertheless is detectable in deep-sea deposits, 
where the rate of sedimentation is very low. The surface receives 
energy from olltside the earth in the form of solar radiation, nend y 
aU of which is, however, reradiated into space. 

The geochemical cycle provides a useful concept as a basis for the 
discussion of many aspects of geochemistry, particularly the course 
followed by n specific element in proceeding through the different 
stages. A complete understanding of the cycle in rerms of the indi
vidual elements is one of the majo.q, objectives of geochemistry. An 
element may tend to concentrate in a certain type of deposit at some 
stage, or it may remain dispersed throughout the entil"e cycle. The 



fSOTOPfC FRACTfONATJON 279 

geochemical cycle of u few elements has been worked out in consider
able detail, but £01' many our knowledge is fragmentary. 

lsotopic Fraction~tion in the Geochemical Cycle. The geochemical 
cycle often results in the concentration of a sp~cific element at some 
stage jn the cycle1 as, for example, carbon in biogenic deposits. For 

FIGURE 48. The geochemical cycle. 

elements with n10rc than one isotope a more subtle fractionation, that 
of' the indivIdual isotopes, js also conceivable. For some years it was 
thought that such fractionation did not occur in nature, except for an 
element, such as lead, in which one or more isotopes is the end mem
ber of a radioactive series; other elements '\vere considered to be of 
constant isotopic composition regardless of the geologicfll or biologi
cal processes they had undergone. With the development of sensi
tive mass-spectrometric techniques, however, it has been found thnt 
the isotopic composition of some elements is changed by such proc
esses. As a result there has been a remarkable development of isotope 
geology, which Ranlmma defines as the investigation of geological 
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phenomena by means of stable and unstable isotopes and of changes 
ill their abundance. Rankama (1954) has written a lengthy book on 
the subject, and Ingerson (1953) and Craig and Boato (1955) have 
contributed comprehensive review articles. 

The separation of isotopes under geological conditions may be the 
result of either physical or chemical processes. Physical processes 
include evaporation, sublimation, and diffusion. Evaporation evi
dently affects the isotopic composition of water, since sea water con
tains enough D (H2) and 0 18 to make it about 1.5 ppm heavier than 
fresh surface water, and water from the Dead Sea, which has been 
subjected to much more concentration by evaporation, shows about 
twice as mnch difference in density. Sublimation should modify the 
isotopic composition of H 20 in glaciers and ice sheets, although the 
effect seems to be small. Diffusion is a process \vhich has been ex
tensively used in the labol"atolY for separating gaseous isotopes; how
ever, its effectiveness in nature has not been established. Probably 
some isotopic fractionation by diffusion takes place in the lighter 
atmospheric gases at high altitudes. 

The chemical fractionation of isotopes is a reflection of slight dif
ferences in the free energies of fonnation of isotopic molecules from 
their constituent atoms. In a. reaction between molecules containing 
different isotopes of some element, such as 

C02
16 + 2HzOIB = C02

18 + 2H2016 

the equilibrium constant may be appreciably different from unity, and 
the oxygen present as carbon dioxide and as water may differ meas
urably in isotopic composition. The equilibrium constants· for such 
l'eactions can be computed by statistical mechanics; they are tem
perature dependent, and, in general, isotopic fractionation diminishes 
with increasing temperature. A considerable amount of work has 
been done on variation of the isotopic composition of oxygen. The 
equilibrium in the H20-C02 and the H.20-Si02 exchange reactions 
has been used to determine the temperature of deposition of carbonates 
and quartzites. The 0 18 content of meteorites is taken as representa
tive of the relative cosmic abundance of 0 18, Sedimentary rocI{s are 
enriched in 0 18 at the expense of the oceans. 

Biological processes of separation of isotopes are, of course, merely 
physical and/or chemical processes operating in an organism. They 
appear, in many cases, to be more efficient than similar processes in 
inorganic nature. In the discussion of the carbon cycle (Chapter 9) 
the fractionation of the carbon isotopes was discussed in detail, and 
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it was pointed out that organic carbon is generally enriched in C12 
relative to inorganic carbon. 

The ease of fl'actionation of isotopes of the same element is a func
tion of the mass differential. . Separation of Hand D is readily 
achieved, since D is twice as heavy as H, but separation of C187 from 
Cls5 is much more difficult, since the mass differential is only about 
one-eighteenth. Hence natural fTactionation is most easily detected 
in the lighter elements. Up to the present the heaviest element for 
which natural fractionation has been clearly demonstrated is sulfur. 
However, more sensitive techniques may be expected to reveal such 
fractionation in heavier elements. The data of isotope geology will 
provide much useful evidence in geochemistry, especially for prob
lems of geological thermometry, movement of g'ases and solutions, 
inorganic or organic ol'igin of matel'ialst and chemical fractionation 
in various kinds of xeactions. 

Energy Changes in the Geochemical Cycle. We have been COll

sidering the geochemical cycle in terms of the material changes which 
take place during the various processes. Equally significant, if less 
studied and less well understood, are the energy changes during the 
cycle. Geochemical processes operate only because of a flow of 
energy from a higher to a lower potential or intensity; hence energy 
is no less important than nlatter in the geochemical cycle. 

The earth cannot be considered a closed system in terms of energy, 
since it receives a large amount of heat from the sun in the form of 
solar radiation. In an overall view we should consider the whole uni
verse as a single system which is presumably undergoing a spontane
ous decrease in free energy and an increase in entropy, as prescribed 
by the second la\v of thermodynamics. However, we can deal with 
the principal aspects of the geochemical cycle in terms of the solar 
system, since the forces acting on the earth and the enel"gy it receives 
are primarily the result of its relationship to the sun. Within this 
limited system the overall development is also toward a decrease in 
free energy and an increase in entropy. The few apparent exceptions, 
such as the accumulation of free energy in deposits of coal and oil, 
represent a decrease in entropy at the expense of the sun and are 
merely minor fluctuations in a general trend toward a state of higher 
entropy. 

Major sources of energy in the geochemical cycle may be consid
ered under the following heads: (a) solar radiation; (b) mechanical 
energy, potential and kinetic; (c) reaction energy; (d) nuclear energy; 
and (e) heat content of the earth. Transformation of these fonus of 
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energy is the common denominator of all geochemical processes and 
reactions. 

Solar radiation is, of course, the product of nuclear reactions 
\vhereby hydrogen is converted to helium in the sun. The sun radi
ates energy in all directions and only a very small proportion, about 
5 X 10- 8, impinges on the earth; about half of this is reflected back 
into space by the atmosphere. The average solar radiation received 
at the earth's surface is 4.2 X 10-8 caljcm2jsec, or about 6750 X 1020 

cal annually for the whole earth. It has been estimated that 0.1 % 
is utilized by photosynthesis of plnnts, terrestrial and n1tuine, about 
15% is absorbed by the earth, and the remainder is used to evaporate 
\vater from the hydrosphere. Solar energy is thus essential to the cycle 
of changes involving the interaction of the hydrosphere, the biosphere, 
the atmosphere, and the crust. 

Through the evaporation of water from the hydrosphere solar radia
tion is converted into mechanical energy. Water vapor in the atmos
phere has potential energy, which in turn is transformed into the 
kinetic energy of 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 materjal downhill. As Keller (1954) 
points out, n pound of quartz moved from the top of Pikes Peak to 
the delta of the lVlississippi River loses about 14,000 foot-pounds of 
energy; its original potential energy is converted into kinetic energy 
and eventually into heat. The reduction of a mountain range to a 
peneplain is largely the work of running water and transforms the 
energy stored in its uplift into heat. The source of the energy for 
mountain uplift is probably derived from within the earth, \vhereas 
the energy \vhich lifted the water came from the sun. Without the 
circulation of water impelled by solar l'adiation the potential energy 
of the uplifted rocks could not readily be releas~d. 

Another source of mechanical energy is the kinetic energy of the 
earth~s rotation. A portion of this energy appears as winds and tides. 
To be sure, tides are bl'ought about by the gravitational effect of the 
InDon and, to a lesser extent, the sun, but the energy dissipated comes 
from the kinetic energy of the earth and not from these extraterres
trial bodies. The effect of these tides is the slowing-down of the 
earth's rotation by about one second in 1000 years. The kinetic energy 
of the earth's ~otatiDn has inlportant geological implications, since it 
ncts to maintain the earth's figure against all forces that tend to de
form it. 

Reaction energy covers all changes of state, physical and chemical, 
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and is the form most immediately associated with the geochemical 
cycle, since every geochemical process involves such changes. From 
Le Chfiteliel"s principle we can predict that reactions taldllg place un
der conditions of falling temperature, such as the crystallization of 
magma, will be exothermic; reactions taking place under conditions of 
increasing temperature, such as progressive metamorphi.sm, '\viU be 
endothermic. Reactions involving change of state, such as the melt~ 
iog of solid material and polymorphic transformations, are accom
panied by important energy changes, and are probably significant in 
the overall energy balance within the crust and the mantle. 

We have already seen that solar radiation is the product of nuclear 
reactions in the sun. Nuclear reactions in the earth-the spontaneous 
disintegration of radioactive atoms-have been of prime importance 
throughout the eal'thts history. Ivluch study has been devoted to this 
in recent years; a llseful summary is provided by Birch. (1954). Radio
active decay converts mass to energy, and nearly all the energy apR 
pears as heat in the immediate neighborhood of the source. The 
isotopes of importance for heat generation in the earth are U 23S, U2Bll, 

Th282, and I{40. Birch gives the figures in Table 44 for the radioactive 

TABLE 44. RADIOACTIVE HEAT PRODUCTION IN TYPICAL ROCKS 

Heat production 
Con cen tra tion (cal/g/106 years) 

U K 
(ppm) (pel' cent) U U+Th K Total 

Granitic 4 3.5 3 6 1 7 
Intermediate 2 2 1.5 3 0.5 3.5 
Basaltic 0.6 1 0.4 0.8 0.3 1.1 
Dunite 0.015 0.001 0.01 0.02 <0.001 ....... 0.02 

heat production in typical rocks. These figures are based on averages 
of numerous analyseS; however, the individual analyses show a con
siderable vjlriation, and the sampling problem when dealing with 
uranium and thorium, present -in a fe,v parts per million, associa.ted 
with minor mineral constituents and irregularly distributed, is a for
midable one. Nevertheless, the results show quite clearly the marked 
concentration of the radioactive elements in the silica-deh rocks of 
the continental crust. 

The figures in Table 44 are based on the amounts of uranium, 
thorium, and potassium in the l'ocks at the present time. The presenr 
amounts of the radioactive isotopes are smaller than those which ex-
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isted in the past, and for calculations dealing with the whole lifetime 
of the earth it is important to take the decay into account. The rate 
of heat production at a time t years ago 'was eU times the present rate, 
for a given present quantity of an isotope with disintegration constant 
A. The ratio of the total heat produced over a time t, allowing for the 
decay, to the amount that would have been produced in the same time 
if the present quantity had been constant, is (e}'t - 1 )At. Birch has 
evaluated this function, with the following results: 

t(in 109 years) 
U238 + U235 

Th232 

K40 

1 
1.11 
1.03 
1.33 

2 
1.25 
1.05 
1. 82 

3 
1.47 
1.08 
2.55 

4 

1.85 
1.11 
3.65 

5 
2.57 
1.14 
5.33 

These figures point up the significantly greater production of radio
genic heat in the early period of the earth's histOlY. 

The heat content of the earth is due to the thermal vibration of its 
constituent atoms. The internal heat of the earth is enormous, but 
much of it is static and plays no part in the geochemical cycle at and 
neal' the surface. Thermal energy is transferred to the surface by 
conduction and by igneous activity; how much of this energy is part 
of the initial heat content of the earth and how much is produced by 
atomic disintegration is uncertain. However, some is certainly radio
genic, and perhaps the greater part of it may be. Recent estimates 
indicate that radioactivity within the crust is responsible for over 70% 
of the total heat flow to the sUTface. 

The average outward fi~w of heat by conduction is about 1 X 10- 6 

calJcm2/sec, or roughly 2 X 1020 cal per year for the earth as a whole. 
Comparison \vith the figures given previously shows that this is only 
a minute fraction of the heat contributed by solar radiation, so that 
the flow of heat from the interior has no measurable influence on sur
face temperatures. Precise estimates of the heat brought to the surface 
by igneous activity are difficult to make, but the evidence suggests it 
is of the order of 1018 cal per year. Thus, although the contribution 
of a single volcano may be spectacular, the total heat transferred by 
igneous activity is only a small fraction of that due to conduction. 
The average energy released annually by earthquakes has been esti
mated to be about 10211 ergs, or 0.24 X 1018 cal, also a minute fraction 
of the heat escaping by conduction. 

In terms of the geochemical cycle the upward movement of magma 
brings with jt a certain amount of energy. The problem of how 
magmlls originate is still unsolved. Our knowledge of the thermal 
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gradient within the earth indicates that temperatures within the ernst 
and mantle are on the average well below the temperature of melting 
of the material at any specified depth, The thermal energy of the 
earth (including that pl'oduced by radioactivity) provides an ample 
source of heat; the problem is to find some mechanism which will 
cause melting at local "hot spots" which are the centers of igneous 
activity. Igneous activity is a small-scale, local phenomenon in rela
tion to the earth as a whole, and it is concentrated along zones of gen
eral tectonic activity, especially the margin of the Pacific Ocean, In 
many places igneous activity is related to deep-seated fractures; these 

. fractw'es may act as channels for gases carrying heat from greater 
depths, and movement on such fractures will disturb tile balance be
tween temperature and pre.ssure all either side. Such mechanisms may 
produce magma, which by virtue of its lower density than the sur
rounding solid material ·will tend to rise into the higher and cooler 
parts of the crust. The thermal energy of the magma will be dissi
pated to the surroundings during cooling and solidification. The 
kinetic energy of the atoms or ions decreases as the temperature falls; 
their potential enel'gy also diminishes when they are arranged in an 
orderly fashion 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 of gravi
tational forces, and a loss of potential energy results. 'The chemical 
reactions accompanying weathering are spontaneous and usually ir
reversible and lead to a decrease in free energy. The only spontane
ous process at the earth's surface resulting in an increase of free energy 
is the conversion of carbon dioxide and water to complex organic 
compounds by plants utilizing solar radiation. The general trend is 
reversed during metamorphism, when thermal and gravitational energy 
is converted into chemical enel'gy by endothermic reactions and the 
formation of compounds of higher density. A sufficient increase in 
temperature may increase the kinetic energy of the atoms or ions 
sufficiently to overcome the forces holding them in crystal lattices, 
so that the minerals decompose 01' melt. A magma 'is thereby regen
erated, and the cycle is complete. A quantitative balance sheet for 
the energy change during the geochemical cycle cannot yet be drawn 
up, no more than a quantitative balance sheet for the material changes. 
I-Iowever, it does appear that much of the energy of the geochemical 
cycle is contributed by the disintegration of radioactive elements 
within the crust, possibly supplemented by some of the earth's in
ternal heat. 
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Appendix 

ATOMIC 'WEIGHTS AND IONIC RADII 

Atomic Atomic Jonic radius * 
Symbol number weight (six fold 

(1955) cOOl·dina tion) 

Aluminum Al 13 26.98 0.51 
Antimony Sb 51 121.76 Sb3 0.76; Sb6 0.62 
Argon A 18 39.944 -
Arsenic As 33 74.91 Ass 0.58; AS5 0.46 
Barium Ba 56 137.36 1.34 
Berymum Be 4 9.013 0.35 
Bismuth Bi 83 209.00 BiB 0.96; Bis 0.74 
Boron B 5 10.82 0.23 
Bromine Br 35 79.916 1.95 
Cadmium Cd 48 112.41 0.97 
Calcium Ca 20 40.08 0.99 
Carbon C 6 12.01I 0.16 
Cerium Ce 58 140.13 Ce8 1 . 07; Ce4 O. 94 
Cesium Cs 55 132.91 1.67 
Chlorine Cl 17 35.457 1.81 
Chromium ' Cr 24 5'2.01 era O. 63 j Cr6 O. 52 
Cobalt Co 27 58.94 Co2 0.72; eo3 0.63 
Copper Cu 29 63.54 CUI 0.96; Cu2 0.72 
Dysprosiunl Dy 66 162.51 0.92 
Erbium Er 68 167.27 0.89 
Europium Eu 63 152.0 0.98 
Fluorine F 9 19.00 1.36 
Gadolinium Gd 64 157.26 0.97 
Gallium Ga 31 69.72 0.62 
Germanium Ge 32 72.60 0.53 
Gold Au 79 197.0 1.37 
Hafnium Hf 72 178.5 0.78 
Helium He 2 4.003 -
Holmium Ho 67 164.94 0.91 
Hydrogen H 1 1.0080 -
Indium In 49 114.82 0.81 
Iodine I 53 126.91 11- 2.16; P 0.62 
Iridium Ir 77 192.2 0.68 
Iron Fe 26 55.85 Fe2 0.74; Fe3 0.64 
Krypton Kr 36 83.80 -
Lanthanum La 57 138.92 1.14 
Lead Pb 82 207.21 Pb2 1. 20; Ph" 0.84 
Lithium Li 3 6.940 0.68 
Lutecium Lu 71 174.99 0.85 
Magnesium Mg 12 24.32 0.66 
Manganese Mn 25 54.94 lVll12 0.80; Mn4. 0.60 
Mercury Hg 80 200.61 1.10 
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ATOMIC WEIGHTS AND IONIC RADII (Co1llinued) 

Atomic Atomic Ionic radius * 
Symbol number weight (six fold 

(1955) coordination) 

Molybdenum Mo 42 95.95 M0 4 0 . 70; Moo O. 62 
N eodymiul11 Nd 60 144.27 1.04 
Neon Ne 10 20.183 -
Nickel Ni 28 58.71 0.69 
Niobium -Nb 41 92.91 0.69 
Nitrogen N 7 14.008 0.13 
Osmium as 76 190.2 0.69 
Oxygen 0 8 16.0000 1.40 
Palladium Pd 46 106.4 0.80 
Phosphorus P 15 30.975 0.35 
Platinum Pt 78 195.09 0.80 
Potilssium K 19 39.096 1.33 
Praseod ymium Pr 59 140.92 1.06 
Radhlffi Ra 88 226.05 1.43 
Radon Rn 86 222 -
Rhenium Re 75 186.22 0.72 
Rhodium Rh 45 102.91 0.68 
Rubidium Rb 37 85.48 1.47 
Ruthenium Ru 44 101.1 0.67 
Samarium Sm 62 150.35 1.00 
Scandium Sc 21 44.96 0.81 
Selenium Se 34 78.96 Se" O. 50j Se6 0.42 
Silicon Si 14 28.09 0.42 
Silver Ag 47 107.820 1.26 
Sodium Na 11 22.991 0.97 
Strontium Sr 38 87.63 1.12 
Sulfur S 16 32.066 S2-1.84; S6 0.30 
Tantalum Ta 73 180.95 0.68 
Tellurium Te 52 127.61 Te4 0.70; Te6 0.56 
Terbium Tb 6S 158.93 0.93 
Thallium Tl 81 204.39 1.47 
Thorium Th 90 232.05 1.02 
Thulium Tm 69 168.94 0.87 
Tin 'Sn 50 118.70 Sn2 0.93; Sn4 0.71 
Titanium Ti 22 47.90 Tis 0.76; Ti4 0.68 
Tungsten W 74 183.86 W4 0.70; WO 0.62 
Uranium U 92 238.07 0.97 
Vnl1adium V 23 50.95 VB 0.74; V5 0.59 
Xenon Xe 54 131. 30 -
Ytterbium Yb 70 173.04 0.86 
Yttrium y 39 88.92 0.92 
Zinc Zn 30 65.38 0.74 
Zirconium Zr 40 91.22 0.79 

.. Ahrens, L. H., Ceachim. et CosmoclJim. dela 2, 168, 1952. 



Appendix II 

THE GEOLOGICAL TIME SCALE '" 

ApproxinlRtc 
Subdivisions 

Appraximate 
Eras age. duration 

(in yenrs) (in years) 

RECENT 10,000 
QUATERNARY JO,ooa 

PLEISTOCENE I 1\1 
1M 

PLIOCENE 11M 
12M 

illIOCENE l6M 
TERTIARY 28M 

OLIGOCENE 12M 
-10M 

EOCENE 201\1 
60M 

CRETACEOUS 70M 

MESOZOIC 130 I'll 
JURASSIC 25M 

1551\1 
TRIASSIC :)01\'1 

185 M 
PERI\IJAN 15M 

210 l\[ 
CARBONIFEROUS Snl 

265 M 
DEVONIAN SSM 

PALEOZOIC 320M 
SILURIAN 40M 

360M 

ORDOVICIAN SaM 

HOM 
CAMBRIAN SaM 

520M 

) ~ ) 

~ 
Worldwide 

PRECAMBRIAN ( subdivisions not I 2800 M+ 

( well est;!blished 

Oldest rock dated 3300M 

Age of the earth 4500111 

• Largel)' after Marble (Rellort of the CUOlmictee 011 the MC<1S\lrement of Geologic Time (or 194-9-501 p.lS), 
who commented "These fil!lIres lire, :IS railwn}' timetaLlles sa)" subject to change withoILt notice." 
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