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PREFACE

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

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

. .



vi PREFACE

must be returned to at least a second time to properly relate it to other systems. The
geochemistry of the hydrosphere is essentially the—geochemistry of seawater and
poses such fundamental questions as the mode of origin and evolution of the ocean.
The geochemistry of the atmosphere is concerned with the nature of the primeval
atmosphere and the changes it has undergone through interaction with the hydro-
sphere, the biosphere, and the lithosphere. The geochemistry of the biosphere
involves a discussion of the amount of organic matter, its composition, and the role
of organisms in the concentration and deposition of individual elements. Then follows
a chapter on metamorphism and metamorphic rocks, and the final chapter is a brief
summary and synthesis in terms of the geochemical cycle including environmental
geochemistry. .

The emphasis throughout is on interpretation rather than on description, on what
is yet to be learned as well a$ what is already known. In the years since the previous
edition was published, gigantic strides in the earth and space sciences have taken
place. The concept of global tectonics has been developed and widely accepted, other
planetary bodies have been visited, sampled, and analyzed, and the ocean bottoms
have been sampled. The principles of geochemistry remain the same even though the
subject of geochemistry is constantly changing.

We are aware of many gaps in our geochemical knowledge. These problems can
be solved only by the combined efforts of chemists and physicists as well as by geol-
ogists. It is hoped that this text will guide them to some of the problems.

This book is necessarily a compilation from many sources, sources that include not
only published books and papers but also correspondence and conversations with
many individuals. Reviewers of earlier editions provided a direct contribution to this
edition. A particularly valuable and smoothing effect was provided by Professor
Henry Faul who read the manuscript for this fourth edition.

Teachers of geochemistry undoubtedly-have developed their own approaches to
the subject. We trust that Principles of Geochemistry will provide a useful frame-
work upon which they may develop their chosen topics and apply their practical
teaching techniques so that the field of geochemistry may continue to grow and
remain vigoreus. :

Brian Mason
Carleton B. Moore
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INTRODUCTION

THE SUBJECT OF GEOCHEMISTRY

In the simplest terms geochemistry may be defined as the science concerned with the
chemistry of the earth as a whole le and of its component parts. At one and the same
time it i both more restricted and also more gxtensive in scope than geology. Geo-
chemistry deals with the distribution and migration of the chemical 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 cosmochemistry. To properly understand
the chemistry of the earth, it is important that we know as much as possible about
the chemistry and history of the sun and the other planetary bodies in the solar sys-
tem as well as the chemistry of the stars and interplanetary and interstellar space.

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

Each rock may be regarded, for present.purposes, as a chemical system in
which, by various agencies, chemical changes can be brought 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 determine what changes
are possible, how and when they occur, to observe the phenomena which attend
them, and to note their final results are the functions of the. geochemist. .
From a geological point of view the solid crust of the earth is the main ObjCCt
of study; and the reactions which take place in it may be conveniently classified
under three heads—first, reactions between the essential constituents of the
earth itself; second, reactions due to its aqueous envelope; and third, reactions
produced by the agency of the atmosphere.
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V. M. Goldschmidt described geochemistry in the following terms:

The primary purpose of geochemistry is on the oné hand to determine quanti-
tatively the composition of the earth and its parts, and on the other to discover
the laws which control the distribution of the individual elements. To solve these
problems the geochemist requirgs a comprehensive collection of-analytical data
on terrestrial material, such as rocks, waters, and the atmosphere; he also uses
analyses of meteorites, astrophysical data on the composition of other cosmic
bodies, and geophysical data on the nature of the earth’s interior. Much valu-
able information has also been derived from the laboratory synthesis of minerals
and the investigation of their mode of formation and their 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.
} " The study of the distribution and migration of the individual elements in the
X various parts of the earth (the atmosphere, hydrosphere, crust, etc.), and in min-
erals and rocks, with the object of discovering principles governing this distri-
bution and migration. Ve

To some degree the scope of geochemistry has been defined by the historical
development of geology. Because geochemistry as a formal discipline was relatively
late in developing, related subject areas, especially mineralogy and petrology, often
cover subject matter which might well fall within the area of geochemistry. Empir-
ical geochemical studies of element distribution on the earth s surface have played
a significant role in mineral exploration.

THE HISTORY OF GEOCHEMISTRY

The science of geochemistry has largely developed during the present century; never-
theless, the concept of an autonomous discipline dealing with the chemistry of the
carth is an old one, and the term “geochemistry” was introduced by the Swiss chem-
ist Schonbein (discoverer of ozone) in 1838. The history of geochemistry naturally.
includes much of the history of chemistry and geology. Because geochemistry is.
basically concerned with the chemical elements, their discovery 2 and recognition are
landmarks in the history of the subject. The modern concept of an’element can be
said to date from Lavoisier’s definition in his “Traité elementaire de Chimie”(1789),
although some seventeenth- and eighteenth-century scientists certamly understood
the distinction between elements and compounds. Lavoisier recognized the foll owing
31 elements: O, N, H, S, P, C, CL, F, B, Sb, Ag, As, Bi, Co, Cu, Sn, Fe, Mn; Hg,
Mo, Ni, Au, Pt, Pb, W, Zn, Ca, Mg, Ba, Al, Si. Of these, Au, Ag, Cu, Fe, Pb, Sn,
Hg, S, and C were already known to the ancient world. The last decade of the eigh-
teenth century saw the discovery of U, Zr, Sr, Ti, Y, Be, Cr, and Te. The discovery
or isolation of the clements durmg the nineteenth century can be summarized as
follows:



INTRODUCTION 3

1800~1809: Na, K, Nb, Rh, Pd, 1860-1869: Rb, In, Cs, Tl

Ce, Ta, Os, It = ~1870-1879: Se, Ga, Sm, Ho,
1810-1819: Li, Se, Cd, I Tm, Yb
1820-1829: Br, Th 1880-1889: Ge,-Pr, Nd, Gd, Dy
1830-1839: V, La 1890-1899: He, Ne, Ar, Kr, Xe,
1840~1849: Ru, Tb, Er Po, Ra, Ac :
1850-1859:

The data show an interesting pattern; during the first decade a considerable num-
ber of elements were discovered or isolated for the first time, reflecting the theoretical
developments from Lavoisier and Dalton. The rate of discovery then fell off, until in
the decade 1850-1859 no new elements were discovered. In 1860 Bunsen and Kir-
choff demonstrated the utility of the spectroscope in the detection and identification
of the elements, and in rapid succession Cs, Rb, TI, and In were discovered with this
new instrument. The 1870s and 1880s were marked by the discovery of several new
lanthanides and the elements predicted by Mendeleev on the basis of the periodic
table: eka-aluminum (Ga), eka-boron (Sc), and eka-silicon (Ge). In 1894 argon, the
first of the inert gases, was discovered, followed rapidly by the remaining members
of the group—Ne, He, Kr, Xe. The discovery of radioactivity by Becquerel in 1896
resulted in the recognition of polonium and radium by the Curies in 1898, and actin-
ium by Debierne in 1899.

By 1900, therefore, the periodic table was essentially complete, except for some
short-lived radioactive elements and for Eu (1901), Lu (1907), Hf (1923), and Re
(1925). Proof of this, however, was first provided in 1914, when Moseley demon-
strated the correlation between X-ray spectra and the atomic numbers of the
clements.

Throughout the nineteenth century geochemical data were mainly the byproduct
of general geological and mineralogical investigations and comprised more and better
analyses of the various units—minerals, rocks, 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. Clarke as Chief Chemist in 1884, a center devoted to
the chemical investigation of the earth was founded on the American continent.

Clarke was Chief Chemist for 41 years, until he retired in 1925. He was respon-
‘sible for a vast and ever-growing output of analyses of miperals, rocks, and ores col-
lected by the field staff or submitted for examination; moreover, he was always con-

. cerned with the fundamental significance of the mass of factual data thus acquired.
. In 1889 he published a classic paper, “The relative abundance of the chemical ele-
ments,” which represented the first attempt to utilize the accumulated rock analyses
to detérmine the average composition of the earth’s crust and the relative abundances
of the elements. It is interesting to note that even with the inadequate data then
available, Clarke was able to draw some remarkably prescient conclusions. He wrote
“If .. ..we assume that the elements have been evolved from one primordial form of
matter, their relative abundance becomes suggestive ... the process of evolution
seems to have gone on slowly till oxygen was reached. At this point the process
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exhibited its maximum energy, and beyond it the elements forming stable oxides
were the most readily developed, and in the largest amounts. On this'supposition the
scarcity of the clements above iron becomes somewhat intelligible; but the theory
does not account for everything and is to be regarded as merely tentative.” However,
in his great compendium, The Data of Geochemistry, which was first published as
U.S. Geological Survey Bulletin 330 in 1908 and passed through five editions in less
than twenty years, Clarke did not pursue this theory of the origin of the elements.

In many respects the appearance of the fifth edition of The Data of Geochemistry
in 1924 marks the end of an era. During the preceding hundred years geochemical
research was largely synonymous with the analysis of those parts of the earth acces-
sible to visual inspection and chemical assay. From the nature of things it could be
little more; interpretative geochemistry, the creation of a philosophy out of the mass
of factual information, had to wait upon the development of the fundamental sci-
ences, especially physics and chemistry. A single illustration serves 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 for the deter-
mination of the atomic structure of solids.

The development of geochemistry in new directions was greatly advanced:by the
establishment of the Geophysical Laboratory by the Carnegie Institution of Wash-
ington in 1904. The policy followed in this laboratory of careful experimentation
under controlled conditions, and the application of the principles of physical chem-
istry to geological processes, was an immense step forward. Previously geologists and
chemists had been skeptical of the possibility of applying the techniques and prin-
ciples of physics and chemistry to materials and processes as complex as those on
and within the earth.

At the same time the original staff of the Geophysical Laboratory was beginning
work in Washington, a new school of geochemistry was growing up in Norway.
Fathered by J. H. L. Vogt and W. C. Brogger, it attained worldwide distinction
through the work of V. M. Goldschmidt and his associates. Goldschmidt graduated
from the University of Oslo in 1911, and his doctor’s thesis, Die Kontaktmetamor-
phose.im Kristianiagebiet, was a basic contribution to geochemistry. It applied the
phase rule, recently codified by the work of Bakhuis Roozeboom, to the mineralogical
changes induced by contact metamorphism in shales, marls, and limestones, and it

showed that these changes could be interpreted in terms of the principles of chemical -

equilibrium. During the next 10 years his work was devoted largely to similar studies
on rock metamorphism. These studies stimulated related research in other Scandi-
navian countries and led eventually to the enunciation of the principle of “mineral
facies” by Eskola in a paper published from Goldschmidt’s laboratory.
In many ways 1912 can be considered a critical date in the development of geo-
“chemistry. In that year von Laue showed that the regular arrangement of atoms in
crystals acts as a diffraction grating toward X-rays and thus made the discovery that
emabled the atomic structure of solid substances to be determined. Since the geoche-
mist is largely concerned with the chemistry of solids, the significance of this discov-
ery can hardly be overestimated. However, some years elapsed before the impact of
this new development was felt in geochemistry. In the fifth edition of ‘The Data of

Geochemistry, published in 1924, no mention is made of it. It is a tribute to Gold-
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schmidt’s insight that he not only realized the significance of crystal structure deter-
minations for geochemistry. but alsa devised a plan of research that led to-ammaxi-
mum of results in a minimum of time. Between 1922 and 1926 he and his associates
in the University of Oslo worked out the structures of many compounds and thereby
established the extensive basis on which to found general laws governing the distri-
bution of elements in crystalline substances. The results were published in a series of .
papers entitled Geochemische Verteilungsgesetze der Elemente, which in spite of the
title dealt largely with the crystal structures of inorganic compounds. In these pub-
lications Goldschmidt’s name is associated with T. Barth, W. 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 investigations on
the geochemistry of the individual elements, applying the principles discovered in the
previous years and making use of the current development in quantitative spectro-
graphic methods for rapidly determining small amounts of many elements with a
high degree of precision. The results are well summarized in the seventh Hugo
Miiller lecture of the Chemical Society of London “The principles 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 more 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 imprisonment in concentra-
tion camps in Norway, and he never recovered, dying in 1947 at the comparatively
early age of 59.

Thanks largely to the work and the stimulus of Goldschmidt, the last 50 years
have seen geochemistry develop from a somewhat incoherent collection of factual
data to a philosophical science based on the concept of the geochemical cycle in
which the individual elements 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 geo-
logical time, and ultimately to its pregeological history and to the history of the solar
system as a whole. V i _

An important school of geochemistry has developed in the US.SR., especially
since 1917. Its greatest names have been V. 1. Vernadsky and his younger colleagues _
A. El Fersman-and A, P. Vinogradov. [ts productivity has been immense. Geochem-
istry in the U.S.S.R: has been particularly directed toward the search for and exploi-
tation of mineral raw materials, evidently with considerable success.

Most advances in geochemistry ‘can be attributed to improvement in analytical
techniques. The study of radioactivity during and after World War 11 led to enor-
mous improvements in elemental analysis by neutron activation and opened up the
opportunity for isotope studies and geochronometry by mass spectrometric tech-
niques. Both of these powerful analytical methods continue to be improved and pro-
vide us with better data on smaller geochemical samples. This is important because
it allows geochemical systems to be studied in even finer detail, leading to better
control on geochemical hypotheses and theories. .

The availability of lunar samples, remote probe data from planetary atmospheres
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and surfaces and the acceptance of the concepts of plate tectonics in the 1960s and
1970s gave new perspectives to_geochemical sampling and theory. The addition of
extensive data from the moon as well as from the earth and meteorites allowed many
theories of planetology and cosmochemistry to be tested. The concept of material
recycling through subduction of ocean floor material required reevaluation of the
geochemical cycles of the elements. Today, geochemistry is. undoubtedly at the
threshold of new and exciting discoveries and changes.

THE LITERATURE OF GEOCHEMISTRY

Geochemical facts, theories, and fantasies are widely scattered throughout the sci-
entific literature. The first source of such data is, naturally, geological publications, 3
but their number is legion and geochemical papers may be found in any of them.
Chemical publications contain, of course, much that has geochemical significance,
and occasionally classical material appears therein, as, for example, the symposium r
entitled “The physical chemistry of igneous rock formation,” published by the Far-
aday Society in 1925. Fortunately, the chemical literature is relatively accessible 4
through abstract journals. The literature- of astronomy, biology, and of physics also r
carries information of importance to the*geochemist.

Two journals devoted to geochemistry ‘are Geochimica et Cosmochimica Acta,
which began publication in 1950 under direction of an international board of editors,
and Geokhimiya, published since 1956 by the Academy of Sciences of the U.SS.R.
The second has been published in translation by the Geochemical Society under the
title Geochemistry (until 1963; in 1964 Geochemistry was replaced by Geochemistry
International, comprising selected articles from Geokhimiya along with articles
translated from other languages). Although these journals attract many specifically
geochemical papers, many data of significance for geochemistry continue to appear
as incidental material in publications concerned with mineralogy, petrology, eco-
nomic geology, inorganic and physical chemistry, and other sciences. Three outstand-
ing books are classic works in the field of geochemistry, one of which—the 1924
edition of Clarke’s The Data of Geochemistry—is still a fine and readily available
collection of analytical data on geological material. It is gradually being replaced by
.a new edition being published as separate chapters. The second is Geochemistry by
Rankama and Sahama, published in 1950. This authoritative and comprehensive
book not only treats the genmeral aspects of the subject, but also gives. a detailed
account of the geochemistry of each element. The third is Geochemistry by V. M.
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 Dr. A. Muir,
and contributions to missing sections by other people, it was’ finally published in

1954. Although similar in scope to the book of Rankama and Sahama, it bears the
distinctive stamp of Goldschmidt’s genius for arriving at broad generalizations which
correlate a large number of unconnected observations.

A more récent compilation of data, published in parts starting in 1969, is the
Handbook of Geochemistry edited by K. H. Wedepohl. This useful handbook is pro-
duced so that individual parts may be corrected or replaced as new information
becomes available.
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THE EARTH IN RELATION
TO THE UNIVERSE

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 our galaxy, which comprises probably more than 10" stars and has
a lens-like form with a diameter of about 70,000 light-years (1 light-year ~ 10"
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 scat-
tered fairly uniformly through space, the nearest to us being the Andromeda nebula
at a distance of about 1.75 X 10° light years. The spectra of these extragalactic
nebulae show a displacement of the lines toward the red 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 partake of its speculative character.

THE AGE OF THE UNIVERSE

The theory of an expanding, dynamic universe implies that the universe has been
and is in a state of evolution. 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
Wwas concentrated into a very small region. It is customary to regard this as its prim-
itive state and to reckon the astronomical age of the universe from this time. With
certain assumptions as to the rate of expansion, the astronomical age of the universe
is computed to be about 16 X 10° years.

8
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The solar system can be treated as an isolated unit, and its age considered inde-
pendently of the rest of the galaxy and the universe as a whole. The solar system is
essentially a closed system, and its elemental composition the same as when. it
formed, except insofar as it has been modified by the conversion of hydrogen to
helium and other nuclear reactions in the sun and by the decay of radioactive ele-
ments. The underlying assumption is that the material of the solar system was seg-
regated at some definite time (the zero point of this time scale) and that the primitive
constitution was subsequently modified by radioactive decay. The age of the elements
is then reckoned from the time when the naturally radioactive series consisted
entirely of the parent elements (nonradiogenic “daughter” elements may have been
present). Some of the natural radioactive series of importance for this datmg are
given in Table 2.1.

Empirical and theoretical studies, as discussed later in this chapter, have shown
that there are predictable regularities in the relative abundances of the elements and
nuclides in the solar system. Thus predictions may be made of the original concen-
trations of some radioactive nuclides with respect to their neighbors. Since the abun-
dance of **U with a half-life of 4.5 X 10° years and #°U with a half-life of 7.1 X
10® years may be predicted to be about the same as that of the stable elements bis-
muth and mercury, the elements cannot have been formed more than“several tens of

“thousand million years ago or the uranium isotopes would have decayed to levels

difficult to detect. On the other hand the absence of *’Np and Cm, whose half-
lives are 2.25 X 10° and 4 X 107 years, indicates that the formation of either of
these nuclei occurred at least a few hundred million years ago, giving sufficient time
for them to decay below detection levels. An independent solution is provided by
consideration of the relative abundances of **U and **U. If these two isotopes were
originally formed in approximately equal amounts, the present ratio of *°U to 2*U
(1:138) is due to the shorter half-life of **U, which causes it to decay much more
rapidly than **U. The time required to reduce equal concentrations to the present
ratio is about 6 X 10 years. Evidence of this sort, although qualified by uncertainties
in the primordial abundances of the elements, indicates a limit to the age of the solar
system. )

Other arguments also support the view that the solar system dates from a few
thousand million years ago. Thus of the isotopes of lead (**Pb, **Pb, *’Pb, **Pb),
*Pb is not radiogenic, and its amount should be the same now as when it was orig- -

Table 2.1 Some Natural Radioactive Series of Significance for
Geological Dating

Parent

. Elements Total Half-lives ‘End Products
=0 4.5 X 10° years . 26pp + 8*He
By 7.1 X 10® years 27ph + 7*He
22Th 1.4 X 10" years 2%ph + 6'He
¥Rb 4.9 X 10" years SISt
YK 1l

3 X 10° years PAr, #Ca
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inally formed; the other isotopes are partly original and partly derived from the decay
of U, U, and **Th. In materiat eontaining both uranium 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 with respect to the
nonradiogenic **Pb. Meteorites provide us with a particularly satisfactory illustra-
tion of this fact. Iron meteorites contain no uranium, and the small amount of lead
present has the highest relative amount of **Pb 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/**Pb and
207ph /2**Pb ratios than those for lead extracted from iron meteorites. A mathematical
analysis of the data gives an age for meteorites of 4.6 X 10° years, which has been
independently confirmed by rubidium-strontium age determinations on stony mete-
orites. This is the time since the iron and the stony meteorites were differentiated,
and it can be plausibly equated with the time of planet formation in the solar system.
Additional substantiation has come from the chronology determined on lunar sam-
ples, which shows that the moon aggregated 4.6 X 10° years ago.

Although the earth formed as an independent body in the solar system about 4.6
X 10° years ago, a long period evidently elapsed before the consolidation of the crust,
judging from the information available from the dating of individual rocks of the
crust by one or another of the radioactive decay schemes. On all the continents rock
ages of around 2700 million years are well established. It has been much more dif-
ficult to extend the record further back, but the oldest ages from Africa are 3000 to
3600 million years; from North America 3100 to 3700 million years; from Europe
3500 million years and from Australia 3000 million years. The dynamic motions of
the crust and evidence of a catastrophic meteoroid bombardment of the moon and
earth about 4000 million years ago make it unlikely that the age record for crustal
rocks will be extended much beyond 3700 million years. The time of formation of a
primordial crust and the age of the earth as an individual body must, of course, be
greater than these dates. The hiatus of several hundred million years between the
age of the earth and that of the oldest crustal rocks was evidently occupied by the
evolution of a relatively stable crust. Likewise dating of lunar rocks has found only
a few with ages greater than 4000 million years. -

THE NATURE OF THE SOLAR SYSTEM

In the study of geochemistry the solar system is of. primary importance, although it
is inconspicuous within our own galaxy and insignificant in rélation to the universe
as a whole. Data on the solar system are given in Table 2.2. Any satisfactory theory
of the origin of the solar system must explain its regularities, the most important of
“which are the following: :

1. The sun contains over 99 8% of the mass of the system, but only 9% of the

' angular momentum. -

2. The planets all revolve in the same direction around the sun in elhptlcal orbits,
and these orbits all lie in practically the same plane.
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Table 2.2 Data on the Solar System

THE EARTH IN RELATION TO THE UNIVERSE

Sun

Mercury -

Venus
Earth
Mars
Jupiter
Saturn
Uranus
Neptune
Pluto

11

i Surface Surface
Mass Radius (in Density Temperature Pressure Major and Minor
(earth = 1) kilometers) (g/cm?) (in K) (in bars) Gases in Atmosphere

332,000 695,000 1.41 5500 — H,, He

0.055 2440 .5.44 620 — —

0.815 6050 5.7 741 93 CO,, N,, H,0, Ar, SO,

1.00 6371 5:52 ~290 1 N,, 0,, CO,, H,0

0.11 3397 3.95 210-240 0.007 CO,, N,, Ar, O,

318 71,600 1.31 170 High H,, He, CH,, NH,
95 60,000 0.70 140 High H,, He, CH,, NH,
14.6 25,900 1.21 80 High H,, He, CH,, NH,
17.2 24,750 1.66 80 High H,, He, CH,, NH,

0.0017 1300 [ 80 — -

3. The planets themselves rotate about their axes in the same direction as their
direction of revolution around the sun (except Uranus, and Venus, which have
retrograde rotation); most of their satellites also revolve in the same direction.

4. The planets show a regular spacing as expressed by Bode’s law,' and they form
two contrasted groups: an ifiner group of small planets (Mercury, Venus, Earth,
and Mars), which are called the terrestrial planets, and an outer group of large
planets (Jupiter, Saturn, Uranus, and Neptune), which are called the major

planets.

\VS{{ * The major part of the angular momentum of the solar system is concentrated in
the pianets, not in the sun, in spite of the concentration of mass in the sun.

THE ORIGIN OF THE SOLAR SYSTEM

To be acceptable, any theory of the origin of the solar system must account for these
regularities. Two main schools of thought exist, both with ancient and respectable
antecedents. Both consider the solar system as derived from an ancestral sun or solar
nebula. They differ essentially in that one prescribes the action of an external force

'Bode’s law is an empirical series which closely approximates the relative distances of the planets from
the sun and can be formulated as follows:

Mer- (Va-

“cury Venus  Earth Mars cant) Jupiter Saturn Uranus  Neptune  Pluto

4 4 4 4 4 4y 4 4 4

0 e nessmiadiins i Wngea s oo 48 s 96 9051192 384

4 - 10 16 28 52 100 196 388
Actual distances of the planets from the sun in terms of the Earth’s distance as 10

39 7.2 10 158 = 52 95 192 301 395

The law thus gives a good agreement with the measured distances, except for Neptune; the gap
between Mars and Jupiter is occupied by the asteroids, at a mean distance of 29.
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to form the planets from the sun, whereas the other rejects the idea of an external
force and finds the energy required to form the planets within am ancestral solar
nebula. The first school of thought dates back to the French philosopher Buffon in
1749, who suggested that the plancts were torn from the body of the sun by a colli-
sion with another star. The other originated with the speculations of Kant in 1755.
Kant suggested that within an original solar nebula, regions with slightly higher den-

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

at the centers of these regions. Laplace in 1796 visualized the original state of the
sun as a rotating tenuous mass of gas occupying the entire volume of the present
solar system, from which contraction, accompanied by increasing rotatxonal speed,
led to the disengaging of a series of gaseous rings by centrifugal forca ihese rings
then condensing to form the planets.

The Laplace hypothesis held the field for some 60 years, until the physmlst Clerk
Maxwell showed that the physics of the solar system is inconsistent with the mode
of origin postulated by Laplace. The main difficulties lay in the concentration of
angular momentum in the planets, and not in the sun, and in the mechanism by
which the annular rings of gas might have condensed into planets. These consider-
ations brought the Laplace theory into disfavor, and Buffon’s theory was revived and
given more precise form, first by Chamberlin and Moulton in the United States and
Jater by Jeans and Jeffreys in England. These theories had in common the formation
of the earth and the other planets from material torn from the sun by the impact or
close approach of another star. The Chamberlin-Moulton hypothesis visualized the
formation of the planets by the aggregation of small solid particles (planetesimals);
the Jeans-Jeffreys hypothesis considered that the planets were formed by the con-
densation of masses of incandescent gas. These impact theories were favored for a
number of years but have been abandoned since it was shown that material torn from
the sun by the impact of another body could under no-eircumstances condense to
form planets but would be completely dissipated throughout space in a very short
time.

In recent years the origin of the earth and of the solar system as a whole has been
the subject of intense speculation. Variants of the nebular theory have been sug-
gested by a number of astronomers. The version originally proposed by von Weiz-
sdcker seems to fit the facts best. It pictures the primitive sun as a rapidly rotating
mass surrounded by an extended lens-shaped envelope consisting of solid. particles
and gas in turbulent motion. In this lens-shaped envelope eddy-like vortices would
form, causing local accumulations of matter which aggregated to form the planets.
Von Weizsicker gives reasons for the regular spacing of these vortices, which would

explam Bode’s law. Von Weizsicker’s theory also explains the remarkable difference

in size and density between the inner and the outer planéts. In the lens-shaped enve-
- lope from which the planets condensed the temperature would decrease with distance
‘from- the center according to the inverse square law. Because of this falling-off of
temperature more material ‘could condense in the outer parts than in the inner parts.

In the region of the inner planets only. compounds of low volatility condensed,

whereas in the outer regions the condensation products contained much material of
low critical temperature. Because of this difference in the amount of condensation,
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the outer planets also grew faster and larger than the inner ones. Hence the inner
planets are small and dense, whereas the outer ones are large and have a low specific
gravity. Pluto is exceptional but it may be an-escaped moon of Neptune. Fine details
in volatile abundances in the inner planets indicate that composition is not a simple
function of heliocentric distance. After reviewing some differences between the com-
positions of the earth and Mars, Anders and Owen concluded that the larger inner
planets attracted more late-stage volatile—rich material during their accretion than
did the smaller Mars. Von Weizsicker’s theory incorporates part of the Chamberlin-
Moulton hypothesis, in that it considers that the planets were built up by the aggre-
gation of solid particles, that is, planetesimals, rather than by condensation of incan-
descent gas. This theory has been extensively developed by Urey, terHaar, and Kui-
per; for a recent review see Hartman, 1972,

Other ideas on the mode of formation of the solar system are linked with the
nature of double stars. All the double stars that have been observed have a large
amount of angular momentum. Most of the single stars, such as the sun, 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, with the planetary system carrying
the major portion of the angular momentum. Hoyle suggested that the evolution of
a double star into a single star with a planetary system may result from the disin-
tegration of one component of the double star with an accompanying supernova out-
burst. Most of the material of the supernova would be dispersed into space, but suf-
ficient matter was left within the sun’s sphere of influence to condense into the
planets.

THE COMPOSITION OF THE UNIVERSE

Our knowledge of the chemical composition of the universe is obtained by spectro-
scopic examination®of solar and stellar radiation, by the analysis of meteorites, and
by what we know of the composition of the earth and other planets. Spectroscopic
observation indicates the elements responsible for the radiation, and by careful anal-
ysis of the inténsities 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 are consistent with the belief that the universe ¢onsists throughout of the
-same eléments, and.despite local variations which may generally be readily explained
the relative abundances of the different elements are everywhere much the same.
Only rarely has an element not previously known to occur on the earth been discov-
ered elsewhere. Helium, first detected in the sun’s spectrum by Lockyer in 1868, was
identified on the earth by Ramsay in 1895 as the gas evolved when uraninite was
heated with a mineral acid (Hillebrand a few years previously noticed ¢his evolution

= of an inert gas from uraninite but thought it to be nitrogen). Technetium, an element
not detected on the earth because of its short half-life, has been seen in some stellar
spectra due apparently. to its relatively recent synthesis in these stars.
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* 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 are (a) some
elements either do not give detectable spectra, or their strong lines have wavelengths
less than 2900 A and are absorbed by the atmosphere of the earth and cannot be
observed (this limitation is being overcome by spectrographic data obtained at high
altitudes by rockets and artificial satellites); (b) the spectra are produced in the outer
part of the sun and give the composition of the solar atmosphere. Whether this com-
position 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. About 70 elements
have been recognized in the sun’s spectrum, and there is no reason to conclude that
any element is really absent; the presence of the others is unobservable because of
their small abundance or the limitations previously stated. The relative abundances
of the more common elements in the solar atmosphere are given in Table 2.3. The
most striking feature is the extreme abundance of hydrogen and helium, which also
make up most of thelarger planets—Jupiter, Saturn, Neptune, and Uranus.

Table 2.3 Abundances of Elements in the
Solar Atmosphere

Atomic  Abundance (atoms/

Element Number 10° atoms Si)
H 1 22 X 10"
E He 2 1.4 X 10°
C 6 9.3 X 10°
N 7 2.0 ¢ 10°
(0] 8 1.6 X 107
Na 11 43 X 10*
Mg 12 8.9 % 10°
Al 13 7.4 X 10*
Si 14 1.0 X 10°
S . 16 32 X 10°
K & 19 "3.2 X 10}
Ca 20 5.0 X 10°
Sc 21 2.5 X 10!
Ti 22 - 2.5 X-10°
v T 23 23 X 10°
Cr 24 1.1 X 10
Mn 25 5.9 X-10°
Fe 26 7.1 X 10°
Co 27 1.8 X 10°
Ni 28 4.3 X 10*
Cu 29 2.6 X 10?
Zn 30 6.3 X 10?

After Ross and Aller, Science, 191, 1223, 1976
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THE COMPOSITION OF THE PLANETS

Visual inspection and sT)ectroscopic examination of the surfaces of the planets can
tell us 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, Mercury
has no atmosphere, and its density is similar to that of the earth. Venus is our nearest
neighbor and has a very dense atmosphere, consisting almost entirely of carbon diox-
ide and nitrogen, which conceal its surface. The size and mass of Venus suggest that
its composition is probably much like that of earth. Mars, the next planet beyond
earth, has an atmosphere that does not obscure the surface of the planet and is there-

~ fore rarefied; however, clouds and dust storms have been observed on the face of
Mars, and polar frost caps form in winter and disappear in summer. These polar
c'aps appear to be formed of thin layers of H,0 ice, possibly with some solid CO, -
also. Much of the surface of Mars has a reddish or orange coloration, which has been
plausibly ascribed to iron oxide coatings, similar to those on desert sands on earth.

Ahe size and mass indicate a bu composition probably similar 1o that of €arth.
However, the oblateness of Mars and the lack of a magnetic field suggest that it does
not have a fluid core.

Asteroids have not been sampled directly but spectral studies indicate composi-
tions similar to meteorites. The albedo of Ceres -and many other asteroids is very low,
suggesting material of carbonaceous chondrite compositions. The densities of Ceres,
Pallas, and Vesta have been determined as 2.1, 2.8, and 3.1, respectively, but the
precision of the measurements is not high (about * 0.5); however, these densities
are within the observed range of carbonaceous chondrites and lower than those of
most other meteorites.

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 abun-
dance of hydrogen and helium probably comparable with that in the sun. Much of
the hydrogen is evidently present as methane and ammonia. It has been shown that
the rings of Saturn probably consist 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 an_the major planets suggest that they have interiors chemically
similar to that of earth, but they are covered with a great thickness of ice and. con-
densed gases and have atmospheres containing hydrogen, helium, nitrogen, methane,
and ammonja. = - S N '

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
disrupted asteroids) that eventually land on the earth. There are presumably millions
of metedrites of all sizes in the solar system, from the finest dust particles up to those
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that are miles in diameter (if we include the asteroids, which appear to be similar to
meteorites in many respects). Meteoritic miatter is_continually falling on carth,
mostly in the form of dust undetectable except by special means; it is estimated that
the rate of meteoritic infall is between 30,000 and 150,000 tons annually. Qur knowl-
edge of the composition of meteorites comes from the larger and more spectacular
ones that are seen to fall or from objects that are recognized as meteorites by the
special characters distinguishing them from terrestrial rocks.

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

1. Siderites or irons (average 98% metal).
2. Siderolites or stony irons (average 50% metal, 50% silicate).
3. Aecrolites or stones.

The siderites, or iron meteorites, consist essentially of one or two nickel-iron
metallic phases (Ni is usually between 4 and 20%, rarely greater), generally with
accessory troilite (FeS), schreibersite (Fe, Ni, Co),P, and graphite. Additional acces-
sory minerals, such as daubreelite (FeCr,S,), cohenite (Fe,C), and chromite
(FeCr,0,) occur more rarely. These accessory minerals are present as small rounded
or lamellar grains scattered through the metal. The metal generally shows a definite
structure known as Widmanstatten figures, which is brought out by etching a pol-
ished surface with an alcoholic solution of HNO,. This structure consists of lamellae
of kamacite (a nickel-iron alloy with about 6% Ni) bordered by tacnite (4 nickel-
iron alloy with about 30% Ni). The lamellae are parallel to the octahedral planes of
an originally homogeneous crystal of nickeliron, and meteorites showing Widman-
statten structure are therefore known as octahedrites. This structure is typical of
subsolidus exsolution in an alloy that has cooled very slowly from a high temperature.
Hexahedrites are irons consisting entirely of kamacite, and ataxites are irons w1th
more than 14% Ni and consist largely of taenite.

The siderolites, or stony-iron meteorites, are made up of nickel-iron and silicates

in approximately equal amounts. Two distinct groups, the pallasites and the meso- .

siderites, of different chemical and mineralogical composition, are recognized. The
pallasites are made up of a continuous base of nickel-iron enclosing grains of olivine
which often show good crystal forms. In the mesosiderites the metal phase is discon-
tinuous and the silicates are main! y plag1oclase feldspar and pyroxene, sometlmes
with accessory olivine. -
On the basis of texture the acrolites or stones are divided into two groups, the’
chondrites and the achondrites. The chondrites are so named because of the presence
of chondrules or chondri, which are small rounded bodies (averagmg 1 mm in diam-
eter) consisting primarily of olivine and/or pyroxene. Chondrules seem to be unique .
to these meteorites and have never been observed in terrestrial rocks, hence are prob-
ably significant in terms of the origin of such meteorites. The average composition
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of chondrites is about 40% olivine, 30% pyroxene, 5-20% nickel-iron, 0% plagio-
clase, and 6% troilite. One group of chondrites, the Tarbonacesus chondrites, is
unique among meteorites in consisting largely of hydrated iron‘magnesium silicate

sorganisms or the products of nonbiological synthesis, has been argued for over a

century. However, recent research, especially on the Murchison meteorite which fell
in Australia in 1969, strongly favors a nonbiological origin for the organic com-
pounds. The Murchison meteorite contains a complex mixture of organic compounds
(aliphatic and aromatic hydrocarbons, carboxylic acids, amino acids, and others).
The similarity of these compounds to those produced by thermal synthesis from sim-
ple organic molecules supports a nonbiological origin, as does the nature of the amino
acids, many of which are not found In natural proteins and none show optical
activity. :

The achondrites are a diverse group of stony meteorites that do not contain chon-
drules and are usually much more coarsely crystalline than the chordrites. Many
achondrites resemble tepréstrial igneous rocks in composition and texture, hence have
probably crystallized from a silicate melt.

Tektites, enigmatic objects often considered with meteorites, consist of a silica-
rich glass (average about 75% Si0,) resembling obsidian, yet distinct from terrestrial
obsidians in composition and texture. They have an unusual chemical composition,
which consists of the conjunction of high silica and compafatively high alumina,
potash, and lime with low magnesia and soda; this composition resembles a few gran-
ites and rhyolites, and some silica-rich sedimentary rocks. Tektites are found, gen-

-erally as small (up to 200-300 g) rounded masses, in areas that preclude a volcanic

origin. Unlike meteorites, tektites have not been observed to fall. Some authorities
regard them as the product of the impact of comets or gigantic meteorites on the
earth. In view of their enigmatic origin and their aberrant composition, they are not
further considered here. A comprehensive account is provided by O’Keefe (1976).
Many chemical analyses have been made of meteorites. The irons form a rather
homogeneous group, differing from one to another essentially in nickel content, and
an average composition is easily derived. The stony-irons and the achondrites are
very diverse groups, and are comparatively rare, so averages of their compositions
have.little-si‘gniﬁcance: The chondrites are abundant and-show a remarkable homo-
geneity in chemical composition. Table 2.4 gives a selection of the available com-
positional data. The close correspondence between the average composition of iran

- -meteorites with the average composition of the metal from chondrites strongly sug-

gests a common source. The iron meteorites probably represent metal segregated by
the partial or complete melting of material of chondritic composition. :
There-is general agreement that meteorites provide us with the best sample from

- which to derive the absolute abundances of- the nonvolatile elements; several tables

of elemental abundances have been compiled from the analytical data on meteorites.
A principal difficulty in such compilations has been the selection of the ‘analytical
data, since meteorites differ greatly in composition and in relative abundance. This
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Table 2.4 The Composition of Meteorite Matter -

(weight per cent)

Metal* Metalt (from Silicatet (from Average
(from irons) chondrites) chondrites) Chondritet

O. : 43.7 33.24
Fe 90.78 90.72 9.88 27.24
Si ) 22.5 17.10 .
Mg 18.8 14.29
S 1.93
Ni 8.59 8.80 1.64
Ca 1.67 127
Al 1.60 122
Na 0.84 0.64
Cr 0.38 0.29
Mn 0.33 0.25
P 0.14 0.11
Co 0.63 0.48 0.09
K 0.11 0.08
Ti ; 0.08 0.06

*Brown and Patterson, J. Geol. 56, 87, 1948.
tMason, Amer. Museum Novitates, No. 2223, 1965.

is shown in Table 2.5, which divides meteorites into two groups, the finds (those
collected but not seen to fall) and the falls (those collected after having been seen to
fall). The figures in Table 2.5 show a remarkable reversal in proportions between the
finds and the falls. The reason is not far to seek. The relative abundance of irons as
finds is due to their being easily recognized as meteorites, whereas a stony meteorite,
unless seen to fall, could easily be overlooked as such. A truer indication of the rel-
ative abundance of the different meteorite types is therefore given by the relative
proportions of those seen to fall. Such a compilation completely reverses the situation
and indicates that the chondrites are far more abundant than all other types. The
composition and structure of the chondrites favor the hypothesis that they may well -
represent fragments from planetesimals like those that aggregated to form the -
planets; the other meteorite types can plausibly be developed by the partial or com-
plete melting and differentiation of material of chondritic composition. On this
account the chemical composition of the chondrites has been the primary source of
information regarding the absolute or cosmic abundances of the elements. The valid-
ity of this concept is illustrated in Figure 2.1, which compares solar abundances with
.« those in the Allende carbonaceous chondrite for 19 elements, covering a wide range
~in abundance and chemical properties. Most of these abundances are identical within
a factor of two which, in view of the inherent uncertainty_ in the solar abundances
derived from spectrographic analysis, must be considered highly significant, indicat-
ing that chondrites are good average samples of solar system material. ’
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Table 2.5 Frequency of Meteorite Finds and Falls

= e

= Falls
Type Number Percent Number Percent
Irons 545 58.1 33 4.6
Stony-irons 53 SHT 11 1.5
Achondrites 7/ 0.7 56 7.8
Chondrites 333 35.5 621 86.1
Total 938 100.0 721 100.0
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THE COSM_IC ABUNDANCE OF THE ELEMENTS

On the basis of datd on the comiposition of meteorites and of solar and stellar matter,
Goldschmidt in 1937 compiled the first adequate table of cosmic abundances of ele-
ments and isotopes. The data on hydrogen and helium and other volatiles were
derived largely from examination of the sun and stars, and the figures for most of
the other elements were based on their relative abundances in meteoritic material.
The overlap of nonvolatile abundant elements, such as silicon, is used to combine the
data from both sources. Cameron has published a revised table (Table 2.6), using
the more extensive and accurate data accumulated since 1937; the major features of
Goldschmidt’s abundance figures are not altered, although there are numerous dif-
ferences in detail.

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

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

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

2. Elements of even atomic number are more abundant than those of odd atomic
number on either side. This regularity was first recognized independently by
Oddo in 1914 and Harkins in 1917 and is sometimes referred to as the Oddo-
Harkins rule.

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

4. Only 10 elements—H, He, C, N, O, Ne, Mg, Si, S, and Fe—all with atomic

numbers less than 27, show appreciable abundance; of these hydrogen and
helium far outweigh the other eight.

" 5. There is a pronounced abundance peak at atomic number 26 and smaller peaks

at several other heavier atomic numbers.

" The regularities dxsplayed in Table 2.6 suggest that the absolute abundances of
the clements depend on nuclear rather than chemical properties and are related to

the inherent stability of the nuclei. An element is uniquely characterized by the num-
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Table 2.6 Cosmic Abundances of the Elements in Atoms per 10° Atoms Si*

Element

I H
2 He
3 Li
4 Be
5B

Abundance Element
2.66 X 10" 44 Ru
1.8 X 10° 45 Rb
60 46 Pd
1.2 47 Ag
9 48 Cd
1.11 X 107 49 In
2.31 X 10° 50 Sn
1.84 X 107 51 Sb
780 52 Te
2.6 X 10¢ 98 I
6.0 X 10* 54 Xe
1.06 X 10¢ 55 Cs
85 X 10* 56 Ba
1.00 X 10¢ 57 La
6500 58 Ce
5.0 X 10° 59 Pr
4740 €0 Nd
1.06 X 10° 62 Sm
3500 63 Eu
6.25 X 10* 64 Gd
31 65 Tb
2400 66 Dy
254 67 Ho
127 X 10? 68 Er
9300 69 Tm
9.0 X 10° 70 Yb
2200 71 Lu
4.78 X 10+ 72 Hf
540 73 Ta
1260 74 W
38 75 Re
117 76 Os
6.2 77 Ir
67 78 Pt
99 79 Au
41.3 - 80 Hg
6.1 81 TI*
229 82 Pb
4.8 83 Bi
12 90 Th-
0.9 92U
4.0

Abundance

1.9
- 040
1.3
0.46
1.55
0.19
B
0.31
6.5
1.27
5.84

0.020

0.051
0.69
0.72°
1.41
0.21
021
0.19

S
. 0.045
" 0.027
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*A. G. W. Cameron, written communicatién, 1980.
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Table 2.7 T1llustration of Isotopes, Isobars, and Isotones

Isotopes Z = 20 (calcium) i [sotones vV = 20
Percent of Percent of
N " A Element Element V4 A Element
20 40 96.97 Sulphur 16 36 0.0136
22 42 0.64 Chlorine 17 37 24 471
23 43 0.145 Argon 18 38 - 0.063
22 44 2.06 Potassium 19 39 93.10
26 46 0.0033 Calcium 20 40 96.97
28 48 0.185
Isobars 4 =
40
Percent of
Element V4 N Element
= e TR
Argon 18 22 99.61
Potassium 19 21 0.0119
Calcium 20 20 96.97
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ber of protons (Z) in its nucleus, but the number of neutrons (V) associated with
these protons can vary. As a result, an element may have several isotopes differing
in mass number or atomic weight A(4 = N + Z) and stability but not appreciably
in chemical properties. Similarly, there are isobars, which are different elements with
the same A but different values of N and Z, and isotones, which are different ele-
ments with the same neutron number N but with different values of 4 and Z (Table
2.7). ,
Relatively few of the possible nuclides of any element are stable; of the thousand
or more isotopes known to date, only about 270 are nonradioactive. The implication
is that a nuclide is abundant because the combination of protons and neutrons in its
nucleus is particularly stable. On this basis the drop in relative abundances with
increasing nuclear complexity can readily be explained; 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-numbered). Then,
too, it must be more than a coincidence that the nuclei of lithium, beryllium, and’
boron, which are exceptionally rare among low-numbered elements, are just those
nuclei that are most readily disintegrated by bombardment with protons, alpha par-
ticles, 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 NV (neutron number)-even Z (proton number) type are both more
numerous and more 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. Nuclej of the odd
N-odd Z type are few in number and low in relative abundance except for “N. These
features evidently reflect the nuclear binding energy, which is greatest for even N-
even Z nuclei. , :
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THE ORIGIN OF THE ELEMENTS

The structure of the nuclei of the elements as aggregates of protons and neutrons
has resulted in theories to explain their origin and their relative abundances by a
synthesis, or buildup, starting with either or both of these basic building blocks.
Several theories as to the mode of formation of the chemical elements have been
proposed. One, which may be termed the equilibrium theory, proposes that the rel-
ative abundances of the elements are the result of a “frozen” thermodynamic equi-
librium between atomic nuclei at some high temperature and ‘density. By suitable
assumptions as to the temperature, pressure, and density, good agreement with

observed abundances is obtained for elements of atomic number up to 40. For ele-.

ments of higher atomic number, however, these assumptions lead to impossibly low
abundances. On this account, theories have been proposed that consider the relative
abundances of the elements as resulting from nonequilibrium processes; on this basis
the light nuclei were built up by thermonuclear processes and the remaining nuclei
by successive neutron capture, with intervening - disintegrations. This theory pre-
dicts the general trend of the observed data but fails to explain some of the detailed
features, particularly bridging of the gap caused by the nonexistence of nuclei of
atomic weights 5 and 8. It is apparent that no single process can satisfactorily
account for the observed complexities. .

Advances in nuclear physics allowed Burbidge, Burbidge, Fowler, and Hoyle in
1957 to propose that the general features of the abundance curve could be explained
by nuclear reactions taking place in stars. In order to explain the measured distri-
butions they outlined eight processes for the synthesis. In their model, elemental
matter started with hydrogen, which formed the primitive matter from which stars
were made. The individual steps in their synthesis are:

1. Hydrogen “burninig” to produce helium. Hydrogen burns by successive proton
capture to produce *He. At temperatures of 107°C and densities about 100 g/
cm?, *He nuclei impact and combine to form ‘He and two protons. At still higher
temperatures additional nuclear reactions involving *He, *He, and protons pro-
vide alternate mechanisms for producing additional “He. In older or second gen-
eration stars containing 2C a catalytic cycle progressing through six steps allows

“the overall reaction 4H' — He* to take place, as follows:- '

'H+*H—D+ 8" +»  2C+'H— "N+ v(gamma ray)
D 4+ 'H —He + v _ BN — BC + B7 (positron) 4+ v (neutrino)
e c e = He £ 2lH - 7. PC 4 H & YN+

“N + 'H—~"0 + v
50 — 5N + 8 + v -
BN 4+ 'H — °C +*He

The C-cycle reaction also provides a mechanism for the production of quantities
of "N in the star, e :

2. Helium burning by three body collisions or “triple «” reactions takes place at -

temperatures in the order of 10°°C and densities of about 10° g/cm’. This pro-
cess provides a mechanism for skipping the unstable nuclides with masses of 5
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and 8. The "*C produced can then add ‘He to produce 0. At this point in a
star’s evolution, 'H has been converted to *“He and the ‘He into '>C and '%O with
the accumulation of some '*N.

Further collapse of the star producing higher temperatures and greater densities
allows additional reactions, sometimes known as the « process or carbon and
oxygen burning, to take place. In this stage of steller evolution '>C nuclei react
to form species such as *Ne, »*Na, ?Mg, and *Mg together with a new supply
of & particles and protons. In sequence 'O nuclei react to produce *Si, *'P, *'S,
and *S and probably some Cl and Ar from secondary reactions involving the o
particles, protons, and neutrons.

As the star evolves further, silicon burning, or the equilibrium e-process, takes
place. Because of the high temperatures, the rate of nuclear reactions is
increased and elements with atomic numbers greater than 2Si come into equi-
librium with it. This process is responsible for the nucleosynthesis of the most
abundant nuclei between 4 = 28 and 4 = 57 at the Fe peak. With the pro-
duction of the Fe-group elements the star will have run out of reactions that can
supply it with energy, since *Fe is at the top of the curve of binding energy per
nucleon.

The primary mechanism for the synthesis of elements heavier than iron is by the
capture of free neutrons. Neutrons are apparently produced by the reactions of
a particles on *C, 70, or *'Ne. Slow neutron capture, or the s-process, can pro-
duce elements up to and including 2Bi, but many observed nuclei are bypassed.
The process is called the s-process because the rate of neutron addition is slow
compared with beta-decay lifetimes of the nuclei produced. Any unstable nuclei
produced generally decay before the next neutron interaction takes place. The
isotopes of a given element are built up successively until one is reached that is
unstable. Then 8 decay produces the isobaric nuclide of that element which
serves as the target for further isotope building reactions until another unstable
species is formed. This process produces peaks in the element abundance curve
where there is a build-up of stable elements with low neutron capture cross-
sections.

To produce elements heavier than bismuth and to make neutron-rich elements
not made by the s-process, a rapid neutron capture, or r-process, has been pro-

posed. In this process neutrons are added to B—decay unstable nuclei before the

decay can take place. This allows the production of many nuclei, which may
through subsequent decay account for the neutron-rich isotopes of some’ ele-
ments. The large neutron fluxes for the r-process appear to take place during

the massive stellar explosions called supernovas. These explosions provide the

large flux of neutrons required and a mechanism for dispersing the elements
made by all of the processes into space so that they may be recycled.

~ . The relatively rare proton-rich isotopes of the heavy elements not produced by

the neutron capture processes are explained by a rapid proton capture or p-pro-
cess. Such a process may take place in the outer parts of a supernova explosion.
Figure 2.3 illustrates the proposed mode of origin of nuclides in a selected por-
tion of the chart of the nuclides.
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Figure 2.3 Portion of the chart of the nuclides. The fraction of stable isotopes is shown for
each element, together with an s-process formation path indicated by arrows.
Nuclides to the left of the s-process nuclides are formed by the p-process and
those to the right by the r-process. Some nuclides may be formed by more than
one process.

8. The production of Li, Be, and B not explained by the above mechanisms has
been attributed to an x-process, most likely as spallation products of lightweight
abundant nuclides of carbon or oxygen.

These processes are correlated with the observed features of stellar evolution. All
stars convert hydrogen into helium, but only the most massive stars produce the ele-
ments in the upper part of the periodic table. Certain icavy nuclides appear to be
formed only under catastrophic conditions, such as the development of a supernova.
A supernova is essentially a stellar explosion, the catastrophic disintegration of a
star. The explosion produces luminosity of the order of 10° that of the sun, and the
lumihosity falls off exponentially with a half-life of about 56 days. It can hardly be
a coincidence that **Cf decays by spontaneous fission with a half-life of 56 days.
Evidently a supernova is triggered by thé r-process. Man has reproduced the r-pro- -

"cess on a comparatively modest scale; substantial quantities of californium are pro-

duced in H-bomb explosions when the »*U in the bomb is cxposed to'an intense
neutron flux during the explosion.
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INTRODUCTION

THE STRUCTURE AND
COMPOSITION OF THE
EARTH

A knowledge of the composition and state of the earth’s interior is prerequisite to an
understanding of geochemistry. This problem obviously cannot be solved by direct
observation. The deepest boring yet made is one of about 10 km; mines are still
shallower; and apart from borings and mines the only accessible parts of the earth
are those exposed on the surface itself. Some material is brought to the surface by
igneous activity, but as we know only incompletely the depth from which it comes
and whether it has undergone any second-order changes, few deductions can be made
from this evidence. Thus to obtain some understanding of the earth’s internal struc-
ture we must use an indirect approach. Here we turn to geophysics, the application
to the properties of the earth and its several parts of physical laws dealing with grav-
itation, wave transmission, heat conduction, and other phenomena. The principal
sources of information are (a). the acceleration of gravity at the earth’s surface and -
the gravitatiorial constant, from which the mean density of the earth can be deter-
mined; (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 regardmg density distribution within the earth; (c) seismological data, which
indicate the presence of discontinuities within the earth and from which information

) ‘can be derived on the elastic constants of the materials in the interior; (d) heat flow

data, which reflect the abundance and distribution of radioactive elements in the
crust and mantle. These facts, together with laboratory determinations of the elastic
constants of various rocks, information on the probable abundances ‘of the elements,

~ and similar data, provide the basis for theories regarding the earth’s internal struc-

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

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

28
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will formally conflict with what is known about the carth. 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.

SEISMIC DATA ON THE EARTH’S INTERIOR

Much information about the earth’s interior is derived from the analysis of earth-
quake waves. An earthquake generates waves of various kinds, of which the two types
that pass through the body of the earth are the most important for our present pus-
pose. These two types of waves travel with unequal velocity, even in the same
medium. The faster are those transmitted by vibrations in the direction of propaga-
tion (analogous to sound waves in air). They are the first to be recorded by seismo-
graphs at an appreciable distance from the focus of the earthquake and are called
primary or P waves. The slower waves are transmitted by vibrations at right angles
to the direction of propagation (analogous to light waves) and are known as second-
ary, shear, or S waves. The velocities-of P and S waves vary with the density and
elastic constants of the material through which they pass, and they are subject to
reflection and refraction 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 3.1 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 propertics. This heterogeneity is not random
but is present in zones separated from each other by discontinuities of greater or
lesser sharpness. Two major or first-order discontinuities (a first-order discontinuity
is one producing an abrupt break in the velocity-depth curve) have been recognized
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Figure 3.1 Velocity of P and S waves within the
earth. (After Bullen, An introduction
10 the theory of seismology. Courtesy
of Cambridge University Press) -
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by all geophysicists. The earth is thus divided into three parts: the crust, from the
surface down to the first discontinuity (the Mehorovi¢ié discontinuitv): the mantie.
from the base of the crust to the second discontinuity (the Wiechert-Gutenberg dis-
continuity); and the core, from the Wiechert-Gutenberg 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 decreases 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 law of gravitation provided the means for determining the mass
of the earth and its mean density. Newton made the prescient statement: “It is prob-
able that the quantity of the whole matter of the 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 Cav-
endish determined the constant of gravitation by comparing the attraction between
two lead spheres and two gold spheres, using a sensitive torsion balance; from this
measurement he derived the figure of 5.48 for the mean density of the carth. The
present accepted figure is 5.517 & 0.004. Since the mean density of the surface rocks
is about 2.8, it follows that the interior must have a density greater than 5.5 to
account for that of the Earth as a whole. The high density may be 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 vary with
the density and elastic constants of the material through which they pass. The rele-

vant equations are
HOICH

»P

Y
I

(V, and V¥ are the velocities of P and S waves, respectively; p is the density of the
material, k the bulk modulus, p the rigidity.) Of the variables in these equations only
the velocities are accurately known for conditions in the earth’s interior, and thus no
unique solution for the other factors is possible from seismic data alone. However,
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the density distribution within the earth must comply with two stringent conditions:
the integrated density must agree with the known density of the earth as a whole,
and it must also give the correct 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

. which are consistent with the independent controls of bulk density and moment of

inertia (Figure 3.2). From these resuits he also calculated the pressure distribution
within the earth (Figure 3.3). The pressure at the earth’s center is found to be 3640
kilobars, or somewhat over 3,000,000 atm. Later work has shown that the general-
ized curves constructed by Bullen show significant fine structure especially in the
upper mantle. Such structure is shown in Figure 3.4 together with an interpretation
of its causes.

Region a is the lithosphere, a slab of rock material of variable thickness. The crust
forms the upper part of this unit, and it includes the Mohorovi¢i¢ discontinuity. Its
lower boundary is marked by a region of decreasing S wave velocity. The lithosphere

. is rigid and forms the numerous plates that drift over the earth’s surface.

Region b is the asthenosphere, a seismic-shear-wave low velocity zone, which is
interpreted as a zone of partial melting. Regions a and b do not appear to have
greatly different compositions, but their physical states differ significantly. However,
isotopic studies of basalts do show that those erupted at midocean ridges have come
from regions chemically different from those erupted at other areas on the earth’s
surface, including some oceanic islands and continental flows. Based on isotopic stud-
ies of the systems Sm-Nd and Rb-Sr, it has been shown that the midocean ridge
basalts are derived from an upper mantle source region depleted in those elements
commonly found in the crust whereas continental basalts come from a deeper region
undepleted in these materials. The upper mantle is a complex heterogeneous unit.
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Figure 3.2 Density variation in the earth’s inte-

rior. (From Bullen, An introduction to
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Below the asthenosphere the rocks again become solid and rigid with only slight
velocity and density change with depth. In the region of 300- to 400-km depth a
-rapid increase in density and velocity takes place. Based on theory and experiment,
Ringwood and his co-workers have shown that at these pressures phase transfor-
mations take place. Pyroxene assumes a garnet structure, and olivine transforms to
the beta Mg,SiO, structure, which:is about 8 percent denser than olivine.

At greater depths in the ¢ region (below 400 km), calcium garnet transforms to
the dense perovskite structure and B-Mg,Si0O, changes to a spinel structure. Below
this,-in the f and g regions, the spinel and garnet phases begin to break down into
simpler dense components. Spinel changes to MgO with a rock salt structure and to
MgSiO, with a perovskite structure, and garnet changes to the ilmenite structure
followed by another change to the perovskite structure. All of these phase changes
on essentially a constant chemical composition can explain the observed physical
properties.

TEMPERATURES WITHIN THE EARTH

We know the,variation of density and pressure within the earth to a considerable
degree of precision, but estimates of temperatures at depth are little more than intel-
ligent guesses. Direct observations in mines and boreholes show that temperature
increases with depth, although the rate of increase varies greatly-from place to place.
This variation is characteristic of the crustal layers, and at quite moderate depths
the temperature gradient probably becomies uniform. Measured thermal gradients in
the crust range from 10 to 50° /km, and an average value of 30° /km is often used.
From the thermal gradient and the thermal conductivity of the rocks the flow of heat
toward the surface can be calculated. The average value of this heat flow is 1.5 X
107° cal/(cm*)(sec). This is about 50 cal/cm? annually, sufficient to melt a sheet of
ice 6 mm thick (latent heat of fusion of ice is 80 cal/g). This shows how little the
earth’s internal heat can influence climatic conditions; 6 mm of ice can easily be
melted away by a few hours’ sunshine or be formed in one frosty night. However,
when computed for the area of the earth it is nevertheless much larger than the
amount of heat brought to the surface by the spectacular activity of volcanoes.

Selected heat flow values for different geologic regions are given in Table 3.1. It
is significant that the average oceanic heat flow is approximately the same as the
average confinental heat flow. When first noted this was a surprising discovery,
‘because a considerable fraction of the heat flow from the continents is accounted for
by the radioactive elements in the continental crust, but the oceanic crust is thin, less
radioactive, and incapable of providing more than 10% of the oceanic heat flow. -
Using data on the distribution of radioactive elements in different rock types it is
possible to estimate the contribution of radioactive heat from crustal rocks (Table -
3.2) and thus determine the heat concentration from the mantle. Such calculations
indicate that crustal rocks may contribute from 30 to 50% of the continental .heat
flow. The remainder of the continental heat flow and the oceanic heat flow is deep
heat from the earth’s interior. '
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Table 3.1 Heat-Flow Values for Major Physiographic Provinces

Mean Heat Flow

Province Number of Measurements g (ucal/(cm’)(sec)  Standard Deviation
QOcean basins 273 ’ 1.28 0.53
Ocean ridges 338 1.82 1.56
Ocean trenches - 21 : 0.99 0.61
Other seas 281 1.74 1.05
Precambrian shields 26 0.92 0.17
Phanerozoic nonorogenic 23 1.54 0.38
Phanerozoic orogenic areas 68 1.48 0.56
Paleozoic orogenic areas 21 1.23 0.40
Mesozoic-Cenozoic orogertic 19 1.92 0.49
Island arc areas 28 1.36 0.54
Cenozoic volcanic areas 11 2.16 0.46

After Lee and Uyeda, 1965; “Review of Heat Flow Data” in Terrestrial Heat Flow, W. H. K. Lee (ed.), Geophysical )
Monograph 8, American Geophysical Union.

Table 3.2 - Heat Production by Igneous Rocks

Heat Heat Heat
Produced by Produced by Produced by Total Heat
Type of U, (ergs/g Th, (ergs/g K, (ergs/g Production,

Rock year) year) : year) (ergs/g year)
Granites 117 84 34 235
Acidic 126 109 38 273
Intermediate 43 36 29 108
Intermediate 81 81 R 29 191
Basalts 25 41 6.4 72
Dunites 0.42 0.44 0.01 0.87

From Jacobs, Russell, and Wilson Physics and Geology, Second Edition (New York: McGraw-Hill,
© 1974).

Ocean ridges have on the average higher heat flows than do ocean basins which in
-turn have higher average heat flows than do ocean trenches. This is interpreted to
indicaté and support the idea that significant ocean floor heat is carried to the surface
by large mantle convection cells inyolved in tectonics. Such cells surfacing at ocean
ridges provide the higher heat flows observed and also may explain the ocean floor
subsidence away from the ridges due to cooling and contraction of the ocean floor
crust. ’

Seismic evidence shows that the mantle is solid throughout, except perhaps in
some parts of the asthenosphere, and therefore the temperature at any depth within
it cannot exceed the melting range of the material at that depth. Data on the vari-
ation of melting point with pressure for silicates are not complete, but for diopside
(Figure 3.5) about 10° /kilobar is indicated, or 3° /km. On this basis the temperature
at the bottom of the mantle cannot be greater than about 10,000°. However, the
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melting point curves for the silicates in Figure 3.5 have a pronounced curvature, and
“their slopes decrease markedly with increasing pressure. so that the melting points
at great depths will be corfsidera’olyiower than given by the preceding extrapolation.
The melting point of the material at the base of the mantle has been estimated at
about 4000°. This is consistent with a molten iron core, because the melting tem-
perature of iron at the pressure of the core-mantle boundary is believed to be in this
range. :

Figure 3.6 illustrates an estimated geotherm or thermal gradient within the earth
and the melting relationships of mantle and core material. Note the close approach
of the geotherm to the silicate melting point curve in the upper mantle where basaltic
magmas are generated and in the outer core which appears to be liquid nickel-iron.
Such curves are somewhat speculative but probably represent the thermal conditions
in the carth to the first approximation.
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Figure 3.5 Melting temperatures” versus pressure.
(Boyd, 1964)
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THE INTERNAL STRUCTURE OF THE EARTH

The interpretation of-seismic data provides a primary threefold division of the earth
into crust, mantle, and core (Figure 3.7). Together with other geophysical evidence,
“these data also give some indication of the physical properties of the material making

. up the three parts. It now remains to make plausible deductions as to the actual

- constitution of the earth’s intérior, using both the above-mentioned evidence and
other significant information, such as the relative -abundances of the elements and .
the composition of meteorites.

The crust is directly accessible to our observations, in the upper part at least, and
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general agreement exists as to jts major features. It is heterogeneous and varies in
thickness from place to place. Marked differences exist, especially between the con-
tinents and the deep ocean basins. The Mohorovigié discontinuity is found at differ-
ent depths in different geological environments. Under all explored ocean basins it
is between 10 and 13 km below sea level; under 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 water, underfain by %-2 km of unconsolidated sediments, followed
by material of basaltic composition (5-8 km) to the Mohorovi&ié discontinuity.

It has been customary to interpret the seismic evidence on the continental crust as
indicating two principal layers, an upper one of granite or granodioritic composition
and a lower one of basaltic composition. These two layers correspond to the sial (i.e.,
material rich in Si and Al) and the sima (rich in Si and Mg), respectively, More
refined seismic work, coupled with the geological heterogeneity of exposed continen-
tal areas, has largely refuted this concept of crustal layering. The continental crust
1s @ mosaic of sediments, metamorphosed sediments, igneous intrusions of different
kinds, and volcanics, faulted and broken into blocks of various shapes and sizes; how-
ever, there is probably a gradual change in average composition of the material, from

Pressure, kb
Depth,gT’ —10 —_Continental
3 = crust

Upper mantle

400— 160
1000 — 450
Mantie
+2900— 140
Outer core

Figure 3.7 The internal structure of the earth.
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granitic near the surface to gabbroic farther down. Ui% earth’s crust is in isostatic

adjustment, the irregularities of the surface being compensated by the distribution _

of materials of different density within the crust and upper mantle.

The Mohorovicié discontinuity separates the heterogeneous crust from the more
homogeneous mantle and is marked by a sudden increase in the velocities of seismic
waves. The geophysical data indicate that the mantle has a layered structure; the
upper mantle, to a depth of about 400 km, is separated from the lower mantle by a
transition zone about 600 km thick. The nature of the upper mantle and the transi-
tion zone has been the subject of intensive study and extensive speculation in recent
years. It is now realized that the key to many geological and geochemical problems—
such as the origin of magmas, the triggering of deep-focus earthquakes, global tec-
tonics, and continental drift—lies in the upper mantle and the transition zone. Our
understanding ‘of the nature of the upper mantle has been greatly increased by
improved equipment and techniques for studying minerals and rocks at high tem-
peratures and pressures. It is now possible to reproduce in the laboratory the physical
conditions corresponding to depths of 400 km or more within the earth. The identi-
fication of the material making up the mantle is largely based on samples of possible
mantle material brought up as inclusions in volcanic pipes, laboratory experiments
on the behavior of minerals and rocks at high temperatures and pressures, and our
knowledge of elemental abundances. Experiments indicate that only three rock
types—dunite (olivine), peridotite (olivine and pyroxene), and eclogite (garnet and
pyroxene)—have elastic properties of the right order to give the observed wave veloc-
ities in the upper mantle. This would also include material of chondritic meteorite
composition, essentially a peridotite with a small content of plagioclase feldspar.
These rocks are all made up largely of magnesium-iron silicates. Inclusions of dunite
and peridotite are sometimes abundant in volcanic rocks (basalts and the diamond-
bearing kimberlites); eclogite-inclusions are less common. Basalt magmas on Hawaii
appear to originate at depths of about 60 km, whereas the presence of diamonds in
kimberlite indicates a greater depth of origin, over 100 km.

The nature of the Mohorovi&ié discontinuity has been the subject of considerable
controversy. One school of thought considers it a physical discontinuity, the result of
a phase change from lower crustal rocks of gabbroic composition to eclogite, which
is higher-density material of essentially the same composition. The alternative view
is that the discontinuity is a chemical one, the upper mantle having ultrabasic com-
position (dunite or peridotite). The problem has been.reviewed by Ringwood (1979),
who endeavored to correlate the geochemical, geophysical, and petrological infor-
mation. He prefers an ultrabasic model for the upper mantle, with an overall com-
position corresponding to a mixture of one part basalt to three parts dunite, which
he calls pyrolite (pyroxene-olivine rock). Fractional melting of this material would
provide the basaltic magma, which has been copiously injected into and through the
crust throughout geological time, and leave a residual dunite or peridotite. The min-
eralogy of pyrolite varies as a function of temperature and pressure, and Ringwood
has shown that material of this composition could crystallize in four distinct assem-
blages, as follows:

[osT——
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(a) Olivine and amphibole Ampholite

(b) Olivine + Al-poor pyroxene Plagioclase pyrolite
+plagioclase

(¢) Olivine + Al-rich pyroxene Pyroxene pyrolite
+ spinel '

(d) Olivine + Al-poor pyroxeae Garnet pyrolite
+ garnet '

Because the geotherms in the upper mantle differ considerably below continents
and oceans; there are regional differences in the mineralogical composition of the
pyrolite: The inferred composition of the upper mantle below Precambrian shield
areas, average continental areas, and oceanic areas is illustrated in Figure 3.8. Under
the Precambrian shields the mantle consists, to a considerable depth, of dunite or
peridotite with minor segregations of eclogite. This layer is not as thick under the
average continental areas and is thin or replaced by ampholite under the oceanic
areas. Beneath the dunite-peridotite zone would be a lower density pyrolite zone.
Evidence for such a region is found in the low-velocity seismic wave zone observed
below 100 km.

An important development in our understanding of the transition zone in the man-
tle has been the realization of the significance of polymorphic changes taking place
at high temperatures and pressures. This idea was originally due to Bernal, who in
1936 suggested that the discontinuity between the upper mantle and the transition
zone results from the formation of a high-pressure polymorph of olivine. He pointed
out that the analogous compound Mg,GeQ, exists in two modifications, one with the
structure of olivine and the other an isometric phase with the spinel structure and
9% higher density. .

Other polymorphic transformations that might be expected within the mantle are
the change of MgSiO, from a pyroxene to an ilmenite structure, and of SiO, to a
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rutile structure. Some of these predicted polymorphic changes have been confirmed
by laboratory work. The rutile form of SiO, was made by Stishov and Popova in
1961 and later named stishovite; it is stable at about 130 kb and 1600°. Extrapola-
tion of experimental results on (Mg,Fe),SiO, solid solutions shows that an olivine-
spinel transition will occur in Mg,SiO, at about 130 kb and 600°. Some substances
with pyroxene structure are converted into ilmenite structures at high pressures, but
laboratory experiments indicate that MgSiO, is probably converted into Mg,SiO,
and SiO, (stishovite) at about 120 kb in the temperature range 500°-2000". All
these transformations can be expected in the transition zone.

Clark and Ringwood have applied these data to the elucidation of the transition
zone. As a first approximation they assume it is composed essentially of MgO and
Si0,, corresponding to a mixture of olivine, Mg,SiO,, and pyroxene, MgSiO,. These
phases would be stable to a depth of about 400 km. Below that depth a series of
transformations into closer-packed phases would take place. In the light of available
data, they postulate the following transformations with increasing depth:

2MgSiO, (pyroxene) = Mg,SiO, (olivine) + SiO, (stishovite)
Mg,SiO, (olivine) Mg,SiO, (spinel)
Mg,SiO, (spinel) + SiO, (stishovite) = 2MgSiO; (ilmenite)
Mg,SiO, (spinel) = MgSiO; (ilmenite) + MgO (periclase)

i

This series of transformations would become complete around a depth of 1000 km.
They result in a density increase from 3.2 to 3.9 (referred to zero pressure). It is
significant that the ultimate attainment of a close-packed state involves successive
transformations through several intermediate states, reflected in the considerable
depth of the transition zone. In addition, the mantle contains additional elements,
mainly iron, calcium, aluminum, and sodium, which are in atomic substitution in the
principal phases. Their presence influences the preceding reactions to some degree,
in effect smearing out the transitions and resulting in a continuous rather than a
stepwise increase in density.

The lower mantle, between 1000 and 2900 km, appears to be homogeneous, and
presumably consists of a mixture of (Mg, Fe)SiO, with the ilmenite structure, and
(Mg, Fe)O, periclase. The FeO(FeO + MgO) ratio (molecular) has been estimated
to be between 0.1 and 0.2. Ringwood has suggested the possibility of even more
closely packed structures in the lower mantle, the ilmenite structure transforming to
the perovskite (CaTiO,) structure and the periclase structure to the CsCl structure. ‘

The belief that the earth has an iron core predates the seismic evidence for its. -

existence. The idea apparently originated with Daubrée in 1866 and was based on
‘the composition of meteorites. The concept of the iron core has become thoroughly

.- entrenched in geophysical and geochemical thought, although it has been suggested

that the core consists of the same material as the mantle but in a highly compressed
form. However, the chemical difference between mantle and core has been confirmed
by experiments with explosively generated shock pressures equal to those of the core.
The results show that it is not possible to make a satisfactory core of light metals or
their oxygen compounds. The physical properties of the core require elements of the
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transition group, and only iron is sufficiently abundant. The properties of iron are
close to those required and can be adjusted with small amounts of lighter elements.
~ Geophysical evidence indicates that the mean atomic numbers of the core is about
22. Since the atomic number of iron js 26, this implies that the core contains elements
of lower atomic number. Sulfur, carbon, and silicon have been suggested as possible
elements. Sulfur and carbon, both relatively abundant in meteoritic matter, would
require lower amounts than silicon to reduce the mean atomic number of the core.

The seismic discontinuity between the mantle and the core is a sharp one, and its
position is known with considerable accuracy (2.5 km, according to Jefireys). The
passage of .S waves through the core has not been observed (a few reported instances
are generally regarded as spurious), and this is interpreted as indicating that the core
is liquid at least in its outer part. Additional evidence for the fluidity of the core is
obtained from the analysis of the bodily tide of the earth. Bullen suggested that the
second-order discontinuity at a depth of about 5000 km 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 earth and for its secular variation
can be deduced from the presence of a liquid iron core, as shown by Elsasser. He
suggests that the earth’s magnetic field is the result of electric currents flowing in the
interior and that such currents are to be expected in the highly conducting metal

core rather than in the silicate mantle. The secular variation of the geomagnetic field
is then interpreted as the expression of convection currents in the flujd core..

THE ZONAL STRUCTURE OF THE EARTH

—>The earth may therefore be considered as made up of an iron core, a fairly homo-
geneoﬁrémgjﬁa‘;ﬁaagg’;ﬁéédgé'l:é'éié crust. This picture of its internal
structure and composition imﬁrﬁmm’tsh’?ﬁﬁﬁ moment of inertia, and the

presence of discontinuities indicated by seismic waves. The decreasing silica content
in the succession of materials from the crust into the mantle agrees with petrological
experience. The probable 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, wé must add to the crust, mantle, and
core three further zones: the atmosphere, the hydrosphere, and the biosphere. The
atmosphere is the gaseous envelope that surrounds 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 distributed through the hydrosphere,
the atmosphere, and on the surface of the crust. Table 3.3 gives the important fea-

. "tures of these zones, and Table 3.4 gives data on thickness, volume, mean density,

and mass of each. _

The atmosphere, the hydrosphere, and the biosphere, although geochemically
important, contribute less than 0.03% of the total mass of the earth. Hence, ih arriv-
ing at an average 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



THE COMPOSITION OF THE CRUST

42 PRINCIPLES OF GEOCHEMISTRY

Table 3.3 The Structure of the-Earth

Important Physical

Name Important Chemical Characters Characters
Atmosphere N,, Oy, H,O, CO,, inert gases Gas
Biosphere . H,O, organic substances; and Solid and liquid, often
skeletal matter - colloidal
Hydrosphere Salt and fresh water, snow, and Liquid (in part solid)
. ice
Crust Normal silicate rocks Solid
Mantle Silicate material, probably largely  Solid

olivine and pyroxene or their
high-pressure equivalents
Core or siderosphere Iron-nickel alloy Upper part liquid, lower
part possibly solid

Table 3.4 Volume and Masses of Earth Shelis*

. Volume Mean
Te (X 107 Density Mass Mass
Thickness (km) cm?) (g/cm®) (X 107 g) (percent)
Atmosphere — — — 0.000005 0.00009
Hydrosphere 3.80 (mean) 0.00137 1.03 0.00141 0.024
- Crust 17 “ 0.008 2.8 0.024 0.4
Mantle 2883 0.899 4.5 4.016 67.2
Core 3471 0.175 11.0 1.936 32.4
Whole earth 6371 1.083 T552 5.976 100.00

*Data for the biosphere is not included on account of its relatively small mass and the lack of precise
“figures.

essentially determined by that of the mantle and the core. However, in view of the
significance of the crust in geology and geochemistry its composition is discussed in
detail at this point. :

The average composition.of the crust is in effect that of igneous rocks, since the total

amount of sedimentary and metamorphic rocks is insignificant in comparison to the

bulk of the igneous rocks, and in ahy case their average composition is not greatly
~ different. Clarke and Washington. (1924) estimated that the upper 10 miles of the
" crust consist of 95%-igneous and metamorphic rocks, 4% shale, 0.75% sandstone, and
0.25% limestone. Where sedimentary rocks are présent they form a relatively thin
veneer on an igneous basement, except where locally thickened in orogenic belts.
Clarke and Washington made an exhaustive study of the data available for com-
puting an average composition of igneous rocks. The basis for their computations
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was Washington’s compilation of 5159 “superior” analyses. The analyses were
grouped geographically, and the averages of these groups agreed fairly well with one
another. In other words, the composition of of the earth’s crust is approximately the
same in different regions, provided these are large enough to eliminate local varia-
tions. However, the SiQ, percentage is markedly lower for rocks from oceanic areas,

such as the islands 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 sometimes used as the
average composition of the crust, is, in effect, the composition of continental areas
rather than the crust as this term has been used earlier in this chapter. '

The overall average of the 5159 analyses, recalculated to 100 with the elimination
of H,0 and minor constituents, is as follows:

-Si0,  ALO, Fe,0; FeO MgO CaO Na,0 K,O0 TiO, P,O;
60.18 1561 3.14 388 3.5 517 391 3.19 1.06 0.30

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

Numerous objections have been raised to the method of arriving at an average’
composition of igneous rocks by averaging analyses, but a more satisfactory proce-"+_

dure has yet to be proposed. The principal objections are

1. The uneven geographical distribution of analyses.

2. Their nonstatistical distribution over the different rock types.

3. The lack of allowance for the actual amounts of the rocks represented by the
analyses.

The basis for the first objection is, of course, that Europe and North America have
been more adequately investigated and are represented by far more analyses per
unit-atea than other parts of the earth. However, Clarke showed that the averages
for the individual continental areas are in marked. agreement in spite of the widely
different coverage, a fact that 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 such as granites and basalts. This objec-
tion may not be as serious as has been asserted, since in a large number of analvses
the unusual types will be drawn from the whole range of rock compositions and will
tend to give a true average. Also, as Clarke and Washington point out, their 1924
average was made from analyses of fresh, unaltered rocks only, thus eliminating
many analyses of unusual rocks. :

The third objection, that all analyses are given equal weight regardless of the areas
occupied by the rocks and therefore of their relative amounts, can 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
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the relatively insignificant rocks range in composition from -high silica to low silica
Just as the more abundant rocks do.-Furthermore, the surface exposure of a rock is
no certain measure of its real volume and mass, for a small exposure may be merely
the peak or crest of a large subterranean body and a large exposure may represent
only a thin layer.

An interesting confirmation of the general reliability of the figures of Clarke and
Washington was provided by Goldschmidt. He suggested 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 glacial
clay widely distributed in southern Norway. This clay represents the finest rock flour
deposited by melt water from the Fennoscandian ice sheet. From 77 analyses of dif-
ferent samples of this material he calculated the following average analysis:

Fe,0,
Si0, ALO; + FeO MgO CaO Na,0 K,0 H,0 TiO, P,0;
59.12° 1582 699 330 3.07 205 3.93 302 079 0.22

These figures agree remarkably with those of Clarke and Washington, especially
when the effects of hydration and solution, which result m the leaching of sodium
and calcium, are taken into account.

Scientists at the Vernadsky Institute of Geochemistry in Moscow have made a
systematic study of the composition of the crust, by analyzing many thousands of
specimens and average samples of rocks from the Russian platform and the Cauca-
sian geosyncline and combining these data with determinations from other regions.
A comprehensive summary is provided by Ronov and Yaroshevsky (in Hart, 1969).
They distinguish three types of crust—continental, oceanic, and subcontinental
(essentially the transition zone of the continental shelf and slope)—ecach of which
comprises shells of sedimentary and igneous rocks. Average thicknesses, masses, and
mean compositions are derived for each of these shells, which are then combined to
give averages for each of the three types of crust, and ultimately for the total crust
(which they define as the material above the Mohorovi¢ié discontinuity, rather than
the 10-mile thickness used by Clarke and Washington). Their averages for continen-
tal crust and the total crust, calculated on a COZ—_ and H,O-free basis, are as follows:

Contmental Crust Total Crust

sio, 619 59.3

TiO, 08 0.9
ALO, 15.6 15.8
Fe,O, 2.6 26
FeO ' 39 4.4
MnO C01 0.2
MgO 3.1 4.0
CaO 5.7 7.2
Na,0 3.1 3.0
K,0 2.9 2.4

P,0, 0.3 0.2
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The second average reflects more truly than the figures of Clarke and Washington
the composition of the crust as a whole. since it gives adequate consideration to the
submarine region. However, the differences between the two sets of figures are small.
Comparison with the average made by Clarke and Washington shows somewhat
lower alkalies and higher magnesium and calcium, reflecting the basaltic nature of
the submarine crust.

So far we have considered only the major elements, those that are determined as
a matter of course in a rock analysis, and have omitted those present n lesser
amounts. Obviously, the determination of the average amounts of the minor elements
is a more difficult problem. However, in the last 40 years our knowledge of the rel-
ative and absolute abundances of the less common elements has greatly increased
mainly as a result of the introduction of newer analytical methods such as quanti-
tative spectrographic analysis, colorimetric determination, neutron activation, atomic
absorption spectrophotometry, X-ray fluorescence, and isotope dilution. Three dis-
tinct procedures have been used in arriving at abundance figures for minor and trace
clements: (a) 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
clement to some more common element with which it is geochemically associated
(e.g., the abundance of rubidium can be estimated from the abundance of potassium
and the average Rb:K). Table 3.5 presents the data on the average abundances of
the elements in the earth’s crust (illustrated graphically in Figure 3.9), and the abun-
dances in a standard granite and a standard digbase. The data on the average crustal
abundances are those for the continental crust (the suboceanic crust is probably close
In composition to the average basalt); data for those elements more abundant than
1000 g/ton are taken from Clarke and Washington; for the minor and trace elements
most of the figures are from a critical compilation by Taylor (1964), who combined
averages for granites and basalts in the proportions of 1:1. The standard granite G-
I and diabase W-1 were originally prepared about 1948 from a granite from Wes-
terly, Rhode Island, and a diabase from Centerviile, Virginia, and have the distinc-
tion of being the most extensively analysed rocks in the world. These rocks were
prepared to serve as geochemical standards; they were analyzed for major constitu-
ents by many laboratories in all parts of the world, and practically all the minor and
trace elements have been determined in them by a wide variety of techniques. The

+ figures given for the individual elements_are considered the best choice from the

available data, which not infrequently vary considerably. Even after over 25 years of
analytical work changes are taking place in the selection of “best values.” The data
on these two rocks provide a meaningful comparison with those for the crustal aver- .
age, based as that is on equal quantities of granite and basalt (the volcanic equivalent
of diabase). Comparisons show that for many elements - the figures are consistent
throughout. For a few there are notable discrepancies, some of which can readily be
explained—for example, G-1 is unusually high in thorium, a peculiar characteristic
of the Westerly granite. Thanks in_considerable part to the availability of G-1 and
W-1, the quality and extent of minor and trace element data on rocks has improved
markedly in recent years. It can fairly be said that the figures in Table 3.5 provide
reliable norms for most elements, and thus make it possible to recognize abnormal



Table 3.5 The Average Amounts of the Elements in Crustal Rocks in Grams per Ton or

Parts per Million*

Atomic Crustal Granite Diabase
Number Element Average (G-1) (W-1)

1 H 1,400 400 7 600

3 Li 20 22 15

4 ‘Be 2.8 3 0.8

5 B 10 1.7 15

6 C 200 200 100

7 N 20 59 52

8 0O 466,000 485,000 449,000

9 F 625 700 250

11 Na 28,300 24,600 16,000

12 Mg 20,900 2,400 39,900

13 Al 81,300 74,300 79,400
14 Si 277,200 339,600 246,100
15 p 1,050 390 610
16 S 260 58 123

17 Cl 130 70 200
19 K 25,900 45,100 5,300
20 Ca 36,300 9,900 78,300
21 Sc 22 2.9 . -35
22 Ti 4,400 1,500 6,400
23 \% 135 17 264
24 Cr 100 20 114
25 Mn 950 195 1,280
26 - Fe 50,000 13,700 717,600
27 Co 25 2.4 47
28 Ni 75 1 76
29 Cu 55 13 110
30 Zn 70 45 86
31 Ga 15 20 16
32 Ge 1.5 1.1 1.4
33 As 1.8 - 0.5 1.9
34 Se 0.05 0.007 0.3
35 Br 2.5 0.4 0.4
37 Rb 90 220 21
38 Sr 375 250 190
39 Y 33 13 25
40 Zr 165 210 105
41 Nb 20 24 9.5
42 - Mo 1.5 6.5 0.57
44 Ru 0.01 -
45 Rh 0.005 ) <0.001
46 Pd 0.01 0.002 0.025
47 Ag 0.07 0.05 - 0.08
48 Cd 0.2 0.03 0.15
49 In 0.1 0.02 0.07
50 Sn 2 35 32
51 Sb 0.2 0.31 1.0
52 Te 0.01 <1 <1
53 ! 0.5 <<0.03 <0.03
55 Cs 3 1.5 0.9
56 Ba 425 1,220 160
57 La 30 101 9.8
58 Ce 170 23
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Table 3.5 (continued)

Atomic Crustal Granite Diabase
" "Number Element Average (G- (W-1)
59 . Pr 8.2 19 3.4
60 Nd 28 55 15
62 - Sm 6.0 8.3 3.6
63 Eu 1.2 1.3 I.1
64 Gd 5.4 5 4
65 . Tb 0.9 0.54 0.65
66 Dy 3.0 24 4
67 Ho 1.2 0.35 0.69
68 Er 2.8 1.2 - 2.4
69 Tm 0.5 0.15 0.30
70 Yb 3.4 1.1 2.1
71 Lu 0.5 0.19 0.35
72 Hf 3 5.2 2.7
73 Ta 2 1.5 0.50
74 . W 1.5 0.4 0.5
75 Re 0.001 <0.002 <0.002
76 - Os 0.005 0.00007 0.0003
77 - Ir 0.001 0.00001 0.003
78 . Pt 0.01 0.0019 : 0.0012
79 Au 0.004 ) 0.004 0.004
80 Hg 0.08 0.1 0.2
81 Tl 0.5 1.2 0.11
82 Pb 13 48 7.8
83 Bi 0.2 0.07 0.05
90 Th 7.2 50 2.4
92 U 18 - 3.4 0.58

*Omitting the rare gases and the short-lived radioactive elements.
ng 8

enrichment or depletion of an element in any rock. The figures for G-1 and W-1 also
show that some elements (such as Be, Rb, Ba) are markedly enriched in the granite,
others (such as B, Sc, Ni) are enriched in the diabase, whereas some (such as Zn,
Ga, Ge) show a rather uniform abundance in these contrasted rock types. )
Some interesting features of Table 3.5 may be noted. Eight elements—O, Si, Al,
Fe, Ca, Na, K, Mg—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 are recalculated to atom percent and volume percent (Table
3.6). The earth’s_crust consists almost entirely of oxygen compounds, especially sil-
icates of aluminum, calcium, magncsium, sédium, potassium, 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 occu-
pied by the elements. Thus the crust of the earth is essentially a packing of oxygen
anions, bonded by silicon and the ions of the common metals. As Goldschmidt
remarked, the lithosphere may well be called the oxysphere. ‘
Table 3.5 shows that some of the elements that play a most important part in our
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Table 3.6 The Commoner Chemical Elements in the Earth’s

Crust ~

Weight Atom : Volume

Percent Percent Radius (A)* Percent
O 46.60 62.55. 1.40 91.7:
Si 27.72 21.22 0.26 0.2
Al 8.13 6.47 0.53 0.5
Fe 5.00 1.92 0.77 0.5
Mg 2.09 1.84 0.72 0.4
Ca 3.63 1.94 1.12 1.5
Na 2.83 2.64 1.16 2.2
K 2.59 1.42 1.60 3.1

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

economic life and that have long been known to and used by humans are actually
quite rare. For example, copper is less abundant than zirconium; lead is comparable
in abundance with gallium; mercury is rarer than"any of the so-called “rare earths.”
Complementary to this is the relative abundance of many unfamiliar elements:
rubidium is present in amounts comparable with nickel, vanadium is much more
abundant than tin, scandium more abundant than arsenic, and hafnium, one of the
last elements to be discovered, is more abundant than iodine. Evidently we must
draw a clear distinction between the abundance of an element and its availability.
Some elements, although present in the crust in considerable amounts, are system-
atically dispersed throughout common minerals and never occur in any concentra-
tion. Vernadsky called these dispersed elements; examples are rubidium, dispersed
“in potassium minerals; and gallium, in aluminum minerals. Other elements, such as
titanium and zirconium, form specific minerals which, in turn, are widely dispersed
in small amounts through some of the commonest rocks. The longest known and
most familiar elements are those forming the major constituents of easily recognized
minerals, minerals that are readily converted into useful industrial materials. '
Fersman introduced the term clarke, defining it as the average percentage of an
clement in the earth’s crust. Thus the clarke of oxygen is 40.60, of silicon, 27.72.'In
discussing dispersion and concentration of the elements, Vernadsky infroduced a fur-
ther term, the clarke of concentration, which is a factor showing the concentration
of an element within a particular deposit or even a particular mineral. Thus, if the
clarke of manganese is 0.1, the clarke of concentration of ‘manganese in pyrolusite
is 632, in rhodonite, 419, in a psilomelane with 50% Mn, 500. This factor is useful
in the consideration of the migration and deposition of the élements and in the dis-
cussion of ore deposits. An ore is simply a deposit in which the concentration clarke
of the element sought reaches 4 figure sufficient to make extraction profitable. Table -
3:7 is an evaluation of the concentration clarkes necessary to-form ore bodies of the
commoner metals. '
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Table 3.7 Concentration Clarkes for Ore Bodies of the
_ Commoner Metals

Minimum Percent Concentration

- Profitably Clarke Necessary

Metal Clarke Extracted for an Ore Body
Al 8.13 30 ’ 4
Fe 5.00 30 6
Mn 0.10 35 350
Cr 0.01 30 ' 3000
Cu 0.006 1 160
Ni 0.008 1.5 125
Zn ©0.007 4 600
Sn 0.0002 1 5000
Pb 0.0013 4 3000
U 0.0002 0.1 500

The availability of an element depends in large part on its ability to form individ-
ual minerals in which it is a major constituent; the most unavailable elements are
those that form no minerals of their own but occur in amounts.generally much less
than 1% in minerals of other elements—indium, rubidium, gallium, hafnium, rhen-
ium, and so forth. Even for the “common” elements, however, the dispersed amounts
exceed, by a vast factor, the amount available in so-called “ore deposits’’; for exam-
ple, clay minerals are a far more readily available source of aluminum than is baux-
ite, but the problem with the clay minerals is the technical one of extraction. Mag-
nesium is extracted from sea water, in which it is present to the extent of 0.13%,
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 inher-
ently useful properties and in part by their being obtainable as byproducts from the
extraction of more abundant elements. An example of the first kind is beryllium,
which, although absolutely and relatively rare (its principal industrial source is as
the mineral beryl, irregularly dispersed in a few granite pegmatites), has such valu-
able properties as an alloying element that it is an important industrial material. On
the other hand, a number of exceedingly rare elements could be produced relatively
easily as byproducts from extraction processes For example, the electrolytic refining

-Table 3.8 Annua_l World Consumption of the Elements (and their compounds) in Tons,
- in Powers-of 10 :

10°-10": C

10°-10% Na, Fe .

10’-10% N, 0.S§,K, Ca

‘10°-10":  H, F, Mg, Al, P, Cl, Cr, Mn ‘Cu, Zn, Ba, Pb
10°~10% B, Ti, Ni, Zr, Sn

10-10%  Ar, Co, As, Mo, Sb, W, U

10°-10%  Li, V. Se, Sr, Nb, Ag, Cd, I, Rare Earths, Au, Hg, Bi
10*-10*.  He, Be, Te, Ta
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of copper can provide tellurium in sufficient quantities to encourage the development
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 Gold-
schmidt’s suggestion to the production of commercial amounts of this element. The

annual world consumption of the clements and their compounds is summarized in
Table 3.8.

THE COMPOSITION OF THE EARTH AS A WHOLE

The bulk composition of the earth is essentially determined 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 regarding the earth’s interior discussed above, an
average composition for the earth as a whole can be calculated.

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

1. The iron alloy of the core has the composition of the average for nickel-iron-ip
chondrites, and includes the average amount (5.3%) of FeS in these meteorites”

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

These assumptions are certainly oversimplifications. For example, all Ni is
assumed to be in the core, whereas terrestrial olivine always contains nickel, that
from peridotite inclusions in basalt usually having 0.2-0.3% Ni. Some nickel is cer-
tainly combined in mantle silicates. Again, the assumption that all iron sulfide is
incorporated in the core is clearly an approximation at best, for some sulfide is cer-
tainly present in mantle and crust. However, the incorporation of iron sulfide in the
core rather neatly meets the geophysical requirement that the density of the outer
core is less than that of iron by about 10%. If 27.1% nickel-iron, density 7.90, is
mixed with 5.3% troilite, density 4.80, the resulting mixture will have a density, at
zero pressure, of 7.15, thereby meeting this requirement quite closely. This obviates
the necessity of incorporating Si in the core, as has been suggested by Ringwood and
others. A nickel-iron core with free Si is also incompatible with a mantle containing
appreciable amounts of FeO, if mantle and core are in chemical equilibrium.

Mass of core equals 32.4% mass of earth and mass of mantle plus ‘crust equals
67.6% mass of earth; the core is assumed to consist of nickel-iron of composition of -
average chondrite plus 5.3% troilite, and mantle and crust are assumed to have a-
composition of silicate material of average chondrite. . ‘

The results of this calculation are given in Table 3.9. Ganapathy and Anders
(1974) have calculated the bulk composition of the earth on a rather more elaborate
set of assumptions and their figures are included for comparison.

In view of the uncertainties and assumptions involved in calculations of this kind,
too much weight should not be given to the numerical results obtained. Nevertheless,
some significant deductions of-a semiquantitative order are probably justified. The
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results indicate that about 90% of the earth is made uf) of four elements, Fe, O, Sy,
and Mg. The only other elements-that may be present in amounts greater than 1%
are Ni, Ca, Al, and S. Seven elements, Na, K, Cr, Co, P, Mn, and Ti may occur in
amounts from 0.01 to 1%. Thus the earth is made up almost entirely of 15 elements,
and the percentage of all the others is negligible, probably 0.1% or 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 3.10 gives
these data for the earth as a whole, for the earth’s crust, for the average composition
of meteorites, and for the sun and moon. The most striking feature is the relative
uniformity throughout; the same elements appear in all columns, aibeit in different

order. The rarity of hydrogen and helium in the earth and meteorites is, of course,

easily understood. When we come to consider the nonvolatile elements, it is seen that
iron, silicon, and magnesium in general head the lists and are followed by nickel,
sodium, calcium, and aluminum. Note particularly that the most abundant elements
are all of low atomic number; none with atomic number greater than 30 appears in
any of the lists, except for Ba in the crust. |

The relative abundances of the elements in the crust are included in Table 3.10
for comparison with the bulk composition of the earth. The main differences are the
lesser abundance of iron and magnesium in the crust, the nonappearance of nickel
and sulfur, and the increased significance of aluminum, potassium, and sodium. This
suggests that the differentiation of the earth has led to a concentration of relatively
light, easily fusible alkali-aluminum silicates at the surface.

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

Table 3.9 Calculation of the Bulk Composition of the Earth

Metal Troilite Silicate Total Total*

Fe 24.58 337 6.68 34.63 35.98
Ni 2.39 2.39 2.02
Co 0.13 0.13 0.093
S 1.93 ‘ 1.93 1.66
0 . : © 2953 2953 7 28.65
Si - - . 15.20 ©15.20 - 1476
Mg C 1270 12.70 13.56
Ca ' 1.13 - S 113 1.67
Al : 1.09 . . 1.09 1.32
Na . : : 0:57 . 0.57 0.143
Cr 026 - 026 0.472
Mn S : 0.22 0.22- 0.053
P : o . 0.10 0:10 0.213
K _ - 0.07 0.07 0.017
Ti ' 0.05 0.05 " 0.077
. 27.10 5.30 67.60° © 100.00 - 100.688

*Ganapathy and Anders, Lunar Science, V, p. 256, 1974.
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\/T;ble 3.10  Relative Abundances (by Weight) of the Elements

Crust* Whole Eartht Meteorites? Sun§ Moon ||
R e
O Fe- (6] H (0]
Si O : Fe He Si
Al Si Si (0] Mg
Fe Mg © Mg C Fe
Ca Ni S N Ca
Na S Ni Si Al
K Ca Ca Mg Ni
Mg Al Al Fe S
Ti Na Na S Ti

" H Cr Cr Al Cr
P Mn Mn Ca Na
Mn Co P Ni P
F p Co Na Mn
Ba K K Cr Vv

*

From Table 3.5.
tFrom Table 3.9.
tFrom Table 2.4.
§From Table 2.3.
Il Ganapath)_l'and Anders, Lunar Science, V, p. 256, 1974,

fractionations. The mass of the crust (the solid material above the Mohorovigi¢ dis-
continuity) is 0.024 X 10 g, that of the mantle 4.016 % 107 g, so the mass of the -
crust is only 0.6% that of the mantle. The major elements O and Si and the minor

crust relative to the mantle, Mg is much diminished: Cr is aiso strongly diminished,
with the average in the crust about 0.02%; Fe, on the other hand, is only slightly less

qu-lE PRIMARY DIFFERENTIATION OF THE ELEMENTS

It seems probable that the earth was formed by the gradual accretion of solid pla-
rosesinals—indeed, the Chondritic meeorites may be parts of Planetesimals left over

from the preplanetary stage of the solar system The chondritic meteorites are made
e et S =) Sl
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the metal, and with the greatest affinity for sulfur, a system of three essentially
immiscibie phases—iron-magnesium silicate, iron sulfide, and -free-tron—=resulted,
and the amount of combined iron was fixed by the amount of oxygen plus sulfur.
The distribution of the remaining electropositive elements was governed by reactions-
of the lype

M + Fe silicate = M silicate + Fe
M + Fe sulfide = M sulfide + Fe

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

In broad outline, we can.perceive the factors that determine the distribution of the
elements in a system of this kind. Iron, because of its preponderant abundance, was
common to all the condensed phases—the metallic phase rich in free electrons, the
lonic silicate phase, and the semimetallic, probably covalent, sulfide phase. Elements
more electropositive than iron displaced iron from the silicates, in which they were
accordingly concentrated. Conversely, less electropositive elements concentrated in
the metal, being displaced by iron from ionic compounds. The sulfide phase attracted
those elements that form essentially homopolar compounds with sulfur and the
metalloids and that cannot exist in an ionic environment with appreciable concentra-
tions 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 gravitational field,
such as that of the earth, is controlled not by their densities or 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, hence the chem-
ical bonding characteristics, 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 silicates. Gold and 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 distribution of the cle-
ments is not directly controlled by gravity, which merely controls the relative posi-
tions of the phases; the dlstnbutlon of the elements within these phases depends on
chemical potentlals

THE GEOCHEMICAL CLASSIFICAT!ON OF THE ELEMENTS

- Goldschmidt was the first to point out the 1mportance of thls prxmary geochemical - .

dlﬁerentlatxon of the elements. He coined the terms siderophile, chalcophile, litho-
phile, and atmophile to-describe elements with affinity for metallic iron, for sulfide,
for silicate, and for the atmosphere, respectively. When he put forward this concept

in 1923, few quantiative data were available on which to base his ideas. The geo-

chemical nature of an element could, of course, be established by measuring its dis-
tribution between three liquid phases of metal, sulfide, and silicate. He recognized
the difficulty of carrying out these measurements in the laboratory, but remarked
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that meteorites provide us with such an experiment in a fossilized condition. Many
meteorites consist of nickel-iron, troilite, and silicate, 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 analyzing them individ-
ually. From such analyses the partition of the element between metal, silicate, and
sulfide can easily be calculated.

In later years Goldschmidt and his co-workers made many measurements of the
content of various elements in nickel-iron, trotlite, and silicate of meteorites. Much
work along these lines was also carried out by I. and W. Noddack in Berlin, These
measurements have been greatly refined and extended In recent years by the appli-
cation of new techniques, especially neutron activation analysis. The information
derived from meteorites was supplemented by that obtained by a study of smelting
processes, such as the distribution of elements during the smelting of the Mansfeld
copper slate in Germany. The smelting of this slate gives a silicate slag, a matte rich
in iron and copper sulfide, and metallic iron. Spectrographic measurements of the
concentration of many minor elements in the different phases have given distribution
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 geo-
chemical affinity into one of four groups: siderophile, chalcophile, lithophile, and
atmophile (Table 3.11). Some elements show affinity for more than one group,
because the distribution of any element is dependent to some extent on temperature,
pressure, and the chemical environment of the system as a whole. For instance, chro-
mium is a strongly lithophile element in the earth’s crust, but if oxygen is deficient,
as in some meteorites, chromium is decidedly chalcophile, entering almost exclu-
sively into the sulfo-spinel daubréelite, FeCr,S,. Similarly, under strongly reducing
conditions carbon and phosphorus are siderophile. The mineralogy of an element,

Table 3.11 Geochemical Classification of the Elements (based on distribution in
meteorites) -

—

* Siderophile Chalcophile ' Lithophile . Atmophile

— ——
Fe* Co* Nj* (Cu) Ag. Li Na K Rb Cs (H) N (0)
Ru Rh Pd Zn Cd Hg Be Mg Ca Sr Ba He Ne Ar Kr Xe
OsIrPt ) Ga In Tl B AlSc Y La-Lu
AuRef Motf. = (Ge) (Sn) Pb . SiTiZr Hf Th
Ge* Sn* Wt -(As) (Sb) Bi PV Nb Ta
Ci Cu* Ga* S Se Te ocCru
Ge* Ast Sbt © (Fe) Mo (Os) - HFCIBri

. (Ru) (Rh) (Pd) (Fe) Mn (Zn) (Ga)
*Chalcophile and lithophile in the earth’s crust. s

tChalcophile in the earth’s crust.
{Lithophile in the earth’s crust.
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Table 3.12 The Geochemical Classification of the Elemments in Relation to the Periodic System

H T Atmophile: N He
T  Lithophile: Na

Li Be - Chalcophile: Zn B C N O F Ne
Na Mg . Siderophile Fe Al Si P S Cl Ar
K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
R S Y  Zr No Mo Re RbOPd Ag Cd In Sn Sb Te I Xe
Cs Ba lalu Hf Ta W Re Os It Pt Au Hg TI Pb Bi

Th U

although a general guide, may not be altogether indicative of its geochemical char-
acter. For example, although all thallium minerals are sulfides, the greater part of
the thallium in the earth’s crust is contained in potassium minerals, in which the T1*
ion proxies for tite K* ion. In general, the classification of an element as lithophile,
chalcophile, or siderophile refers to its behavior in liquid-liquid equilibria between
melts. When an element shows affinity for more than one group, it is given in paren-
theses under the group or groups of secondary affinity.
v “The geochemical character of an element is largely governed by the electronic
conﬁguratnon of its atoms and hence is closely related to its systematic position in the
periodic table (Table 3.12). Lithophile elements are those that readily form ions with
an outermost 8-electron shell; the chalcophile elements are those of the B subgroups,
whose jons have 18 electrons in the outer shells; the siderophile elements are those
" of Group VIII and some neighboring elements, whose outermost shells of electrons
are for the most part incompletely filled. These factors are reflected by other prop-
erties also. Goldschmidt pointed out the marked correlation between geochemical
character and atomic volume. If the atomic volume of the elements is plotted against
atomic number, the resulting 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; they are ‘followed by the atmophile
elements, whereas the lithophile elements are near the maxima and on the declining
sections of the curve. - ’ '
If the heat of formation of an oxide is greater than that of FeO the element is
lithophile; the differénce between the two heats of formation is a. measure of the
intensity of the lithophile character, Similarly, those elements having oxides with
heats of formation lower than FeO are chalcophile or siderophile: Semiquantitative
measure of lithophile, siderophile, or chalcophile character is also provided by the
electrode potential. Elements with high positive potentials (1-3 volts), such as the
alkali and alkaline earth metals, are lithophile; the noble metals, with high negative
potentials, are siderophile; elements falling in the mtermedlate range are generally
chalcophllc

\foE
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THE PREGEOLOGICAL HISTORY OF THE EARTH

The pregeological 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 mean temper-
ature 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 weathering and erosion. The pregeological history began when the earth
originated as an individual body within the universe. We do not know the length of
time covered by this period with any degree of precision; the earth’s crust has existed
for over 3700 million years, and the earth as an individual planetary body for 4600
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 these things in mind it is interesting to compare the composition of the
earth with that of the sun. The major differences are the great abundance of hydro-
gen and helium and to a lesser extent carbon and nitrogen in the sun. These differ-
ences can be adequately explained on either hypothesis, since these elements are
either gaseous or form stable gaseous compounds. If the earth grew by the accretion
of solid particles, it is readily seen that these elements have always been of low abun-
dance on the earth: if the earth was formed by the condensation of a mass of incan-
descent material, the light gases would have tended to escape from the earth’s gray-
itational field during cooling from the high temperatures. One piece of evidence,
however, favors the aceretion hypothesis; not only are the light gases of low abun-
dance 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 abundance throughout the universe.
If the carth condensed from incandescent material, these gases should be more abun-
dant than they are; if the earth was formed by the accretion of solid particles, then
they were never present in any amount. On the accretion hypothesis the earth’s
atmosphere was formed by the release of gases occluded and chemically combined
in the solid particles. S - - o .

However, although the earth and the other planets probably aggregated from the
same material that gave rise to the sun, their individual compositions differ consid-
erably. These differences can be ascribed at least in part to the extreme temperature
differential between the center and the margin of the solur system, whereby the outer
planets are mantled by great thicknesses of condensed gases (H,0, NH,, CH,, etc).

Differences in density between'the inner planets can be explained by variations in
the relative proportions of combined and free iron for similar bulk compositions. Pos-
sibly, however, considerable differences in bulk composition exist even bgtween the
inner planets, such as certainly exist between the earth and the moon. Such differ-
ences may have arisen from chemical fractionations in the ancestral $olar nebula,

and from nonhomogeneous accretion processes, whereby the composition of the
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Table 3.13 Three Possible Models for the Formation of the Earth

Planetary Disk-of Selar Composition
1 i ' i

Formation of planetisimals of Formation of fine-grained ~ Formation aof compounds of

approximate ordinary material resembling increasing volatility with
chondrite composition carbonaceous decrease in temperature
(metallic tron and silicate) chondrites
Accumulation Accumulation Accumulation on rapid
time scale of high-
temperature fraction
(mainly metallic iron
and silicates)
N
Segregation into core, mantle,  Autoreduction Segregation into core and
crust, atmosphere, and . mantle
hydrosphere, possibly over
long time scale .

Segregation of cqre and Veneer segregated planet
release of CO to*, with low-temperature
atmosphere - condensates, include

water as hydrated
silicates

Loss of primitive Process crust and upper
atmosphere mantle to form present

configuration
Formation of crust,
atmosphere, and
hydrosphere soon after
from residual

Turekian, Chemistry of the Earth, p. 99, 1972. Courtesy of Holt, Rinchart and Winston, Inc.

accreting material changed during accretion. Turekian has outlined three possible
models (Table 3.13) for the formation of the earthi. His Model 111 typifies a nonhom-
ogeneous accretion process; whereby a crust of markedly different bulk composition
is added to the earlier accreted core and mantle. ,
Whichever theory of origin we accept, the infernal structure of the earth with its
marked density stratification seems to demand that at an early period in its history
it was sufficiently hot for metallic iron to liquify and undergo gravitational- accu-
~ mulation to form the core, If, as appears probable, the earth formed by the accretion -
of planetesimals resembling chondritic meteorites, the initial state of our planet was
an intimate mixture of nickel-iron, troilite, and silicate minerals, broadly homoge-
neous throughout. The time of formation of the earth by this accretion of planctes-
imals is uSually placed 4.6 X 10° years ago, the figure obtained for the time when
certain stony meteorites were enriched in and certain iron meteorites were depleted
in uranium and thorium. However, it is not an obvious fact that the latter event and
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the formation of the earth were necessarily contemporancous, and there has been a
tendency to push back the time of accretion of the earth to about 5 X 10° years. The
identification in the Allende carbonaceous chondrite, of high-femperature inclusions
which include oxides, silicates and titanates, has led some investigators to consider
models in which these refractory materials were the first materials to condense in
the solar system. Such a sequence would require imodifications in the heterogeneous
formation model given in Table 3.11. The condensation of refractory oxides has also
been suggested to account for the chemistry of the moon, including its low concen-
trations of volatile materials.

The next stage after accretion of the earth was one of heating, mainly by radio-
activity. Here it is essential to bear in mind the greater effect of the shorter-lived
radioactive nuclides as we go back in time. This is graphically illustrated in Figure
3.10, which is based on the known heat production by radioactive nuclides and their
estimated abundances in the earth” This figure shows that at 4.5 X 10° years ago
radiogenic heat production in the earth would be at least seven times greater than
today, and most of the heat was contributed by K*. In addition, even shorter half-
lived nuclides such as AI* may have contributed significant amounts of heat energy.

Under these circumstances the roughly homogeneous undifferentiated earth would
heat up comparatively rapidly. With the chondritic values for the radioactive ele-
ments, the temperatures within the primitive earth would increase as shown in Figure
3.11. On this basis, the melting temperature of iron was reached in about 600 million
years at a depth of a few hundred kilometers; at this stage a change in regime scts
in, and the curves for later times are not realized.

Elsasser (1963) has cogently linked this thermal evolution with the formation of
the iron core. He points out that the thermal evolution depicted in Figure 3.11 results
in the melting of the free iron in a zone at a depth of several hundred kilometers and
the accumulation of this metal into a layer of molten iron. A coherent layer of molten
tron within a predominantly silicate mantle is clearly unstable, because material of
higher density overlies that of lower density. Elsasser shows that this results in the
development of a large “drop” (Figure 3.12), which then sinks toward the center of
the earth, displacing the lighter silicates. It is essentially the mechanism of salt dome
or igneous intrusion, on a giant scale and in the reverse direction. The sinking of this
large mass of molten iron to the center would transform a considerable amount of

-gravitational energy into heat, sufficient to raise the temperature of the interior of
the earth by some 2000°. Thus the process of core formation was strongly exothermic
and self-accelerated, and Elsasser believes that the time required for such a “drop”
to form and fall was of the order of 100,000 years.

With the movement of the free iron,-approximately one- thlrd of ‘the total mass of
the earth, toward the center, the whole planet was profoundly reorganized. While
" the iron was unsymmetrically sinking the lighter fractions of the silicate material .
were unsymmemcally rising, undergoing partial fusion, reaction of solid material
with mielt, followed by fractional crystallization. Under these circumstances it is not -
- surprising that crustal rocks older than 4 X 10° years have not been found. The
development of thick, stable crustal blocks had to await the decay of radioactivity

and the solidification of most of the mantle.
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Present

} : Time, 10%y
Figure 3.10 Radiogenic heat formed in the Earth By U, Th and
“K separately and together plotted against time.
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* *_Figure 3.11 Temperatures in a homogeneous Earth heated
- by the radioactivity of the average chondrite.
(MacDonald)

The development of the crust is a further problem and one of special importance
to geochemistry. Considerable diversity of opinion exists. One school of thought pic-
tures the entire crust of the earth solidifying as a basalt. No differentiation into con-
tinents 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
would produce less basic crustal rocks. Erosion and sedimentation, at first on a small
scale, would accelerate the chemical differentiation of crustal material. This concept

 pictures the continents growing through pregeological (and geological) time by the

successive welding of sedimentary deposits and new island arcs to the initial conti-

nental nuclei. . S o - '
w2The other school of thought pictures the initial continents as the final product of
the solidification of the crust. It carries the differentiation by crystallization, already
exemplified by the separation of basaltic crust from peridotitic mantle, a step farther

@ ®)
Figure 3.]12  Stages of drop formation from a heavy liquid
: layer. (Elsasser, 1963)
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and considers the continental nuclei as being raft-like masses essentially of quartz
and feldspar (i.e., of granitic or granodioritic composition). An asvmmetrical distri-
bution of continents and oceans may have been produced by the asymmetrical pro-
duction of the large iron “drops.” Fhe first protocontinent would form in the region
above the first large falling drop, and the antipodal region would remain oceanic.

. Present evidence suggests that the development of a stable 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 significant. Great crustal instability during this interval is indi-
cated. The original continental nuclei may have been partly remelted and rebuilt
many times before they grew to a sufficient size and thickness to resigt further engulf-
ment. However, by about 3.5 X 10° years ago the pattern of conlinental nuclei and
ocean basins was probably established, since rocks near this age are known in Green-
land, Minnesota, and South Africa. .

The origin of the atmosphere and hydrosphere is discussed in detail in later chap-
ters. The growth of the earth by accretion in a solar dust cloud suggests an initial
atomosphere lacking free oxygen—it may have consisted largely of hydrogen,
helium, nitrogen, water vapor, methane, and ammonia (methane and ammonia are
present in the atmospheres of the larger planets) or as carbon dioxide and nitrogen
if hydrogen was low in abundance. The gravitational attraction of the earth is insuf-
ficient to retain hydrogen and helium, and any present would gradually diffuse into
outer space. The evolution of the primeval-atmosphere into the present one, which
consists essentially of nitrogen and oxygen, is pictured as beginning with the photo-
chemical dissociation of water vapor by solar radiation, thereby producing free
oxygen. Any methane would then oxidize to carbon dioxide and water. Other pho-
tochemical reactions would produce more complex organic compounds, ultimately
leading to self-reproductory systems, in effect living matter. The possibility of such
reactions has been demonstrated in the laboratory by Miller (1957), who passed elec-
trical discharges through a mixture of methane, ammonia, water vapor, and hydro-
gen and was able to demonstrate the presence of several carboxylic and amino acids
in the products.

The various suggestions as to how life originated are summarized by Cloud (1976).
The initial development of living matter was dependent on the preexistence of
organic molecules such as amino acids. However, once cells of a kind were estab-
lished photosynthesis became possible.” Photosynthesis was a revolutionary event in
carth history; it enabled organisms to collect and use solar radiation directly and
thereby 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 compounds capable
of acting as catalysts in photochemical reactions. These compounds were probably
porphyrins, which are easily synthesized and are extremely stable for organic sub-
stances. Porphyrins are formed by the condensation of four pyrrole derivatives
around a metal atom [pyrrole is a five-membered ring compound with the formula
(CH),NH]. It is extremely suggestive that porphyrins act as light receivers in the
chlorophyll of plants, as oxygen carriers in many animals, and as respiratory pig-
ments in cells. Once photosynthesis was established, a vastly greater supply of energy
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~ was available for organisms, whether they used light themselves or ate others that
did so. 7
The length of the period between the establishment of a stable crust and the
appearance of life is difficult to evaluate. The oldest well-dated fossils are the micro-
flora in the Gunflint chert, a Precambrian formation on the north shore of Lake
Superior, whose age is fairly well established at 1.9 X 10° years. Stromatolites, lam-
inated calcareous structures interpreted as fossil algae, are k'héwn from the Bula-
wayan System of Zimbabwe, believed to be older than 2.6 X 10° years, but neither
the interpretation nor the age is firmly established. Most of the oldest sedimentary
rocks are conglomerates, sandstones, and shales, showing few features indicating that
conditions in the atmosphere and hydrosphere were very different from these today.
However, Cloud (1976) and others have pointed out a number of suggestive features.
The oldest formations show a notable dearth of limestones, which first become abun-
dant in the younger Precambrian deposits, with ages less than 1.2 X 10° years; this
indicates a rather high partial pressure of CO, in the atmosphere and hydrosphere,
acting to keep CaCO;, in solution. Red beds, colored by ferric oxide produced by
oxidative weathering, appear about the same time, suggesting an increase in atmo-
spheric oxygen over that present carlier. The most characteristic of Precambrian sed-
iments, which are apparently unique to this system and are not repeated in later
times, are banded-iron formations of the Lake Superior type, none of which is
younger than about 1.7 X 10° years. These banded-iron formations occur on all the
continents, and their formation implies a nonoxidizing, CO,-rich atmosphere under
which large quantitics of iron could be transported to the sites of deposition in the
soluble ferrous state. The combined evidence of geochemistry, paleontology, and
stratigraphy indicates that photosynthesis by green plants was probably established
at least 2.0 X 10’ years ago, but that atmospheric oxygen was first available in rel-
atively large quantities about 1.2 X 10° years ago. By the end of the Precambrian
organic evolution had produced the metazoa (multicelled organisms), and probably
by that time the atmosphere and hydrosphere were not notably different geochemi-
cally from their present state.
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JNTRODUCTION

SOME THERMODYNAMICS
AND CRYSTAL CHEMISTRY

In the introductory chapter geochemistry was described as dealing with the abun-
dance, distribution, and migration of the chemical elements in the carth‘;he basic
units of geochemical investigation are thus the elements, either in the form of atoms
or more often as charged particles or ions. Atoms and ions have a certain energy
content which changes when they undergo a physical or chemical transformation. In
redistribution and recombination 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 that follow the
general principles of the structure of matter and of thermodynamics. Sieochemical
concepts are completely meaningful when they indicate the relationship between
atoms, ions, and crystal lattices and the factors determining their equilibrium con-

. ditions. Such relations properly belong to the field of chemistry, but in view of their

significance in geochemistry a brief summary is given here.

FUNDAMENTAL THERMODYNAMIC EQUATIONS

The ideas of thermodynamics are most readily expressed in the form of equations.
Only a brief summary of these equations is presented here; for further information
reference should be made to a textbook of chemical thermodynamics or to the dis- -
cussion of Wood and Fraser (1976) or Powell (1978) on the application of thermo-
dynamics to geological processes. A useful source of thermodynamic properties of -
minerals and related substances is U.S. Geological Survey Bulletin 1452 (Robie,
Hemingway, and Fisher, 1978). ‘ :

65
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&thermodvnamlc system is characterized by certain fundamental properties, div-
mble into two types: (a) extensive-or-eapacity properties, such as mass, volume, and
entropy, which depend on the quantity of matter in the system; (b) intensive prop-
erties, such as temperature, pressure, and chemical potential, which are independent
of the amount of matter in the system. The total energy of all kinds contained within

a system is called its internal energy. (E). It depends only on the state of the system .

and cannot be determined in absolute values; it is the change in internal energy that
the system undergoes in passing from one state to another which 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 E, is the internal encrgy in

the first state and E, the internal energy in the second state, then AE, the change in -~

internal energy, is
’ AE = E, — E,
If in this change an amount of energy ¢ is absorbed by the system in the form of
heat and an amount of energy w leaves the system as mechanical work, then
AE = g —w
For an infinitesimal change
dE = dgq — dw

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

dw = PdV
so that
dE = dg — PdV

The second law of thermodynamics can be stated in the following form: “In any
reversible process the change in entropy (dS) of a system is measured by the heat
(dq) received by the system divided by the absolute temperature ( T), that is, dS

= dq/T; for any spontancous irreversible process dS > dg/T,” Thus, for a revers-
ible process, the preceding equation can be restated in the form-

dE = TdS ~ Pdv

Because many processes take place at constant pressure with only heat energy and
mechanical energy involved and because under these circumstances the. heat energy
absorbed by the system from its surroundings is equal to the increment in the (E
+ PV) function of the system, it has been found convenient to define a function H,
called the enthalpy, such that _

H=F+ PV

Hence for any infinitesimal transformation

dH = dE + PdV + VdP
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If the transformation occurs at constant pressure (1.e., dP = 0), then -
- dH = dg

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

The Helmboltz free energy (.4) and the Gibbs free energy (G) are defined by the
following equations:

A=E-—-TS
G=FE~—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 + PdVv
If the reaction is reversible
dE = TdS — Pdv
and
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 (here-
after 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 toward equilibrium, 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, owing to changes in physical conditions. For example, if a ther-
mally metamorphosed shale reached equilibrium under the conditions of metamor-
phism it is probably no longer in equilibrium at ordinary 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 trans-
formations going on within the carth.”

Any reaction, chemical or physical, may be characterized by an equation repre-
senting the transition from one state to another. If the reactants are in equilibrium
with the products, AG for the reaction is zero, A large negative value of AG means
that the reaction as written tends to proceed nearly to completion; a large positive
value means that the reaction tends to proceed in the opposite direction. As a simple
example, we may consider the solubility of a solid in a liquid; if the reaction is rep-
resented by the equation S — L, then at saturation AG is zero, whereas a large
negative value of AG means undersaturation, that is, a strong tendency to dissolve,
and a positive value of AG signifies supersaturation. )

Equations have been derived to express the effect of temperature and pressure on

“equilibrium. For temperature changes the relevant equation is
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d(—AG/T) AH
dT T

This equation signifies that, if AH is positive, an increase in temperature makes AG
more negative; i.e., if heat is absorbed in a reaction, an increase in temperature
causes the reaction to go more nearly to completion. If AH is negative, on the other
hand, increasing the temperature tends to inhibit the reaction. The effect of pressure
is characterized by the equation d AG/dP = AV, where AV is the aggregate change
in volume that occurs when the reaction proceeds to completion in the direction
indicated. Thus, if AV is negative, an increase of pressure makes AG more negative;
that is, the reaction as written proceeds more nearly to completion. In other words,
high pressure favors the existence of materials of small volume, that is, high density.
These two equations give quantitative expression to Le Chitelier’s principle, which
can be stated thus: if a system is in equilibrium, a change in any of the factors deter-
mining the conditions of equilibrium will cause the equilibrium to shift in such a way
as to nullify the effect of this change. An interesting conclusion is that in general
increasing temperature produces the same kind of effect as decreasing pressure. The
volume of a substance becomes greater at higher temperatures and lower pressure.
Solubility of solids in liquids increases as a rule with increasing temperature but is
usually diminished by high pressure.

For a chemical reaction to proceed spontaneously, it is necessary that the total free
energy of the products be less than that of the reactants, that is, dG << 0. The value
of dG is a measure of the driving force or affinity of the reaction. To predict whether
a certain reaction can occur it is therefore necessary to determine its free-energy
change. ‘The factors influencing the free energy change are (a) the composition of
the reactants and of the products of reaction, (b) their state of aggregation, (c) the
relative amounts present, and (d) the pressure and temperature. The experimental
determination of the free-energy change of a chemical reaction is often extremely
difficult. Nevertheless, if the discussion is confined to the standard states of the reac-
tants and reaction products, and heat capacity data are available, the problem is
often simplified, because the molal free energies of formation of many chemical com-
pounds in their standard states are now known. Under these conditions the free-
energy change is merely the sum of the free energies of the products-of the reaction
minus the sum of the free energies of the reacting substances. These free encrgies
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 silicates, but this information is grad- -

ually being accumulated.

- The major value of thermodynamics in geochemistry is fhat it provides a general
* approach to problems of stability, equilibrium, and chemical change. Even with qual-
itative data it enables predictions to be made regarding the probable course of all

types of transformation. In any reaction for which the free energies 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
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is not favored under the specified conditions. If the amount of the products is large,
the suggested reaction is one that may be expected to go under the specified condi-
tions. In geochemical processes, many of which proceed under conditions that cannot
be reproduced in the laboratory, thermodynamics provides-us with the means for
predicting the conditions under which certain reactions may occur, even though we
cannot reproduce them experimentally. It is important to realize, however, that ther-
modynamics cannot predict the raze 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 geo-
chemical problem was a study of the stability of jadeite, NaAlSi,O, (Kracek, Neu-
vonen, 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 under high pressures. Kracek and his co-workers examined the
thermodynamics of the following reactions by which jadeite might be formed:

NaAlSi,0, = NaAlSi,04 + SiO,
NaAlSiO, + NaAlSi;O; = 2NaAlSi,O,
NaAlSiO, + SiO, = NaAlSi,O,

By measuring the heats of solution (in HF) of:albite (NaAISi,0,), nepheline
(NaAlSiO,), jadeite, and quartz, they were able to determine AH values for each of
the above reactions. The specific heats of these substances had been measured and
the standard entropies calculated, so it was then possible to evaluate AG from the
equation AG = AH — T AS. The figures obtained indicated that at 25° and 1 atm
pressure the first reaction would tend to proceed from right to left (i.e., Jjadeite would
not be formed), whereas the other two reactions would tend to proceed from left to
right, with the formation of jadeite. These resuits 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 conditioned 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.

Even if all the relevant thermodynamic data are not available, Miyashiro (1960)
has pointed out that it is frequently possible to derive useful information from heats
. of reaction alone, if the reactions involve onlysolids, a situation common under geo-
logical conditions. If all the reactants and products are in the solid state, the heat
capaeity changes are small and can be neglected. Under these circumstances the free
energy AGy, of a reaction at temperature 7°K and pressure P atm is given by the

following equation ‘ .
AGrp = AHj — TAS3 + PAV
AH s = heat of reaction at 298.16°K, i.e., 25°C, and 1 atm
AS3s = entropy of reaction at 298.16°K and 1 atm

With all the phases in the solid state, ASS, and AV are usually quite small in com-
parison with AH 55 Thus the heat of such a reaction at 25°C and 1 atm (AHZ,) is
nearly equal to the free energy of the same reaction at any temperature and pressure
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(AGrp). In other words, in reactions involving solid phases only, the free energy of
reaction is usually nearly constant throughout a wide range of temperature and pres-
sure. This is illustrated by the reaction:

Mg,Si0; + Si0, = 2MgSiO,

forsterite quartz clinoenstatite
heat of reaction AH 3y = —2300 cal/mole (1)
entropy of reaction AS3, = —0.35 cal/deg mole
volume change AV = —4.0 cm?/mole

free energy of reaction AGy, = —2300 + 0.35T — 0.097P
(the AV term must be divided by 41.3 to convert it to cal/mole).

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

Bearing in mind these limitations, let us consider further examples.

For the reaction

¥NaAlSiO,+Si0, = ¥NaAlSi, 0,

. , ()
ncphclm; quartz albite
AGpp, = —2500 — 0.05T + 0.016P
For the reaction
KAISLOq +Si0, =KAISI,O4 (3)

leucite  *° quartz orthoclase

AGr, = —4800 + 1.46T — 0.053P

It is clear from these examples that AG” cannot be greatly different from AH ;.
We can use the available data to make deductions of petrogenetic significance. If
the SiO, content of a rock consisting of clinoenstatite, albite, and orthoclase were
g’radually decreased, the preceding data indicate that the first reaction to take place
would be the conversion of clinoenstatite into forsterite, since of the possible reactions
‘this involves the smallest increase in- free energy. This would be followed by the con-
_ version of albite into nepheline, dnd finally by the conversion of orthoclase into leu-
.cite. The order of reaction thus predicted agrees with petrological experience. In
rocks slightly undersaturated in SiO, olivine, (Mg,Fe),SiO,, appeass instead of
pyroxene, (Mg,Fe)SiO,. ‘At a greater degree of undersaturation nepheline appears
in place of albite, and, with a still greater degree of undersaturation, leucite is formed
.instead of orthoclase. This explains why nepheline is found in association with olivine
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but not with (Mg,Fe)SiO, (hypersthene); the free energy relations favor the reaction
of nepheline with hypersthene to give albite plus olivine.

However, the difference in the free energies of reaction (1) and reaction (2) above
is not large, and high pressures, such as those at depth of 100-200 km, could be
expected to reverse the order of the values of the free energies. Under these circum-
stances silica undersaturation might result in the conversion of albite into nepheline
before the conversion of pyroxene into olivine. Considerations of this sort indicate
that material of basaltic composition which crystallizes within the crust as a plagio-
clase-olivine rock might crystallize within the upper mantle as a nepheline-pyroxene
rock. A unique advantage of thermodynamic data is that they facilitate the extrap-
olation of laboratory data to the more extreme conditions that can be expécted in
geological processes.

THE STATES OF MATTER

Geochemistry is to a large extent concerned with the transformation of matter from
one state to another, as exemplified by the crystallization of magmas, the weathering
of rocks, the deposition of salts from solution, and generally the formation of min-
erals over a wide range of temperatures, pressures, and chemical environments. .
These processes involve a change of state in all or part 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 properties,
but under some conditions the boundaries lack definition, and the transitions solid
= liquid = gas may be continuous rather than discontinuous.

In terms of the atomic theory, the state of matter ranges from complete atomic
disorder in gases to complete order in crystals. However, complete order is an
abstract concept and exists only in perfect crystals at absolute zero. At any temper-
ature above absolute zero the kinetic energy of the atoms causes them to vibrate
about their mean positions in the crystal lattice. If the kinetic energy of the atoms
becomes sufficiently large, the crystal loses its rigidity; that is, it melts or decomposes.
Usually, fusion takes place at a definite temperature, but theoretical considerations
indicate that the melting point is a temperature range, possibly too small to measure
but nevertheless finite in theory. Melting-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-dimensional orientation, which is lost at still higher temperatures. - _

Liquids were 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 temperaturesand pressures well below the critical point, however, liquids
. may resemble solids. They diffract X-rays, and the diffraction effects show that a
i - . 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 dif-
i‘ : ‘ ference is that in the crystalline form the atoms are arranged in a symmetrical peri-
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odic network, whereas in glasses the degree of orientation and periodicity is much
lower. . -

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

\/4HE CRYSTALLINE STATE

The most obvious characteristic of crystals that have grown freely 1s their external
form, Morphological crystallography, 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. Near the end of the -eighteenth century, Hduy con-
ceived that the geometrical complex of crystal faces tharacteristic of a homogeneous
substance must be determined by its internal structure, the molecular or atomic
arrangement. In 1912 the truth of Haiiy’s conception was demonstrated experimen-
tally when the discovery of X-ray diffraction by crystals showed that in the crystal-
line state there is an orderly, systematic arrangement of atoms. The atomic arrange-
ment largely determines the chemical and physical properties of a_crystalline
compound and is thus a fundamental feature.

PRINCIPLES OF CRYSTAL STRUCTURE

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

result, and fortunately for the progress of geochemistry, the structures of many min- |
erals were worked out comparatively soon. A valuable summary of the data on the o
atomic structure of minerals has been provided by Bragg and .Claringbull (1965). :
Goldschmidt and his associates also made important contributions in this field; it was
one of Goldschmidt’s major services to geochemistry that he early realized the sig-
nificance of erystal structure in controllmg the distribution-of elements in the earth’s
crust. : :

. The basic unit in all crystal structures is the atom (the term atom also includes
ion in this discussion), which may, however, be associated with other atoms in a
group behaving as a single unit in the structure. We may. consider atoms as being _ v
made up of electric charges distributed through a small sphere that has an effective
radius of the order of 1 A (10~ cm). The radius can be measured with considerable
accuracy and depends not only on the nature of the element but also on its state of
ionization and the manner in which it is linked to adjacent atoms. For example, the




{
I
i
|
|

SOME THERMODYNAMICS AND CRYSTAL CHEMISTRY 73

radius of the sodium atom in metallic sodium is 1.86 A, but the radius of the sodium-
ion in sodium salts is 1.02 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 or polar bond, which
is the linkage in salts such as sodium chloride; the covalent or coordinate link présent
in crystals such as the diamond; and the residual or van der Waals’ bond, which is
responsible for the coherence of the inert gases when condensed to solids at low tem-
peratures. These four types of bonds all impart characteristic properties to the sub-
stances in which they occur and provide a convenient basis for the classification of
crystal structures. More than one type of bond may occur in a single compound; such
substances are termed heterodesmic, and those in which only one bond type is present
homodesmic. 1n heterodesmic structures the physical properties, such as hardness,
mechanical strength, and melting point, are in general determined by the weakest
bonds, which are the first to suffer dis'ruption under increasing mechanical or thermal
strain.

It should always be realized that although these four types of bonding have well-
defined properties the classification is arbitrary insofar as the bonding in many com-
pounds may be more or less intermediate. The silicon-oxygen bonds in silica and the
silicates are neither purely ionic nor purely covalent but are intermediate in nature.
The structure assumed by any solid is such that the whole 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 distinction between the different types of bonds
appears in the rigid mathematical expressions. Electronegativity, as discussed in
Chapter 5, gives some indication of the ionic-covalent character of a chemical bond.
Appendix I lists the estimated electronegativites for some of the elements. Cations
with electronegativities furthest from the electronegativity of oxygen have the high-
est ionic bond character with oxygen. '

Refinements of chemical bonding theory are necessary to explain some particular
aspects of crystal chemistry. These include the assignment of electrons to particular
atomic orbitals and the energy relationships between these orbitals and the formation
of hybrid orbitals. Such considerations are useful, for example, in explaining the
physical differences between graphite and diamond, both compounds of pure carbon.
Carbon has six electrons in the u‘nhybri@ized configuration. :

152252 2p! 2p,

The 2p, orbital is vacant. In graphite a 2 sp* hybridized orbital is formed from a 2-
8, a 2p,, and a 2p, orbital. This structure is planar with three lobes projecting at
120” from each other. The unused 2p, orbital is perpendicular to 2sp*. The individ-
ual atoms are bonded to form planar sheets of carbon atoms.’On the other hand, in
diamond the four bonding electrons form a 25p’ hybridized orbital that'is made up .
of four equal orbitals in a tetrahedral orientation. Bonding of these leads to a three-
dimensional structure of great strength. High pressures are necessary to make this
structure the most stable configuration.

Crystal-field theory, related to the bonding of transition—metal elements with d
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orbital electrons has proved to be useful in understanding and predicting the geo-
chemistry of these important elements. Differences in geochemical behavior-between
transition elements and other cations with similar charges and sizes may often be
attributed to a crystal-field stabilization energy due to selective orientation of 4
orbital bonding electrons in the electrical fields formed by anions surrounding the
cation site of interest in a crystal. For example, the divalent ions of Ti, V, Cr, Fe,
Co, Ni, and Cu receive a stabilization energy in octzhedral sites. Mn, Zn, and non-
transition elements of similar size do not have this extra bond stabilization. Such
considerations have been used to predict, for example, the stability and concentration
of Fe, Co, and Ni in the lower mantle. The application of crystal-field theory to
transition-element geochemistry is thoroughly covered by Burns (1970).

Nearly all the common minerals may be looked on as ionic structures, and we can
consider them as compounds of oxygen anions with practically all the other elements
(except the halogens) acting as cations. The oxygen ion is so large in comparison te
most cations that a mineral structure is mainly a packing of oxygen ions with the
cations in the interstices. The radii of common ions are given in the appendix and
illustrated in Figure 4.1. Hydrogen is not included, because it has unique properties.
The hydrogen ion or proton is so small that it can hardly be considered as having

any spatial extension; instead it acts rather like a dimensionless center of positive: .
charge. The radius of the OH™ ion is essentially the same as that of the O~ ion; the

hydrogen is embedded in the oxygen atom, and the OH group is effectively a sphere.
Because the radius of an ion depends on its atomic structure, it is related to the
position of the element in the periodic table. The following rules are generally valid:

1. For elements in the same group of the periodic table, the ionic radii increase as
the atomic numbers of the elements increase; e.g., Be** 0.27, Mg** 0.72, Ca*t
1.00, Sr’* 1.13, Ba®* 1.36. This is, of course, to be expected, since for elements
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 decrease with increas-
ing charge. For an example, we may take the elements in the second horizontal
row in the periodic table, all of which have two electrons in the innér orbit and
eight in the outer orbit:

. Nat Mg2+ APt Si4+ P5+ So+
1.02 072 0.53 040 0.17 0.12

Thus in going across a horizontal row in the periodic table the radii of the ions
decrease. As electrons are lost the nucleus exerts a greater pull on those remain-
ing, thus decreasing the effective radius of the ion.

3. For an element that can exist in several valence states, i.¢., form ions of different
charge, the higher the positive charge on the ion, the smaller the radius; for
example, Mn’* 0.82, Mn** 0.65, Mn** 0.54. The same reason given in the pre-
vious fule applies here also; the loss of an electron causes the remaining electrons
to be more strongly attracted by the nucleus, thus effectively contractmg the
outer electron orbits and decreasing the ionic radius.
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An apparent contradiction to the first rule is provided by the rare earth elements.
The trivalent ions of these elements decrease in radius with increasing atomic num-
ber, from 1.14 for La*" to 0.85 for Lu**. This remarkable feature, known 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 lanthanide contraction also influences the geochemistry of the ele-
ments following lutetium; hafnium and tantalum have ionic radii almost identical
with the elements above them in the periodic table——zirconium and niobium—and
therefore show almost identical crystallochemical properties.

In an ionic stéucture each ion tends to surround itself with ions of opposite charge;
the number that can be grouped around the central ion depends upon the radius ratio
between the two. Figure 4.2 is a planar representation of the relationship. Assuming
that ions act as rigid spheres of fixed radii, the stable arrangements of cations and
anions for particular radius ratios can be calculated from purely geometric consid-
erations (Table 4.1). Table 4.2 gives the radius ratio and predicted coordination
number with respect to oxygen for the commoner cations, together with the coordi-
nation actually observed in minerals. The close correlation between observation and
prediction 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.

Many cations occur exclusively in a partlcular coordination; others, for example,

Figure 4.2 Planar representation of the relationship
between radius ratio and coordination
number.

it
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Table 4.1 Relationship between Radius Ratio and Coordination Number for Tons as
Rigid Spheres

Radius Ratio Arrangement of Anions Around Coordination
(R cation/ Ranion) Cation Number of Cation
0.15-0.22 Corners of an equilateral triangle 3
0.22-0.41 Corners of a tetrahedron 4
0.41-0.73 Corners of an octahedron 6
0.73-1 Corners of a cube 8
1 Closest packing 12

Table 4.2 The Relationship between lonic Size and
Coordination Number with Oxygen for the
Commoner Cations

Predicted Observed
Radius Coordination Coordination
Ion (R) R/R, Number Number
Cs™* 1.70 1.22 12 12
Rb* 1.49 1.06 12 8-12
K* 1.38 0.98 8 8-12
Ba?* 1.36 0.97 8 8-12
Srit 1.13 0.81 8 8
Na* 1.02 0.73 6 6,8
Ca™ 1.00 0.71 6 6,8
Mn?* 0.82 0.59 6 6
“Fe?* 0.77 0.55 6 6
Lit 0.74 0.53 6 6
Mg?* 0.72 0.51 6 6
Ti** 0.67 0.48 6 6
Fel* 0.65 046 - 6 6
A% 0.64 0.46 6 6
Cr’t 0.62 0.44 6 6
AT 0.53 0.38 4 4,6
Sitr 0.40 - 0.29 4 4

aluminum, which has a radius-ratio lying near the theoretical boundary between two
types of coordination, may occur in both. In such cases the effective radius depends
to some degree on the coordination, increasing moderately with increasing coordi-
nation. The coordination is to some extent controlled by the temperature and pres-
sure at which crystallization took place. High temperatures and low pressures favor
low coordination, and low.temperatures and high pressures favor higher coordina-
tion. High coordination is evidently more economical of space. Aluminum is a good
example; in typically high-temperature minerals it tends to assume fourfold coordi-
nation and substitute for silicon, whereas in minerals formed at lower temperatures
it tends to occur in sixfold coordination. The effect of high pressure on coordination
has been dramatically illustrated by the synthesis of stishovite, a polymorph of SiO,,
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in which Si is in-sixfold coordination instead of the fourfold coordination otherwise
universal in silicate minerals.

The structure of ionic compounds is determined primarily by the demands of geo- :
metrical and electrical stability. The relative sizes of the ions and the mode of pack- :
ing must result in the ions being more or less rigidly held in the structuré,. just as in |
a house built of blocks, where each block must support its neighbors. More than one
structure 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 sta-
bility means that the sum of positive and negative charges on the ions must balance.
This is not achieved by pairing off individual cations and anions; the positive charge
on a cation must be considered as divided equally between the surrounding anions,
the number of which is determined by relative size of the ions and not by their val-
ency. 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
assume a. configuration of minimum potential energy, whereby the charges on the
ions are as far as possible neutralized by their immediate neighbors.

This rule may appear more or less self-evident, but it is highly significant in the
rigorous conditions it imposes on the geometrical configuration of a structure, espe-
cially of complex substances such as the silicates. It may be called the cardinal prin-
ciple of mineral chemistry. It often explains the nonexistence of certain types of com-
pounds, although their formulas would be quite possible according to the
requirements of valency. For example, the feldspars have linked silicon-oxygen and
aluminum-oxygen groups with Si and Al in fourfold coordination. An oxygen linked
to Siand Al has a valency of only one-fourth left unsatisfied. This cannot be balanced
by Mg or Fe in sixfold coordination, for their contribution would be at least one-
third. It can, however, be balanced by large univalent and bivalent cations having
coordination numbers of eight or more, since they can supply the necessary small
fractions. Hence we find the feldspars are compounds of Ca, Na, and K and do not
contain Mg or Fe.

The above principles are the basis for the crystal chemistry of minerals. They
express the conditions for low potential 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 madé in which these
gereral 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 (except those formed at extreme pres-
sures)-silicon lies between four oxygen atoms. This arrangement appears to be uni-
versal in these compounds, and the bdnds between silicon and oxygen are so strong
that the four oxygens are always found at the corners of a tetrahedron” of nearly
constant dimensions and regular shape, whatever the rest of the structure may be
like. The different silicate types arise from the various ways in which these silicon-
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oxygen tetrahedra are related to each other: they may exist as separate and distinct
units, or they may be linked by sharing corners (i.e., oxygens). Silicate classification
is based on the types of linkages, which are as follows:

1. Independent tetrahedral groups: in this type the silicon-oxygen tetrahedra are
present as separate entities. The resultant composition is SiO,, and a typical
mineral is forsterite, Mg,Si0O,. 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 between each two tetrahedra. If two tetra-
hedra are linked in this way, the resulting composition is Si,0,; a typical mineral
is akermanite, Ca,MgSi,O,, and such substances are classed as sorosilicates. If
more than two tetrahedra are so linked, closed units of a ring-like structure are
formed, giving compositions 5,05, Rings containing up to six silicons are
known. Typical examples are benitoite, BaTiSi,0,, with three linked tetraliedra,
and beryl, Be,Al,SicO,, with six. This division of the silicates is known as the
cyclosilicates.

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 Si:O s 1:3, charactetized by

of the pyroxenes, and (b) double chains, in which alternate tetrahedra in two par-

; allel single chains are cross-linked and the Si:O ratio is 4:11, characterized by

the amphiboles. These chains are-indefinite in extent, are elongated in the c-

direction of the crystal, and are bonded to-each other by the metallic elements.

i This division of the silicates is known as the inosilicates.

( 4. Sheet structures: threc oxygens of each tetrahedron are shared with adjacent

3

tetrahedra to form extended flat sheéts. This is the double-chain inosilicate
structure extended indefinitely in two directions instead of Just one. This linkage
gives a ratio of Si:O of 2:5 and is the fundamental. unit in all mica and clay
structures. The sheets form a hexagonal planar network responsible for the prin-
cipal characteristics of minerals of this type—their pronounced pseudohexa-
gonal habit and perfect basal cleavage parallel to the plane of the sheet. This
division of the silicates is known as the phyllosilicates.

5. Three-dimensional networks: every SiOj tetrahedron shares all its corners with
other tetrahedra, giving a three-dimensional network in which the Si:O ratio is
1:2. The various forms of silica—quartz, tridymite, cristobalite—have this
arrangement. The quadrivalent silicon 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)0,. The substitution of AP+ for Sis* 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 one of the types listed in Table 4.3 (a
few have more than one type of linkage in the structure). )

The other constituents of a silicate structure, such as additional oxygen atoms,
hydroxyl groups, water molecules, and cations, are arranged with theé silicate groups
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Table 4.3 The Structural Classification of the Silicates '

e Silicon:
Oxygen
Classification Structural Arrangment - Ratio Examples
Nesosilicates Independent tetrahedra 1:4 Forsterite, Mg,5i0,
Sorosilicates Two tetrahedra sharing one 2:7 Akermanite, Ca,MgS5i1,0,
oxygen
Cyclosilicates Closed rings of tetrahedra 1:3 Benitoite, BaTiSi,0,
cach sharing two oxygens Beryl, Al,Be;SiO
Inosilicates Continuous single chains of 1:3 Pyroxenes, e.g., enstatite,
tetrahedra each sharing MgSiO,
two oxygens ’

Continuous double chains of 4:11 Amphiboles, e.g.,
tetrahedra sharing anthophyllite,
alternately two and three Mg(5i,0,,),(OH),
oxygens

Phyllosilicates Continuous sheets of - 2:5 Tale, Mg,Si1,0,,(OH),
tetrahedra each sharing Phlogopite,
three oxygens KMg,(AlSi,0,,)(OH),
Tektosilicates Continuous framework of 1:2 Quartz, Si0,
tetrahedra each sharing Nepheline, NaAlSiO,

all four oxygens

in such a way as to produce a mechanically stable and electrically neutral structure.
Aluminum, after silicon the most abundant cation in the earth’s crust, plays a unique
role. As discussed earlier, it is stable both in fourfold and in sixfold ccordination. It
can replace silicon in the SiO, groups and also the common six-coordination cat-
jons—Mg’*, Fe’*, Fe'*, etc.

The valence charge on the silicate unit, which determines the number and charge
of the other ions that may enter the structure, can easily be calculated if it is remem-
bered that each silicon has a positive charge of four and each oxygen a negative

charge of two. Thus, the charge on a single SiO, unit.is [4 + 4(—2)] = —4;onan
Si,0; unit, —6; on an SiO, unit, —2; on an Si,Oy, unit, —6; on an Si,0; unit, —2;
and on Si0,, 0. .

THE LATTICE ENERGY OF CRYSTALS

It has been pointed out that the structure of a crystal is determined by the tendency
of the constituent afoms to take up positions whereby. their total potential energy is -
reduced to a minimum. This tendency may be expressed in terms of lattice energies.

- The lattice energy of an ionic crystal, generally represented by U, is defined as the
energy absorbed when a mole of the crystal is dispersed into, infinitely separated tons. .
The lattice energy depends on the balancing of (a) the electrostatic forces between
ions of opposite charge, which give-a resultant attraction falling off with the square~
of the distance, and (b) the internuclear repulsive forces, which fall off 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
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the lattice energy of the crystal. The greater the lattice energy the greater the energy
required to break up the crystal into its constituent ions. '

For binary compounds lattice energies may.be directly calculated from the prop-
erties of the ions by means of the following equation, originally derived by Born and

Landé: .
NAz,z, < 1>
U=—"={1~->
r n

where U = lattice energy.

N = Avogadro number.
A = Madelung constant, characteristic of the type of crystal structure.
z, 2, = charge on cation and anion, respectively.
r = shortest anion-cation distance.
n = a factor allowing for the internuclear repulsion (7 is usually about 10).

From the form of the equation it is clear that U approaches zero as r approaches
infinity.

Although the Born-Landé equation applies only to binary compounds, it does
enable qualitative statements regarding the lattice energy of more complex sub-
stances. For a particular 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, NaCl (U = 183
Cal) and MgO (U = 939 Cal).

The energy U of the Born-Land é equation is equal to the amount of work per mole
that must be expended to disperse the crystalline substance into an assemblage of
widely separated ions. As such, it cannot be equated with any directly measurable
quantity and is not to be identified either with the heat of 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 formation of the substance from its ele-
ments. Born and Haber devised a thermochemical cycle by means of which the lat-
tice energy can be related to measurable thermal data. This cycle is as follows, using
NaCl as an example (square brackets indicate crystalline substances and parentheses
indicate substances in the gaseous state): A

[NaCl] —— (Na*) + (CI-)
T -¢ D l ~I+E
[Na] + (4Cl) <=7 (Na) + (Cl)

The diagram represents the following cycle:

1. One mole of the crystalline substance is dispersed into ions in the gaseous state.

2. The ions are converted into neutral atoms. »

3. The neutral atoms, now in the form of monatomic. gases, are converted into the
standard states for the elements at 25° and 1 atm pressure.

4. The elements are then allowed to combine chemically to reform the crystalline
substance.
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The symbols are defined by the following thermochemical equations:

[NaCl] = (Na®) + (CI")— —AH = U, lattice energy
(Na*) + e = (Na) AH = [, ionization energy
(ClI7)y = (Cly + e AH = E, electron affinity
(Na) = [Na] AH = S, heat of sublimation
(ChH = (4Cl) AH = D, heat of dissociation
[Na] + (%CL) = [NaCl) AH = Q, heat of formation

Since the final state of the system is the same as its original state, the net change in
heat content is zero; hence

U=Q+S+1+D—E

The cycle given by this equation is‘to be regarded as isothermal at 25°.

The Born-Haber cycle thus provides us with a means of determining lattice ener-
gies for complex compounds from other thermodynamic quantities. Unfortunately,
for the common silicate minerals these thermodynamic quantities are imperfectly
known. The whole question of considering geochemical processes in terms of lattice
energies has been a subject of particular interest to Fersman and other Russian
geochemists. In an attempt to get a simple method of determining lattice energies
Fersman introduced the EK concept, which is an empirical constant for each ele-
ment, representing the contribution of that element to the lattice energies of its com-
pounds. Thus for NaCl

Unsa = K(EKy, + EKg) (K is an independent constant)

From known lattice energies Fersman was able to assign EK values to most of the

elements. However, the application of these values to the calculation of lattice ener-
gies of silicate minerals and to the interpretation of geochemical processes has so far
given ambiguous results. The differences in calculated lattice energies of correspond-
ing amphiboles and pyroxenes, for example, are small, smaller than the probable
error. One serious criticism of Fersman’s approach is that it allows only for the
energy associated with a specific number of ions of different elements but fails to
consider the energy associated with the crystal lattice as such. For example, the pre-
ceding equation will clearly give the same lattice energies for all pol; morphs of the
same substance. :

The term isomorphism is applied to the phenomenon of substances with arfalogous
formulas having closely related crystal structures. "The ferm was introduced Dby-
Mitscheriich in 1819, who prepared crystals of KH2P04, KH, AsO4, {(NH)H,PO,,
and (NH)H,AsO, and found that they showed the same forms and the interfacial
angles between corresponding faces were very similar. By Mitscherlich’s original def-
inition, substances with analogous formulas and similar crystallography said to be
isomorphous. X-ray studies have shown that similar crystallography is a reflection of
similar internal structure, hence the rewording of his o‘rig_inal definition; sometimes
the term isostructural or isotypic is used for the phenomenon.
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Isomorphism is widespread among minerals and is one of the bases of their clas-
sification. Many isomorphous groups are recognized, for example, 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 (i.e., showing the same coordination) and
- in the same numbers tend to crystallize in the same structure type. This is well
exemplified by some of the. carbonate minerals (Figure 4.3). The anhydrous carbon-
ates of the bivalent elements form two isomorphous groups, one orthorhombic and
one'trigonal It éan be seen that the nature of the structure is determined by the size
of the bivalent cation; those minerals with cations larger than calcium crystallize in
an orthorhombic structure, those with cations smaller than calcium crystallize in a
trigonal structure. Calcium carbonate itself can crystallize in either structure, the
phenomenon known as polymorphism. ‘

- Other substances with analogous formulas are isomorphous with these carbonates.
Thus soda ‘niter, NaNOQ,, is isomorphous with calcite, whereas niter, KNO,, is iso-
morphous with aragonite, reflecting the similaf size of nitrate and carbonate groups
and the larger size of potassium ions as compared to sodium ions. The borates of
trivalent elements show similar relationships. Until the development of X-ray tech-
~ nigues for the determination of crystal structures, it was somewhat of an enigma that



84 PRINCIPLES OF GEOCHEMISTRY

substances as different chemically as calcite and soda niter could show complete sim-
. ilagity in crystal form. Other isomorphous pairs at first sight do not even have anal-
ogous formulas. Thus the rare mineral berlinite (AIPO,) is isomorphous with quartz;
the true analogy is seen when the formula of quartz is written SiSi0,. Both Al and
P are similar in ionic size to Si and can exist in a crystal structure in four-coordi-
nation with oxygen; as a result AIPO, can crystallize with the same structure as
quartz. Similarly, tantalite, FeTa, Oy, 18 isomorphous with brookite, TiOy(TiTi,0c);
the metallic ions are similar in size and all show sixfold coordination with oxygen.
The important factor in isomorphism is the similarity in size relations of the dif-
ferent ions rather than any chemical similarity. This explains many apparently
unusual examples of isomorphism and its absence between many chemically similar
compounds. Thus corresponding calcium and magnesium compounds are seldom iso-
morphous, although these elements are similar in chemical behavior;.when it is noted
that the radius of Ca?* is 1.00 A and that of Mg?* is 0.72 A it seems natural that
the substitution of one for the other without producing a change in structure is
improbable.

ATOMIC SUBSTITUTION .

After the development of reliable methods for the analysis of minerals 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 Eglid solution or mixed crystals,
which implicd the presence, in a single homogeneous crystal, of molecules of two or
more substances. For example, common olivine may be described as a solid solution
of Mg,SiO,(Fo) and Fe,SiO(Fa), and the precise composition of any sample of
olivine may be stated in terms of these end-members, such as FogFa,s, that is,
(Mg, sFeq15),510,. This concept and terminology remain in general use, but the light
thrown upon the structure of crystals by X-ray investigation has resulted in a revised
interpretation. In an ionic structure there are no molecules, the structure being an
_infinitely extended three-dimensional network. rﬁny jon in the structure may be
replaced by another ion of similar radius without causing any serious distortion of
the structure, just as a bricklayer, running short of red bricks, may incorporate yel:
low bricks of the same size here and there in his wall. Sin’cgjfﬁfnerals usually crys- -
tallize from solutions containing many ions other than those Essential 10 f}igrrﬁiffi_?ia\,.

[

ith

e?'"ioﬁ&f?ﬁcq;pé@ Some Torcign ions in the structure’}

A solid solution (or mixed Grystal) can be simply defined as a homogeneous crys-
falline solid of variable composition. It was early found that many isomorphous sub-
stances have the property of forming solid solutions. There has been a tendency to
equate isomorphism and solid solution, in spite of marked inconsistencies: For exam- -
ple, ppany isomorphous substances show little or no solid solution, among them, cal-
cite’and smithsonite; and extensive solid solution may occur between components
that are not isomorphous, for example, the presence of considerable amounts of iron
in sphalerite, although FeS and ZnS have quite different crystal structures. On this
account it must be emphasized that isomorphism is neither necessary to nor sufficient.
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for solid-solution formation. Isomorphisnt and solid solution are distinct concepts and
should not be confused. ,

" Tmatomic substitution it is the size of the atoms or tons that is the governing factor,
and it is not essential that the substituting ions have the same charge or valency,
provided that electrical neutrality is maintained by concomitant substitution else-
where in the structure. Thus, in passing from albite (NaAlSi;O;) to anorthite
(CaALSi,05), Ca®* substitutes for Na*t and electrical neutrality is maintained by
the coupled substitution of AI’* for Si**: similarly, in diopside (CaMgSi1,0,),
Mg** —Si** may be replaced in part by A" —AP*. Such coupled substitutions are
especially common in silicate minerals and made the interpretation of their compo-
sition 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., Zr**
does not substitute for Mn?*, nor Y3+ replace Na*); this may be in part because of
the difficulty in balancing the charge requirements by other substitutions.

The extent to which atomic substitution takes places is determined by the nature
of the structure, the closeness of correspondence of the ionic radii, and the temper-
ature of formation of the substance. The nature of the structure evidently has con-
siderable influence on the degree of atomic substitution; some structures, such as
those of spinel and apatite, are well known for extensive atomic substitution, whereas
others, such as quartz, show very little. In part this phenomenon 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 substituting ion must be able to
occupy the lattice position without causing 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 wide range of substitution may
be expected at room temperature. Higher temperatures permit a somewhat greater
tolerance; in this respect solid solutions are analogous to solutions of salts in water,
solubility increasing with temperature.

This property of increased atomic substitution at higher temperatures provides a
means of determining the temperature of mineral formation ( geological thermome-
try). If for a specific mineral the degree of atomic substitution has been determined
for different-temperatures, the composition of the naturally occurring mineral may
indicaté the temperature, of formation. Thus the amount of titanium in solid solution
in magnetite as a function of. femperature is known from laboratory investigations.
Magnetite is a common ore mineral. Provided the ore-forming solutions contained

-sufficient titanium fo saturate the magnetité; the titanium content of the mineral will

“indicate the temperature conditions during ore 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
‘magnesium and calcium, but dolémites are found whose analyses show a consider-
able content of iron and manganese.” Traditionally, these were described as-solid
solutions of the carbonates of all these elements, but it is more illuminating as well
as more correct to consider them as products of the substitution of iron and man-
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ganese for magnesium. Nevertheless, we continue 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
diadochy has been introduced to describe the ability of different elements to occupy
the same lattice position in a crystal; thus Mg, Fe, and Mn are diadochic in the
structure of dolomite. The concept of diadochy, if used rigidly, always applies to a
particular structure; two elements may be diadochic in one mineral and not in
another. . :

Crystal structure investigations have also revealed two other types of solid solution
besides that due to atomic substitution. One is known as interstitial solid solution,
whereby atoms or ions do not replace atoms or ions in the structure but fit into inter-
stices in the lattice. This type is very common in metals, which take up hydrogen,
carbon, boron, and nitrogen, all small atoms, in interstitial solid solution. If a sub-
stance has an open structure, interstitial solid solution may take place even with
atoms or ions of a considerable size. Thus cristobalite, the high-temperature form of
Si0,, has been found with a considerable content of sodium and aluminum; the AI’*
replaces Si**, and the Na* needed to maintain electrical neutrality occupies large
openings in the cristobalite lattice. The other typg of solid solution is that associated
with defect lattices, in which some of the atoms are missing, leaving vacant lattice
positions. It has been called omission solid solution. A good example is the mineral
pyrrhotite, in which analyses always show more sulfur than corresponds to the for-
mula FeS. This was for a long time described as solid solution 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 isa deficiency of Fe, not an excess of S.
Just as in building a wall, where a brick may be omitted here and there without
affecting the stability of the structure, so it is possible to omit some of the Fe atoms
in FeS without the lattice collapsing. More and more defect structures are being
recognized among minerals, thereby explaining otherwise puzzling deviations of
chemical compositions from those predicted by the law of constant proportions.

An element or compound that can exist in more than one crystal form is said to be
polymorphous. Each form has different physical properties and a distinct crystal
structure; that is, the atoms or ions are arranged differently in different polymorphs
of the same substance. Polymorphism is an expression of the fact that crystal struc-
ture 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 substances are formed under different
conditions of pressure, temperature, and chemical environment; hence the presence
of one polymorph in a rock will often tell something about the conditions under which
that rock was formed. For example, marcasite can be formed only from acid solutions
at temperatures below 450°, and the presence of marcasite in a deposit thus puts
some limits on the conditions of origin. -

Two types of polymorphism are recognized, according to whether the change from




SOME THERMODYNAMICS AND CRYSTAL CHEMISTRY 87

one polymorph to another is reversible and takes places at-a definite temperature and
pressure. The first type is know as enantiotropy and is exemplified by the relationship
867

between quartz and tridymite (quartz == tridymite). The second type is known as
1 atm

monotropy; an example is the marcasite-pyrite relationship, in which marcasite may
invert to pyrite but pyrite never changes to marcasite. With monotropic polymorphs
one form is always inherently 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 first completely destroying its structure by
melting, vaporization, or solution.

This distinction between enantiotropic and monotropic polymorphs is useful, but
the recognition of monotropic polymorphs is usually based on experimental evidence,
and investigation over wide ranges of temperature and pressure or determination of
energy relationships of the different polymorphs sometimes indicates that supposedly
monotropic polymorphs actually have an enantiotropic relationship under conditions
far removed from those usually attainable. The diamond-graphite relationship is par-
ticularly interesting in this respect, both from the geological significance of the occur-
rence of these two polymorphs and from 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 was always diamond —
graphite, never the reverse. However, it has been established that the relationship is
enantiotropic, and the actual conditions of the diamond = graphite equilibrium have
been worked out (Figure 4.4). This figure shows that the practical problem of making
diamond synthetically lies in maintaining pressures within the stability field of dia-
mond at temperatures for which the reaction velocity for its formation is appreciable;
this has been achieved by the development of special equipment capable of with-
standing great pressures at high temperatures. It also indicates that the natural
occurrence of diamond in igneous rocks implies an origin at considerable depths in
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the earth, where the combination of temperature and pressure is within the diamond
stability field. Diamond is actually unstable under the physical conditions in which
it is found (and worn); that it does not change spontaneously into graphite is due
soley to the infinitesimal rate of a reaction which the energy relations nevertheless
favor.

The rate of change from one polymorph to another may be very slow or.very rapid.
Sometimes the change does not involve the breaking of bonds between neighboring
atoms or ions, but simply their bending, for example, low-quartz = high-quartz, low-
leucite = high-leucite. Such transformations are almost instantaneous at the tran-
sition temperature, and the high-temperature form cannot be preserved at lower tem-
peratures (however, original crystallization as the high-temperature form can often
be recognized from the nature of the crystals or from the twinning that so often
results from inversions of this type). High-low polymorphs are also characterized by
the fact that the high-temperature form is always more symmetrical than the cor-
responding low-temperature form. Transformations other than the high-low type
require the breaking of bonds in the structure and the rearrangement of atomic or
ionic linkages. They are often sluggish and may require the presence of a solvent in
order to obtain an appreciable rate of change. These changes have been termed
reconstructive transformations and are exemplified by the quartz == tridymite =
cristobalite inversions. S )

Thie 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 incorporation of foreign ions in the interstices of the lattice. These
foreign ions will buttress the structure and prevent its transformation to a different
polymorph when the temperature is lowered. Their complete removal is usually nec-
essary to permit inversion to the closepacked form stable at low temperatures. Thus
impure high-temperature 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. This phenomenon is probably responsible for the formation and sur-
vival of cristobalite and tridymite under conditions in which the stable form of SiO,
is quartz. As mentioned previously, cristobalite has been found with a considerable
amount of sodium in interstitial solid solution, and the sodium atoms presumably
stabilize the open structure of this mineral. The occurrence of a high-temperature
polymorph at ordinary temperatures is.not necessarily to be interpreted as indicating
metastability; the polymorph may be simply a stable impure form.

Transformations between polymorphs show. a close analogy to the changes
between the liquid and solid states, being amenable to treatment by the same ther-

“modynamic principles. Under a given set of conditions, each of several polymorphs
of a substance is characterized by its free energy; all possible polymorphic forms tend
to transform into the one with the minimim 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 involving a gas phase the PV term is small and can be
omitted. When T is zero, G = E, that is, the free energy of a substance is equal to
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Figure 4.5 Energy relations between poly-
morphs 1 and 2 with transition
temperature 7, E = internal
energy; G = free energy; S =
entropy. (After Buerger, Am.
Mineralogist 33, 103, 1948)

its internal energy. Hence 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 relative magnitudes of .S for the different polymorphs may deter-
mine which form has the lowest free energy. At a transition point between two forms,
the {ree energies of both are equal (Figure 4.5). Because the entropy of the high-
temperature form is greater than that of the low-temperature form, it follows that
the internal energy of the former must also be greater than that of the latter. The
entropy involves the volume over which the atoms may be disordered; hence there is
a tendency for the forms of higher entropy to have greater open space available for
thermal motion. Although this does not necessarily involve openness of the whole
structure, it often does; high-temperature forms therefore tend to be less dense than
low-temperature ones. Temperature and pressure tend to impose opposite conditions:
high temperature promotes open structures, high pressures compact structures.

An interesting transformation that may be considered as a variety of polymor-
phism is the order-disorder type. It has been most studied in alloys, as it has impor-
tant 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
distinct phases of this alloy exist. In the disordered form the copper atoms and the
zinc atoms are randomly distributed over the lattice positions, whereas in the ordered
form each clement 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 transition point between the two forms; perfect order is achieved only
at absolute zero, and with increasing temperature the degree of order gradually
decreases to complete disorder above a certain temperature characteristic of the

H
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structure and the composition of the crystal. For example the relationship between
microcline and sanidine is an order-disorder transformation, the one aluminum and
three silicon atoms in KAISi,O, being in disorder in sanidine but ordered in microc-
line. This accounts for the monoclinic-triclinic feature of the polymorphism, and the
typical twinning of microcline is characteristic of the twinning often observed in
ardered forms.
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MAGMATISM AND IGNEOUS
ROCKS

WHAT IS MAGMA?

“é';e*Magma is the parent material of i igneous 1 rocks Lava is magma poured out through
Y Volcanic vents and thereby "accessible 1o 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 inferred. Magma has
been defined as molten rock 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 nevertheless play a significant part in determining the course of
crystallization. The definition also fails to emphasize that the solidification of a
magma does not take place at g definite temperature, like, for example, the solidifi-
cation of molten lead, but is generally drawn out in time and place by fractional
crystallization. The end products of such crystallization include not only the igneous

. tock, 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. i
When does a magma cease to be a magma? When the first solid phase appears? §

- When a quarter, or half, or-three-quarters of it has solidified? When all that remains
is d watery solut10n’7 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 ; -
predommantly silicate; (b) by temperature, in that it is hot (although the range in
temperature may be great, say from 500 to 1200°); and (c) by mobility, in that it -

~ will flow. Although a.magma is fluid, only a minor part of it need be liquid. In this
book the te{y;magma is used to include all naturally occurrmg mobile rock matter

that consists in noteworthy ma hquxd phase havmg the composmon of smcate

,melt

P
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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 pri-
mary magmas, granitic and basaltic, and that igneous rocks of other COmpositions
were mixtures of these two types. Bunsen’s contention is apparently supported by the
abundances of different rock types. The igneous rocks of the globe belong chiefly to
two types: granite and basalt. Daly estimated that granites and granodiorites
together comprise at least 95% of all intrusives and that basalts and pyroxene ande-
sites make up about 98% of all extrusives (the latter figure seems excessive. since
silica-rich extrusives—rhyolites and dacites—are fairly abundant). These relations
are clearly of fundamental significance in a consideration of magmatism. Material
of basaltic composition may well be the single primary magma from which most
igneous rocks have been derived. Major arguments 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 are almost
entirely basalts; (¢) experimental work 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 nonexistent. 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 different composition, and by the
escape of volatile substances, all of which either singly or together are adequate to
produce significant changes in composition.

THE CHEMICAL COMPOSITION OF MAGMAS AND IGNEQUS ROCKS

Clarke and Washington calculated the average composition of igneous rocks, with
the following results:

Si0,  ALO, Fe,0; FeO MgO CaO Na,0 K,0 H,0 TiO,
59.14 1534 3.08 3.80 349 508 384 3.13 1.15 1.05
‘All others less than 0.30 each .

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 composition of a primary magma from which
all igneous rocks may be derived, nor the composition-of any particular magma;
minor constituents are omitted, as are the volatiles known to be present in all mag-
mas. Nevertheless, the figures do indicate that the following elements predominate:
O, Si, Al, Fe, Mg, Ca, Na, and K; that is, imagmas are multicomponent systems of
these and other elements.

= The different components do not vary randomly but are interdependent. The fre-
quency relations of the commonest rock-forming oxides have been worked out on the
basis of Washington’s collection of 5159 superior analyses of fresh rocks (Figures 5.1
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Figure 5.1 The frequency distribution of silica percentage in
analyses of igneous rocks.
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Figure 5.2 The frequency distribution of the percentages of the major oxides in analyses of igneous rocks. (Richard-
son and Sneesby; Mineralog. Mag. 19, 309, 1922) :




MAGMATISM AND IGNEOUS ROCKS e 95

% L . ;‘— . F -

, and 5.2). The dominant oxide is srlrca most igneous rocks contain between 30 and
80% SiO,. Its variation is not at all regular as is clearly seen from Figure 5.1, there
being two frequency maxima, at 52.5% SiQ, and 73.0% SiO,; ie., rocks with about
52.5% Si0O, and 73.0% SiO, are"the commonest. This corresponds with field experi-
ence that the most abundant i igneous rocks are granite and basalt. Alumina varies
commonl\ bemeen IO and 20%. Low Al, O 15 characterrstlc of rocks with little feld—

common range bemg from 2 to 5 70 Na O rarel) exceeds 13% The curve for KZO is
less regular, but most rocks have less than 6% K,O, and only rarely does it exceed
10%. The curves for FeO and Fe,O, are similar; both show a frequency peak at about
1.5% and fall off more or less regularly toward higher percentages. The sum of iron,
_oxides in igneous rocks seldom exceeds 15%, except in magmatic iron ores. Thc fre-
quency curve for magnesia percentage is very asymmetrical; most rocks have a low
.MgO content and only ultrabasic types rich in pyroxene and/or olivine have more
than 20%. The curve for CaQ is similar to that for MgO but is biomodal; most rocks
have less than 5% CaO, but a peak at about 8% is caused by the CaO contents of
basaltic rocks. Water ‘may reach 10% in a few volcanic glasses, but generally an
igneous rock containing more than 2% H ;O has acqurred the excess by alteration.
Three minor constituents that should be determined in a good rock analysis are TrO .
P,0;, and MnO, all of which are present in most igneous rocks. Many other elements
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 number of species pres-
ent in more than 99% of the i igneous rocks is very small. Apart from the seven prin-
cipal minerals or mineral groups (the silica ‘minerals, feldspars feldspathmds olivine,
pyroxenes, amphiboles, and micas), only magnetrte ilmenite, and apatite are com-
monly found, and then usually in very small amounts. A statistical study of about
700 petrographically described igneous rocks gave the following average mineral-
ogical composition: quartz 12.0%, feldspars, 59.5%, pyroxene and hornblende 16. 8%,
biotite 3.8%, titanium minerals 1.5%, apatite 0.6%, other accessory minerals 5.8%.
It 1s~1nterest1ng to compare this average mode with the norm calculated from the
average composition of igneous rocks. This 1s Q 10.02, or 18.35 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 classification of i igneous
rocks. Several hundred rock types have been named, but of these only a few are of
common occurrence. Figure 5.3 is a diagrammatic representation of the common
types, showing the mineralogical composition in terms of the important rock-forming
_ minerals| The diagram serves to _emphasize that rock types grade into each other,
e | _ ~and a rock ‘name is a convenient N]Srgeonhole rather’ than a spccres of ﬁxcd'
' ' composmon o

The prmcrpal minerals and mineral groups are now discussed in detail.
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Figure 5.3 Approximate mineralogical composition of the commoner types of
igneous rocks (effusive types in brackets).

The Silica Minerals

Silica occurs in nature as seven distinct minerals: quartz (including chalcedony), tri-
dymite, cristobalite, opal, lechatelierite, coesite, and stishovite. Of these, quartz is
very common; trldymxte and cristobalite are widely distributed in volcanic rocks and
can hardly be called rare; opal is not uncommon; lechatelierite (silica glass) is very
rare. Coesite and stishovite are high-pressure forms first made in the laboratory and
later recognized in the shocked sandstone at Meteor Crater in Arizona, where they
were evidently formed by the instantaneous high pressure of the meteorite impact.
The high density of 4.29 for StlShOVIte;lyS due to a change from four- to six- -coordi-
nation. Although the Si—O bonds in thé six- coordmated octahedral structure are |
10nger than in the four-coordinated tetrahedral structure, the closer packmg of the
oxygens produces a great increase in density over the other silica polymorphs. .
Quartz, cristobalite, and tridymite are the forms of silica that may occur in

igneous rocks, and their relationships will be discussed in detail. These three forms -

illustrate the phenomenon of enantiotropism. 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°
to the boiling point liquid silica is the stable phase. The one-component system SiO,
has been extensively studied under varying conditions of temperature and pressure;
the equilibrium diagram is given in Figure 5.4. '

The addition of small amounts of H,O to this system produces remarkable results.
_ It'has been investigated at temperatures up to 1300° and pressures of water vapor
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up to 2000 kg/cm? The results are indicated with dotted lines on Figure 5.4. The
liquidus is lowered by several hundred degrees. Thus, at pressures above 1400 kg/

- oM’ quartz melts at about 11257, a depression of some 600° in the melting point;

the liquid so formed is a hydrous silica melt containing about 2.3% H,O. The sta-
bility field of tridyinite is greatly contracted, and, whereas in the dry system tridym-
ite has no stable melting point, in the presence of water vapor it melts to a hydrous
liquid at pressures above 400 kg/cm® Water vapor under pressure thus has a tre-
mendous fluxing power for Si0, and clearly will greatly influence the transportation

of silica in a fluid form. The large effects produced by a small weight percent of

water are a reflection of jts low molecular weight, which results in its mole fraction
in solution being comparatively large. ,

These three polymorphs of silica are all built of tetrahedral groups of four oxygen.
atoms surrounding a central silicon atom. The silicon-oxygen tetrahedra are linked
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together to form a three-dimensional network, but the pattern of linkage is different
for each of the three forms; hence the ditference in their crystal structures and their
properties. Cristobalite and tridymite have comparatively open structures, 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: ’

Mean Refractive

Density Index
Quartz 2.65 1.55
Cristobalite 2.32 1.49
Tridymite 2.26 1.47
Lechatelierite 2.20 . 1.46 .

Each of these three polymorphs has a high- and low-temperature modification. In
quartz, for example, the change from the one to the other takes place at 573" at
atmospheric pressure. Similary, high-tridymite changes into low-tridymite between
120 and 160" and high-cristobalite into low-cristobalite between 200 and 275°. The
inversion of high-and few-temperature forms of the individual species is of quite
another order to that between the species themselves. The three minerals have the
S10, tetrahedra linked together according to different schemes, and this linkage has
to be completely broken down and rearranged for the transformation of one to
another. On the other hand, the change from a high-temperature to a low- -tempera-
ture form docs not alter the way in which the tetrahedra are linked. They undergo
a displacement and rotation which alters the symmetry of the structure without
breaking any links. The high-temperature modification is always more symmetrical
than the low-temperature modification.

The high-low transformation of each mineral takes place rapidly at the transition
temperature and is reversible. The changes from one polymorphic form to another
are extremely slow and sluggish, and the existence of tridymite and cristobalite as
minerals shows that they can remain unchanged indefinitely at ordinary tempera-
tures. Once formed, the type of linking in tridymite and cristobalite is too firm to be
easily broken, and it is possible to study the high-low inversions 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 sta-
bilizing effect on tndymlte and’ crlstoballte ‘The few comprehensnve analyses ‘of these
minerals show the presence of Na and Al suggesting a subsututlon of NaAl for Si-
in the open structures; quartz on the other hand is generally very pure SiO,. 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), cris-
tobalite and/or tridymite may crystallize, although quartz is the stable phase.

2. High-quartz and low-quartz are formed only w1thm their stability fields, never.
at higher temperatures.
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From these facts the following conclusions can be drawn: quartz in an igneous rock
signifies that its crystallization_from the magma took place below 867" (with due

~ TTegard for the effect of pressure); the presence of cristobalite or tridymite, on the

other hand, proves nothing as to the temperature of crystallization.

As already pointed out, at ordinary temperatures quartz is always present as low-
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, that is, above 573 ° In quartz veins and some
pegmatites it crystallized originally as low-quartz. It may therefore be concluded
that the crystallization of the magma corresponding to the commonest quartz-bear-
ing rocks took place above 573° and the residual crystallization in part at least at
lower femperatures. b

o vlenraliaee (Inthm©
The Feld;par Group {_ Lot { wrum deenic)
The feldspars owe 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: the potassium and barium feldspars, which are monoclinic or very nearly
monoclinic in symmetry, and the sodium and calcium feldspars (the plagioclases),
which are definitely triclinic. An ammonium feldspar, buddingtonite, also mono-
clinic, was described in 1964 from a hot-spring deposit in California. A point of great
interest is the solid solution between albite, NaAlSi,Q,, and anorthite, CaAl,Si,0,.

The theory that feldspars of intermediate composition were mixed crystals of these

two components was proposed by Tschermak in 1869. It is now known that NaS;j

often sustitutes for CaAl, but Tschermak’s theory is of historic importance as a first
suggestion that so radical a substitution is possible.
 The general formula for the feldspars can be written WZ,0Oy, in which W may be

Na, K, Ca, and Ba, and Z is Si and Al, the Si: A1 ratio varying from 3:1 to 1:1.

Since all feldspars contain a certain minimum amount of Al, the general formula

may be somewhat more specifically stated as WAI(ALSi)Si,0, the variable (ALSH)

being balanced by variation in the proportions of univalent and bivalent cations.
The structure of the feldspars is a continuous three-dimensional network of SiQ,
‘and AlO, tetrahedra, with the positively charged sodium, potassium, ealcium, and
barium situated in the interstices of the negatively charged network. The network of
Si0, and AIO, tetrahedra is elastic to some degree and can adjust itself to the sizes
of théiait;iggrs;}xhﬁn;lhg,.C@tiQI}S‘a{q relatively large (K;Ba) the symmetry is mono-
clinic or pseudomionoclinic; with the smaller cations (Na,Ca) the structure is slightly

distorted and the symmictry becomes triclinic. o e

" The bariu}n-cdntaining feldspars are rare and of no importance as rock-forming
minerals, and so we will omit them from further consideration. “The feldspars may
then be discussed as a three-component system,-the components being KAIS;i,O,

(Or), NaAlSi,0; (Ab), and CaAlSi,04 (An). Complexities are introduced by the’

solid solution relations existing among these three components and the occurrence of

polymorphic forms, '
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The potash-feldspar minerals occur in several distinct forms having different but
. intergradational optical and physical properties. Sanidine. the monoclinic high-tem-
perature polymorph, occurs in volcanic rocks. Common orthoclase, another mono-
clinic variety, and microcline (triclinic) are found in a wide variety of igneous and
metamorphic rocks which have crystallized at intermediate to low temperatures.
Adularia is the name given to a form (which may be either monoclinic or triclinic)
“with a distinctive cf)stal habit fourid in low-temperature hydrothermal veins.

Recent research has clarified the relationship between these forms. Microcline and
sandidine are polymorphs with an order-disorder relationship, the Si and Al atoms
being randomly distributed over their lattice positions in sanidine but ordered in
microcline. The disordered form is the more stable polymorph above about 700°, and
microcline has been transformed into sanidine by hydrothermal treatment at this
temperature; the reverse transformation has not been achieved in the laboratory,
evidently because of the high activation energy required for the ordering of the Si
and Al atoms. Orthoclase and adularia are structurally intermediate between sani-
dine and microcline. Much orthoclase probably crystallized originally as sanidine.
Adularia is evxdently a metastable form that develops under conditions of rapid crys-
tallization within the stability field of microcline; the rapid crystallization prevents
the attainment of an ordered arrangement of Si and Al °-

At high temperatures complete solid solution exists between KAISi,Og and
NaAlSi,0,. The more potassic members of the series are monoclinic and are called
soda-orthoclase; indced, most of the orthoclase we identify in rocks is really soda-
orthoclase with considerably more potassium than sodium. The more sodic members
of the series with greater than 63% albite are triclinic and are called anorthoclase.
At lower temperatures solid solutions intermediate between orthoclase and albite are
metastable and under conditions of slow cooling break down into an oriented inter-
growth of subparallel lamellae, alternately sodic and potassic in composition. Such
an intergrown is called perthite or antiperthite. In the perthites the plagioclase occurs
as uniformly oriented films, veins, and patches within the orthoclase (or microcline);
in the antiperthites this relation is reversed. Many apparently homogeneous speci-
mens of alkali feldspar prove to be perthitic on X-ray examination, the intergrowth
being submicroscopic. Perthite, when heated for a long time at 10007, becomes
homogeneous once more. Not all perthites have been formed by exsolution; some are
undoubtedly the product of partial metasomatic replacement of an originally homo- ‘
gencous potash feldspar by sodium-bearing solutions. A

X-ray examination of potash feldspar and of albite provides the following expla-
nation of the perthite lamellar intergrowth. The framework of linked SiO, and AlO,
tetrahedra, being similar for the monoclinic and triclinic -forms, is continuous
_ throughout the structure. At high temperatures the K and Na ions are randomly
distributed in the framework, producing a homogeneous crystal. At lower tempera-
tures ordering may occur with the formation of potassium-rich and sodium-rich
lamellae, producing alternate sheets with monoclinic or pseudo-monoclinic and tri-
clinic symmetry, respectively. The a repeat of potash feldspar and albite is markedly
different (8.45 A and 8.14 A), whereas the b-and ¢ repeats are almost identical
(1290 A, 7.14 A and 12.86 A, 7.17 A). This accounts for the lamellae being approx-
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imately parallel to 100, since the b and ¢ repeats coincide in the 100 plane, whereas
the @ repeat running through the lamellae shortens in the albite regions and length-
ens in the potash feldspar regions:-

The Or—Ab system has been carefully studied by many investigators (Figure
5.5). Great difficulty has been experienced in the laboratory investigation of this Sys-
tem on account of the viscosity of the melts and their extremely sluggish crystalli-
zation. Considerable advances have been made by the addition of water under pres-
sure, which promotes crystallization and lowers its temperature without affecting the
general equilibrium relations. A pressure of 2000 kg/cm? of water lowers the crys-
tallization temperature by as much as 300°, thereby confirming the opinion long held
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among some petrologists as tothe importance of the water content in reducing the
temperature of magmatic crystallization. The system Or—Ab is sot truly binary

because of the incongruent melting of Or to give leucite; howevcr the field of leumte )

almost disappears at 2000 kg/cm’ pressure.

" The shape and position of the solidus 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 about
680°C at a composition close to 55% Ab. Thus crystallization above 680° in the
Or—Ab system gives a single feldspar at any composition. Any point on the solvus
represents the minimum temperature of stable existence for homogeneous feldspar
of that composition; if equilibrium is maintained below that temperature, the feld-
spar will begin to unmix.

The system Ab—An, long quoted as a classic example of perfect solid solution,
also shows unexpected complications (Figure 5.6). The solidus-liquidus relations, one
of the first fruits of research at the Geophysical Laboratory, remain largely una-
mended. The virtually complete solid solution at high temperatures, however, is
affected by the inversion of albite to a low-temperature form at about 700°; the
relationship between the low and high forms is evidently an order-disorder one, sim-
ilar to that between microcline and saniding. The unit cell of anorthite has a doubled
¢ axis with respect to that ‘of albite, and two distinct structures are found, primitive
(P) and body-centered (I) respectively. These complications were first suspected
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when discrepancies were observed between the optical properties of plagioclases of
the same composition from volcanic and plutonic rocks. indicating distinct series of
high-temperature and low-temperature plagioclases. The low-albite structure can
accept only a little calcium replacing sodium, and in the approximate range An, to
An,; plagioclases are usually submicroscopic intergrowths, known as peristerite; of
sodium-rich and calcium-rich regions. Plagioclases more calcic than about An,, crys-
tallize in variants of the anorthite structure, and submicroscopic intergrowths of
sodium-rich and calcium-rich regions may be present also (Boggild and Huttenlocher
intergrowths). Thus many plagioclases that appear optically homogeneous prove to
consist of complex intergrowths when examined by X-ray techniques.

The mutual ‘miscibility of Or and An is nearly zero at all temperatures, hence
»v»arféties intermediate between these two components do not occur. Careful analyses
of homogeneous plagioclases have shown that the potassium content is ysually very
low, indicating that the normal amourtt of the KAISI, O, component in solid solution
is about 1% and that it seldom rises above 5%

The composition of any feldspar is conveniently expressed by the use of the sym-
bols Or, Ab, and An for the pure components: thus Ab,, and Ang, would be a pla-
gioclase falling in the labradorite section of the series, and OryAbgAn, is the com-
position of a possible anorthoclase.

The Feldspathoids

The feldspathoids are a group of alkali-aluminum silicates that appear in place of
the feldspars when an alkali-rich magma is deficient in silica. They are never asso-
ciated with primary quartz. The following minerals are the more important members
of this group: )

Leucite KAISi,0,

Kaliophilite KAISiO,

Kalsilite KAISiO,

Nepheline NaAlSiO,

Sodalite Na;AlLSi0,,(Cl,)
Nosean NaAlSis0,(S0,)
Cancrinite Na;AlLSi0,4(HCO,),

Analcime, NaAlSi,0,. H,0, is sometimes included among the fcldspa_thoids; 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. V

They are grouped together more on petrographical than mineralogical similarities.
Structurally, the feldspathoids belong to the tektosilicates, the SiO, and AlO, tetra-
hedra being linked as in the feldspars, whereas the metal ions (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 evidently due to
the comparatively high Al:Si ratio; the aluminum is removed in solution and the

lattice then collapses, often with the formation of gelatinous silica. A
Leucite is the commonest potassium feldspathoid. It is abundant in the volcanic
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rocks of a few regions. It is not found in plutonic rocks, and laboratory investigations
have indicated that leucite is not a stable phase in the K,O—ALO;—S10, system at
high pressures. Analyses of leucite show that a little sodium ‘may replace potassium
in the structure. Kaliophilite and kalsilite are mineralogical curiosities; kaliophilite
has been recorded in Vesuvian lavas, kalsilite in lavas from East Africa. Their optical
properties are so similar to those of nepheline that misidentification could readily
occur. On this account they may be of wider distribution than present records
indicate.

Nepheline is the commonest of the feldspathoids and is found in both volcanic and
plutonic rocks. It is isomorphous with high-tridymite (cf. the formulas NaAlISiO,
and SiSi0,). The analogy between NaAlISiO, and SiO, is further emphasized by the
inversion at 1248° of nepheline to carnegieite, a high-temperature form which is
isomorphous with high-cristobalite; carnegieite has not been found as a mineral.
Analyses of nepheline generally show an excess of Si over the theoretical amount,
the ratio Si:Al ranging up to 1.4 and the sodium being correspondingly deficient.
The phenomenon is one of Si replacing Al and the consequent omission of sodium
ions to preserve electrical neutrality. Nepheline always contains some -potassium
replacing sodium, the Na:K ratio often being close to 3:1; this reflects the atomic
structure, in which one of the four positions that can be filled by an alkali ion s
larger than the other three and preferentially accommodates potassium. ’

The Pyroxene Group

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 systems, orthorhombic and monoclinic. The group characteristics are
the outward expression of common atomic structure. The tetrahedral SiO, groups -
are linked together into chains by the sharing of one oxygen atom between two ad)a-
cent groups; that is, in each group two oxygen atoms also belong half to the groups
on cach side, giving the Si:O ratio of 1:3. The silicon-oxygen chains lie parallel to
the vertical crystallographic axis and are bound together laterally by the metal ions.
The distinct prismatic habit of pyroxene crystals is a consequence of this internal
_ structure, as is also the typical cleavage, which takes place between the silicon-oxy-
" gen chains. ’ -

The chemical composition of the pyroxenes can be expressed by the general for-
mula (W),_ (X, ¥)14,Z,04, in which the symbols W, X.Y, and Z indicate elements
having similar ionic radii and capable of replacing each other in the structure. In the
pyroxenes these elements may be ‘ :

W: . Na, Ca
X: Mg, Fe’*, Li, Mn
Y: Al Fet, Ti'

- , Z: Si, Al (in minor amount)

The pyroxenes fall naturally into two divisions, those of orthorhombic symmetry
and those of monoclinic symmetry. '
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- On the basis of chemical composition and crystal system the following distinct
species are recognized:

Acgirine (acmite)

Orthorhombic Pyroxenes

Enstatite MgSi0,
Hypersthene (Mg, Fe)SiO,.
Monoclinic Pyroxcnes

. Clinoenstatite MgSiO,

Clinohypersthene (Mg,Fe)Si0,

Diopside CaMgSi,0q

Hedenbergite CaFe?*Si,04

Augite Intermediate between diopside and hedenbergite
» with some Al )

Pigeonite Intermediate between augite and clinoenstatite-

clinohypersthene
NaFe**Si,0,

Jadeite, NaAlS1,0O,
Spodumene L1AlSi, O
Johannsenite CaMnSi,0,

Spodumene, although a member of the monoclinic pyroxenes, is not closely related
to the other species in the group, and no intermediate compounds are known. It is
not an important rock-forming mineral, being confined to the complex granite peg-
matites. Jadeite is a rare mineral of metamorphic rocks. Johannsenite-is found only
as a vein mineral. These species are not considered here.} '

The orthorhombic pyroxenes range in composition from pure MgSiO, to about
90% FeSiO,. The compound FeSiO, is not a stable phase at high temperatures and
low pressure; from a melt of its composition silica and fayalite (Fe,SiO,) will crys-
tallize. It has been reported in the monoclinic form from lithophysae of an obsidian,
where it would have formed at moderate temperatures. The common orthopyroxenes
of igneous rocks are all magnesium-rich. The orthorhombic pyroxenes have been
divided into a number of subspecies based on composition, similar to the division of .
the plagioclase series. The utility of such subdivision is dubious; subspecific names
are a burden on the nomenclature and the memory, and in géneral a designation in
the form hypersthenc (En,) is to be preferred, just as plagioclase (An,s) is preferable
to a less precise identification as oligoclase. - . :

When heated above 985° pure MgSiO; changes into protoenstatite, another ortho-
rhombic phase with a different structure, which is stable up to 1557°, when it melts .
incongruently to give forsterite plus liquid. Protoenstatite has not been found as a
mineral, but on rapid cooling it changes into clinoenstatite, a monoclinic phase.
Hypersthene has a corresponding monoclinic phase known as clinohypersthene. Cli-

_hoenstatite and clinohypersthene are almost unknown in terrestrial rocks but have
_been recognized in some meteorites. Intermediate compounds between these sub-
_stances and augite are, however, found in basic volcanic and hypabyssal rocks and
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are known as pigeonite. Analyses of pigeonite suggest a maximum of about 10 atom
% Cain W+ X + Y. The diopside-hedenbergite series is well established through-
out the whole range tn composition. A limited amount of aluminum can enter into
this series, and such aluminous pyroxenes are called augite. The introduction of Al
into a diopside means that this Al must be divided between the Y and the Z lattice
positions, otherwise the valence demands would not be satisfied. Aegirine is con-
nected with the diopside-hedenbergite series and augite by members of intermediate
composition, which are grouped under the name aegirine-augite.

The compositions of the naturally occurring pyroxenes are extremely variable
because of the possibilities of atomic substitution. In the general formula p is zero
or near zero in the diopside-hedenbergite and aegirine-jadeite series and 1 or close
to 1 in the orthorhombic pyroxenes, their monoclinic dimorphs, and in the pigeonites.
Magnesium and ferrous iron are completely interchangeable. Reliable analyses of
the common pyroxenes, the diopside-hedenbergite-augite group, show a maximum
of about 7% Fe, 0, (corresponding to 10% Fe’* in Y); about 8% Al,O, (corresponding
to 10% or a little more Al replacing Si and a smaller Al replacement in Y); and
about 1.5% TiO,. Minor constituents recorded in pyroxene analyses include chro-
mium {(up to 1.2% Cr,0, in some diopsides and augites), vanadium (4% V,0, in
aegirine from Libby, Montana), and manganese. The miscibility gap between augite
and (Mg Fe)SiO, is considerably less at high than at moderate temperatures; in vol-
canic rocks the pyroxenes may be low-calcium augite (sometimes termed subcalcic
augite) and/or pigeonite, whereas in plutonic rocks the pyroxenes are normal augites
and/or orthorhombic pyroxenes almost free of calcium

The Amphibole Group

The amphibole group comprises a number of species, which, although falling both in
the orthorhombic and monoclinic systems, are closely related in crystallographic and
other physical properties, as well as in chemical composition. They form isomorphous
series, and extensive replacefnent of one ion by others of similar size can take place,
giving rise to very complex chemical compositions. The species of the amphibole
group form a series parallel to those of the allied pyroxene group; they were originally
- looked upon as complex metasilicatés dimorphous with the corresponding pyroxenes.
This is not so, however; the amphiboles contain essential (OH) groups in their struc-
ture, and the Si:O ratio is 4:11, not 1:3 as in the pyroxenes. The true nature of the
amphiboles has been ¢lucidated by X-ray studies, which have shown that the fun-
~ damental unit in their structure is a double chain of linked silicon-oxygen tetrahedra;
in effect it is two single chains with alternate tetrahedra linked by the sharing of the
oxygen, giving an Si:O ratio of 4:11, instead of 1:3 as in single chains. In the struc-
- ture these double chains lie parallel to the vertical crystallographic axis and are
bound together laterally by the metal ions. The binding force between the chains is
not as strong as the Si-O bonds along the chain. This is reflected in the well-known
fibrous or prismatic nature of the amphiboles parallel to the ¢ axis and in the good
prismatic cleavage. Another interesting feature of the amphibole structure is the
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presence of open spaces within the lattice into which an extra alkali atom for each
two S1,0,, groups will fit. '

The difference in chemical composition between compounds of the amphibole type
and corresponding compounds of the pyroxene type is not great, and it is understand-
able that it was overlooked for many years and that the amphiboles and pyroxenes
of similar composition were considered to be polymorphs of the same substance. This
is illustrated by the theoretical compositions of MgSiO, and Mg,(Si,0,,),(OH),

MgO  Si0, H,0

MgSio, 400 600 —
Mg,(SLO,)(OH), 362 615 23

A general formula for all members of the amphibole group can be written
(WXY),4(Z,0,,),(0,0H,F), , in which the symbols W, X,Y,Z indicate elements hav-
ing similar ionic radii and capable of replacing each other in the structure: W stands
for the large metallic cations Ca and Na (K is sometimes present in small amounts);
X stands for the smaller metallic cations Mg and Fe* (sometimes Mn); Y for Ti,
Al, and Fe’*; and Z for Si and Al In the general formula the degree of atomic
substitution is as follows:

1. Al may replace Si in the Si,O,, chains:to the extent of AISi;O;, (the amount of

replacement is a function of the conditions of formation; high-temperature

amphxboles can be more aluminous than low-temperature amphiboles).

Fe* and Mg are completely mtcrchangeable

3. The total (Ca, Na, K) may be zero or near zero or may vary from 2 to 3; how-
ever, total Ca never exceeds 2, and K is present only in minor amounts.

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

g

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

Orthorhombic _
Anthophyllite series ' (Mg Fe)y(Si,0,,),(OH), (Mg predominant over Fe)
Monoclinic

Cummingtonite series (Fe, Mg)7(Sl40”)2(OH)2 (Fe predominant over Mg)
Tremolite series Ca,(Mg,Fe)s(S1,0,,),(OH),
Hornblende series Ca,Na,_,(Mg,Fe,Al);[(Al,Si),),,] ,(OH),
Alkali amphibole series (Na > Ca), eg., .

Glaucophane Na,Mg,Al,(Si,0,,),(0OH),

Riebeckite Na,Fe,**Fe,’*(Si,0,,),(OH),

Arfvedsonite Na;Fe‘,”Fc”(Sil,Oll_)z(OH)2

The anthophyllite series corresponds to the orthorhombic enstatite-hypersthene
series in the pyroxene group. The ratio Mg: Fe ranges from 7:0 up to about 1:1; Al
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is often present-and can replace Si in (Si,O,,) up to (AlSi;0,,), with corresponding

_replacements in the (WAY) 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 pyrox-
ene group. The ratio Fe:Mg ranges from 7:0 to about 1:2; that is, the cumming-
tonite series and the anthophyllite series overlap in the middie composition range.
Rocks containing these two amphiboles side by side have been described. Members
of the cummingtonite series occur mainly in metamorphic rocks.

The tremolite series corresponds to the diopside-hedenbergite series in the pyrox-
ene group. In tremolite magnesium is replaceable by ferrous iron 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 (Si,0,,) groups may enter the
structure. Fhe product of all these substitutions is the hornblende series, analogous
to augite in the pyroxene group but considerably more complex. Thus the mineral
known as hornblende has a very wide range of composition and a correspondingly
wide range in optical properties. Most hornblende is green, but there is a dark brown
variety, long known as basaltic hornblende, which is sometimes considered as a sep-
arate series on account of its distinctive properties.

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

In view of the similarity in composition between corresponding amphiboles and
pyroxenes the circumstances under which one or the other or both will crystallize
from a magma have been the subject of considerable speculation. Amphiboles occur
more often in plutonic rocks than in volcanic rocks, evidently because the incorpo-
ration of OH groups in the structure is favored by crystallization under pressure.
However, the composition of the magma may also be significant. The Ca:Fe: Mg
ratios of igneous hornblendes and pyroxenes show characteristic differences; many
hornblendes fall in the composition gap between augite and the pigeonites and ortho-
rhombic pyroxenes. . :

‘The Olivine Group *~ -~ . o

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

Glaucochroite

 Forsterite © Mg, SiO,

- ‘Fayalite Fe,Si0, .
Olivine (Mg,Fe),Si0,
Tephroite Mn,SiO, '
Monticellite CaMgSiO,
“Kirschsteinite CaFeSiO,

CaMnSiO,
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The only common rock-forming olivines arc the magnesium-iron compounds,
although monticellite is found in metamorphosed limestones and monticellite and
kirschsteinite have been recorded from basic igneous rocks. The other species are
known from ore deposits in metamorphosed limestones. ‘
. X-ray studies on olivine show that it is built up of independent SiO, tetrahedra
and that the magnesium and ferrous ions lie between irregular groups of six oxygens
and belong to two sets that are not structurally identical. In keeping with this struc-
tural type, which does not have extended chains or rings of SiO, tetrahedra, the
minerals of the olivine group have no tendency to form fibrous or platy crystals and
generally occur as equidimensional crystals. The close-packed structure of olivine is
reflected in comparatively high density (forsterite, 3.22; cf. enstatite, 3.18; antho-
phyllite, 2.96; talc, 2.82) and high refractive indices.

The composition of olivine generally corresponds closely to (Mg,Fe),SiO,, there
being little replacement by other elements. Substitution by calcium is evidently
strongly temperature-dependent, since olivine from plutonic rocks seldom contains
more than 0.1% CaO, whereas that from volcanic rocks usually contains more than
this amount, ranging up to a maximum around 1% CaO. Manganese is present in
most olivines and correlates positively with Fe content, ranging from about 0.1% in
forsterites up to 1 to 2.5% in fayalite. Olivines from dunites generally contain some
nickel, often about 0.3%. A noteworthy feature of olivine is the practical absence of
aluminum; evidently replacement of Mg 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 composition of individual specimens may be very complex,
but a general formula of the type W(X,Y),_,Z,0,, (OH,F), can be written for the
group as'a whole. In this formula W is generally potassium (Na in paragonite); X
and Yrepresent Al, Li, Mg, Fe?*, and Fe**; Z represents Si and Al, the Si: Al ratio
being generally about 3:1. The different species form a typical isomorphous group,
but the phase relations have not yet been fully worked out. Two members of the
group frequently crystallize together in parallel position. Biotite crystallizes in this
-way with muscovite, muscovite witlr lepidolite, and so forth. In the following list the
formulas have been simplified to an ideal type conforming to the structure estab-
lished by X-ray investigation.

Muscovite KAL(AISI;O,)(OH),
Paragonite NaAlL{AlSi,0,,)(OH),
Phlogopite KMg,(AlSi;0,,)(0OH),
Biotite K(Mg,Fe);(AlISi,0,.)(OH),
Lepidolite KLi,Al(S1,0,,)(OH), '

The structural scheme of mica is as follows: The basic units, the SiQ, tetrahedra,
are each linked by three corners to neighboring tetrahedra, forming a sheet. Each
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SiO; tetrahedron thus has three shared and one free oxygen; hence the composition
and vaiency are represented by (Si,0,0)*". Two of these sheets ofdinked tetrahedra
are placed together with the vertices of the tetrahedra pointing inward. These ver-
tices are cross-linked by Al in muscovite or by Mg and Fe in phlogopite and biotite.
Hydroxy! groups are incorporated and linked to Al, Mg, 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, with the potassium ions placed
between them (illustrated in Chapter 6, Figure 6.4).

The common mica of igneous rocks is biotite. Muscovite is present in some gran-
ites. Lepidolite has been recognized in a few granites, but its typical mode of occur-
rence is in granite pegmatites Phlogopite is sometimes found in igneous rocks rich
in magnesium and poor in iron, such as peridotites, but is more common in meta-
morphosed limestones and in some pegmatites. Paragonite is a rare mineral of
schists.

The common occurrence of biotite in igneous rocks in contrast to the limitation of
muscovite to pegmatites and some granites has been clarified by the work of Yoder
and Eugster (Figure 5.7). They found that the stability curve for phlogopite lies
about 300" higher than that for muscovite and is well above minimum melting curve
for granite. This means that phlogopite (and biotite) can form directly from a
magma at normal crystallization temperatures. The stability curve for muscovite, on
the other hand, lies below the minimum melting curve for granite at low pressure,
intersecting it at about 700° and 1500 atm of water-vapor pressure; hence muscovite
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Figure 5.8 Variation of chemical composi-
tion of biotite with rock type;
(A) in ultrabasic rocks; (B) in
gabbros: () in diorites; (D) in
granites; (£) In pegmatites.
(After Heinrich, Am. J. Sci.
244, 836, 1946)

Fe203 + T102

in a granite implies crystallization at high water-vapor pressure, that is, considerable
depth, or later introduction into the already crystallized rock.

Biotites .from igneous rocks are exceedingly variable in chemical Ccomiposition.
Magnesium and ferrous iron are completely diadochic, and all types are known, from
iron-free (i.e., phlogopite) to varieties in which nearly all the magnesium is replaced
by iron. Ferric iron may replace half or more of the six-coordinated aluminum. Part
of the hydroxyl may be replaced by fluorine, although most analyses of igneous bio-
tites show only small amounts of this element. Minor amounts of Mn, Ti, Li, Na,
and Ca are recorded in analyses of biotite, and less commonly Ba, Cr, Ni, Rb, and
Cs. There is a general trend from magnesium-rich biotites in ultrabasic rocks to iron-
rich biotites in granites and nepheline syenites (Figure 5.8). Aluminum is greatest
in biotites from granites and pegmatites and is lowest in biotites from ultrabasic
rocks; silicon shows an inverse relationship to aluminum.

THE NATURE OF A SILICATE MELT

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 may be inferred that a good deal of the structural arrangement is preserved
on melting. Since the silicon-oxygen bonds are much stronger than other links in
 silicate structures, it is reasonable to assume that these bonds are present to some
extent in the liquid also; that is, the anions in the melt are predominantly polymer-
ized silicon-oxygen tetrahedra linked by sharing oxygens into one-, two-, or three-
dimensional networks, similar to those in crystalline silicates but more irregular. _The
hlgh v130051ty of sxhcate melts is evidently due to the presence of these complex sili-
. con-oxygen groupings.
- The degree of polymerization of the silicate anipns is markedly affected by the
ratio of Si (and Al) to O. The linking of the silicon-oxygen tetrahedra will be greatest
at Si: O ratio of 1:2 and will decrease as the proportion of Si decreases. This is borne
out by the increase in viscosity of silicate melts as the SiO, content incredses. The
presence of other ions is also significant. In alkali silicate melts the viscosity decreases

A
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in the sequence K > Na > Li; evidently sodium is more effective than potassium-in
disrupting the Si-O bonds and thereby breaking up the polymerized anions into
smaller units, and lithium even more so. Probably bivalent cations are even more
effective in this respect; iron-rich melts are of notably low viscosity even at high SiO,
contents. Laboratory experiments have shown, however, that small amounts of H,O
have a particularly remarkable influeice in decreasing the viscosity, evidently
because of the strong tendency for the reaction H,0 + O*~ = 2(OH)to take place.
The oxygen links between silicon-oxygen tetrahedra are thereby destroyed by the
formation of hydroxyl groups, and the polymerized anions broken down into simpler
groups. Since the “molecular weight” of OH is low, a small weight percentage of
H,O in a silicate melt is very effective in eliminating links between silicon-oxygen
tetrahedra. Silicon and other complex or polymer-forming cations such as aluminum
are termed network formers while elements that give up oxygen to the predominantly
covalent cation-oxygen complexes are known as network modifiers.

CRYSTALLIZATION IN SILICATE MELTS

Through the study of crystallization in artificial silicate melts of known composition
~e great advances havé.been made in the understanding of the geochemistry of igneous
’ rocks. The principles of heterogeneous equilibrium govern crystallization from a lig-
uid; they express the conditions under which only one of the possible crystallization
products is to be expected and under what conditions more than one may appear
simultaneously. The basic relation is, of course, the phase rule, 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 been extended in the consideration of geochemical processes in the following
way: In.any system the maximum number of phases can be reached only when the
number of degrees of freedom are at a minimumy. This state can be realized by fixing
both temperature and pressure. However, it is extremely unlikely that such condi-
tions wili occur during magmatic crystallization, since it proceeds as a rule over a
great P-T range; that is, these factors remain variable and thus give two degrees of
freedom. Under these circumstances the phase rule becomes P = C; that is, in a
system of n components at arbitrary temperature and pressure no more than 7 phases
(minerals) can be mutually stable. This extension of the phase rule is due to Gold-
schmidt and is sometimes known as the mineralogical phase rule, .
Earlier in this chapter it was remarked that despite their wide range in chemical
composition igneous rocks have a comparatively simplé mineralogy in that probabty
99% are made up essentially of seven minerals or mineral groups. This limitation to
the number of phases normally formed by the crystallization of a magma is clearly
understandable in terms of the phase rule. Actually, considering a magma as an °
eight-component system of O, Si, Al, Fe, Mg, Ca, Na, and K, it is improbable that
as many as eight phases would crystallize from any composition. in that system
because the individual components are not completely independent, some being
capable of replacing each other atom for atom in minerals.
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Since 1905 a steady stream of publications dealing with equilibria in successively
more complex silicate systems has been issued by the Geophysical Laboratory. Since
the results of this work are fully described and discussed in standard texts on petrol-
0gy, no 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 significant in petrogenesis, since compositions within it
are reasonably close to basalts and gabbros, which are often essentially pyroxene-
plagioclase rocks. We may start with the three-component system diopside (Di)-
anorthite (An)-albite (Ab). The phase relations as worked out by Bowen in 1915 are
given in Figure 5.9. It is now known that the system is not strictly ternary, because
some AlLO, from the plagioclase enters the diopside; however, the phase relations as
established by Bowen are still valid. The equilibrium diagram is divided into a pla-
gioclase field and a diopside field by a boundary curve joining the eutectic points in
the Di-—An and Di—Ab systems. This boundary curve is known either as a reaction
curve or a cotectic line; it marks the bottom of a valley on the liquidus surface, as
can be seen from the temperature contours. From any melt with a composition that

Diopside

Diopside

Albite 20 0 60 80 Anorthite
T : Wt % .

Figure 5.9 The systern albite-anorthite-diopside. (Bowen, Ax1. J. Sci. 190,
167, 1915) »
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places it in the plagioclase field plagioclase crystallizes first, and the composition of
the liquid moves in the directions of the reaction curve: when 1t reaches this curve,
diopside begins to crystallize; thereafter diopside and plagioclase crystallize together,
and the composition of the melt follows the reaction curve towards the albite-diop-
side eutectic. Solidification is complete at a point that varies according to the initial
composition of the melt and the extent to which the composition of the feldspar
changes during crystallization. The course of solidification is similar for a melt with
an initial composition placing it in the diopside field, except that diopside is then the
first phase to crystallize.

By the addition of FeSiO; (Fs) as a fourth component, compositions resembling
those of basalts and gabbros can be represented. This system has not been completely
worked out in the laboratory, but considerable data are available for it, and Barth
established a tentative and simplified equilibrium diagram in the form of a tetrahe-
dron in which each corner represents one component (Figure 5.10). In this diagram
A represents Ab, B An, C Di, and D Fs; the point p is the Di—Ab eutectic, ¢ the
Di—An eutectic, and r and s the (probable) eutectics between Fs and An and Ab.
The system consists of two binary solid solution series, the plagioclase series 4B and
the pyroxene series CD; four binary eutectic sy stems AC, BC, BD, and AD, with
binary eufeetics at p, ¢, r, and s; and four ternary, “systems each divided into two
fields by the reaction curves pq, gr, rs, and sp; the quaternary system itself is divided
into two parts by the reaction surface.

D (Fs)

A (Ab) p C (Di)

Figure 5.10 Tetrahedron illustrating the approximate com-
position of basaltic lavas. The plane pgrs rep-
resents the boundary surface Separating those
lavas that precipitate pyroxene first from those
that precipitate plagioclase first. (Barth Am. J.
Seci. 231, 331, 1936)
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From a melt with any composition between 4B and the reaction surface the first
phase te crystallize is plagioclase. The melt thereby becomes richer in components
Cand D, and eventually its composition lies in the reaction surface pqrs. When this
surface is reached, pyroxene begins to crystallize together with the plagioclase. From
then on the composition of the melt lies in the reaction surface and moves down the
temperature gradient, and the crystals of both plagioclase and pyroxene react with
the melt and change in composition continuously 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 wiil be rich in
An and Di and the last-formed crystals richer in the Ab and Fs components.

Barth studied the composition and sequence of crystallization of a number of
basalts and showed that the ideas developed from a consideration of the quaternary
system discussed above are borne out by the petrographic data. He was able to derive
‘approximate coordinates for the position of the reaction surface by plotting in the
tetrahedron the compositions of those basalts that showed evidence of simultaneous
crystallization of plagioclase and pyroxene. The points thus obtained défined the
reaction surface; he found that they lay almost exactly in one plane and that the
position of this plane agreed with the position that would be expected on the basis of
the (incomplete) laboratory study of this system.

The experimental study of the crystallization of natural and synthetic melts of
basaltic or near-basaltic composition has been greatly extended since the pioneer
work of Bowen and Barth. The principles outlined above remain valid, but the
detailed information is much more extensive, and possible complications and varia-
tions on the simple system have been clucidated. A comprehensive summary is pro-
vided by the monograph of Yoder (1976).

The KAISiO,—NaAlSiO,—SiO, System

Compositions within this system are close to some igneous rocks—the granites, syen-
ites, nepheline syenites, and the corresponding rhyolites, trachytes, and phonolites.
Investigation of laboratory melts has shown that fractional crystallization of complex
silicate melts containing potassium, sodium, and aluminum leads always to a residual
liquid enriched in alkali-aluminum silicate. Bowen therefore referred to the
NaAlSiOF«KAlSiO,‘—SiO2 system as “petrogeny’s residua system.” In the equilib-
rium diagram (Figure 5.11) the KAISi;05—NaAlSi,0, join divides the system into
two portions. Compositions between this boundary and the SiO, apex approach gra-
nitic compositions; compositions below this boundary (i.e., toward the NaAISiQ,~—
KAISiO, join) approach the compositions of alkaline magmas which may crystallize
as alkali feldspar plus nepheline or leucite. The most significant feature is the low-
temperature trough within the 1100° 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. Bowep pointed out that, if fractional crystallization has been
of fundamental importance in the differentiation of magmas, then those igneous
rocks that are the products of the crystallization of residual melts should have salic
components with bulk compositions lying in this low-temperature trough. He was



116 PRINCIPLES OF GEQCHEMISTRY

S
~

1460°
Orthorhombm
Vid (IQ Na)AlSiO
\ solid solutions
© 1750°

30 40 60 1588° 70 80 90 KAISIO
4

1526° @
NaAlSio, 1°

Figure 5. II Equilibrium diagram for the system NaAlSiO,—KAISiO—
Si0,. The black dots. represent plots of normative compositions
(except anorthite) of the averages of 15 tinguaites (A4), 25 pho-
nolites (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) -
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able to produce many such examples from among the rhyolites, trachytes, and phon-
olites, and plots of the salic portion of the average granite, rhyolite, syemte etc, all
fall in the low-temperature region, as shown by Figure 5.11.

Further work on the NaAlSi,0,~—KAIS1,0,—SiO, part of this system under
water-vapor pressure has established these relations even more clearly (Figure 5.12).
The phase relations in this system resemble those in the albite-anorthite-diopside
system, there being two composition fields, one in which quartz is the first mineral
to crystallize, the other in which alkali feldspar crystallizes first. These two fields are
separated by the reaction curve 4B. Under a water-vapor pressure of 1000 kg/cn?’,
crystallization ultimately leads to a low-temperature trough around the middle part
of AB. When the normative composition of analyzed granites is calculated in terms
of Si0,, NaAlSi,0;, and KAISi;O; and these points are plotted on a composition
diagram, the frequency clearly reflects the position of this low-temperature trough;
that is, the felsic portion of most granites corresponds in composition to the late liquid
fraction produced by crystallization in the SiO,~NaAlSi;0,—KAISi;,0; system.
This observation supports a process of fractional crystallization for the formation of
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Figure 5.12 Composition of natural granites and its relation to the low-

- melting region of the system Si0,—NaAlSi;04—KAISi,0,:
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Bowen, Geol. Soc. Amer. Mem. 74, 1958) ’
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most granites and is consistent with a magmatic origin for them. However, the evi-
dence also shows that in fractional melting of rocks of appropriate composition the
initial liquid would have a similar granitic composition.

THE CRYSTALLIZATION OF A MAGMA

From the study of crystallization in artificial silicate melts and the coordination of
the results thereby obtained with the observations of igneous petrology, important
conclusions have been established regarding magmatic crystallization. Simple eutec-
tic crystallization, once believed to be common and important in magmas, probably
never occurs. Nearly ‘all rock- forming minerals are solid solution series. Crystalli-
zation of systems containing such compounds takes place over a range of tempera-
ture, and the phases separating from the melt have a considerable range of compo-
sition. The course of crystallization is dependent on the rate of solidification and the
presence or removal of early-formed crystals, whereas in eutectic crystallization the
rate of solidification has no influence, and the final condition is always the same,
whether or not early-formed crystals are removed. Another significant feature.in sil- :
icate systems is the frequent occurrence of incongruent melting, when one solid phase -
will be converted into a different phase by reaction with the liquid. Thus*erystalli-
zation in a magma is characterized by reaction of two kinds: continuous reaction in
a solid solution series, whereby early-formed crystals change uninterruptedly in com- ‘
position by reaction with the melt, and discontinuous reaction, whereby an early- LT
formed phase reacts with the melt to give a new phase with a different crystal struc-
ture and a different composition. This concept of reaction as the fundamental phe- |
nomenon of magmatic crystallization is due to Bowen and was developed by him into |
the reaction principle. ’
Bowen showed that the common minerals of igneous rocks can be arranged into |
two series, a discontinuous reaction series comprising the ferromagnesian minerals }
and an essentially continuous reaction series of the feldspars (Figure 5.13). In effect, !
each of the ferromagnesian minerals is itself a continuous reaction series, since all
are solid solutions. The reaction series that Bowen set up, on the basis both of the -
laboratory study of silicate melts and the petrographic evidence, parallel the general
-sequence .of magmatic crystallization as indicated by the petrology of the igneous T
rocks. L
Theé petrological significance of the reaction principle may be illustrated by con-
sidering briefly the crystallization of a basaltic magma of such composition that
olivine and bytownite are the first phases to form. As the temperature {alls they react
more or less completely with the melt and are converted into pyroxene and labra-
" dorite, and if no fractionation takes place the melt solidifies as a pyroxene-labradorite
rock, a basalt or gabbro. If fractionation takes place and some of the early-formed
olivine and bytownite is removed from the system, the reaction process will continue
_further, and the remaining melt will act upon pyroxene and Jabradorite to form horn-
blende and andesine. 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 is a watery solution rich in silica.
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Figure 513  The reaction series.

At this stage it is of interest to examine some of the aspects of the continuous and
discontinuous reaction series of Figure 5.13. First, the discontinuous reaction series
{ is marked by increasing complexity of silicate linkage, the sequence being isolated
tetrahedra—single chains-double chains—sheets. This sequence is also synonymous
with greater size of the structural units, the unit cell volumes increasing as follows:

, Forsterite 294 A®
] : Diopside 434 A?
. Hornblende 925 A3

i ' Biotite 979 A}

The latter part of the series is characterized by the introduction of fluorine and
i hydroxyl into the structures (hornblende and biotite), reflecting a higher concentra-
ke , . ¢ tion of volatiles as fractionation proceeds. Since biotite contains essential potassium,
g s crystallization in place of hornblende is probably conditioned in part by increasing
_concentration of potassium in the liquid. : ’ '

- This sequence of decreasing complexity of silicate linkage in passing up the dis-
_ continuous reaction series reflects an increasing thermal stability. Any of the linked
[ . : structures lower in the series can be disintegrated into fragments of structures higher

S
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in the series by heating. Thus with increasing temperature a mica sheet can conceiv-
ably—be-disintegrated into amphibole double chains, pyroxenc single chains, and
finally single tetrahedra, each step being accompanied by the production of a liquid
residue. The melting of -hornblende to give pyroxene 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 Al In the olivine there is no evidence of any such
replacement; in most magmatic pyroxenes the amount of replaced Si is generally
low, but it is greater in the magmatic amphiboles, and in biotite at least one-fourth
of the Si is always réplaced by Al (the Si: Al ratio in igneous biotites ranges from
6:2 to 5:3). In contrast to this feature the Al:Si ratio in the continuous reaction
series of the plagioclases 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 continuous and discontinuous branches.

The structural significance of the Al—Si substitution is evidently connected with
the distribution of bond energies. If aluminum proxies for silicon in an SiO, group,
the lower charge on the aluminum ion results in lesser neutralization of the negative
charges on the oxygen anions, and this increment of negative charge leads to stronger
bonding between the sﬂrcate umts Substltutron of aluminum for silicon in a structure

but also in individual mmcrals of the dlscontmuous reaction series. Alummum sub-
stituting silicon in amphiboles and pyroxenes evidently increases their thermal
stability.

The reaction series provides us with a concise staterment 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
concentration of these elements in the liquid is decreased. The crystallization of oli-
vine also changes the Mg : Fe ratio in the liquid, since this ratio is always higher in
the crystals than in the liquid ffom which they separate. In effect, olivine and all the
other ferromagnesian minerals are individual continuous series in 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 appear-
ance of hornblende as a stable phase in the discontinuous reaction series some sodium

may be incorporated in this mineral also. Potassium remains in the liquid until a late

~ stage, since it can be removed in apprecrable amounts only in blotlte and in potash
, feIdspar

According to the reaction principle, therefore the fractional crystalhzatlon of a
basaltic magma under suitable conditions can lead to the successive formation of
more siliceous rocks until ultimately a granitic composition is reached. This sequence
‘has been confirmed in many areas of igneous rocks, for example, the Oslo region, the

P
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Caledonian plutonic rocks of western Scotland, and the batholith of southern Cali-
fornia. Nevertheless, as Bowen himself pointed out, fractional crystallization is a very
flexible process, and two magmas of approximately the same initial composition may
produce very different rock types. One of the best documented examples of the frac-
tional crystallization of a basaltic magma is the Skaergaard intrusion (Wager and
Brown, 1967) In this intrusion differentiation has resulted in the late crystallization
of iron-rich rock consisting essentially of plagioclase (Any,), olivine (Fa,,), and cli-
nopyroxene close to hedenbergite. Here the trend of differentiation has been toward
an enrichment in iron instead of an enrichment in silica. Osborn (1962) has shown
that we can distinguish two distinct reaction series. The one leading to a silica-rich
residual liquid, as described by Bowen, is characteristic of the igneous rocks of oro-
genic belts. The other reaction series leads to a residual liquid rich in FeO, and is
typified by layered intrusions such as Skaergaard, the Bushveld intrusion, and the
Stillwater complex. Each of these differentiation series is equally the product of frac-

tional crystallization and reaction, but the very different results reflect a difference

in the partial pressure of oxygen during crystallization. The original reaction series
of Bowen describes what happens during the fractional crystallization of a basaltic
magma under a relatively high oxygen fugacity or partial pressure. Under these cir-
cumstances much of the iron is removed as magnetite, the silica content of the liquid
18 thereby enhanced, and the residual’liquid is silica-rich. On the other hand, under
relatively low oxygen pressure little or no ferric iron is present to form magnetite and
the FeO accimulates in the liquid until it is removed at a late stage by the crystal-
lization of iron-rich olivine and pyroxene. It has been suggested that the oxygen is
provided and controlled by the continuous input of water and possibly CO, from
surrounding rocks. Either H, or CO would be lost from the open system to account

for the chemical balance. This theory is supported by oxygen isotope data, which

indicate a continuous exchange of oxygen with a reservoir of water in the earth’s
crust. ' ' -
Recent work on the crystallization of natural and synthetic melts under high pres-
sures has greatly extended our understanding of the scope and varicty of magmatic
differentiation. For example, the incongruent melting of MgSiO; to give Mg,SiO,
and a silica-rich liquid is eliminated at quite moderate pressures, indicating that
although a reaction relation between olivine, orthopyroxene, and liquid may be an

important factor in near-surface magmatic differentiation, it will be greatly modified -

in the deeper levels of the crust. Green and Ringwood (Table 5.1) have demonstrated
experimentally that the field of primary crystallization of orthopyroxene from basal-
tic magma is substantially increased at high pressure. With increasing pressure the
amount of olivine decreases and that of orthopyroxene increases. The composition of
the orthopyroxene changes with increasing pressure, becoming progressively richer
in aluminum. Green and Ringwood have also studied the crystallization of a basaltic
glass at 1100° and different pressures. Up to 15 kb the glass crystallizes to pyroxene
and plagioclase, but the plagioclase decreases in amount and becomes more sodic
with increasihg pressure, evidently through the incorporation in the pyroxene of cal-
cium and aluminum from the anorthite component. Above 15 kb garnet (pyrope-
almandine) appears and increases in amount with increasing pressure, being formed

E3
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Table 5.1 Crystallization of Basaltic Melt under Diffcring
Conditions of Temperature and Pressure

P (kb) T Phases Present Remarks

10 1250 ol + opx + liq ol > opx

124 1250 ol + opx + %cpx + lig opx > ol

15 1300 ~ ol + opx + cpx + lig opx » cpx > ol
20 1300 opx + liq

ol = olivine,

opx = orthopyroxene,
cpx = clinopyroxene.
Green and Ringwood, Narure 201, 1276, 1964.

by the breakdown of aluminous pyroxene. Plagioclase disappears above 20 kb, and
quartz appears, evidently produced by the decomposition of the albite component
into jadeite going into solid solution in the pyroxene. This sequence is petrologically
equivalent to the sequence gabbro—garnet granulite (garnet, pyroxene, sodic pla-
gioclase)—eclogite. The different behavior under high pressure of the anorthite and
albite components of plagioclase is particularly noteworthy. In this connection potash
feldspar provides a further contrast; there is no corresponding compound to jadeite
(KAISi,O4—leucite—is a feldspathoid and unstable above about 2 kb), and potas-
sium cannot be accommodated in the pyroxene structure. Under high pressures in
the lower crust and upper mantle potassium is probably contained in hornblende or
phlogopite.

Thus the solidification of a magma, although governed by the simple principles of
phase cquilibria and fractional crystallization, is capable of a remarkable versatxllty
under the variety of conditions in the crust and upper mantle. The distribution of the
major elements is controlled by the sequence of mineral separation as the tempera-
ture drops and as the composition of the melt changes by the removal of some ele-
ments in the solid phases. The principles governing magmatic crystallization are,
however, essentially descriptive, not explanatory. They describe héw the major ele-
ments distribute themselves among the different minerals but not why they act in
this way, nor do they tell us anything regarding the fate of the minor elements. The
explanation must ultimately depend on thermodynamic considerations, the ‘energy
changes involved in assembling ions of differing size and charge in particular crystal
lattices.

' THE THERMODYNAMICS OF~MAG-MATIC CRYSTALLIZATION

‘The thermodynamics of magmatlc crystalhzatlon is controlled by the nature of the
ions present, their concentratxon the temperature and pressure, and the type of crys-
tal lattices formed. In effect, the question posed is, “How do changes i in the compo-
sition and physical conditions of the magma affect the solubility of the many differ-
ent possible compounds?” According to thermodynamics, a solid 4 will crystallize
from a liquid containing A if the chemical potential of A is less in the solid than in
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the liquid. However, although we can state the problem, we cannot solve it, since the
necessary thermodynamic data are not available.

Crystallization is essentially an ordering phenomenon. Imra crystal the degree of
order is great and the ions are arranged in a regular lattice, whereas in a melt the
arrangement of the ions, although not entirely random, is of a lower degree of order.
From the viewpoint of thermodynamics magmatic crystaflization is characterized by
the energy and entropy changes involved in removing ions from the melt and packing
them in an orderly fashion in a crystal lattice. The fate of an element during mag-
matic crystallization is linked with its concentration 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 lat-
tices. 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 coor-

dination number. Since in general a number of different ions can satisfy this require-
ment, that ion enters the lattice in largest amount, relative to its concentration in the
liquid, which holds its position in the lattice with greatest tenacity. From studies of
crystal structures and independently of energy considerations, Goldschmidf fornu-
lated the following empirical rules as a general guide to the course of an element
during liquid — crystal formation in a multicomponent system:

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

2. If two ions have similar radii and the same charge, the smaller ion will enter a
given crystal lattice more readily.

3. If two ions have similar radii and different charge, the ion with the higher charge
will enter a given crystal lattice more readily.

The rules essentially state that the cation that forms the strongest chemical bond
will preferentially fill a lattice site, .~ °

Goldschmidt’s 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 on account of its higher charge
and so is concentrated in the early-formed plagioclase. The magnesium ion is some-
what smaller than the ferrous ion, and magnesium is always concentrated in the
early-formed ferromagnesian minerals, whether olivine, pyroxene, amphibole, or bio-
tite. However, Goldschmidt’s rules have had their greatest utility in predicting the
order of removal from a magma not only of the major elements but of the minor
clements also. . .

Chemical variations reflecting the sequence of crystallization of minerals from a
magma or among selected rocks from different areas may be illustrated by means of
variation-diagrams. Variation diagrams are graphs showing chemical constituents of
interest plotted against a selected variable. The variable is most often selected to
reflect the evolutionary trend of magmatic rock series. Commonly the SiO, content
of individual rocks is used, since Si0, tends to increase with mineralogical fraction-
ation. For general considerations it is also possible to use common rock names placed
on.the graphs in the position of average SiO, content. Such a diagram is shown in
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wt %

5i0, (wt %)
Figure 5. 14 Variation dxagram for the USGS standard rocks.-

Figure 5.14 illustrating the variations of some of the specific elements discussed later -

in this chapter. Other variables have been used to reflect evolution of a rock series.
A system often used is the Larsen diagram where the variable (% SiO, + K,0) —
(CaO + MgO + FeO) is used. Triangular variation diagrams may also be used to
plot the mutual relations of three components or sets of components recalculated to
100%. Commonly used is the system (Na,0 + K,0), (FeO + Fe,0;), and MgO.
Rocks derived from the same initial magma generally show smooth variation dia-
grams for individual components. Exotic rocks may plot away from the smooth
curves, indicating their dxfferent ongm .
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MINOR ELEMENTS IN MAGMATIC CRYSTALLIZATION

—When a minor element has the same charge and an ionic radius similar to a major

element, we speak of it as being camouflaged in the crystal lattice containing the
major element. Thus Ga**(0.62 A) is camouflaged in aluminum minerals, and
Hf** (0.78 A)is camouflaged in zirconium minerals. When a minor element has a
similar ionic radius but a higher charge than that of a major element (or the same
charge but a lesser radius), it is said to be captured by the crystal lattice containing
the major element. Thus Ba’* (1.36A) is captured by potassium minerals (K*
1.38A). Finally, when a minor element has a similar ionic radius but a lower charge
than that of a major element (or the same charge but a greater radius), it is said to
be admitted into the crystal lattice containing the major element. Thus Li* (0.74A)
is admitted into magnesium minerals. In capture and admission of ions 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 predicated on a purely ionic basis. This has been carefully considered by Ring-
wood (1955), who shows that the electronegativity of an element, a measure of its
tendency to form covalent bonds, has an important influence on the extent to which
it will proxy for another element of similar size. Elements of the first B subgroup of
the periodic table have considerably higher electronegativities than corresponding
clements of the A subgroups, and this must be considered when comparing diadochy
between elements belonging to different subgroups (Table 5.2). Ringwood expresses
the electronegativity factor in the form of a rule: Whenever diadochy in a crystal is
possible between two elements 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

Table 5.2 Electronegativities of the Commoner Cations

Cation ™ - Electronegativity Cation Electronegativity

* Rb* 0.8 Mn?* 1.4

K* y 0.8 Crt 1.6

Ba* = . . 085 )

Na* . 09 Fe?* 1.65

Sr*t . 1.0 Ni*+ 17

Ca? . 1.0 - Lot 1.7

Lit _ 1.0 - Zn** 17

Rare earths 1.05-1.2 © Fedt 1.8

Mgt | _ . 1.2 © Cu* 1.8 -
St - 1.3 Cu®t 2.0

Vit 1.35




126 PRINCIPLES OF GEOCHEMISTRY

than 0.1. The significance of bond type on the distribution of the elements has been-

extensivelv reviewed by Ahrens (1964).

In order to evaluate the movement of an element between a melt and a crystalline
phase, consideration must be given to its chemical nature in the liquid as well as in
the solid state. Elements that readily form complexes with oxygen or other anions
often will not enter crystal lattices until the activity of their complex form is high
enough to allow new mineral phases to crystallize. Cations with ionic charges of four
or larger and some small-radius trivalent cations occur as complexes with oxygen or
hydroxyl anions in magmas. Included in this group is silicon in the form of SiO§~
the fundamental building block of silicate minerals. A simple measure of the prob-
ability of an element to form a complex is its ionic potential or ratio of ionic charge
to ionic radius. Elements with high ionic potential values tend to form. complexes.
This parameter is also useful in dctermmmg the species of dissolved elements in
water solutions and is described in more detail in Chapter 6. In common magmas
elements with ionic potentials between 0.6 and 2.5 may be considered to occur as
free ions occupying holes in the network of silica polymers. Elements with ionic
potentials between 2.5 and 4.8 maintain an equilibrium between complex and non-
complex species. The concentration of each species in equilibrium is determined by
the composition of the faagma. In most magmas they behave as free ions but in
oxygen-rich solutions they form complexes. Elements with ionic potentials greater
than 4.8 form complexes that may or may not be linked to the silica network. Ele-
ments forming nontetrahedral complexes are not readily incorporated into silicate
minerals and hence will become concentrated in residual magmas. Examples of such
complexes include carbonate CO;2 and borate BO; species. If elements form tetra-
hedral complexes, the larger the charge on-the central cation the less readily is a
complex accepted into a silicate structure. Hence, complexes in which the central
charge is greater than four become concentrated in the fluid phase of magmas. Such
complexes as phosphate PO;?, tungstate WO; 2, and sulfate SO, fall into this cat-
egory. Likewise the larger the size of the central ion in a tetrahedral complex the
less readily it is accepted into a silicate structure. Thus GaO;* and GaO;” tend to
accumulate in residual fluids relative to SiO;* and AlO; . Minerals containing these
rejected complexes are commonly found in pegmatites and hydrothermal deposits.

A more refined approach to the behavior of the first set of transition elements of
B subgroup elements is provided by crystal field theory. These transition metals pos-
sess an incomplete inner d-electron shell. When a transition metal is surrounded and
influenced by the electrical field of anions, the ion’s spherical bonding symmetry and

energy change depending on the coordination of the anions around it. A detailed -

discussion of the extra or crystal field stabilization energy and its application to geo-
chemistry is found in Burns (1970). The crystal field stabilization energy varies with
transition metals depending on whether they are in the divalent or trivalent states
and whether they are in octahedral or tetrahedral coordination. As a gencral rule,
the ionic sizes of the transition metals require that they have octahedral ceordination
in silicate crystals and tetrahedral coordination in the parent magma. An octahedral

site preference energy can be derived that is a partial measure of the preference of
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a transition metal for the crystalline rather than the liquid state. The order of octa-
hedral site preference energy for divalent and trivalent ions is as follows:
M**jons Ni > Cu > Co > Fe > Mn = Zn = Mg
M***ions Cr > Co > V > Ti >Fe = Sc = Ga

These sequences match the observed order of depletion of trace elements in the
Skaergaard Intrusion illustrated by a variation diagram in Figure 5.15. Figure 5.15
shows the success of the above predictions with the notable exception of copper. It
has been suggested that copper does not enter casily into the silicate minerals because
of a predictable but unusual lattice distortion, energy destabilization effect.

The fate of the individual elements during magmatic crystallization is now dis-
cussed briefly, and is illustrated by Tables 5.3 and 5.4.
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Figure 5.15  Distribution of trace elements in Skaergaard Complex pyrox-
o _ . enes from selected rock types: ° :
A.The earliest olivine gabbro exposed
B. Hypersthene olivine gabbros
C. Olivine-free gabbros
. D. Hortonolite ferrogabbros.
E. Ferrohortonolite gabbros A .
- F. Fayalite ferrogabbros - : -
(From Curtis, Geochim. et. Cosmochim. Acta vol. 28, p. 398, 1964).
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Table 5.3 Element Distribution in Minerals of Granodiorite Gneiss. West Greenland*

Element  Plagioclase  Microcline Biotite Hornblende  Titanite Apatite
Cs 0.2 ' 0.4 13 <0.1 <0.1 <0.1
Rb 30 150 120 7.7 <0.3 <0.3
Ba 250 3700 1400 - 28 2.0 132
Pb ’ 16 20 33 7.3 4.1 4.9
Sr 280 250 4.0 13 4.8 120
La 0.9 0.5 1.1 . 15 58 44
Y - 0.5 _ 04 0.4 50 500 250
Nb <0.2 <0.2 5.6 11 80 1.0
Mn — — 2000 3300 1200 —
Ti — — 1.55% 6900 21.8% —

After Mason, Geol. Surv. Greenland, Report No. 71, 1975.
*Figures are ppm unless otherwise stated.

Table 5.4 Element Distribution in Minerals of Cabbro, Muzzle River, New Zealand*

Element Plagiéclase Orthoclase Hornblende Bictite Apatite Titanite
Rb 47 >200 s >200 — —
Ba 510 810 440 1600 6 150
Pb 2 3 <1 60 <1 260
Sr 800 1200 600 420 700 190
La 19 S 78 22 21 1100 400
Y 5.8 1.5 35 11 210 160
Sc 14 8 32 27 <1 >100
Zr 45 60 . 330 160 16 7000
Nb 3 2 65 60 1 2000
Sn <1 <1 2 8 1 23
Mn 40 70 1200 2100 160 700
Ti 200 200 3.2% 3.4% 100 23.8%
% 8 8 120 100 20 110
Ga 14 17 20 60 — —

After Mason, New Zealand J. Geol. Geophys. 15, 463, 1972. -
*Figures are ppm unless otherwise stated.

Cesium

This is the largest cation, and potassium is the only common cation it can readily
replace. Among the rock-forming minerals, it is concentrated in biotite relative to

. potash feldspar (Table 5.3), evidently because the K site in biotite is considerably

larger than that in feldspar. However, during magmatic crystallization most of this
element evidently remains in the liquid until a late stage of crystallization, and it is
found concentrated in granite pegmatites in micas and potash feldspar. Maximum
contents of Cs,0 of 1.9% in lepidolite and 0.7% in microcline have been recorded
from the Varutridsk pegmatite in Sweden. Normally the concentration of Cs does not
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reach high enough values to form separate minerals, but high concentrations of Cs
in some pegmatite liquids mav lead to the formation of pollucite, CsAIST,O,.

Rubidium

The rules of trace element distribution predict that Rb should replace 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 in muscovite, biotite, and potash feldspar
(Tables 5.3 and 5.4). Since Rb™" is considerably larger than K™, rubidium is admitted
into potassium minerals, and accordingly the Rb:K ratio increases with increasing
differentiation; this ratio is highest in pegmatite feldspars and micas.

Barium g

The only major element of comparable ionic size is potassium, and barium appears,
therefore, in biotite and potash feldspar. Because of its higher charge barium should
be captured by potassium compounds. The available data indicate that this is gen-
erally true, barium being relatively enriched in early-formed potassium minerals.
Barium may be accepted in the plagioclase structure, the maximum recorded being
about 0.1%, and to some extent in hornblende, which has a structure site large
enough to accommodate it.

Lead

Traces of lead, the most abundant of the heavy elements, are found in the silicate
material of many igneous rocks, particularly in granites. It is evidently present as the
Pb ion (1.18 A), diadochic with K*. From the lonic charge alone it might be
expected that the lead in a magma would tend to be captured by potassium minerals,
but the much greater electronegativity of lead evidently results in a weakening of
this tendency, and lead is admitted rather than captured by potassium minerals.

Strontium

The size of. the strontium ion indicates that it can proxy for either calcium or potas-
sium, being admitted to calcium minerals (larger radius) or captured by potassium
minerals (higher charge). The data indicate that strontium in igneous rocks is pres-
ent mostly in the plagioclase and potash feldspar and that its concentration in specific
minerals increases as crystallization proceeds. Its  abundance in igneous rocks is
somewhat variable, generally being higher in basalts and gabbros than granites.
Admittance in place of calcium is the dominant process of removal of strontium from
the magma. However, this process does not operate with all calcium minerals;'stronf
tium is present in only insignificant amounts in augite, suggesting that the pyroxene
structure does not readily accommodate-the strontium ion. Strontium has similiar
overall geochemical characteristics to barium. '
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The Rare Earths (including Y)

The charge and the comparatively large radius (Lu 0.85 A—La 1.06A) of the rare
earths, coupled with their general low concentration, suggest that they would show
relatively little tendency to replace the major elements during magmatic crystalli-
zation, and this is borne out by the concentration of rare earths as individual minerals
in pegmatites. However, some replacement of Ca’* by rare earths can take place in '
apatite, and this mineral is the principal carrier of rare earths in most igneous rocks.
Titanite, CaTiSiO;, when present, is alsa a significant carrier of these elements
(Tables 5.3 and 5.4). In granites and pegmatites formed at sufficiently low temper-
atures 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.
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Figure 5.16 Chondrite-normalized rare earth concentrations in (I) oceanic basalt from the
Mid=Atlantic ridge, (II) a composite of continental basalts, (ITI) granite G-1,
(1V) anorthosite, Quebec. Note that Y is plotted between Ho and Er, since its
ionic radius is essentially identical with these elements.
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In view of the extreme difficulty of separating the individual rare earth elements
in the laboratory. it was long assumed that marked fractionation of these elements
“was unlikely to occur during magmatic differentiation;-in-any event, the problem
could hardly be investigated until satisfactory methods for the analysis of these ele-
ments at trace levels were developed. Such methods have become available, and the
wealth of new data has shown that the rare earths are indeed fractionated during
‘magmatic processes, and in ways that throw considerable light on these processes.
Because of their smooth change in ionic radii the rare earths are sensitive indicators
to different igneous processes. A few illustrations are provided in Figure 5.16. In this
diagram the data are chondrite-normalized: that is, the concentrations for the indi-
vidual elements are divided by the corresponding chondritic abundances, considered
to be a close approximation to cosmic abundances. This procedure in effect brings
out the degree of fractionation from a primordial distribution pattern and smoothes
out the odd-even zig-zag patterm of absolute rare-carth element abundances. The
least-fractionated pattern in Figure 5.16 is that for an oceanic basalt dredged from
the Mid-Atlantic ridge, in which the individual elements are uniformly enriched at
15 to 25 times chondritic abundances. Continental basalts show a somewhat frac-
tionated pattern, with relative depletion with increasing atomic number. In general,
the degree of this fractionation increases with increasing magmatic differentiation,
granites such as G-1-showing the greatest effect. Presumably this relative depletion
in the heavier rare earths must be matched by relative enrichment of these elements
in some complementary material. Some peridotites show a relative enrichment in the
heavier rare earths. Clinopyroxene and especially garnet are minerals that selectively
concentrate the heavier rare earths, and the retention of these minerals in the upper
mantle may explain the fractionation of these elements seen in igneous rocks.

The data for the anorthosite are included in Figure 5-16 to illustrate the unique
behavior sometimes shown by europium. Anorthosite is a rock consisting essentially
of plagioclase feldspar, and the Eu anomaly is clearly linked with the feldspar. Under
moderate reducing conditions Eu is unique among the rare carths in existing stably
in the divalent state; in this state its ionic radius is close to that of Sr, and it is then
concentrated in Sr-bearing minerals, which in igneous rocks are the feldspars. Thus
feldspar-rich rocks commonly show a positive Eu anomaly, and this anomaly is even -
more marked in feldspar-rich meteorites and lunar rocks, which crystallized under

more reducing conditions than terrestrial igneous rocks.

Manganese

Manganese is present in magmas as the Mn2* ion and in this form may be expected -
to proxy for Fe?* or for Ca®*. However, manganese is much more electronegative
than calcium and probably on this account is seldom found replacing this element
(except in the apatite of pegmatites). The manganese in igneous rocks replaces fer-
rous iron, and a relative increase in the Mn: Fe ratio has been noted in later differ-
entiates, indicating that the-larger size of the manganese ion causes it to be admitted
to ferromagnesian minerals. There is no crystal field stabilization energy for man-
ganese. Table 5.3 shows clearly the absence of manganese from the calcium-bearing
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plagioclase and its essentially uvniform distribution in the ferromagnesian minerals
hypersthene and olivine.

Zirconium

The combination of high charge and comparatively high radius (0.79 A)_ sets zirco-
nium apart from any of the major elements of igneous rocks. On this account zir-
conium does not enter into the common rock-forming minerals to any degree but
appears in a specific phase, usually zircon. Zircon is most abundant in later differ-
entiates, evidently because the original zirconium concentration of a magnia is gen-
erally less than saturation for zircon.

Hafnium

Hafnium, having the same charge as Zr and about the same radius, always occurs
camouflaged in zirconium minerals, and the Zr:Hf ratio remains almost constant
throughout any process of fractional crystallization, at about 50. However extreme
differentiation can result in an enrichment of Hf relative to Zr.

Scandium

Scandium has a radius 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 pyroxenes, which generally show a relative concentration of scandium
(Table 5.3); it may also be present in hornblende and biotite, and is notably enriched
in titanite (Table 5.4). Scandium is not concentrated in the even earlier-formed oli-
vines, evidently because of the difficulty in balancing the excess positive charge thus
introduced by other suitable replacements. '

Cobalt

The bivalent cobalt ion is practically the same size (0.74A) as the ferrous ion
(0.77A), and cobalt should thus be camouflaged in ferrous compounds. It is found,
Irowever, that the Co:Fe ratio is greatest in early-formed minerals and decreases
steadily with increasing fractionation. Due to crystal field stabilization, the effective
radius of cobalt is, therefore, somewhat less than the radius given above and is
apparently almost identical with that of Mg, since Nockolds and Allen found the
Co: Mg ratio to be almost constant throughout a rock series. The major part of the
" cobalt in a magma is removed in the early-formed magnesian minerals, especially
olivine. ‘

‘Nickel ‘ A -

The nickel ion has essentially the same radius and the same charge as magnesium,
and therefore should be camouflaged in magnesium minerals. However, the ratio
Ni:Mg is highest in early-formed crystals (especially olivine) and shows a steady
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decline in the later-formed rocks and minerals, Nickel has the strongest crystal field
stabilization energy of the cominon divalent ions and thus competes successiully with
Fe** and Mg?* for octahedral lattice sites,

Lithium

On the basis of chemical properties it might be expected that lithium would follow
the other alkali elements in magmatic crystallization. However, ionic size, not chem-
ical properties, is decisive in crystallization, and the lithium ion is very much smaller
than any of the other alkali ions (Lit0.74 A, Na* 1.02 A K* 1.38A). Hence lithium
follows magnesium, since the ionic sizes are nearly identical; because the lithium ion
has a lower charge than the magnesium ion it should be admitted into magnesium
minerals, and this is found to be true. The Li:Mg 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 used 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 ¢oncentration of lithium, which in the praetical absence of magnesium
forms individual minerals, such as lepidolite, spodumene, amblygonite, and petalite.

Vanadium

Vanadium is probably present in magmas as the V** jon. It is largely removed in
magnetite, in which it proxies for Fe’*; its ionic radius is greater than ferric iron, but
its electronegativity is much less and its crystal field stabilization energy higher.
These later two factors evidently being responsible for the enrichment of vanadium
in early-formed magnetite. Vanadium also occurs in pyroxenes, amphiboles, and bio-
tite and has been noted in marked concentration in aegirine, a mineral with a high
Fe’* content.

-Chromium

Chromium is also present in magmas as the Cr’* jon. The radius of this ion is very
close to that of Fe**, but chromium shows a high degree of preferential concentration
relative to ferric iron, being largely removed from a magma in the early stage of
crystallization as chromite. This can be ascribed to the strong crystal field stabili-
zation energy of Cr’** relative to that of Fe'*. Chromium is also enriched in pyrox-.
enes, especially those from ultrabasic rocks. .

Titanium

In igneous rocks titanium is present mainly as ilmenite. It can replace Al in six-
coordination and appears therefore in pyroxene, hornblende, and biotite; it is prob-
ably captured by such minerals on account of jts higher charge (Ti** —AI**). Tita-
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nium does not appear in muscovite, probably because in highly siliceous magmas it
is Tenoved as-titanite.

Gallium

Gallium, with the same ionic charge and radius close to that of aluminum, is cam-
ouflaged in aluminum-bearing minerals. The somewhat larger size of the gallium ion
(Ga’* 0.62 A, AP* 0.51 A) suggests that gallium would tend to be more abundant
in later-formed aluminum minerals. Measurements of the Ga:Al ratio in igneous
rocks and their minerals show that this ratio is nearly constant, indicating effective
camouflage of gallium in aluminum minerals. There is a tendency for the Ga:Al
ratio to increase in the later differentiates, and Ga is enriched in pegmatite feldspars
and micas.

Germanium

The germanium ion has the same charge and a somewhat higher radius than silicon
(Ge** 0.53 A, Si** 0.42 A). Germanium replaces silicon, and measurements of the
Ge:Si ratio in silicates generally show little variation, indicating that it is effectively
camouflaged in such minerals; there is, however, evidence of some degree of concen-
tration of germanium in late differentiates. ’

The remaining lithophile elements are those that do not substitute the major ele- .

ments because of a great difference in jonic radius and ionic charge. On account of
Jow concentration in the original magma they remain in solution and are enriched in
the residual liquid of magmatic crystallization. These elements are B** (0.12 A),
Be* (0.27 A), W (0.60 A), Nb** (0.64 A), Ta** (0.64 A), Sn** (0.69 A), Th**
(1.04 A), U** (1.00 A), and Cs* (1.70 A) and also the rare earths (0.85— 1.06 A),
Li* (0.74 A), and Rb* (1.49 A). They are 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 microcline) or a rarer mineral (Mn in apatite);
they. may enter or be trapped by a much less appropriate mineral structure (Sn in

“muscovite), followed in some instances by transfer to an exsolved mineral; they may
concentrate 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 adsorp-
tion. This last process evidently is effective in the crystallization of granitic rocks and
results in the attachment of the ions of minor and. trace elements to the crystal sur-
faces of common silicate minerals. The binding by adsorption is relatively weak, as
demonstrated by experiments in which considerable amounts of minor and trace ele-
ments have been rémoved from granites by leaching with dilute acids.

It might be expected that the chalcophile elements in a magma would associate
with sulfur and lesser amounts of arsenic, antimony, bismuth, selenium, and tellu-
rium to form sulfides and related compounds. However, the only sulfides commonly

. present in normal igneous rocks are pyrite and pyrrhotite. The sulfur content of mag-
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Table 5.5 The Content of Minor Elements in Differentiates of the Skaergaard Intrusion
Compared to That in the Initial Magma*

—
Gabbro
Picrite ' Heden-
. and Olivine- bergite Grano-

Initial Eucrite Olivine Free Granop- _phyre

Magma (earliest) Gabbro . Gabbro Ferrogabbros © hyre (latest)
— — . —
Rb — — — — — — 30 200
Ba 40 25 25 45 50 150 450 1700
Sr 300 200 700 450 700 450 500 300
La —_ — — — — — 25 150
Y — — — — — 125 175 200
Zr 40 40 35 25 20 100 500 700
Sc ) 7 20 15 10 — — —
Cu 130 70 80 175 400 200 500 20
Co 50 80 SS 40 40 5 10 4
Ni 200 600 135 40 — — S 5
Li 3 3 2 3 3 15 25 12
\' 150 170 225 400 I — — 12
Cr 300 700 175 — — — — 3
Ga 15 12 23 5 20 20 40 30
Proportion :

of rocks L
as per-

centage . 65 14 10 7Y% 2% % %
From Wager, Observalor}' 67, 103, 1947. :

*Figures in ppm.

mas is relatively low, and nearly all‘combines with the abundant iron. Many of the
chalcophile elements become predominantly incorporated in silicates rather than in
sulfides. This can be partly accounted for by the low thermal stability of most sul-
fides, so that sulfides, except for pyrite and pyrrhotite, characteristically segregate at
a late stage and are ultimately deposited in veins formed at comparatively low tem-

The work of Wager and Mitchel (1951) on the Skaergaard intrusion 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 granophyre, and the amounts of the
minor elements in various rocks of this sequence are given in Table 5.5. 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 5.5
and predictidns on the basis of Goldschmidt’s rules is striking and provides indepen-
dent support for the belief that the rocks of the Skaergaard intrusion are the result
of differentiation by fractional crystallization.
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FRACTIONAL CRYSTALLIZATION AND MELTING

Experimental and theoretical considerations of the behavior of trace elements in
fractional crystallization and partial melting add valuable information on the origin
and chemical evolution of magmas. Models of trace element behavior are based on
the selection of solid-liquid partition coeflicients, K, of trace elements. When a mass
dm of a liquid magma crystallizes, a portion dx of the trace element enters into the
solid. Under equilibrium conditions

dx  x

= K ‘;

dm m i
where x is the amount of trace element remaining in the magma of mass m. Inte- i
gration yields an expression for the concentration of the trace element C,, in the
magma

C, = Co F&!

where C, is the trace element concentration in the original magma and F is the
fraction of the magma not yet crystallized. The concentration of the element in the
crystallizing solid is

C =K CliquidFK_‘

For a homogeneous solid in which the most recently crystallized fraction is distrib-
uted throughout earlier formed crystalline material or a bulk solid is taken for chem-
ical analysis, a mean value of C, can be obtained from

— 1 — F*
C, = Ciquis _1':—F'

Under conditions of constant K curves of the concentration of an element in the solid
phase may be determined as shown in Figure 5.17. Note that with high values of K
a trace clement will be rapidly depleted in the magma while for low values of K a
trace element will be'greatly enriched in the residual liquid phase. In real systems
such consideration are complicated by the fact that K may change with temperature
and compositions of the solid and magma and the successive crystallization of new

" phases will require simultancous consideration of two or more partition systems. If
partial remelting of a solid phase takes place in the evolution of rock-magma system, -
additional variables must be considered. o ,

-Of equal interest to the crystallization. of magmas.is the formation of magmas by
the partial melting of rocks. The first liquid formed has a concentration of a trace
element given by =~ . v '

C = % Cosotia (1 — Uy
where K is again the solid-liquid partition coefficient. K is usually replaced by a bulk
distribution coefficient D, for the melting of a polyphase aggregate in which two or
more phases melt simultaneously. If different phases melt in differing proportions
then the relationship becomes -
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Figure 5.17 Concentration of an clement entering the solid phase
as a function of fraction solidified

1 >PF
Co=—=GC| 11—~
‘D, < D,

Q/P~1)

r° P’
Kl/a Kl/a Ka/ﬁ

+ ...

where P* and P’ are the relative proportions of a and 8 in the liquid fraction

X X°
and D, = “[{,7 + MK’/“ Ko + ...

where X* and X* are the mass fraction§ of phases a, 8. These equations assume that
each increment of liquid is removed continuously from preceding liquids. The aggre-
gate liquid composition is given by :

o =Gl ("
'TOF D,

and if the liquid remains at all times in equilibrium the composition C, is given by
_ G
Dy + F(1 — P)

1

Real problems are complicated by the fact that K and D, may not be constant and
that incongruent melting may take place. A discussion of such complications is given
by Hertogen and Gijbels (1976). Equations of this type have been used to consider
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the problem of whether various basalt types can-be formed by the partial melting of
homogeneous mantle material. It is again important to recall that most melting pro-
ceeds at eutectoids and hence simultaneous equations must be used. Even if one solid
is not contributing the trace element itself, fusion is providing material to the total
liquid. If only a small portion of the source rock is melted to produce magmas then
the system is simplified and in some cases the fraction melted may be estimated.

RESIDUAL SOLUTIONS AND PEGMATITES

The data in the preceding sections indicate that the residual melt from fractional
crystallization 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 that are not incorporated in the lattices of the common minerals of
1gneous rocks. Such a residual liquid will probably be unusually fluid for a silicate
melt on account of the concentration of volatiles. The pressure of volatiles will also
provide the driving force to inject it along surfaces of weakness in the surrounding
rocks, which may be the already solid part of the same igneous intrusion or the coun-
try rock. In this way pegmatites and some hydrothermal veins may be formed. The
literature on pegmatites is very extensive and has been critically summarized by
Jahns (1956).

Pegmatites are commonly found in association with granites, as is to be expected
if granites are the end product of fractional crystallization of a magma. Granite peg-
matites consist essentially of quartz and alkali feldspar, generally with muscovite and
biotite also, and are thus similar in composition to granite; the essential difference is
in texture, the minerals of pegmatites being of exceedingly variable grain size. Peg-
matites are typically coarse-grained, and some of the largest crystals known have
been found in them. This is evidently due to low viscosity and concentration of vol-
atiles, which allow the formation of large crystals Low-viscosity, volatile-rich solu-
tions permit the raprd diffusion of elements and complexes necessary for large crystal
‘growth. Jahns and Burnham (1969) have proposed that pegmatitic textures form
when volatile-rich magmas undergo “second boiling” below the critical point for the
cooling solution. Two fluid phases form with the more tenuous one providing space
for the growth of crystals from the more viscous one. They propose that if the solution

does not pass below the crmcal point, fine-grained aplite dikes rather than pegmatltes .

may form.
Most pegmatites are chemically and mm‘*ralogrcally srmf)le con31stmg only of

quartz and feldspar, but the complex ones are spectacular in their content of rare
clements and ‘unusual minerals; hence they have been intensively studied. Complex

pegmatites are economically important and have been worked for lithium, beryllium,
scandium, rubidium, yttrium, zirconium, molybdenum, tin, 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 peg-

matites commonly have a core that consists almost entirely of massive quartz. The
geochemistry of pegmatites is a fascinating subject. The major factors influencing
the concentration of certain elements in them have already been outlined. Many
interesting features, however, such as the localization of one or a few minor elements
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in a particular pegmatite or group of related pegmatites, are as yet little understood.
Thus the granite pegmatites in southern Norway are noted for their content of rare
earths, and tin, lithium, and the rare alkalies are absent. In the pegmatites of the .
Black Hilis (South Dakota) lithium is particularly abundant, tin is common, and the
rare earths are absent. Those of central Texas contain rare-earth minerals but carry
no other unusual elements. The pegmatites on the istand of Honshu in Japan are
characterized by the presence of the rare earths and beryllium. These regional dif-
ferences may, of course, reflect the original compasition of the magmas from which
they were derived, but the reasons for such compositional differences are
unexplained.

Many pegmatites, especially those present in strongly metamorphosed terrains,
may have been formed by the differential fusion (anatexis) of preexisting 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 pres-
ent) will also have pegmatitic composition. The temperature of formation of peg-
matites (probably 500-700°C) has certainly been reached, in many areas, during
regional metamorphism. In part the formation of pegmatites may be due to struc-
tural control. Rock environments that do not retain residual solutions under pressure
may allow such solutions to be disseminated throughout the country rock causing
general alteration or greisen—type rocks.

Pegmatites may contain minor amounts of sulfides and arsenides. Gold has been
recorded from some. They show-many of the characteristics of hydrothermal veins,
and examples of pegmatites passing into sulfide-bearing quartz veins have been
described. More frequently, however, hydrothermal veins are younger than cogenetic
pegmatites. The relationship of hydrothermal solutions to the final stage in the crys-
tallization of a magma is a subject of much difference of opinion. Some geologists
believe that hydrothermal solutions are formed as a separate phase later than the
pegmatite stage, and laboratory experiments have been cited as indicating that a
residual magma of granitic composition would separate on cooling into two immis-
cible liquids, one of which may be a hydrothermal type 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
phasc varies continuously in composition from a silicate melt containing a small
amount of water to.a-liquid consisting largely of water (i.e., there is a continuous
passage from magmatic xnélt to hydrothermal solution). However, as Verhoogen
€1949) stated in a discussion of the thermodynamics of a magmatic gas phase,
- - . the number of factors which are relevant in any magmatic process is much larger
than is usually recognized, and there are no simple means of deciding in a general
way what a magma would do under the most general circumstances. Each case must
be examined separately and the idea must 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 circumstances, or for the same magma under different cir-
cumstances.” Hydrothermal activity is most certainly related to magmatic activity
but it is possible that the main contribution of the cooling magma may be the heat
energy to drive the hydrothermal solutions and the water and dissolved components
may be derived in large part from surrounding rocks. '
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THE VOLATILE COMPONENTS OF A MAGMA

All magmas contain volatile material in an amount and composition not well known,
since no means of directly sampling it have yet been devised. From thermodynamic
data Krauskopf (1959} has calculated the compositions.of possible magmatic gas
systems and shows that observed volcanic gas compositions are explicable on the
basis of a primary magma containing H,0, CO,, H,S, and minor amounts of HCI,
N,, and HF. His estimate for the average composition of magmatic gas (in atm) is:
H,0, 1000; CO,, 50; H,S, 30; HCI, 10; N,, 10; HF, 0.1. Major variations in the
nature of the sulfur species may take place as the oxygen fugacity is changed; H,S
is the predominant sulfur species in reducing magmas, but SO, is more important
under oxidizing conditions.

The amount of volatile matter in magmas is also subject to considerable differ-
ences of opinion. Here we are once more dependent on indirect evidence, such as
observations on volcanoes, petrographic examination and chemical analyses of
igneous rocks, and experimental determination of the solubility of water 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 outweighed the solid matter ejected; in other eruptions the proportion of
| gas in the matefial ejected has been estimated as low as 0.3%. Different volcanoes,
and the same volcano at different times, evidently present very dissimilar appear-
ances. The data on the solubility of water in artificial silicate melts have indicated
that the limiting solubility of water in a granitic melt is about 15% at normal pres-
sures for granite formation, which indicates that magmas probably contain less than
this amount. All igneous rocks contain some volatile matter, mostly water, which can
be extracted by heating in vacuo, and Clarke’s average of the analyses of fresh
igneous rocks shows 1.15% H,0; this figure may perhaps be taken as a lower limit
for the average water 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 technically difficult and personally uncomfortable or dangerous. Among the
most satisfactory collections yet made are those of the gases evolved from the
Kilauea volcano (Table 5.6). They are similar in nature to those from several basaltic

sources summarized by White and Waring (1963). Averages of such variable figures. -

cannot have more than qualitative significance; they show that the major coristituents
of the volatile matter at this place are H,0, CO,, and sulfur compounds and that .
H,0 is dominant. Water is usually the major constituent, generally making up over .
80% of the whole by volume; CO,, H,S, S, SO,, HCI1, and NH,C! are often abun-

dant; and HF, N,, H,, CH,, H,BO,, and CO have been recorded in lesser amounts.
An indication of the change in equilibrium composition of the molecular species in
volcanic gas with temperature is shown in Figure 5.18. In addition, gaseous emana-
tions from magmas collect, transport, and deposit many other elements, Such min-
erals as magnetite, hematite, molybdenite, pyrite, realgar; galena, sphalerite, covel-
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Table 5.6 Analytical Data on Kilauea Gases

I Minimum and Maximum Mole

Minimum and Maximum Mole Percentages, Recalculated to
Percentages as Collected Exclude O,, N,, and Ar

H,0 4.7 ~—99.8 97.2 —99.1
H, 0.0 — 0.43 - 0.00001— 0.43
CO, 0.00023— 3.8 0.80 — 2.30
CO 0.0 — 0.086 0.0 — (.087
CH, 00  — 0.047 0.0 — 0.023
H,S 0.0 — 0.12 0.0004 — 0.67
SO, 0.0 — 0.16 0.001  — 0.43
CS, 0.0 — 0.026- 0.0 — 0.026
0, 0.0 —21
N, 0.0 —78
Ar 00  — 0.064

Heald, Naughton, and Barnes, J. Geophys. Res. 68, 546, 1963.
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Figure 5.18 Calculated change in equilibrium composition of a-vol-
. canic gas phase with ¢hange in temperature (1 atm pres-
sure) based on sample taken from Kilauea Iki crater at
1025 K. (From: Heald, Naughton and Barnes, see Table
5.6) . -
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lite, sal ammoniac and ferric chloride have been found in the throats of fumaroles
where they have been deppsited directly from gases. The Valley of Ten Thousand
Smokes, Alaska provides us with one of the best-documented examples of the role of
volcanic emanations. The work of Allen and Zies showed that the principal gas in
all the fumaroles was water-vapor, the percentage by volume ranging from 98.8 to
99.99. Other gases recognized were CO,, O,, CO, CH,, H,S, H,, N,, HCI, and HF.
Although these were present in very small percentages, the total amount evolved was
enormous. Thus the average concentration of HCl was 0.117% and of HF, 0.032%,
but the total quantity of HCI 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, that is,
was contained in the original magma, and how much secondary, that is, 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 material in mineral springs that is magmatic in origin.
Day and Allen suggest that perhaps 90% of the water in the Yellowstone geysers and
hot springs is activated ground water. Precise information on these points would
greatly advanée. our knowledge of the geocherhical significance of magmatic ema-
nations, but it is evident that igneous activity duting geological time has brought vast
amounts of water and other volatile matter to the earth’s surface.

MAGMATISM AND ORE DEPOSITION

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 ore bodies with
igneous rocks, and 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 min-
erals from magmas are well known. Nevertheless, a significant difference of opinion
exists as to the processes whereby ore materials are extracted from their original
source, transported, and deposited. Did all or some of the ore-forming material leave
a magma as a gas phase or a liquid phase? Was ore the magma’s prime contribution
or was it heat to mobilize waters from surrounding rocks or to cycle meteoric water?
Was the initial ore-forming fluid acid or alkaline? What were the conditions of tem-
perature and pressure? All these questions and many others remain to be answered.

The large majority of mineral deposits appear to have been formed from hydro-
thermal or hot water sotutions, but this does not eliminate the possibility that some

deposits, especially those closely connected to magmatic activity, may also have had . -

a gas phase transfer of materials in their genesis. Hydrothermal solutions may be
derived in a variety of ways, and it is reasonable to infer that a given solution may
have had contributions from magmatic waters, metamorphic waters, connate waters,
and ground waters. Oxygen and hydrogen isotope studies shows ‘that ground waters
of meteoric origin make a major contribution to most hydrothermal ore deposit sys-
tems and that such waters equilibrate rapidly with surrounding rocks. Such water
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Table 5.7 Chemical Analysis (in parts per
million) of Brine from the
- Salton Sea Geothermal Field

ph (25°C) 5.2 -
Si0, i 400
Al 4.2
Fe 2290
Mn 1400
Ca 28,000
Mg 54
Sr 400
Ba 235
Na 50,400
K 17,500
Li : 215
Rb 135
Cs 14
NH, . 409
B 390
HCO, >130
SO, 5
Cl 155,000
F 15
Br 120
I 18
NO, -
As 12
Cu 8
Zn 540
Pb 102
Ag 1
Total sulfide as H,S ' 16

From Muffler and White (1969) Geol. Soc. Am.
Bulletin 80, 161.

can carry down surface-dissolved material and remove soluble materials from sedi-
ments and volcanic rocks they pass through. Heat-mobilized connate waters are
related except that they have been in contact with. sediments for longer periods of -
time, may be of marine origin, and have undergone earlier heating - cycles. Meta-
morphic waters may be generated in the conversion of water-rich sedimentary rocks
to their metamorphic equivalents. Such waters will dissolve those elements not read-
ily incorporated into the common silicate and oxide rock-forming ‘minerals. Residual
water-rich fluids from magmatic differentiation ‘may form .ore deposits close to the
magma interface or mix with hydrothermal waters from Gther sources. ’

Irrespective of their source, hydrothermal solutions appear to be concentrated
solutions or brines containing up to 50 wt: % of dissolved solids. ‘Evidence from geo-
thermal brines and fluid inclusions in ‘minerals from ore deposits indicate that the
solutions are chlorides of Na, Ca, and K. The composition of the Salton Sea geo-
thermal brine given in Table 5.7 is selected as a typical model.
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Other brines and fluid inclusions show local variations in the scarce metals but in
general they are found in the range of 1 to 100 ppm. The.pH of the solutions may
be acid or alkaline but they are generally near to neutral water. From the study of
natural solutions and experimental considerations it is estimated that most hydro-
thermal solutions range from 50 to 550°C, have maximum pressures of 2000 atm,
and are high in chloride ion.

High chloride concentration appears to provide the mechanism for the solution
and transport of the metals in hydrothermal solutions. Sulfide ion does not appear to
be in high enough concentration to complex the metals even though they are most
often eventually precipitated as sulfides and hot high-chloride brines will dissolve
metallic sulfides. Gold will dissolve by a reaction of the type Au + 3/2 O, + 6HCI
— H;AuClg + 3H,0, so that at 500°C and 0.2 kb pressure it has a solubility of
over 800 ppm in a 2M KCI solution.

The important problem remaining is how the complexed metals are precipitated
as sulfides or other compounds. Proposed mechanisms include temperature and pres-
sure changes that could affect the complex equilibrium and reduce the solubility.
Chemical reactions of the hydrothermal solutions with wallrocks appear to be a
major process in some ore deposits. This is especially evident when wallrocks® can
provide sulfide ions, or dissolving carbonates produce changes in the hydrothermal
solutions. Dilution effects produced by mixing- concentrated brines with ground
waters provide a probable mechanism for the precipitation of some sulfides.

We are once again faced with the crux of so many geological problems; in general
we can observe only the final product and not the steps by which it was formed. No
certain criteria have yet been found to provide an unequivocal answer to the ques-
tions posed at the beginning of this discussion. The answers undoubtedly vary from
one ore body to another and probably from place to place within the same ore body.
Seldom can any one of the numerous determining factors be singled out as of unique
importance; the question is generally to what degree each has been significant.

SELECTED REFERENCES

Ahrens, L. H. (1964). The significance of the chemical bond for controlling the geo-

" chemical distribution of the elements. Phys. Chem. Earth 5, 1-54. An extensive
study of the effect of varying degrees of covalency on the distribution of the ele-
ments in rocks and minerals.

Barnes, H.-L. (ed.) (1979). Geochemistry of hydrothermal ore deposits (Second Ed.)
798. pp. John Wiley & Sons, New York. A symposium volume correlating the
results of laboratory investigations on the nature of ore-forming fluids with the
geochemistry of ore deposits.

Burnham, C. W. (1975) Water and magmas; a mixing model. Geochim. Cosmochim.
Acta 39, 1077-1084. Presents a model for the interaction of H,O with silicate
bonds.

Burns, R. G. (1970). Mineralogical applications of crystal field theory. 224 pp. Cam-
bridge University Press, Cambridge, England. A summary of crystal field theory
and its application to the geochemistry of the transition elements.



MAGMATISM AND IGNEOUS ROCKS 145

Carmichael, I. S. E., F. J. Turner, and J. Verhoogen (1974). Igneous petrology. 672
pp- McGraw-Hill Book Co.. New York. A comprehensive account of igneous.
petrology, with careful evaluation of both laboratory and field data.

Deer, W. A, R A. Howie, and J. Zussman (1962-1963). Rock-forming minerals.
(5 vols.). 1788 pp. John Wiley & Sons, New York. A comprehensive treatise, with
excellent coverage on chemistry, crystal structure, and paragenesis. .

Ernst, W. G. (1976). Petrologic phase equilibria. 333 pp. W. H. Freeman and Com-
pany, San Francisco.

Gast, P. W. (1968). Trace element fractionation and the origin of tholeiitic and
alkaline magma types. Geochim. Cosniochim. Acta 32, 1057-1086. A paper on
the utilization of trace element data for the elucidation of the genesis of igneous
rocks.

Hertogen, J. and R. Gijbels (1976). Calculation of trace element fractionation dur-
ing partial melting. Gedchim. Cosmochim. Acta. 40, 313-322. A review of the
complications of trace element fractionation by partial melting. Provides refer-
ences to earlier important papers. )

Hess, H. H. and A. Poldervaart (eds.) (1967). Basalts. 862 pp. John Wiley & Sons,
New York. A comprehensive account of all aspects of the most abundant group
of igneous rocks.

Jahns-R. H. (1956). The study of pegmatites. Econ. Geol., 50th Ann. Vol., 1025~
1130. A comprehensive account of the geology and geochemistry of pegmatites;
698 references.

Jahns, R. H. and C. W. Burnham (1969). Experimental studies of pegmatite genesis:
A model for the derivation and crystallization of granitic pegmatites. Econ Geol.
64, 843-864.

Krauskopf, K. B. (1959)."The use of equilibrium calculations in finding the compo-
sition of a magmatic gas phase. In Researches in geochemistry, pp- 260-278. John
Wiley & Sons, New York. The application of thermodynamic data to the problem
of the composition of magmatic gases.

Morey, G. W. (1964). Phase-equilibrium relations of the common rock-forming
oxides except water. U. S. Geol. Surv. Prof. Paper 440-L, 159 pp. (Data of Geo-
chemistry, sixth ed.; chapter L). A-comprehensive account of the phase relations
of the common rock-forming oxides and the binary, ternary, quaternary, and qui-

-~ nary systems formed by them. _ o N .
Nockolds, S. R. and R. Allen (1953-1956). The geochemistry. of some igneous rock
series. Geochim. Cosmochim. Acta 4, 105-142, 5, 245-285; 9,34-77. A series of
papers describing the distribution of minor trace elements in a considerable num-

© ber of igneous rock series. : ’ R '

Osborn, E. F. (1962). Reaction series for subalkaline igneous rocks based on differ- .
ent oxygen pressure conditions. Amer. Mineral., .47, 211-226. This paper estab-
lished the important effect of oxygen pressure in modifying the classic reaction
series for the evolution of igneous rocks. ' '

Ringwood, A. E. (1955). The principles governing trace element distribution during
magmatic crystallization. Geochim. Cosmochim. Acta, 7, 189-202, 242-254. A
discussion of trace element distribution in igneous rocks, emphasizing the impor-
tance both of ionic size and of electronegativity. - 3



146 PRINCIPLES OF GEOCHEMISTRY

Shaw, D. M. (1977). Trace element behavior during anatexis. In Magma genesis.
H. J. B. Dick (ed.), Bulletin 96, Oregon Dept. of Geology and Mineral Industries,
189-213. A discussion of trace element distributions, contains many useful
references.

Skinner, B.-J. and P. B. Barton (1973). Genesis of mineral deposits. Ann. Rev. Earth
Planet. Sci. 1, 183-211. A comprehensive review article on recent advances in the
field of ore genesis; extensive bibliography.

Taylor, S. R. (1963). The application of trace element data to problems in petrology.
Phys. Chem. Earth 6, 133-213. An extensive review article on the interpretation
of trace element abundances in rocks and minerals; excellent bibliography.

Verhoogen, J., (1949). Thermodynamics of a magmatic gas phase. Univ. Calif. Pub.
Bull. Dept. Geol. Sci 28, 91-136. A precise discussion of the factors governmg
equilibrium in magmatic processes.

Wager, L. R. and G. M. Brown (1967). Layered igneous rocks. 588 pp. W. H Free-
man and Co., San Francisco. A comprehensive account of the Skaergaard intru-
sion and other igneous bodies illustrating magmatic crystallization.

Wager, L. R. and R. L. Mitchell (1951). The distribution of trace elements during
strong fractionation of basic magma—a further study of the Skaergaard intrusion, -
East Greenland. Geochim. Cosmochim. Acta 1, 129-208. An extensive study of* .
the content of minor and trace elements in a strongly differentiated intrusive body. - ~

Yoder, H. S. (1976). Generation of basaltic magma. 265 pp. National Academy of
Sciences, Washington. An updated review of the many aspects of basalts and their
formation.



SEDIMENTATION AND
SEDIMENTARY ROCKS

SEDIMENTATION AS A GEOCHEMICAL PROCESS

Sedimentation is in effect the interaction of the atmosphere and hydrosphere on the
crust of the earth. Various aspects of sedimentation are described in terms of weath-
ering, erosion, deposition, and-diagenesis, but no one of these processes works in iso-
lation. The original constituents of the crust, the minerals of igneous rocks, are to a
large extent unstable with respect 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 sur-
face. Of the common minerals of igneous rocks, 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 are more or less attacked, and new minerals are
formed which are more stable under the new conditions. The altered rock. rapidly
crumbles under the mechanical effects of erosion, and its constituents are transported
by wind, water, or ice and redeposited as sediments or remain in solution.

The key reactions in the geochemistry of sedimentation are the chemical break-
down 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 are broken down chemically
during 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. Some hypotheses assumed the hydrolysis
of aluminosilicates with the formation of colloidal silicic acid and aluminum hydrox-
ide, which later reacted to give clay minerals. Other investigations have shown, how-
ever, that during the initial attack some silicate minerals g0 into ionic solution, and -
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even the silica and the alumina are at least for a short time in true solution. At the
- —surface of a crystal unsatisfied valencies exist that are the loci of reaction with water
molecules. Hydration and hydrolysis follow, whereby strong bases, such as potas-
sium, calcium, and magnesium, are removed and oxygen anions in the crystal lattice
may be partly replaced by hydroxyl ions. Aluminum and silicon attract OH ions
strongly; aluminum probably groups six OH around it to assume its preferred sixfold
coordination, whereas silicon remains four-coordinated. When first set free these ele-
ments are in ioni¢ solution, but the ions tend to aggregate and to form clusters of
collodial size. When first formed these colloidal aggregates are probably amorphous,
but, on ageing, orientation into definite crystal lattices, such as those of the clay
minerals, takes place. Some silicate minerals may not undergo complete breakdown
of the lattice during weathering; for example, biotite and muscovite may perhaps
pass directly into clay minerals by ionic substitution, whereby fragments of the sheet
structures may be directly incorporated in the new minerals. Likewise, the persis-
tence of aluminum in tetrahedral coordination, together with the retention of mobile
cations in some clay minerals, is often interpreted as evidence that part of parent
feldspar structure is sometimes retained by weathering products. The ultimate fate
of different elements thus depends largely on 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, aluminum,
and iron, on the other hand, are generally soon redeposited as insoluble compounds;
new minerals are formed from them at an early stage of weathering. The specific
weathering reactions may thus be characterized as either congruent, in which the
weathered material is removed, or incongruent, in which it is in part converted to
other relatively immobile minerdl species. Included in the congruent type reactions
are simple solution by water, water acidified by carbon dioxide, or by chelation by
organic molecules in solution. Water in contact with the atmosphere contains 107°M
H,CO,, but carbonic acid is often greatly concentrated in soil waters by the decay
and oxidation of organic material. Incongruent reactions include hydration and car-
bonation to form insoluble hydroxides and carbonates, oxidation, most notably of

Table 6.1 Chemical Data for the Weathered chueﬁce Developed on Basalt at Bathurst,

New South Wales® oo

Analysis (%)

No. .~ Dépth -Si0; ALO, Fe,0, CaO MgO Na,0 K0 TiO, H,0 Total

Bl IS5em 393 203 164 1.7 0.5 0.3 06 24 18.6 100.1
B2 - 46cm 36.1- 206 218 .05 0.3 02. 02 41 163 100.1
B3 . T6cm 278 185 332 05 0.2 0.2 0.1 52 143 1000

‘B4 . 107em 289 194 - 305 05 0.2 0.2 0.l 48 158 -1004
BS . 137cm 334 214 243 05 0.3 0.2 d 0 41 158 1001
B6 168 cm 371 232 181 0% 03 02 A 38 168 1002
B7 198 em 422 152 140 9.0 8.7 1.1 9 20 7.2 100.3
B8 213 em 450 146 133 9.8 101 24 5 1.9 1.6 100.2

_0 OO

*After Loughnan (1969).
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ferrous iron compounds to form insoluble ferric iron oxides or hydroxides, and the
weathering of silicates discussed above. . -

Irrespective of the specific weathering mechanisms, the chemical changes due to
weathering are directly evident if chemical analyses are made through a weathered
sequence of rock material. Such analyses have been made on different parent rock
types in different climates. Typical data are shown in Table 6.1. The rapid loss of
soluble cations from the weathered basalt and the increase in insoluble oxides may
readily be seen. Figure 6.1 illustrates the change in mineralogy accompanying the
chemical weathering. The sequence illustrated is typical of temperate climates.
Weathering profiles in tropical regions approach alumina and at times titania-rich
residues due to the leaching of SiO, aided by the high concentration of organic acids
in soil waters. Some residues show increases in particular elements due to accumu-
lation of particularly resistant minerals such as ilmenite, rutile, zircon, quartz, or
even gold and platinum,

SOIL GEOCHEMISTRY i

Weathering and sedimentation are the geochemical processes of greatest importance
to humans, since they provide us with our basic economic resource, the soil. Hauman
culture and civilization can be closely corrghated with the pattern of soil fertility.
This can be directly traced back to the geochemical processes that have been Fespon-
sible for the formation of the soil from the parent rock materials,

The unique characteristic of soil is the organization of its constituents and prop-
erties into layers that are related to the present-day surface and change vertically
with depth. The individual layers are referred to as soil horizons and may range in
thickness from a few inches to several feet; collectively, they are known as the soil
profile. Most soil profiles comprise three principal horizons, identified from the sur-
face downward as A, B, and C. The A horizon develops primarily as a result of
partial loss of original material by leaching and mechanical removal (eluviation),
resulting from the downward percolation of rain water. This eluviated material
accumulates in the B horizon, which is thus a zone of accumulation. The B horizon
is characteristically enriched in clay and often has a red-brown or yellow-brown color
from an accumulation -of iron oxides. Minor and trace elements are frequently
enriched in the B horizon. The C horizon is the parent material for the overlying A
and B horizons; it may be rock in situ, transported alluvial or glacial material, or
even the soil of a preceding cycle. '

Because soil results from the weathering of rocks, its composition must depend on
the composition of the rock from which'it was formed. This statement is obvious, but
it may be misleading, Although soils do differ in composition, they are on the whole
rather uniform in a given area, and the differences are primarily the result of envi-
ronmental factors. The same parent rock may give rise to very different soils under
different conditions. The environmental factors include climate, biological activity,
topography, and time, and the most important of these is climate. This can be seen
by comparing the productivity of soils formed from the same rock type in the normal
temperate zone and in the humid tropics. In general, the soil in the humid tropics
will be much less fertile, as a result of the intense leaching brought about by high
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rainfall, high temperature, and the almost complete removal of organic matter by
microorganisms. S

The components of a soil include not only the mimerals present, but also organic
matter, water, and air. These Components are generally not in equilibrium with the
environmental conditions, and are hence in a continual state of change. The trans-
formation from parent rock to soil is generally accompanied by a marked decrease
in Ca, Mg, Na, and K, relatively smaller losses of Al and Fe, and increase in Sj. The
most active part of the soil is the colloidal fraction, which consists mostly of clay
minerals, together with organic matter. Many, although not all, of the important
agronomic characteristics of soils depend on the quantity and kind of colloids present
and their state of aggregation. True soil cannot be formed without the presence of
some organic matter. Mere chemical and physical weathering of rocks does not nec-

The data on major and minor elements in the parent rock can be used as an indi-
cation of the background composition of the soil. However, background composition
in soils is also subject to considerable variation according to soil type and soil horizon,
particularly in well-differentiated profiles characterized by marked enrichment in
iron oxides or organic matter. The range of values for some minor and trace elements
in normal soils is given in Figure 6.2. ' '
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- F{gure 6.2 Range of the con.tent of some minor elements in normal soils.
Thin lines indicate more unusual values. (From Mitchell, in
Bear, Chemistry of the soil. Courtesy of Reinhold Publishing
Corp.)
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The importance of trace elements in the nutrition-of plants, and through plants of ~
snimais, has been increasingly realized in recent years. Good crops and healthy
humans and domestic animals are closely connected with the presence in the soil of
a number of minor and trace elements. The productivity of many regions has been
greatly enhanced by the application of certain ¢lements in minute amounts. This
subject is essentially part of soil geochemistry, because plants derive these trace cle-
ments from the soil, not directly from the rocks. It is interesting to note that some
trace elements essential for animal health seem not to be required by plants. Grass
grows on soil deficient in cobalt as well as on soil with a normal cobalt content, but
animals fed on such grass develop a deficiency disease that can be corrected by the
feeding of trace amounts of cobalt, either directly or through the addition of cobalt-
containing fertilizers to the soil. The possible correlation of the geographical distri-
bution. of disease and soil geochemistry 4s a field of extreme significance that as yet
has been inadequately studied. In part this is because of the extreme complexity of
the problem and the difficulty of isolating the numerous factors involved.

THE CHEMICAL COMPOSITION OF SEDIMENTARY ROCKS

The chemical composition of sedimentary rocks is exceedingly variable, more so than
that of igneous rocks, since sedimentation generally leads to a further diversification.
Considering compositions in terms of oxides, we find that SiO, may exceed 99% in
some sandstones; Al;O, may reach nearly 70% in bauxite; Fe,O; up to 75% in limon-
ite; FeO as high as 60% in siderite; MgO to 20% in dolomite; and CaO to 56% in
pure limestones. In view of such variations, the determination of the average chem-
ical composition of sedimentary rocks is not simple. The method used by Clarke and
Washington for igneous rocks is hardly applicable becauseof a lack of analyses of
sedimentary rocks and of inadequate sampling. There is little urge to analyze these
rocks unless they have economic significance, and then they are generally of unusual
composition.

Clarke estimated the average composition of the common sedimentary rocks—
shale, sandstone, and limestone—by analyzing mixtures of many individual samples
(Table 6.2). Then, by using an estimate for the relative amounts of these common
sedimentary rocks, an average for sedimentary rocks as a whole can be calculated.
Such an average is given in Table 6.2 using the figures shale 80%; sandstone 15%, -
and limestone 5%, given by Clarke. Garrels and .Mackenzie (1971) have made an
extensive analysis of this problem, using more recent data and basing their calcula-

tion on the geochemical balance involved in the conversion of the average 1gneous' -

rock into the average sedimentary rock. They calculdte the proportion of
shale : sandstone : limestone to be 81:11:8, and they arrive at an average composition
for sedimentary rocks not significantly different from that obtained by Clarke. How-

ever, there is some doubt as to the acceptability of these figures, since they seem 1o
.understate the amount of limestone. Ronov and Yaroshevsky (1969) calculated an
average composition of ail sediments, based on what is known of their distribution,
mass, and individual compositions. When their figures are compared with the pre-
ceding estimates (Table 6.2) the differences are clearly due largely to the greater
amount of calcium carbonate allowed for by Ronov and Yaroshevsky.
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Table 6.2 Chemical Composition of Sedimentary Rocks

Average
o Tgneous Average Average Average Average Average Average
Rock Shale Sandstone Limestone Sediment* Sedimentt Sedimentt
e . _—_— T
Si0, 59.14 58.10 78.33 5.19 58.49 59.7 46.20
TiO, 1.05 0.65 0.25 0.06 0.56 —_ 0.58
AlLQ, 15.34 15.40 4.77 0.81 13.08 14.6 10.50
Fe,O, 3.08 4.02 1.07 0.54 3.41 3.5 332
FeO 3.80 2.45 0.30 — 2.01 2.6 1.95
MgO 3.49 2.44 1.16 7.89 2.51 2.6 2.87
CaO 5.08 3.11 5.50 42.57 5.45 4.8 14.00
Na,O 3.84 1.30 0.45 0.05 - 1.11 0.9 1.17
K,O 3.13 3.24 1.31 0.33 2.81 32 2.07
H,0 1.15 5.00 1.63 0.77 4.28 3.4 3.85
P,0, 0.30 0.17 0.08 0.04 0.15 — 0.13
CO, 0.10 2.63 5.03 41.54 4.93 4.7 12.10
SO, —_ 0.64 0.07 0.05 0.52 — 0.50
BaO 0.06 ©0.05 0.05 — 0.0s — —
C — 0.80 — — 0.64 — 0.49
99.56 100.00 100.00 99.84 100.00 100.0 100.13

*Shale 80, sandstone 15, limestone §; after Clarke.
tGarrels and Mackenzie, 1971.
$Ronov and Yaroshevsky, 1969; includes MnO 0.16, Cl 0.24.

It has been considered that the average composition of sedimentary rocks should
correspond fairly closely to that of igneous rocks, 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, that tend
to accumulate in solution in the ocean, and the addition of components from the
atmosphere and hydrosphere, such as oxygen, carbon dioxide, and water. However,
if the figures of Ronov and Yaroshevsky are reliable, the average sediment does not
correspond to the average igneous rock. This apparent discrepancy in the geochem-
ical balance sheet, .especially for calcium, is a significant problem. It may be related,
in part at least, to a marked increase of pelagic foraminifers in Tertiary and Recent
times, leading to a greater preci'pitation' of calcium carbonate in young sediments
and sedimentary rocks. '

- . Significant features of the chemical composition of sedimentary rocks are the dom-
inance. of potassium over sodium, alumina in excess of the 1:1 mole ratio to alkalies
"and calcium, high silica in sandy and eherty rocks, high lime and magnesia in the
carbonates, and the presence of iron mainly in the ferric state. These are generaliza-
tions, and many exceptions may be found. The relationship between chemical com-
position and rock type in the sediments can be expressed in a gross fashion by a
triangular composition diagram in'which the apices are Si0O,, (Al, Fe),0,xH,0, and
(Ca, Mg)CO; (Figure 6.3). Such a diagram neglects the alkalies, but they are gen-
erally low except in some argillaceous rocks. it is difficult, if not impossible, to define
sedimentary rock types from chemical analyses alone by any such system as the norm
for igneous rocks. The main groups overlap, as Figure 6.3 shows. Some tentative
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limits can be stated: argillaceous rocks with more than 50% SiO, generally contain
free silica, whereas those with more than 40% ALO; contain free alumina. To call
a rock a limestone or dolomite should at least imply that carbonate is the dominant
component, and similarly in sandstone or chert free silica should exceed any other
component. Imbrie and Poldervaart (1959) have developed a procedure for the cal-
culation of mineralogical compositions from chemical analyses of sedimentary rocks.

THE MINERALOGICAL COMPOSITION OF SEDIMENTARY ROCKS

The mineralogy of sedimentary rocks is characterized by two distinct types of mate-
rial: resistant minerals from the mechanical breakdown of the parent rocks, and min-
erals newly formed from the products of chemical decomposition. The latter minerals
are generally hydrated compounds, as is to be expected in substances'formed in a
water-rich environment. Goldich (1938) pointed out that the order of stability of
minerals of igneous rocks toward weathering is the reverse of their order in the
reaction series of Bowen; thus '

Stability decreases Quartz
Muscovite
Potash feldspar
Biotite
Alkalic plagioclase
Alkali-calcic plagioclase Hornblende
Calcic-alkalic plagioclase
Augite
Calcic plagioclase
Olivine

The arrangement does not of course imply a reverse reaction series; the minerals do
not invert one into the other on weathering but are decomposed into their compo-
nents. 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 sta-
ble at ordinary temperatures than are the minerals formed at an early stage of crys-
tallization. In other words, the. differential between conditions at the time of forma-
tion and those existing at the surface reflects the order of stability of the common
‘silicates of igneous rocks. Figure 6.4 presents a scheme that shows how primary min-
erals change to successive secondary minéralé_ through weathering processes. The
‘primaty minerals are listed in order of increasing resistance to weathering, and the
secondary minerals are arranged to indicate their relation to the minerals from which
they originate. : : ‘

The total number of minerals recordéd from sedimentary rocks is very large,
because almost any mineral of igneous or metamorphic origin may have at least a
transitory existence in a 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 (goethite and hematite), bauxite
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(gibbsite and boehmite), and collophane (sedimentary apatite), are abundant in sed-
iments of restricted extent, and amorphous colloidal material. such as zliophane, may
be present. ,

Quartz and the feldspars are the abundant detrital minerals, that is, those set free
by the mechanical breakdown of preexisting rocks. Quartz is very resistant to chem-
ical 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 formed 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 environ-
ments, whereas in alkaline environments authigenic feldspar can form. Anorthite is
readily decomposed by weathering, but it is interesting to note that authigenic cal-
cium zeolites (heulandite, chabazite, laumontite, and others) have been found in
some sediments and sedimentary rocks.

Calcite is precipitated from solution either by physicochemical changes or by the
vital processes of organisms. Aragonite is sometimes the form in which calcium car-
bonate is deposited, but in general it does not persist, for it inverts more or less readily
into calcite, the ntare stable form. The origin of dojomite has been a subject of much
discussion, and general agreement has not been reached. However, geological evi-
dence indicates that many dolomites have been formed from limestones by the
metasomatic action of magnesium-bearing waters. In many instances sea water act-
ing on calcium carbonate during diagenesis has evidently been responsible. For the
reaction

2CaCO, + Mg?* = CaMg (CO,), + Ca’*

9.6-21.4 A+ nHQO + Exchangable cations
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Figure 6.5 Schematic presentation of the structures of the principal clay minerals. (After

Grim, J. Geol. 50, 225-275, 1942)
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the law of mass action predicts that equilibrium will be determined almost entirely
by the relative concentration of calcium and magnesium ions in solution. Studies on
the thermodynamics of the reaction have shown that with the conditions of temper-
ature and concentration prevailing in the sea the free-energy change of the above
reaction is negative, that is, dolomitization will proceed spontaneously. Experimental
studies of dolomite genesis are very difficult, due to the very slow rate of cation
ordering in the dolomite lattice. In natural systems sufficient time for the slow order-
ing reactions is available.

Kaolinite, montmorillonite, illite, and chlorite, together with a number of less com-
mon species, make up the clay minerals of sediments and sedimentary rocks. Clay
mineralogy has been the subject of intensive research in recent years, and a detailed
account has been given by Grim (1968). 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 conditions. Besides their character-
istic crystal structure, the clay minerals have other features in common. They are all
hydrous aluminosilicates. In most sediments their average grain size is very small,
generally less than 0.002 mm in diameter and ranging down to colloidal dimensions;
as grain size diminishes so does apparent perfection of crystallinity, and probably no
sharp break exists between imperfectly crystallized clay minerals and amorphous
material, which may perhaps be regarded as alumino-silicate gel. Very often more
than one clay mineral is present in a particular sediment. Not only mechanical mix-
tures, but also “mixed-layer” crystals, in which molecular layers of more than one
clay-mineral species are interleaved in a single crystal, have been recognized. Thus
the complications are many, and positive identification of the phases in the clay frac-
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Figure 6.5 (continued)
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tion of sediments may be considered the most exacting problem with which a min-
eralogist is faced. . _ .

The similarities and differences between the clay minerals can best be understood
by consideration of their structures (Figure 6.5). They are all sheet silicates, and
their structures can be considered as produced by the stacking of two different units
in the direction of the ¢ axis. These units are (a) tetrahedral sheets of linked (Si,0),)
sheets; and (b) octahedral sheets of aluminum-hydroxyl units, consisting of alumi-
num ions between two sheets of close-packed hydroxyls or oxygens; each aluminum
is surrounded by six oxygens or hydroxyls, that is, is in sixfold coordination. These
two types of units are linked in the clay mineral by oxygens common to both. The
individual clay minerals differ in the relative number of the two types 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 tetrahedral sheet linked with one octa-
hedral sheet, that is, a two-layer structure. Replacement of silicon and aluminum by
other elements does not occur, and so analyses of pure kaolinite always correspond
closely with the ideal formula. Kaolinite is one of four polymorphs, the others being
dickite, nacrite, and halloysite. Dickite and nacrite are generally of hydrothermal
origin and rarely occur in sediments. Halloysite occursin hydrothermal deposits, But
it is also found occasionally in sedimentary rocks, where it has generally been pre-
cipitated from acid ground water carrying alumina and silica in solution.

The montmorillonite structure has layers consisting of one aluminum-hydroxyl
unit sandwiched between two (Si,0,,) sheets; these layers are stacked one above the

other in the ¢ direction, with water molecules between them. A characteristic feature .

of montmorillonite is the variable water content, which is reflected in the ¢ repeat,
varying from 9.6 A in dehydrated material to 21.4 A when the mineral is water-
saturated. Montmorillonite is therefore said to have an expanding lattice; the char-
acteristic swelling properties of bentonites in water are due to their montmorillonite
content.

Considerable atomic substitution is possible in the montmorillonite structure; the
aluminum can be partly or wholly replaced by ferric iron (nontronite), by magnesium
(saponite), by zinc (sauconite), and by smaller amounts of lithium, trivalent chro-
mium, manganese, and nickel; the silicon can be partly replaced by aluminum, giving
thé variety beidellite. The chemical composition of montmorillonite (in the group
sense) is therefore exceedingly variable.

Montmorillonite always differs from the theoretical formula in that the three-layer
unit has a net negative charge resulting from the substitutions noted above. Many

analyses have shown this to be about 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
that are therefore found in analyses of montmorillonite, although the ideal structure
has no Jattice positions for them. v

A common and important constituent in many clays and shales is the material
known as illite or hydromica. The occurrence of a micaceous clay material with less
potassium and more water than the theoretical composition of muscovite has been



SEDIMENTATION AND SEDIMENTARY ROCKS 159

recognized for many years. The name illite 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-montmorilionite; and some is a mechanical admixture of
muscovite and montmorillonite, often with some clay-size quartz.

k Chlorite may be an important constituent of argillaceous material. 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
(Mg AI)(OH) layer between each montmorillonite layer, just as muscovite is derived
by the insertion of a layer of potassium ions. This structural relation may also be a
paragenetic relation, since there is evidence for the formation of chlorite from mont-
morillonite in sea water, which is rich in magnesium ions to provide the
(Mg, Al)(OH) layer.

Much remains to be learned of the mutual relations of the clay minerals and of
the conditions favoring the formatidn of one in preference to another. The primary
factors determining the nature of a clay are, first, the chemical character of the par-
ent material 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.ﬁ’ighest Al:Si ratio of the clay minerals, and its formation is promoted
if the weathering processes tend to remove silica in solution, thereby enriching the
residue in alumina. This is reflected in the geological evidence for the common for-
mation of kaolinite by the alteration of alkali feldspar in an acid environment, the
Na* and K* ions released tending to stabilize the silica in solution. Montmorillonite,
on the other hand, has an Si: Al ratio about 2: 1, and other cations, such as magne-
stum and iron, are probably essential to its formation; it seems to form most readily
In a neutral or slightly alkaline environment from ferromagnesian minerals, calcic
feldspars, and especially volcanic ash. Montmorillonite has a close structural rela-
tionship to illite (muscovite) and chlorite and evidently changes readily to these min-
erals, especially in the marine environment. The comparatively high concentratjon
of potassium and magnesium in sea water promotes this change. lIilite is the com-
‘monest clay material in marine sediments and sedimentary rocks. The fixation of
potassium in illite and magnesium 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 montmorillonite, so that
shales and argillites consist largely of the former minerals. ' '

PHYSICOCHEMICAL FACTORS IN SEDIMENTATION-

The geochemistry of sedimentary processes is essentially the geochemistry of reac-
tions taking place in the presence of water. Water is by no means a t'ypical_liquid,;
and in this connection its unique properties deserve to be emphasized. 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 small in rela-
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tion to the oxygen atom so that the molecule is approximately spherical. Its radius
is only slightly greater than that of the oxygen ion. The angle between the bonds
joining the hydrogen nuclei to the center of the oxygen atom 1s 105", This structure
results in a very uneven distribution of charge in the molecule. An excess of positive
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 mutual attraction of
these dipoles makes the cohesive forces between water molecules very much larger
than for normal liquids, 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
vaporization, 9720 cal/mole. 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 CCl, and 28.88 for C,H,. Another important effect of the dipole nature of
the molecules is to give water its abnormally high dielectric constant, namely, 80.
The high dielectric constant is responsible for its activity as a solvent for ionic com- :
pounds, because the force of attraction between 1ons varies 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 not only on the size of the ion, but also on the inten-
sity of the charge on its surface. For example, the lithium ion, with a radius of 0.74
A, exerts a much stronger attraction for water dipoles than the cesium ion, with a
. radius of 1.70 A, although the charge on each is the same. As a result, the lithium
ion is hydrated, despite its small radius, whereas the cesium ion is not. The hydration
~of an ion-is thus proportional to its charge (Z) and inversely proportional to its radius
(r). The factor Z/r, the ionic potential, is of great significance not only for the
hydration of an ion, but for many of its properties in the presence of water. The
importance of ionic potential in sedimentary processes was first pointed out by Gold-
schmidt as providing a measure of the behavior of an ion toward water. The ionic
potentials of a number of ions are given in Table 6.3. In effect, the ionic potential is
a measure of electronegativity, since the smaller the radius of a positive ion and the
higher its charge, the more acidic is its oxide; and, conversely, the larger the radius
and the smaller the charge, the more basic the oxide. From the electrostatic view-
point, the ionic potential is a2 measure of the intensity of positive charge on the sur-
face of the ion. This.concentration of positive charge on the surface of a cation repels
the protons in the coordinated water molecules. If the repulsion is sufficiently great,
some of these protons may be detached, thereby neutralizing the charge on the cen-
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Table 6.3 Tlonic Potentials

- G~ —0.60 Th*r 36

Rb* 0.68 Ce*t 4.3
K+ 0.75 Fel+ 4.7
Na* 1.0 Zrt 5.1
Lit 1.5 Be?* 5.7
Ba** 1.5 APT 5.9
Srit 18 Ti** 5.9
Ca?t 2.0 Mnt*t 6.7
Mn?* 2.5 Nb’+ 7.5
La’t 2.6 Si*t 9.5
Fe?* 2.7 Mot 9.7
Co?t 2.8 B3+ 13
Mg 3.0 ps+ 14
Y3+ 33 Se+ 20
Lu’*t 3.5 Ci 25
S¢i+ 3.7 N3+ 38

tral cation and resulting in the precipitation of an insoluble hydroxide. With very
high repulsive forces, that is, high ionic potentials, all the protons are expelled from
the attracted water molecules and an oxyacid anion is formed.

The ionic potential of an element largely determines its place of deposition during
the formation of sedimentary rocks and is significant in all mineral-forming processes
in an aqueous medium. It provides an explanation for the similar behavior of dissim-
ilar elements as, for example, the tendency of the hydrated ions of bivalent beryllium,
trivalent aluminum, and quadrivalent titanjum to precipitate together during sedi-
mentation. Elements with low ionic potential, such as sodium, calcium, and magne-
sium, remain in solution during the processes of weathering and transportation; ele-
ments“with intermediate ionic potential are precipitated by hydrolysis, their ions
being associated with hydroxyl groups from aqueous solutions; elements with still
higher ionic potentials form anions containing oxygen which are usually again solu-
ble. When the elements are plotted on a diagram with ionic radjus as ordinates and
ionic charge as abscissae, the field can thus be divided into three parts: soluble cat-
ions, elements of hydrolysates, and elements of soluble complex anions (Figure 6.6).

Some specific examples of the significance of fonic potentials in' the behavior of
certain elements during sedimentary processes may be cited. Iron in the ferrous state
is stable in solution (Z/r = 2.7), so that precipitation of iron has to be preceded by
oxidation to the ferric state, with a much higher potential (Z/r = 4.7). Similarly,
manganese is stable-in solution as manganous ions (Z/r = 2.5) and is precipitated
in the hydrated quadrivalent form (Z/r = 6.7). Thus in many sedimentary rocks
products of hydrolysis and of oxidation are associated in the same deposit. Again, a
number of less common and rare quadrivalent elements are concentrated in hydro-
lysate sediments, their ionic potentials falling within the specified range. For
instance, not only beryllium and gallium, which are chemically similar to aluminum,
but also titanium, zirconium, and niobium may be concentrated in bauxite, the factor
of enrichment being often four- to fivefold as compared to the parent material.
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Figure 6.6 Geochemical separation of some important elements on the basis
of their ionic potential.

HYDROGEN-ION CONCENTRATION

The hydrogen-ion concentration of natural waters is of great significance in chemical
reactions accompanying sedimentary processes. In pure water at 25°C the hydrogen-
ion concentration is 10~ mole/liter. If the concentration is greater than that of pure
water at the same temperature, the solution is said to be acid; in the contrary case,
alkaline. The neutral point alters with rising temperature in the direction of greater
hydrogen-ion concentration. As an inverse measure of hydrogen-ion concentration
we use the term 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 6.4, which gives the pH for
beginning precipitation of hydroxides from dilute solutions (about 0.02 M) and the

~pH of some natural environments. 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 buffer system CaCO-CO,-H,0; a saturated
solution of CO, at its partial pressure of 0.0003 atm in the atmosphere has a pH of
5.7, and a solution of calcite in-air-saturated water has a pH near 8.4.
For the transportation and deposition of iron the solubility of ferric hydroxide and
" the consequent equilibria are of great importance. The solubility product of ferric
hydroxide K is given by the equation '

. e K
Hence C o [Fe)

[Fe’*] [OHP
K

[OH™}
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But in water {OH] = K,/[H+], where K, is the ionization product of water.

Therefore, -
) K [H+]?
[Fe**] = 5

At a fixed temperature K and K, are constants; hence the concentration of ferric
iron in solution is proportional to the cube of the hydrogen-ion concentration. For
example, at 18° K = 107 apd K, = 10712, Therefore, K/K°,, = 10% and x1 pH
=7, [Fe™] = 107" mole/liter; at pH =.6, [Fe’*] = 107" mole/liter. In natural
waters iron is present not only as Fe’* but also as Fe?* and FeOH?* ions, and the
total amount of iron in solution at different pH values is

pH Amount

8.5 3.107* mg/m’
8 4.107" mg/m?
7 4.10™° mg/m’
6 5107 mg/m?

Thus the solubility of iron at pH 6 is about 10° times greater than at pH 8.5,
Weakly acid iron-bearing solutions flowing into the sea from neighboring land areas
must precipitate most of their iron in the weakly -alkaline marine waters. This is
borne out by actual figures that 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 pH of the environment is especially significant for the transportation of alu-
mina and silica in solution and their ultimate redeposition. To illustrate this, the

Table 6.4 The pH of Natural Media and Its Relation to the
Precipitation of Hydroxides

pH  Precipitation of Hydroxides Natural Media pH
11 , 11
Magnesium
10 _ Alkali soils 10
9 "9
Bivalent mangenese
Sea water
8 8
7 Zinc River water 7
6 Copper -‘Rain water 6
5 Bivalent iron 5
4 Aluminum Peat water 4
3 Mine waters 3
) Trivalent iron
2 2

Acid thermal springs
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Figure 6.7 The solubility of amorphous silica and
aluminum hydroxide as a function of
pH at 25°C.

solubilities of aluminum hydroxide and silica with respect to pH are plotted on Fig- '
ure 6.7. At pH < 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
a pH this low. From pH 5-9 the solubility of silica increases slightly, but alumina is
practically insoluble. Under these conditions removal of silica can take place, leaving
alumina behind, as has been inferred during the formation of laterites and bauxites.
An explanation for the formation of either kaolinite or montmorillonite from the
same parent materials under different conditions is not clearly apparent from a study
of Figure 6.7. The relative solubility of silica and alurnina do not change appreciably
over a pH range from 4 to 8. It may be that neither mineral is truly an equilibrium
- phase and each represents an arrested stage in the weathering process. Figure 6.7
would suggest that a true equilibrium assembldge would contain AI(OH);, a condi-
tion found in tropical areas where exténsive bauxite deposits may form. Perhaps only
under conditions of high rainfall and high temperatures can the weathering reactions
tend toward completion before erosion removes the weathered products.

OXIDATION- REDUCTION POTENTIALS

. Many elements are present in different oxidation states in the earth’s crust. The com-
monest is iron, occurring as the native metal (ox1dat10n state 0), as ferrous com-
pounds (oxidation state-2), and as ferric compounds (oxidation state 3). Similar ele-~
ments are manganese (2, 3, 4) sulfur (—2, 0,6), vanadium (3 4, 5), copper (0, 1, 2),
cobalt (2, 3), mtrogen( 3,0,9%), and many others.
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The stability of an element in a particular oxidation state depends on the energy
change involved in adding or removing electrons. A quantitative measure for this
energy change is provided by the factor known variously as the “oxidation-reduction
potential,” “oxidation potential,” or “redox potential™; we will refer to it as the oxi-
dation potential. The oxidation potential of any reaction is a relative figure, the ref-
erence standard being the reaction at 25°C and 1 atm.

H, = 2H" + 2¢ (¢ = electron)

(i.e., the removal of electrons from hydrogen atoms or the oxidation of hydrogen to
hydrogen ions). The oxidation potential of this reaction for unit activity (activity is
a function of concentration that provides for deviation from the laws of perfect solu-
tions) of the reacting substances is arbitrarily fixed as 0.00 volt, and the scale of
oxidation potentials extends on either side of zero, Oxidation potentials are symbol-
ized by E° when the relevant reactions take place under the standard conditions of
unit activity of the reacting substances, and by Eh when the experimental situation
deviates from these conditions.

Table 6.5 lists some reactions in order of decreasing oxidation potential, that is, in
order of increasing reducing power, the reduced form of any couple having sufficient -
energy to reduce the oxidized form of any couple of higher potential. For example,
Fe?* reduces Mn**, and H, reduces Fe’*,

The oxidation potential varies with varying concentration of the reacting sub-
stances. This variation with concentration is of special importance in reactions involy-
ing hydrogen or hydroxyl ions, as many such reactions do (Table 6.5). A variation
in pH produces large changes in oxidation potentials involving hydrogen or hydroxyt
ions and must be taken into account in applying E° values to actual reactions. The

Table 6.5 The Oxidation Potentials of Some Reactions of
Geochemical Significance

. —
E® (in volts)
—— L
o't = Co't + ¢ 1.84
Ni#* + 2H,0 = NiO, + 4H* + 2¢ 1.75
Mn*t = Mt + ¢ | 1.51
’ Pb’ 4+ 2H,0 = PbO, + 4H* + 2¢ 1.46
2H,0 = O, + 4H"* + 4e 1.23.
NH} + 3H,0 = NO; + 10H* + 8e 0.84
Fe?* = Felt 4 ¢ 0.77
Ni (OH), + 20H™ = NiO, + 2H,0 + 2¢ 0.49
40H™ = O, + 2H,0 + 4e 0.40
PbO + 20H™ = PbO, + H,0 + 2¢ . 0.25
Co (OH), + OH™ = Co (OH); + ¢ 0.2
S*” + 4H,0 = SO~ + 8H* + 8e . ' 0.14
H, = 2H* + 2¢ 0.00
NH; + 90H™ = NO; 46H,0 + 8e¢ —0.12
Mn (OH), + OH™ = Mn (OH)’ + —0.40

Fe (OH), + OH™ = Fe (OH), + o . —0.56
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H; = 2H*+ 2¢ -
2H:0 = O, + 4H* + 4¢
Fe = Fer¥ 4 2¢
Pb = Pb** + 2¢
Fert = Fet + ¢
. NH.* + 3H,0 = NO;~
4+ 10H* + 8¢
. Pbr* + 2H.,O = PbO;
4+ qH* + 2¢
K. Mn?* = Mn3* 4 ¢
L. Ni*t 4+ 2H,0 = NiO.,
+ 4H* +.2¢
M. Co?* = Co** + ¢
A’. H; + 20H" = 2H,0 + 2¢
B’. 4OH- = Oz + 2Hzo + 45
C’. Fe + 20H~ = Fe(OH),
+ 2¢
D'. Pb + 20H~ = PbO
+ Hzo + 2e
E'. Fe(OH), + OH~
= Fe(OH); + ¢
F’. NH; 4+ 9OH~ = NO;~
+ 6Hzo + 8¢
H’. PbO + 20H~ = PbO,
+ HzO + 2e
K’. Mn(OH), 4+ OH~
= Mn(OH); + ¢
L’. Ni(OH); + 20H~ = NiO,
| v + 2H20 + 2¢
1 i ] é tla 110 112 12 M. Co(OH). + OH~
pH = Co(OH); 4 ¢
Figure 6.8 Variation of oxidation potential with pH for certain reactions.
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influence of pH on the oxidation potentials of some reactions given in Table 6.5 is
shown graphically in Figure 6.8.

The range of oxidation potentials of natural environments determines the reactions
that may take place. Chemical reactions in aqueous media are theoretically limited
to those with oxidation potentials between those for the reactions

O = %0, + 2H* + 2e, E° = 123volts . - . - (1)
2H* + 2e = H,,  E° = 0.00 volt . @

The oxidized form of any couple with a higher potentxal than that for 1) W1ll theo-
retically decompose water 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 requirements-are not strictly met in’ practice
on account of overvoltage phenomena; that is, it requires a greater potential than the
theoretical to produce the evolution of hydrogen or oxygen at a measurable rate.
However, the chemistry of sedimentation indicates that the potentials of these two
reactions do largely control oxidation and reduction under natural conditions.
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Both these reactions involve hydrogen ions, and their potentials are thus strongly
affected by changes in PH. The £° values given above are for hydrogen-ion concen-
trations of unity, that is, 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 instrongly acid waters of volcanic regions to 10 or more in alkaline areas where

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) — 041
volt. [The potential of 0.82 volt js that of water with PH 7 saturated with oxXygen at
760 mm pressure; for oxygen at its partial pressure in the atmosphere (166 mm) this
potential is reduced to 0.81 volt.] These figures indicate that the oxidation potentials
of natural environm.ents, where the pH is near 7, should lje between — .41 and 0.82
volt. Measurements of oxidation potentials in natural waters are in agreement with
this statement (Figure 6.9) although values as low as — 0.5 volt have been recorded
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. Figure 6.9 Approximate position of some natural enviran-
’ ments as characterized by Eh and pH. (From
Garrels and Christ, Solutions, Minerals, and

- Equilibria. Courtesy Harper and Row)
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in marine-bottom deposits rich in organic matter; hydrogen may actually be gener-
ated ia such environments.

The solution, transportation, and deposition of elements that may occur in two or
more oxidation states are directly and powerfully influenced by the oxidation poten-
tial of the environment. For example, the high potentials required to convert bivalent
to trivalent cobalt and bivalent lead to PbO, in acid solution indicate that the min-
erals stainierite (CoOOOH) and plattnerite (PbO,) are deposited from alkaline solu-
tions, for which the oxidation potentials are much less (Figure 6.8). Figure 6.8 shows
that for many reactions the oxidation potentials decrease rapidly with the increase
of pH; gencrally, therefore, 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 below the
potentials for corresponding oxidations in acid solutions. This is especially marked
with respect to the oxidation of ferrous to ferric iron; in acid solution the potential
is 0.77 voit and is not affected by pH; however, as soon as the pH increases to a
figure at which ferric hydroxide is precipitated, the oxidation potential drops sharply
to a negative figure. Thus ferrous salts are comparatively stable in acid solution,
being only slowly oxidized by air, but in solutions sufficiently low in acid for Fe
(OH); to be pretipitated oxidation proceeds rapidly to completion. Deposition of fer-
rous compounds in nature therefore demands either a very acid environment or one
with a very low oxidation potential, on the negative side of zero. '

The Eh—pH diagrams provide a useful device for illustrating the stability fields
of different minerals in an aqueous environment. These diagrams are discussed in
detail by Garrels and Christ (1965), with numerous examples illustrated by them.
The system Mn—H,O under varying conditions of Eh and pH provides an illustra-
tive case (Figure 6.10), the diagram showing clearly why manganese has not been
found as the native metal. Under reducing conditions in the geological environment
manganese occurs as manganous compounds in acid solutions, ‘and precipitates as
Mn (OH), when the pH exceeds 8 (for unit activity of Mn; for more dilute solutions,
as found in nature, the pH required for precipitation is greater, according to the law
of mass action). As conditions become more oxidizing, the field of manganous ions
shrinks toward more acid conditions; on the alkaline side of the diagram Mn (OH),
(pyrochroite) is successively replaced by Mn,O, (hausmannite), MnOOH (mangan-
ite), and MnO, (pyrolusite). Under highly oxidizing conditions MnO, is the stable
phase over the whole range of pH. The diagram also explains why permanganates
do not occur under geological conditions; aqueous solutions of permanganate are
unstable and slowly decompose, liberating oxygen and precipitating MnQ,.

The separation of closely related clements in the upper zone of the lithosphere by
processes involving solution and redeposition is often-brought about by their distinc-.
tive properties with respect to oxidation and reduction. Thus the three elements iron,
nickel, and cobalt often occur together in primary deposits, yet supergene, or near--
surface aqueous processes result in their separation. These three elements differ
greatly in the potentials required to oxidize them beyond the bivalent state. Iron is
readily oxidized to the trivalent state in alkaline and mildly acid environments; cobalt
requires a much higher potential even in alkaline solutlon and in acnd solutions the
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Figure 6.10 Eh-pH diagram for the system Mn-H,0,
for unit activity of Mn. The dashed lines
are for the reactions for the decomposi-
tion of water (AA' and BB' of Figure
6.7).

potential required lies high above that for the release of oxygen from water; nickel
does not form trivalent compounds, but a 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 occurrences: the common
form of iron in supergene depos_its 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 ele-
ments by Supergene processes is well illustrated where intense weathering of ultra-
basic rocks has given rise to lateritic ‘material. rich in Fe,0,, concentration of the
nickel as garnierite, and of the cobalt as hydrated cobaltic oxide or as cobaltian wad.

Oxidation processes also result in a similar separation of manganese from iron.
Manganese is often present in solid solution in primary minerals containing iron, the
ferrous and the manganous ions being mutually replaceable; Supergene processes,
however, generally lead to fairly comiplete separation of iron from manganese, since
the potential required to convert iron t6 the ferric State is much lower than that
required to convert manganese to manganese dioxide. The iron readily precipitates
as hydrated ferric oxide, whereas the manganese remains in solution longer and is
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Figure 6,11 Sedimentary associations in relation to eavironmental limita-
tions imposed by oxidation potential and pH. (After Krumbein
and Ggrrels, J. Geol. 60, 26, 1952)

eventually deposited under more oxidizing conditions as comparatively iron-free
manganese dioxide. '

Oxidation potentials and pH are the basic controls that determine the nature of
many sedimentary products. Krumbein and Garrels (1952) have devised an inge-
nious diagram which illustrates the relation between these factors and the geological
materials on which they act (Figure 6.11). In this diagram they develop the concept
of the “geochemical fence,” a boundary defined by the presence of a particular min-
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cral or material on one side and its absence on the other, in effect, by a-eertain
chemical reaction. A particular geochemical fence may represent a specific pH value
or a specific oxidation potential of a combination of both factors. Many geochemical
fences can be defined, but Krumbein and Garrels have shown that the most generally
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 potential; the Fe, Mn oxide-carbonate fence, determined by the oxidation
potential at which ferrous and manganous compounds (mainly carbonates in the sed-
imentary 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 a classification of sedimentary environments based on the two
significant parameters of pH and oxidation potential, and even though the bulk
chemistry ‘of sedimentary deposits may vary greatly, the careful study of their min-
eralogy will elucidate thé physicochemical conditions under which they developed.

COLLOIDS AND COLLOIDAL PROCESSES

The colloidal state is one of fine subdivision, the size range being approximately 1073
to 107° mm. Colloidal solutions grade into true solutions on the one hand and into
suspensions on the other without any distinct line of demarcation. The degree of
dispersion is usually greater than the resolving power of an ordinary microscope but
is less than molecular; that is, colloidal particles are generally multimolecular. The
colloid particles of the disperse 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), 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 resemble
liquids in their physical properties; thus they flow readily and do not show rigidity.
Gels, on the other hand, show some rididity. Pastes are systems in which, although
the solid part is in the form of discrete particles, the concentration of these particleg
has been so much increased that they form the bulk of the system, for example,
plastic clay. o : - :
Sols in water are divided into two types, hydrophilic and hydrophobic. In the first
type there is strong interaction between the particles and the water molecules, which
serves to stabilize the colloidal solution. 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 hydro-
phobic sols are larger than those in hydrophilic.sols. Further, when a hydrophobic
sol has been precipitated by some physical change it cannot be readily reconverted
into a sol by reversing this change, whereas a hydrophilic sol is generally reversible
in this respect. No sharp boundary exists between these two 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 hydrophobic sol.
- Colloidal particles are electrically charged. This charge may originate in two ways:
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either by adsorption of ions from the liquid or by the direct ionization of the material
of the particle. Some colloids, for example, ferric hydroxide, may acquire either pos-
itive or negative charges according to the environment in which they are formed. The
charges on some important colloids are as follows: '

Positive Negative
Aluminum hydroxide Silica
Ferric hydroxide Ferric hydroxide
Chromic hydroxide Vanadium pentoxide hydrate
Titanium dioxide hydrate Manganese dioxide hydrate
Thorium dioxide hydrate Humus colloids
Zirconium dioxide hydrate Sulfide sols

Colloidal particles may be either crystalline or amorphous. Most inorganic colloids
are crystalline. The establishment of this fact has been an important contribution of
X-ray diffraction techniques to the study of colloids.

Colloids may be produced by two procedures; either coarser particles may be bro-
ken down to colloidal dimensions, or smaller particles (molecules or ions) may be
aggregated into particles of colloidal size. Most naturally formed collonds probably‘
originated in the second way. :

The colloidal state is always a metastable one. An increase in the: size of the par-*

ticles 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 unchanged over long. periods. The charge on the particles is an
important 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 account most colloidal matter is rapidly flocculated
by sea water. Colloids show great differences in relative stability. Some are stable
under wide variations in chemical and physical environments; others require care-
fully controlled conditions in order to exist in the colloidal state at all. Obviously only
those substances that form rather stable colloids are of importance in geological pro-
cesses. Unstable colloids can, however, be stabilized by the presence of other sub-
stances. Of these the most important are organic compounds. In the geological envi-
ronment such compounds are generally referred to as humus colloids, for lack of
more precise information as to their nature; they are probably albumins. The pres-
ence of these humus colloids appears to play an important part in stabilizing the
inorganic colloids formed during sedimentary processes, thus enabling transport of
such material over much greater distances than would otherwise be possible. .
Because silica is the most abundant material in the earth’s crust and it readily
goes into colloidal solution, the role of colloidal silica in sedimentary processes has
been the subject of a great deal of discussion. Much of the geological literature relat-
ing to the transportation and precipitation of dissolved silica has been essentially
unanimoys as to the colloidal state of the silica. However, the development of col-
orimetric tests that permit discrimination between colloidal silica and silica in ionic
solution has shown that this conclusion is based on inadequate evidence. These tests
have shown that most of the silica in natural waters is in true solution. The signifi-
cance of this fact for the dissolution and precipitation of silica during sedimentation
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has been carefully discussed by Krauskopf (1936). He shows 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 precipitation.

An important property of colloidal particles is their ability to bind and concentrate
certain substances through adsorption. Two types of 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 char-
acterized by low heats of adsorption and by a loose bonding of the adsorbate to the
adsorbent. Chemical adsorption, or chemisorption, on the other hand, is character-
ized by high heats of adsorption and a firm chemical bonding (i.e., by valence bonds)
of the adsorbate. It may 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 exchange or
substitution of a foreign cation or anion, or both, for a cation or anion at the surface.
The property of base exchange, shown particularly by clays, whereby cations in the
clay may be exchanged for other cations present in aqueous solutions in contact with
the clay minerals, may be considered as a particular type of adsorption. Some prin- |
ciples governing adsorption may be stated as follows:

1. The am'c_)’unt of adsorption increases as the grain size of the adsorbent 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 phosphate ions by ferric
hydroxide).

3. The amount of a substance adsorbed from solution increases with its concentra-
tion in that solution. :

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

‘Through adsorption processes many ions may be removed 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 for-
mation 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 “depoisoning” effect of freshly precipitated ferric
hydroxide, utilized in medicine); without this phenomenon a number of biologically .
damaging elements would accumulate in ocean waters. Sufficient amounts of many

elements, such as copper, selenium, arsenic, and lead, have po'tentially béen supplied -

by weathering and erosion during geological time to cause serious poisoning of the -
ocean had not some process of elimination of these substances been active.

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
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the case; weathering, erosion, and sedimentation lead generally to a marked sepa-
ration of the major elements. 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 differentiation that results is remarkable. The steps in this
geochemical separation process are as follows:

1. Minerals that 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 aluminosilicates, giving
a mud consisting essentially of the clay minerais. This results in concentration
of aluminum and also of potassium by adsorption. The process corresponds to
the second step in a rock analysis, the separation of alumina and other easily
hydrolyzed bases.

3. Along with the formation of argillaceous sediments, but often separated in space
and time, iron is precipitated as ferric hydroxide. In this process oxidation from
the ferrous to the ferric state precedes precipitation by hydrolysis. Concentration
of iron is the result, sometimes to the extent of the formation of iron ores.

4. Calcium is precipitated as calcium carbonate cither by purely inorganic pro-
cesses or by the action of organisms. Limestones are formed and calcium thereby
concentrated. This may result in almost quantitative separation of calcium, as
in a chemical analysis. Limestone can be partly or wholly converted to dolomite
by the metasomatic action of magnesium-rich solutions and magnesium thereby
precipitated and concentrated together with calcium.

5. The bases that remain in solution collect in the ocean, from which they are
removed in quantity only by evaporation, giving rise to salt deposits. The most
important of these bases is of course sodium, but lesser amounts of potassium
and magnesium also accumulate in sea water.

The chemical breakdown of a rock by weathering can be represented by the fol-
lowing scheme:

Si Al, Si, (K) Fe Ca, (Mg) (Ca,) Na, (K),
o (Mg)
Resist- Hydroly- Oxidates Carbonates _ Evaporates
ates sates, clay Fe (OH), " CaCoO, NaCl
-Si0, - minerals CaMg (CO,), CaSo,
: : - MgSO,
} etc.

This scheme indicates the course followed by the major elements during sedimen-
tation and gives a useful geochemical classification of sediments into resistates,
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hydrolysates, oxidates, carbonates, and evaporates. Goldschmidt recognized a fur-
ther class, the reduzates, which includes coal. oil. sedimentary sulfides. and sedimen-
tary sulfur. Coal and oil are of organic origin and are discussed in Chapter 10. Sed-
imentary sulfides and sulfur also often owe their formation to Organic processes,
although possibly indirectly.

The fate of the major clements during sedimentation has been fairly well worked
out. Silica concentrates in the resistate sediments, alumina in the hydrolysates, iron
and manganese in the oxidates, and calcium and magnesium in carbonates. A good
part of the sodium remains in solution and eventually accumulates in the ocean:
potassium 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 inves-
tigated, and much less is known about their behavior under these circumstances than
during magmatism, Sedimentary processes are more complex and less uniform than
igneous processes and many factors may play a part in determining the the trans-
portation and deposition of an element; they include ionic potential, pH, and oxida-
tion potential of the medium, collodial properties, and adsorption. Hence it is not yet
possible to make categorical statements regarding the fate of many of the minor
elements during sedimentation, .

Turekian and Wedepohl have prepared a critical compilation of the available data
for the three principal groups of sedimentary rocks—shales, sandstones, and carbon-
ates. Their figures, updated where necessary, are given in Table 6.6 together with
the averages for igneous rocks for comparison. The data indicate that the common
sedimentary rocks seldom show marked enrichment in minor and trace elements over
the amounts present in igneous rocks—in fact, sandstones and carbonates are usually
depleted in these elements. Most trace elements are somewhat more concentrated in
shales than in other types of sedimentary rocks, but the amount in ordinary shales
seldom exceeds the igneous rock average.

The resistates form the important group of sands and sandstones. Quartz is by far
the commonest and most abundant of residual minerals, and sands and sandstones
are sources of silica for industrial uses. Many other minerals may appear in small
amounts in sands and sandstones, but most of these can be decomposed and removed
by intense weathering. Zircon is oné 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 minerals and accumulate in sands; other industrially
important constituents of some sands are rutile, monazite, cassiterite, and, of course,
gold and the platinum metals.

The hydrolysate sediments consist in great part of the clay minerals. Tropical
weathering often produces aluminum hydroxides rather than- hydrated aluminum
silicates, and high-alumina clays and bauxites result. In either process the end prod-
uct represents a concentration of aluminum over the average amount in the earth’s
crust. As was indicated in the discussion of ionic potential, many elements, especially
those in groups III and IV of the periodic table, may be expected to precipitate in
hydrolysate sediments, and the meager data on minor elements in sedimentary rocks
bear this out. Shales show concentrations of elements of medium ionic potential and
of elements like potassium that are readily adsorbed by colloidal particles; they are
sometimes enriched in chalcophile elements, probably precipitated as sulfides by the
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Table 6.6 Abundances of the Elements (in Parts Per Million) in the Principal Types of
- Sedimentary Rocks
Element Shales Sandstones Carbonates Igneous Rocks
Li 66 15 S 20
Be 3 00X 0.X 2.8
B 100 35 20 10
F 740 270 330 625
Na 9,600 3,300 400 28,300
Mg 15,000 7,000 47,000 20,900
Al 80,000 25,000 4,200 81,300
Si 273,000 368,000 24,000 277,200
p 700 170 400 1,050
S 2,400 240 1,200 260
Ci 180 10 150 130
K 26,600 10,700 2,700 25,900
Ca 22,100 39,100 302,300 36,300
Sc 13 1 1 22
Ti 4,600 1,500 400 4,400
\Y 130 20 20 135
Cr 90 35 11 100
Mn 850 X0 1,100 950
Fe 47,200 9,800 3,800 50,000
Co 19 0.3 0.1 .25
Ni 68 2 20 75
Cu 45 X 4 55
Zn 95 16 20 70
Ga 19 12 4 15
Ge 1.6 0.8 0.2 1.5
As 13 1 I 1.8
Se 0.6 0.05 0.08 0.05
Br 4 1 6.2 2.5
Rb 140 60 3 90
Sr 300 20 610 375
Y 26 15 6.4 33
Zr . 160 - 220 19 165
Nb il 0.0X 0.3 20
Mo 2.6 0.2 0.4 1.5
Ag .0.07 - - 0.0X 0.0Xx - 0.07
Cd 0.3 0.0x 70.09 0.08
In- - 01 0.0X 0.0Xx 0.1
Sn 6.0 0.X 0.X 2
Sb.. 1.5 0.0X 0.2 0.2
I T2.2 1.7 1.2 0.5
Cs S 0.X 0.X 3
Ba 580 . X0 . 10 425
La 24 16 6.3 ‘30
Ce . 50 30 . 10 60
Pr 6.1 4.0. 1.5 _ 82
Nd 24 15 6.2~ 28
Sm 5.8 3.7 1.4 6.0
Eu 1.1 0.8 0.3 1.2
Gd 5.2 3.2 1.4 5.4
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Table 6.6 (Continued)

Element Shales Sandstones . Carbonates Tgneous Rocks
Tb 0.9 0.6 0.2 0.9
Dy 43 2.6 1.1 3.0
Ho 1.2 1.0 0.3 1.2
Er 2.7 1.6 0.7 2.8
Tm 0.5 0.3 0.1 0.5
Yb 2.2 [.2 0.7 3.4
Lu 0.6 0.4 0.2 0.5
Hf 2.8 3.9 0.3 3
Ta 0.8 0.0x 0.0X 2
W 1.8 1.6 0.6 1.5
Hg 04 0.3 02 0.15
Tl 1.0 0.5 0.2 0.8
Bi 0.4 0.17 0.2 0.1
Pb 20 7 9 I3
Th 12 1.7 1.7 9.6
U 3.7 0.45 22 2.7

Turekian and Wedepoht, Bull. Geol. Soc. Am., 72, 175, 1961, with more recent data. The figures’ for
igneous rocks are given for comparison. (For some elements only order of magnitude gstimates are made;
these are indicated by the symbol X. - .

H,S often generated in marine muds. The most remarkable hydrolysate sediments
from the geochemical viewpoint are the black bituminous shales and the bauxites,
both of which have originated under rather special conditions. The black shales were
deposited slowly in a strongly reducing marine environment rich in organic matter.
Sulfide ions were evidently present, produced by the reduction of sulfate. Analyses
of black shale are characterized not only by a considerable content of organic carbon,
but generally also by much sulfur, present mainly as FeS,. Enrichment of the follow-
ing minor elements has been noted: V, U, As, Sb, Mo, Cu, Ni, Cd, Ag, Au, and
metals of the platinum group. Vanadium has been produced commercially from such
shales, and they are far more significant than all the primary deposits as a potential
source of large amounts of uranium. It has been suggested that the minor elements
were accumulated by the vital activity of the organisms now represented by bitu-
minous material, but this is far from certain. Judging from the chalcophile nature of
many of these elements, precipitation from solution as sulfides seems a more reason-
able explanation. A linear increase of uranium with increasing carbon content has
been demonstrated in some of these shales, but this does not necessarily imply that =
the uranium was present in the organisms that furnished the ‘carbon. The uranium
content also shows an’ excellent correlation with the abundance of colloidal size
grades in the sediment; this might suggest that the uranium is present in the clay
mineral, which in these black shales is generally illite. The evidence indicates that
the concentration of uranium is not the result of biological activity but of later chem-
ical processes probably related, in part at least, to the presence of organic matter in
the sediments. Some phosphatic shales, such as those of the Phosphoria formation in
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Wyoming, Idaho, and Montana, show similar geochemical features, especially in the
earichment in vanadium and uranium; they seem to have been deposited under sim-
ilar conditions, that is, oxygen-deficient marine environments where organic material
was accumulating and the rate of sedimentation was very slow. Bauxites have a dif-
ferent pattern of enrichment and often show a concentration of beryllium, gallium,
niobium, and titanium; of these gallium is actually being extracted as a byproduct
from the production of aluminum. '

The most important oxidate is ferric hydroxide, which, if pure, gives rise to a sed-
imentary iron ore. Manganese is also deposited as an oxidate sediment in the form
of hydrated manganese dioxide, and such deposits or their metamorphosed equiva-
lents are the significant sources of manganese ore. The adsorptive power of precipi-
tated ferric hydroxide and manganese dioxide hydrate is very great; hence many
minor elements are found in oxidate sediments. The pattern of enrichment differs;
hydrated manganese dioxide, being a negatively charged colloid, adsorbs cations,
whereas ferric hydroxide; generally a positively charged colloid, adsorbs anions.
These adsorbed elements are sometimes in sufficient amounts to be important com-
mercially, either as profitable byproducts (e.g., Ni in some sedimentary iron ores, W
in some mangancse ores) or as deleterious impurities (e.g., As in some iron ores).
Vanadium, phosphorus, arsenic, antimony, and selenium have been reported in sed-
imentary iron ores in larger amounts than their average abundance in the crust; Li,
K, Ba, B, Ti, Co, Ni, Cu, Mo, As, V, Zn, Pb, and W have been reported in notable
concentrations in manganese ore.

The common carbonate sediment is, of course, limestone, which consists essentially
of calcite. Calcium carbonate may also be deposited as aragonite, but it is doubtful
whether aragonite will persist for any considerable time in a geological formation,
since it tends to change to calcite. Whether calcium carbonate was originally depos-
ited as calcite or as aragonite may have significant geochemical consequences; the
structure of aragonite permits ready substitution by larger cations, such as strontium
and lead, but not the smaller cations, whereas for calcite the reverse is true. Hence
the minor elements in a limestone will probably differ in kind and amount according
to the nature of the calcium carbonate in-the original sediment.

The evaporates are quantitatively unimportant as sediments but are highly signif-
icant in the interpretation of geological history. Geochemically they are of special
interest as-a type of deposit with a mode of formation that can readily be reproduced
in the laboratory.. They have been well described by Stewart (1963). As early as
1849 Usiglio made experiments aimed at elucidating the conditions of formation of
salt deposits, but his results were unsatisfactory, because he worked with sea water,
a highly complex solution with which he failed to gét reproducible results. Later the
problem was tackled from the other direction by van’t Hoff and his co-workers, who

"began by studying the solubility relations of all the possible compounds that might
be produced by the evaporation of sea water. Working initially at 25°, they deter-
mined the equilibrium relations in the simple two-component salt-water systems and
then extended these researches to multicomponént systems. Similar investigations -
were made at.83°, and specific reactions involving the appearance or disappearance
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of individual compounds were studied at the temperature of reaction. Van't Hoffs
success in working out phase relations and applying these results to natural occur-
rences of evaporates (especially the Stassfurt deposits) was one of the first fruits of
the application of physicochemical principles (in this case the phase rule) to geolog-
ical problems. :

As sca 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 cen-
timeters of limestone.

With continued evaporation calcium sulfate is deposited. Depending on tempera-
ture 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 increased 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. When 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,Ca,Mg (S0O,),-2H,0, is reached.

Most evaporate deposits contain calcium carbonate, calcium sulfate, and sodium
chloride; evidently conditions under which other salts could be deposited have seldom
been attained. Only wheh an evaporating body of sea water has been reduced to
1.54% of the original volume do potassium and magnesium salts begin to crystallize. -
Important deposits of these salts are worked in Germany, in the Texas~New Mexico
area of the United States, in the province of Perm in the U.S.S.R., and in Saskatch-
ewan, Canada.

The further course of crystallization can be discussed in terms of a triangular dia-
gram having corners which represent K,, Mg, and SO, and which shows the com-
pounds in equilibrium with halite and saturated solutions at a particular tempera-
ture. Figure 6.12 is such a diagram for 25°. It shows that the continued isothermal
evaporation of sea water leads to the crystallization of blodite, Na,Mg (S0O,),-4H,0.
The composition of the solution follows a path directly away from the point corre-
sponding to blodite and soon crosses the ‘boundary into the field of epsomite,

-MgSO,-7TH,0. Epsomite then begins to crystallize, and the further course depends
on whether the previously separated blodite can react with the solution. If it does, it
will be resorbed; under natural conditions, however, it may be crusted over and effec-
tively removed from the system. In either event, the path of crystallization eventually

‘reaches the boundary between the fields of epsomite and kainite, KMgSO,Cl- 3H,0,
and then follows this boundary curve, the two salts crystallizing together. The succes-
sion is hexahydrite-kainite, kieserite-kainite, kieserite-carnallite, and finally the three

- salts kieserite-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 dur-
ing the course of separation of kainite.
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The accompanying table illustrates the theoretical profile to be expected from the -
evaporation of sea water at 25°. This theoretical profile shows a general correspon-
dence with the succession in natural salt deposits in most areas. Commonly one finds
limestones and dolomites passing up into calcium sulfate and halite, with or without
polyhalite. The usual form of calcium sulfate in natural deposits is ‘anhydrite rather

Kieserite, carnallite,

bischofite Bischofite zone
Kieserite, carnallite Anhydrite Carnallite zone
Kieserite, kainite

Hexahydrite, kainite Kainite zone

Epsomite, kainite Halite
Epsomite ) Potash-free magnesium sulfate
Blodite Polyhalite zone
Polyhalite Polyhalite zone
Anhydrite Anhydrite zone
Gypsum Gypsum zone
“, Carbonates Basal limestone and dolomite

than gypsum. The correspondence with the higher parts of the theoretical profile is

less marked, however. For example, sylvite, which does not appear in this profile, is

the important potassium salt in many deposits. Epsomite and hexahydrite have gen-

erally lost water of crystallization and have been converted into kieserite. A bischof- I
ite zone is rarely developed, probably because complete evaporation is seldom if ever
achieved in nature. Van’t Hoff’s investigations at higher temperatures showed that
most of the mineralogical features of natural deposits.can be explained by assuming
either a temperature of evaporation considerably higher than 25° or recrystallization
at some higher temperatures after burial—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 on data-regarding the amount. .
and composition of ocean water and the average composition of igneous and sedi-~
mentary rocks. If we can assume that the total sodium content of sea water is derived
from the weathering and erosion of igneous rocks, this quantity will be 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 2.83%

Composition of the 10-mile crust 93% lithosphere, 7% hydros;ihere
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Figure 6.12 Stability fields of evaporate minerals at 25°. (After Stewart,
1963)

From these figures the ratio between oceanic sodium and rock sodium is about 1:30.
Hence the sodium in the ocean is equivalent to that contained 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. However, the calculation is subject to correction, for it rests
on the assumption that-al] the sodium accumulates in the sea. This is not so; the
sedimentary rocks contain sodium, even if in much smaller amount than the parent
igneous rocks. Clarke put the average sodium content of sedimentary rocks at 0.90%,

" or.35% of the average in igneous rocks. Thus, of the original sodium, less than 65%

has come 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 at least,100/65,'fror_n 54.8 x 10¢ cubic miles to 84.3 X 10° cubic miles. An
éllowan_ce 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 10¢

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 envel-
oping 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
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water; and because sea water contains 1.07% sodium (a later figure than Clarke’s
. 1.14%). the 278 kg contains 2975 kg of sadium. The average sodium content of
igneous rocks is 2.83% and of sedimentary deposits approximately 1%. In the proces§
of weathering a certain amount of the material is leached away, and Goldschmidt
estimated that the mass of the sedimentary deposits is 0.97 of the original igneous
rocks that gave rise to them. :
Let X be the amount of igneous rock croded per square centimeter of earth’s sur-
face. Let ¥ be the amount of clastic sediments deposited per square centimeter of
earth’s surface. Then, ¥ = 0.97X.

, 283
Sodium content of igneous rock per cm” = T00 X X
1
Sodium content of clastic rock per cm® = 00 XY

However, the sodium content of ocean water per square centimeter = 2.975 kg.
Therefore,
2.83 Y
— X — — = 2975
. . 100 X 100
and X = 160 kg/cin’
Y = 155 kg/cm?

The value of 160 kg/cm? gives a figure of about 3 X 10® km’ for the total amount
of igneous rock weathered during geological time, a value close to that obtained by
Clarke.

These calculations overlook two factots: the sodium removed from the ocean dur-
ing geological time in the form of salt deposits and 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 take into account the sodium that may
have been present in the primitive ocean; any such sodium would reduce the amount
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 noncarbonate CaQ in sand-
stones and shales to be 0.6% and concluded therefore that CaO in excess of this
figure is present as calcium carbonate. Similarly, the average amount of noncarbon- -
ate MgO was estimated to be 2.6%. A balance sheet for the cycle of calcium and

magnesium in sedimentation was then derived as follows:

In the ocean Ca 0.00042 X 278
Mg 0.00130 X 278

i

0.117 kg/cm?
0.361 kg/cm®

il

CaO MgO
In igneous rocks : 5.08% 3.49% -
In carbonate-free sediments 0.6% 2.6%
160 kg igneous rocks contain 8128 kg  5.584 kg

155 kg carbonate-free sediments contain =~ 0.930 kg~ 4.030 kg
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278 kg sea water contain 0.117 kg Ca —0.361 kg Mg

corresponding to __0.164 kg CaO 0.598 kg MgO
Therefore, the following amounts of calcium and magnesium carbonates (per square
centimeter) must be present in the sediments:

7.034 kg CaO 0.956 kg MgO
2519 kg CO, 1043 kg CO,
12.553 kg CaCO, 1.999 kg MgCO,

Assuming that all the magnesium carbonate in sediments is there as dolomite, CaMg
(CO,),, we obtain these figures: 10.170 kg CaCO,, 4372 kg CaMg (CO,),. 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 CO, in
sediments is 6.562 kg/cm® From the above figures and the densities of these rock
types the total average thickness of sediments can be calculated.

Volume
Mass/cm? Density (cm?) Thickness
Clastics (sandstones and shales) 155 kg 2.65 58,491 585 m
Limestone 10.2 kg 2.7 3,777 38 m
Dolomite 4.4 kg 2.9 1,517 15m
169.6 kg 639 m

Clarke’s calculation for the total sedimentary rocks of the globe gave an approx-
imate 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.

Goldschmidt’s computations have been extended and refined by later investigators.
The resulting estimates for the relative amounts of the common sediments are col-
lected in Table 6.7. The later results do not differ significantly from those of Gold-
schmidt, but the calculated total mass has increased considerably. The importance

Table 6.7 Estimates of the Relative Amounts of the Common
Sediments, Based on Geochemical Calculations

12 3 .4 5

~ Shale o .83 74 81 74
" Sandstone - -8 1T 11 11
Limestone and dolomite -9 9 9 8 15

-Total mass (X 10%g) - . 865 1066 -2050 2500 3200
. Goldschmidt, 1933 _ _ :

. Wickman, 1954

. Horn and Adams, 1966

Garrels and Mackenzie, 1971 _

- As 4, but including allowance for submarine alteration of
volcanic rocks. .
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of calculations of this kind lies not so much in precisely determining the amounts of
each sedimentary class but rather in elucidating the general features of the geochem-
ical cycle.

The results of the geochemical computations are in some disagreement with field
" measurements of the relative percentages of sedimentary rock types. Measurements
of stratigraphic sections consistently give greater percentages of limestone and dolo-
mite than indicated from geochemical calculations; for example, Leith and Mead
assembled the data for 708,000 feet of sedimentary rocks in North America, Europe,
and Asia and obtained the following percentages: shale 46, sandstone 32, limestone
and dolomite 22. Such compilations must be used with caution, since the identifi-
cation of a formation as a limestone, a sandstone, or a shale is liable to be very gross;
shales often contain considerable sand, sandstones may carry much clay, and the
term limestone is applied to many rocks with only 50% or so of carbonate. Never-
theless, it is clear that carbonate rocks are more prominent in the geological column
than one might expect from geochemical calculations based on their derivation from
continental igneous rocks. Garrels and Mackenzie have discussed this problem and
present evidence for the derivation of much of the material of the carbonate sedi-
ments from the alteration of submarine volcanic rocks. The results of their calcula-
tions (Table 6.7, column 5) clearly provide better agr¢cment with the observed pro-
portions of sedimentary rocks.

Garrels and Mackenzie also discuss the variation in the proportions of the different
types of sedimentary rocks over geological time. They note that the ratios of sedi-
mentary rock types show striking changes over the past 2 X 10° years. Carbonate
rocks make up 25% of the sedimentary rock mass of Phanerozoic (Cambrian-
Recent) age, but only about 5% of rocks 600 million years to 2000 million. years old.
Evaporites are roughly 5% of the Phanerozoic rocks, but much less then 1% of older
rocks.
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ISOTOPE GEOCHEMISTRY

The study of the isotopes of some chemical elements has become one of the most
important and powerful tools in geochemistry. Variations in the relative abundances
of the isotopes of an element may result from several types of geochemical reactions.
The measurement and understanding.of these changes in many cases give clues to
these reactions. Elements usually selected for isotopic investigations include those
with two or more isotopes that have measurable isotopic abundance differences. Mass
spectrometers used for the sensitive analyses are capable of measuring variations in
the isotopic abundances with precisions in the vicinity of 0.01%.

Isotopic variations may be divided into two major groups: (a) those due to the
radioactive decay of unstable nuclides, which causes variations in the isotopic com-
position of the stable daughter produicts and (b) those due to variations in nonradi-
ogenic isotopes most often produced by exchange reactions, kinetic reactions in bio-
logical systems, or physical-chemical processes such as evaporation or diffusion.
Radiogenic isotopes most often studied are those of argon, strontium, lead, and neo--
dymium. These elements may show significant variations due to the length of time

-their parent radioactive nuclides have had to decay and the original concentrations

of the parent and daughter nuclides. Strontium isotopes have proven to be a partic-

ularly useful tracer to indicate whether the magma that formed an igneous rock . -

originated in the crust or the mantle. Magma derived from the upper mantle shows’
a lower concentration of *’Sr due to the lower concentration of the radioactive parent
*Rb in the mantle than in the crust. Stable isotope variations are most pronounced
in the low atomic weight elements hydrogen, carbon, oxygen, and sulfur. Note that
these elements may all be found in volatile or fugitive species as well as in solid
phases. Stable isotope variations occur and are most easily detected when the relative

187
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mass differences between the isotopes are relatively large, such as-*H and *H or *C
and "C with a mass differences of 100% and 8%. Isotopic variations are more likely
to occur in the low atomic weight elements than those of higher atomic weight. With
increasing temperatures the fractionation of the stable isotopes decreases, thus they
show greater fractionation in sedimentary systems than in magmatic rocks. In gen-
eral the degree of stable isotope fractionation decreases from the materials formed
at the surface of the earth to those found at depth. Recycling of surficial maferial
through the upper mantle tends to rehomogenize the isotopes.

STABLE ISOTOPES

As noted above, non-radiogenic variations in the relative isotopic abundances of sev-
eral elements have been detected in nature. For the elements H, C, O, and S the
observed differences are of geologic interest. The variations measured by mass spec-
trometry may be reported as absolute ratios such as *O /'O, but they are more often
reported in terms of a factor & in per mil (%) or parts per-thousand, where:

5 = (————R sample 1> 1000
R standard
and R is the ratio of two selected isotopes in a sample or standard. The use of this
type of factor minimizes systematic errors in measurement between different spec-
trometers and laboratories. In Table 7.1 the measured isotope pairs for the commonly
measured elements are given, together with the naturally observed isotopic ranges.
For oxygen the per mil variation is for *O/'*O and the standards commonly used

may be either standard mean ocean water, SMOW, as defined by Craig (1961), or
PDB, the carbonate from a Cretaceous belemnite first used as a standard by Urey

Table 7.1
Per Mil Isotopic Variation, é of
Heavier Isotope
Isotopes Minerals and Natural
Element with Isotopic Standard Used . Measuréd Rocks Waters
"Hydrogen : : ’ ‘ )
Standard mean ocean water *H/'H (D/H), . ~180to +20 —410to-+50
(SMOW) ' '
Carbon . i . -
Calcite-PDB (belemnite) - Be/RC © —35t0 +5
Oxygen :
SMOW R O VA ¢ —2to +36 -=50to +15
Silicon ' ' ‘ . ’
Quartz vein, Mother Lode, ~ Si/ESi ‘—2.210 +3.2
California
Sulfur : -

Canyon Diablo meteorite troilite Hg /7S —45 to +60

IS

S
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et al. (1951). Likewise "H/'H variations are referred to SMOW and HC/HC varia-
tions to PDB. Troilite (FeS) from the Canyon Diablo meteorite is the standard used
for *S/*S. Several of the driginal stahdards have been essentially exhausted, but
laboratories today may use secondary standards calibrated against these original
materials. Positive or negative 8 values indicate enrichment or depletion of the heav-
ier isotope in the sample relative to the standard. .

The isotopic variations are due to mass differences between the isotapes that lead
to small differences in the vibration frequencies of the atoms in a molecule or crystal.
As a result of the differing vibration frequencies, the thermal properties of the iso-
topes, such as internal energy (£), heat capacity, and entropy (.5), vary and may
lead to a fractionation in the distribution of the isotopes between two phases. For the
distribution of '*O and 'O, for example, a separation constant « between two phases
may be calculated as

‘ - _ R, _(*0/"0) phase 4
" Ry (*0/"O) phase B

In equilibrium systems it may be shown that « is the equilibrium constant of a iso-
topic exchange reaction if the reaction is written for the exchange of one atom. Such
an equilibrium constant may be calculated using statistical mechanics or measured
for a number of phases of geochemical interest. THe constant is temperature-depen-
dent and hence a useful natural thermometer for geochemical systems. The fraction-
ation factor « is related to 6 by the relations:

I + 3,/1000 5y~ b,
= A8 000 Inw =5, — b, da~1 440
T T 5,/1000° M=l o anda= 14 =

For biological systems it is difficult to precisely predict fractionations produced by
rate-controlled or diffusion reactions, but they may be measured in typical systems.
Generalizations that may be made about isotope fractionation include: (a) bonds
formed by light isotopes are more easily broken than those of heavy isotopes; (b)
molecules with light isotopes will react more readily than those with heavy isotopes;
and (c) lighter isotopes show preferential enrichments in irreversible chemical reac-
tions. The measured isotopic variations are a function of the fractionation processes
and the original isotopic composition of the starting materials. The results may give
information on (a) the temperature of formation of rocks and minerals, including
fossils, (b) chemical and physical processes that have affected rocks during or follow-
ing their formation, and (c) genetic relations'among rock and meteorite types.

OXYGEN ISOTOPES

Oxygen is the most abundant element in the earth’s crust and hence many oxygen-
containing systems are available for study. The mass spectroscopic measurements
are most often made on oxygen in the form of CO,. Figure 7.1 shows §*0 decreases
with increasing temperature in natural waters, and lower-temperature materials
show larger variations in 6'°O than do the high-température igneous rocks.
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Figure 7.1 Oxygen isotope variation in common rocks, minerals, and waters.

The oxygen isotope fractionation in igneous rocks approaches equilibrium, and
hence o values may be calculated and temperatures of formation determined. The
measured values may be compared with experimentally determined fractionation
curves as shown in Figure 7.2. In this figure mineral vs. water curves have been
plotted. From such data, 8O differences between coexisting mineral pairs can be
used to indicate temperatures of formation or a graph similar to that shown in Figure
7.3 may be determined and the temperatures estimated directly.

It may be noted that minerals in which Si—O~—Si bonds predominate become
enriched in Q. Bonds of the Si—O~-—Al type and Si—O—Mg types show less frac-
tionation. Quartz shows the highest 'O enrichment of the common rock-forming
minerals, followed by the feldspars, muscovite, amphiboles and pyroxenes, biotite,
and olivine. The oxides magnetite and ilmenite show the least {ractionation. The
results obtained in many igneous rocks indicate that their minerals were in equilib-
rium with a large reservoir of constant *O/'"O ratio. The diffusion of oxygen in the
crust and upper mantle appears to be relatively rapid.

Meteoritic troilite-has a remarkably constant **S/*S ratio of 22.21, and may perhaps
be considered to represent primordial sulfur. The **S content of sulfur in components
of the earth’s crust varies by about 50 %o on either side of this standard, as illustrated
in Figure 7.4. The variations, which appear large in view of the relatively high atomic
weight of sulfur, are due in large part to the action of sulfate-reducing bacteria that
produce sulfides enriched in *)S whereby the sulfate remaining becomes enriched in
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¥S. This mechanism can account for the increase of *S in oceanic sulfate residual
after bacterial reduction. The H,S ‘produced is removed from the ocean by precipi-
tation as iron and other heavy-metal sulfides. Processes such as the oxidation and
reduction reactions of H,S, SO, and S during volcanism, and sulfide-sulfate equilib-
rium under magmatic or hydrothermal conditions, may be locally important. Most
hydrothermal sulfide deposits do not show great isotope variations, indicating the
sulfur comes from a primitive reservoir or a homogenized system. Exotic values from
selected deposits may indicate that hydrothermal sulfur is from a fractionated sedi-
meatary source. Such sulfur may be light if derived from sedimentary sulfides or
heavy if derived from sedimentary sulfate.

One of the more successful applications of sulfur isotopes has been in demonstrat-
ing that the elemental sulfur in the salt domes of Louisiana and Texas was formed
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- Figure 7.2 Experimentally determined oxygen isotope frac-
tionation curves for selected mineral-H,0O sys-

tems.



192 PRINCIPLES OF GEOCHEMISTRY

by the bacterial reduction of sulfate in the gypsum or anhydrite cap rock. These salt
domes are capped by anhydrite-apparently precipitated in an inland sea. The *'S/*S
ratio in this anhydrite is a relatively constant 21.85. The anhydrite was reduced by
the bacteria Desulfovibrio, which used accumulating petroleum as their energy
source. The petroleum was oxidized to CO, while the sulfate was being reduced to
H,S. The H,S then reacted with residual sulfate to produce native sulfur. This mech-
anism Is supported by isotopic measurements of H,S in the salt dome cap rock, which
has a 2 to 5% higher *S/*S, complementing the enrichment in **S cap rock hydrogen
suifide. Native sulfur in cap rock is slightly heavier than the associated hydrogen
sulfide and lighter than the associated sulfate, verifying its production by the SO, —
H,S reaction. The sulfur data are supported by the PC/'*C ratios of calcite cap rock,
which are lower than those of sedimentary carbonate but are similar to those of

.
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" Figure 7.3 Oxygen isotope calibration curves for quartz-mineral
systems. : :



ISOTOPE GEOCHEMISTRY 193

(4 z > Evgporite and limestones

Ocean water (sulfate) rz3

|2 ZZ3 Sulfate of hydrothermal origin

£ 72 Sulfides of hydrothermal origin

Granitic rocks wzzzrza
Basaltic rocks Zza

meteorites £z

Volcanic gases &z TZ7

Biogenic sulfur Z Z Z

Sedimentary sulfides
— 7777}

| | [ I | | | . | I

~50 —-40 ~30 —20 ~10 0 10 20 - 30 40 50

8345, %00

Figure 7.4 Sulfur isotope variation in common rocks, waters, and volcanic gases.

petroleum, thus indicating that the calcite carbon dioxide was derived from the
oxidation of petroleum.

CARBON ISOTOPES

Carbon, like sulfur, shows large isotopic differences in geochemical samples. The
variations may be ascribed to the action of organisms with isotopic fractionation
caused by kinetic effects and also to the ability of carbon to exist in a large number

. of compounds in natural systems. The data in Figure 7.5 show that the heavier car-
bon isotope “C tends to be concentrated in carbon-oxygen inorganic compounds. -
Since the reference standard for carbon isotope measurements is a fossil carbonate
shell, many of the reported measurements have negative 6"°C values. Several aspects
of organic carbon isotope studies and additional carbon isotope data are included in
Chapter 10. In addition to the stable isotopes of carbon "C and “C, an exceedingly
small amount of the radioactive isotope *C may also be found. "“C in natural systems
is not detectable by mass spectrometry. ’

Meteorites exhibit large carbon isotope variatiops. This appears to be due to the
presence of several carbon phases in the different types of meteorites. The carbonate
phases in carbonaceous chondrites have §"°C values near +60%, whereas the coex-
isting hydrocarbon phases are araund —10%. The whole-rock value of §“C of
—7.2%0 for the Murchison C2 carbonaceous chondrite may represent a reasonable
value for total terrestrial carbon. Figure 7.6 shows that atmospheric CO,, carbona-
tite, and diamond deposits also have carbon isotope values near this value.
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Figure 7.5 Carbon isotope variation in natural carbon-containing materials.

When chemical fractionation of carbon takes 