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Geochemical data

The major elements (Chapter 3 are the clements which predominate in any
rock anatysis. They are Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P, and their
conccntm-tions arc cxpressed as a weight per cent (wt %) of the oxide (Table 1.1).
Major element determinations are usually made only for cations and it is assumed
that they arc accompanied by an appropriate amount of oxygen. Tfms the sum of
the major element oxides will total to about 100 % and the analysis total may be
uscd as a rough guide to its reliability. Tron may be determined as FeO and Fe, Oy,
but is sometimes expressed as ‘total Fe' and given as cither FeQOy,y or Fey Oz

Trace elements (Chapter 4) are defined as those clements which are present at
fess than the 0.1 % level and their concentrations are expressed in parts per mitlion
(ppm) or more rarely in parts per billion (ppb; 1 biflion = 10% of the element
(Table 1.1). Convention is not always followed however, and tracc clement
concentrations exceeding the 0.1 % {1000 ppm) level are sometimes cited. The trace
elements of importance in geochemisury are identified in Table 1.5 and shown in
Figure 4.1

Some elernents behave as a major clement in one group of rocks and as a trace
clement in another group of rocks. An cxample is the element K, which is a major
constituent of rhyolites, making up more than 4 wt % of the rock and forming an
essential structural part of minerals such as orthoclase and biotite. In some basalts,
however, K concentrations are very low and there are no K-bearing phases. In this
case K behaves as a trace element. ) ) .

Volatiles such a5 H,0, CO, and S are normally 1n<31uded lr.x.the major element
analysis (Table [.1). Water combined within the lattice of silicate minerals anAd
reteased above 110 °C is described as H,0+. Water present simply as dampness in
the rock powder and driven off by heating below | 10 °C is quoted as H,O- and is
not an important constituent of the rock. Sometimes the total volaule content o‘f,thc
rock is determined by ignition at 1000 °C and is expressed as ‘loss on ignition’
{Lechler and Desilets, 1987). ] ] '

Isotopes arc subdivided into radiogenic and stable isotopes. Radmgemﬁc
isotopes {Chapter 6) include those isotopes which decay spontaneously due to their
natural radicactivity and those which are the final daughter products of such a
decay scheme. They include the parent-daughter element pairs Rb-Sr, Sm-Nd,
U-Pb, Th-Pb and K~Ar. They are expressed as ratios either in absolute terms
875, /%8s (e.g.) or relative to a standard {the E-notation) (Table 1.1).

Stable isotope studies in geology (Chapter 7) concentrate on the naturally
occurring isotopes of light elements such as H, O, C and § which may be
fractionated on the basis of mass differences between the isotopes of the element.
For example, the isotope 130) is 12.5 % heavier than the isotope 80 and Fhe.two are
fractionated during the evaporation of water. Stable isotopes contribute significantly
to an understanding of fluid and volatile species in geology. They are expressed as
ratios relative to a standard using the 8-notation (Table 1.1}

The major part of this book discusses the four main types of geochemical data
outlined above and shows how they can be used to identify geochemical processes.
In addition, Chapter § has been included to show the way in which trace and major
element chemistry is used to determine the tectonic setting of some igneous and
scdimentary rocks. Chapter 2 diseusses some of the particular statistical problcms
which arise when analysing geochemical data-sets, and some rccommeAndatnons arc
made about permissible and impermissible methods of data presentation. '

In this introductory chapter we consider three topics: {1) the geochemical
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1.2.1

Geological processes and their geochemical signatures

processes which are likely to be encountered in nature and their geochemical
signatures; (2) the interaction between geological fickdwork and the interpretation of
geochemical data; and (3) the different analytical methods currently in use in
modern geochemistry,

Geological processes and their geochemical signatures

A major purpose of this text is t show how geochemical data can be used to
identify geological processes. In this scetion the main geochemical signatures of
igneous, scdimentary and metamorphic processes are briefly summarized and
presented in graphical (Figures 1.} 1o 1.3} and in tabular form (Tables 1.2 wo 1.4),
This brief survey is augmented by fuller discussions elsewherc in the text. Each of
the Tables 1.2 to 1.4 lists the geological processes which may have a geochemical
signature and identifics the sections in the book where the particular process is
described and characterized using major or trace clements, and radiogenic or stable
isotopes.

Processes which control the chemical composition of igneous rocks

The chemical composition and mineralogy of the source region exerts a
fundamental control over the chemistry of magmatic rocks. The major and trace
element composition of a melt is determined by the type of melting process and the
degree of partial melting, although the composition of the melt can be substantially
modificd en roure to the surface (Figure 1.1). The source region is best
characterized by its radiogenic isotope composition because isotope ratios are not
modified during partial melting and magma chamber processes. The compoesition of
the source itself is a function of mixing processes in the source region, This is
particularly pertinent to studies of the mantle, and in the last decade important
advances have been made in understanding mantle dynamics through the isotopic
study of mantle-derived oceanic basalts {see Section 6.3.6).

Most magmatic rocks are filtered through a magma chamber prior to their
emplacement at or near the surface. Magma chamber processes frequently modify
the chemical composition of the primary magma, produced by partial melting of the
source, through fractional crystallization, magma mixing, contamination or a
dynamic mixture of several of these processes. Resolving the chemical effects of
these different processes requires the full range of geochemical tools — major and
trace element studies coupled with the measurement of both radiogenic and stable
isotope compositions. Excellent and detailed discussions of magma chamber
processes are given by Hall (1987 ~— Chapter 7) and Wilson {1989 — Chapter 4).

Following emplacement or eruption, igneous rocks may be chemically modificd,
either by outgassing or by interaction with a fluid. The outgassing of igneous rocks
chiefly affects the stable isotope chemistry whercas interaction with a fluid may
affect all aspects of the rock chemistry. Ideally, igneous rocks selected for chemical
analysis are completely fresh, but sometimes this cannot be achieved. For example,
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samples from the seafloor have most probably been subjected to weathering or even
hydrothermal alteration by seawater. Many igneous plutonic bodies initiate, on
emplacement, hydrothermal groundwater circulation in the surrounding country
rocks, thus leading to the chemical alteration of the igneous pluton itself.
Metamorphosed igneous rocks are also likely to be chemically modnﬁed by the

interaction with a fluid phase, as is discussed below.

Processes which control the chemical compaosition of sedimentary
rocks

The chemical composition of the provenance is probably the major control on the
chemistry of sedimentary rocks although this can be greatly modified by subsequent

processes (Figure 1.2). The composition of the provenance is a function of tectonic
setting. Weathering conditions may leave their signature in the resultant sediment
and major element studies of sedimentary rocks indicate that sometimes the former
weathering conditions can be recognized from the chemistry of the sediments
(Section 3.3.1). Significant chemical changes may also take place during transport:
some trace elements become concentrated in the clay component and in the heavy
mineral fraction whilst others are diluted in a quartz-rich coarse fraction. These
processes are to a large extent also dependent upon the length of time spent
between erosion and deposition.

Chemical changes during deposition will depend upon the depositional
environment, which is chiefly controlled by subsidence rate. Chemical and
biochemical processes controlling element solubilities in seawater, submarine
weathering and redox conditions are also important for particular types of sediment.
Post-depositional processes are best investigated using stable isotopes. The stable
isotopes of oxygen and hydrogen are important tracers for different types of water,
vital in the study of diagenetic fluids, Carbon and oxygen isotopes are used in the
study of limestone diagenesis. The temperature-dependent fractionation of oxygen
isotopes can be used to calculate the geothermal gradient during diagenesis and
allows some control on the burial history of the rock.

Figure 1.1
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Geological processes and their geochemical signatures
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Processes which control the chemical composition of metamorphie
rocks

The principal control on the chemical composition of a metamorphic rock i the
composition of the pre-metamorphic protolith. Sometimes metamorphic recrystal.
lization may be isochemical but most commonly there is a change In chemiost
composition (Figure 1.3). This is principally controlled by the movement of flulds
and the thermal conditions during metamorphism. Metamorphism is frequently
accompanied by deformation; particularly at high metamorphic grades, there may
be tectonic interleaving of different protolith compositions which gives rlse to 2
metamorphic rock of mixed parentage.

The ingress and expulsion of water during metamorphism, chiofly a
conseguence of hydration and dehydration reactions, may give rise to changos in the
chemical composition of the parent rock as a consequence of particular clements
becoming mobile in the fluid. These processes are controlled by the composition of
the fluid phase, its temperature and the ratio of metamorphic fluid 1o the host rock,

At high metamorphic grades and frequently in the presence of & hydrous fluid,
melting may take place. The segregation and removal of this melt will clearly
differentiate the parental rock into two compositionally distinct components —~-
restite and melt. In this case, the precise nature of the chemical change is governed
by the degree of melting and the melting process, ,

Chemical change in metamorphic rocks in the absence of s fluid phase is

i
ﬁ
l
l
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Figure 1.2
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1.3

Geological controls on geochemical data

governed by diffusion of ions in the solid state. This is in response to changing
mineral stabilities and metamorphic reactions — a function of the P-T conditions
of metamorphism.

Geological controls on geochemical data

Geochemical investigations are most fruitful when a particular model or hypothesis
is being tested. This ultimately hinges upon a clear understanding of the geological
relationships. Thus, any successful geochemical investigation must be based upon a
proper understanding of the geology of the area. It is not sufficient to carry out a
‘smash and grab raid’, returning to the laboratory with large numbers of samples, if
the relationship between the samples is unknown and their relationship to the
regional geology is unclear. It is normal to use the geology to interpet the
geochemistry, Rarely is the converse true, for at best the results are ambiguous.

As an example, consider a migmatitic terrain in which there are several
gencrations of melt produced from a number of possible sources. A regional study
in which samples are collected on a grid pattern may have a statistically accurate
feel and yet will provide limited information on the origin of the migmatite
complex. What is required in such a study is the mapping of the age relationships
between the units present, at the appropriate scale, followed by the careful sampling
of cach unit. This then allows chemical variations within the units to be investigated
and models tested for the relationships between units. A fundamental thesis of this
book is therefore that geochemical investigations must always be carried out in the
light of a clear understanding of the geological relationships.

This approach leads naturally to the way in which geochemical data are
prescnted. In the main this presentation is as bivariate (and trivariate) plots in
which the variables are the geochemical data; a discussion of these plots forms the
major part of this book. However, if the geology is also considered, then the
additional variables of time and space may be plotted as well. Clearly, it can be
informative on some occasions to examine chemical variations with time in a

sedimentary pile. Furthermore, it is often valuable to examine the spatial

distribution of geochemical data. This can vary over the entire range of geological
investigations from the micro- to the global scale. Compare for example the ‘map’
of lead-isotopic analyses in a single galena grain (Shimizu and Hart, 1982) with the
projection of isotopic anomalies in the Earth’s mantle onto a world map, described *
by Hart (1984). Both are instructive.



Where has all the old crust gone?

Richard W. Carlson

Geophysicists have come to believe that the Earth was covered with a thick crust more than four billion years ago.
New measurements challengie that theory, indicating the Importance of crustal destruction In Earth’s early history.

Vigwen as a huge chemical faciory, the
Earih has been trying for 4.5 billion years
1o scparate its chenueal constituents inio
stable, density-siratificd layers. Dense
iran-nickel atloys, which de not dissolve
in the silicate mantle, fell 10 form the
core; valatile compounds were distilied
{rom the interior 1o make the atmasphere
and occans; and melts of the mantle rose
10 the surface 10 form the crust, Most of
the core formation and a large
{raction of the volatile degassing
from the mantle were completed in
the first billion years of Earth's his-
tory. Evidence for similasly effi-
cient crust formation on the carly
Earth has been suggested by recent
studies of preserved rocks 3.5 to
3.9 billion years old™*, However,
data reported by Vervoort er al.® on
page 624 of this issuc contradict
that evidente, and raise the ques-
tions: why did the Earth not form
an exiensive early crust or, if it did,
where has all this old crust gone?
Current ideas of planct forma-
tion suggest a very energetic carly
Earth. Large planctesimals (rock
and icc badics that condensed. in
the carly Solar System) collided
violently with the Earth during the
latter siages of formation, and
translormed their Kinctic energy
into heat within the growing
planet. The sinking of iron alloys to
form the core released gravitation-
2] potential cnergy as additional

separation of crust from wanile on the
Maon Lo have becn nearly complete 4.35
10 4.4 billion years aga.

Lxploration for ancient terresirial crust
has been intense, but so far the oldest
rocks found on the Earth are only 3.96
tillion years old’, although a few sub-
millimotre-sized graing of the pardestarly
csturdy mincral zircon have been found
Yinwestern Austratia thal have  wges

oy

RTINS

Ay : O X
a.‘i‘
k%{“:%i%g;ﬁ. 52

By
»y
(R
R

Iooking at the ratios of different radio-
genic isotopes in the oldest preserved
crustal rocks at the time of their forma-
tion. The chemical changes associated
with crust formation result in abundance
ratios of parent to daughter clements that
differ between ihe crust, its complemicp-
tary melt-depleted e and manile
wmalfecied by miclt removal. Over time,
these distinet parent/daughier ratios pro-
duce different daughter-clement .
isotopic compositions. This is
demonstrated well in the volcanic
rocks crupted today along the
Earth’s ocean ridges, which show
very clearly that the mantle pro-
viding these magmas is a comple-
mentary residue to the continental
crust,

Three of the radicactive decay
systems that have been used for
this purpose are rubidium~stron-
tium, samarium-neodymium and
lutetium~halnium.  Neodymium
"data taken in the carly 1980s (ref.
6) from crustal rocks 2.7 to 3.8 bil-
fion years old showed clearly that,
3.8 billion years ago, the mantie
had alrcady been depleted by
extraction of crust. The deviation
of these data [rom those expected
for an undepleted mantie was nat
Iarge, however, and failed to pro-
vide evidence for the existence of
large volumes of crust produced
by magma ocean crystallization.
More recent data, particularly for

heat, Radioactive clememts, per-  1he 3.54biflionyearold Ngwane gneiss of Swaziland, s0uth-  the  gldest  preserved  crustal

haps including those that have
long-since decayed away, such as

ern Alfrica. This gneiss is composed of feldsparrich (ligh
coloured bands) and amphibole-rich (dark) material i

M rocks!?, show much wider initial

by metamorphism. The ‘stiering” is shown clearly by the

neodymium  isotope  variation,

aluminium-26 and iron-60 which  (uiqsparrich layer foldeg into an °s' shape on the righihang  IMplying the existence of farge vol-
have hall-lives of about 3 milhon  sige of the photograph. Metamorphism is probably also umes of crust in lhe. Hadean era
years, contributed further to heate  responsible for altering neodymium isotope ratios to indicate  (the geological period between

ing the carly Earth's interior,
Models developed as a result of
aur visits to the Moon suggest that this
energetic formation resulted in planciary
interiors that were cither largely ar totally
molien, Upon cooling and crystailization,
these ‘magma oceans’ would have trans-
ferred dense marterial to the core and
uoyant erysisllizing inincrals, such as pla-
gioclase, (o the surface. The Moon illux-
trates this effect clearly in its thick,
plagiociase-rich crust; in a mantle showing
the complementary chemical signature of
plagioclase removal; and in the fact that
radiometric dating shows this chemical

falsaly a thick crust on the parly Earth,

{measured by radiometric  dating)
approaching 4.2 hillion years®. On the
Earth, the lack of prescrved ancient crust
dues sot tnecessatily mean that such crust
never existed, because the plate ectonic
cycle provides a clear method of crusial
destruction through subduction into the
deep mantle al convergent plate bound-
aries, and replacement by aew crust
produccd along occan ridges.

In seeking information on Earth's first
crust, onc can remove the effeets of more
than 3 hillion years of plate tecionics by
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Eartl's formation and creation of

the oldest preserved crust).
Caleulating initial isolopic composi-
tions of old rocks, however, rclies on
the unwerifiable  assumption that the
parent/daughter ratio of the sample has
remained constant since rock formation.
in general, the assumption is a good one,
but crust that has floatcd around Earth's,
surface for billions of years has had many
opportunitics for cotlisions with other
crustal blocks, which can lead to meta.
morphism of the constituent roeks (see
figurc). I that changes the parent/daugh-
ter ratio of a sample of old crust long after
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rock formation, the inltind isstopic compo.
sition will be obseured, Because of the
case with which the rubidium/strontium
ridio of u rock gan be changed by meta.
morphism, aucwpis w0 study  crusial
development by examination of thast
radiometric sysiem have all but been
abandoned. Samacium and neodyminm,
heing neighbouring lanthanide clements
and insoluble in wost metamorphic Nuids,
are wmore immune than rubidiom o
miigration during metamorphism, bat the
question that must be fuced is, are they
absolutely immobile?

To avoid this problem, Vervoort ¢ ol
cxamined the lutelium=haluinm radio.
metric system in the mineral zircon,
Zircon is well hnown 10 geochronologisis
because it incorporates high quantities
of uranium but almost ne Iead during is
formation, and so is extremely useful
for precise uranium-lead geochronology.
Furthermors, it is a very stable mineral
during metamorphic  processes,  For
hattivm-hafnium studies, zircon offers
the additivnal advantage that hafniom is
an abundunt element whereas its parent
tutetium is present oaly in trace amounts.
Consequently, the tutetium/hafniom ratio
of zircon is near zero, necessitating only
minor corrections 10 measured halahum
isotopic compositions.

‘ervoort and colleagues show that the
initial hafnium isotope compositions of
zircons from Greenland rocks 3.6 10 3.8
billion ycars old indicate a mantle source
that was mildly depleted by meli removal
in the Hadean era. However, the range of
initial neadymium isotape compasition of
the same rocks is much Lirger than is com-
patible with the observed variation in
halnium. imsplying that the more extrems
values  of  ncodymiwn  composition
obscrved in ancient continental rocks are
the result of metamorphic perturbations,
and not an indication of large amounts of
ancicnt crust.

We are faced with a troubling lack of
evidence for large volunics of Hadean
crust on Earth, Perhaps we are looking flor
the wrong type of crust? The lunar exam-
ple of a plagioctase-rich flotation crust is
probably not appropriate for the Earth,
where mwch greater interior pressures
promote crvstallization of the dense mins
eral garnet, which would consume the
alunsinfum aceessary for plagloclase for-
mation, Another explanation, but by no
means the only onc, is that Vigarous con-
vection in the early mantle was particularly
good at mixing away evidence of carlier

crust-mantle differemiation. If this is the
case, the Eanh’s surfuce in the Tadean
mady have been covered with a thin and
trungient hasahiic crust, much like the eur-
rent situation in the ocean busing where
new crust formed rlong ocean ridges sur-
vives at the surfave for, at most, a couypsly
of bundred million years before it plunges
back into the mantle in a subduction zonc,l‘
The continenl-oecan distinction, uitique

10 the Earth among e terrestrial planets,
may not be a primary fepture of Earth, but
rather one reflecting yhe losing batle of
plate teetonics to stir back the ‘slag’-
separating from the aantle foundey’. 3
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Gibbsova prosta energija formacije FeO pri standardnih pogojih je -251.1 kJ. Ali je znataj Al, Ba, Ca, Cd, Cu, Mg, Ni, Pb, Si, Sn in W pri the pogojih litofilen ali
siderofilen? ’ '

Ali sta pri 827°C Zn in Sn siderofilna ali litofilna?

Kak¥na je povezava med Goldschmidtovo razdelitvijo prvin in periodnim sistemom?

Kaj pomeni trditev, da je Cu bolj halkofilen kot Zr ali Pt?

Katero glavno prvino ali prvine lahko nadome¥&a Ba**, Cr** in Y**?

Zakaj so plagioklazi, ki se izlogijo bolj zgodaj v kristalizacijskem zaporedju bogatejsi s Ca, tisti ki se izlodijo kasneje pa z Na?

Katere prvine omacujemo z LILE, HFSE in REE?

Kaj pomeni, da je neka prvina inkompatibilna?

Na diagramih prikaZi trend spreminjanja vsebnosti K, Ca, Ba, Mg in Cr z nara§¢ajodo diferenciacijo ter razloZi diagrame. Podatki so v priloZeni tabeli.

. Vanadij je obilnejsi kot bor, vendar pa tako v magmatskih kot v sedimentnih kamninah pogosteje zasledimo borove minerale kot vanadijeve. RazloZi zakaj.
. Za vsako od razmerij ugotovi ali bo obitajno vi§je v mafi¢nih ali felsi¢nih magmatskih kamninah ter navedi zakaj: Sr/Ba, B/Mn, Li/Mg, Pb/Rb in Cr/Al

. Katera razmerja med prvinami bodo viija v evaporitih, katera v glinavcih? Zakaj? Sr/Na, K/Rb, Mg/Mn

. Li in Cs se koncentrirata v pozno nastalih sljudah v pegmatitih, Seprav sta njuna ionska radija zelo razli¢na. Navedi zakaj.

. Zakaj se naSteti pari prvin obifajno ne zamenjujejo izomorfno: Li - Na, Fe - Li, Mg - Nb, Mn - Pt, Ca-Rb, Cu-Na, C-8i,Se - Li,Cd-Nain Cl - F.

. Zakaj so Ga minerali izredno redki, minerali mnogo manj obilnih prvin kot so 8n, U in W pa dokaj obi¥ajni?

. Zakaj so najobilnej¥e prvine v morski vodi Na, K, Mg, Ca, § in CI?

. Zakaj sta U in Th bolj obilna v granitih kot v ultramafi¢nih kamninah?

. Vetina REE je obilnej§ih v granitih kot v bazaltih. Zakaj je Eu izjema?

. Kaj je to normalizacija REE?

. Zakaj se pri interpretaciji uporabljajo normalizirani in ne normalni vzorci REE?

ey
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CHAPTER
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DISTRIBUTION
OF THE
ELEMENTS

Goldschmidt’s problem more directly.

Basic facts about ¢] istri
‘ ement distribution are alre
experience and from discussions In precedin "

iar from elementary chemistry and that we introduced in a

geological context back C
Shouls be ot n Chapter S (Table 5-3). A few highlights of this table

Elements in each column

of ¢
Structures and chemical properti pe table are closel

y related in thej i
es. Resemblances are I electronic

especially strong amon
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metallic elements in columns toward the left side of the table and among the
nonmetallic elements on the right. On these left and right sides the properties of rare
elements, both chemical and geological, can be predicted with considerable
accuracy from properties of the better known elements in the same column.
The transition elements in the middle of the table, mostly metals, are less regular in
their relationships, and prediction of properties is less satisfactory. Two special
groups of elements, the actinides and lanthanides, are singled out because they are
50 very similar among themselves in their properties and in the structures of their
atoms. From these relations in Mendeleev’s table many useful general statements
about the distribution of the rarer elements in geologic materials are possible, but a
more specific geochemical classification is also needed.

20-1 GOLDSCHMIDT’S GEOCHEMICAL
CLASSIFICATION

One alternative classification was suggested by Goldschmidt in his early work on
the rules of element distribution. This grouping of elements was an attempted
answer to a hypothetical question: If the Earth at some time in the past was largely
molten and if the molten material separated itself on cooling into a metal phase, a
sulfide phase, and a silicate phase, how would the elements distribute themselves
among these three materials? An answer can be sought from theoretical arguments
and also from three kinds of observation: (1) the composition of meteorites, on the
assumption that meteorites have an average composition similar to that of the
primordial Earth and underwent a similar kind of differentiation; (2) analyses of
metal, slag (silicate), and matte (sulfide) phases in metallurgical operations; and (3}
the composition of silicate rocks, sulfide ores, and the rare occurrences of native
iron found in the Earth’s crust.

From a theoretical standpoint, consider first the expected distribution of
elements between metallic iron and silicates, in a system with iron in excess. Metals
more chemically active (in the sense of a higher free energy of oxidation) than iron
would presumably combine with silica to form silicates, and the remaining silica
would react so far as possible with iron. Metals less active than iron would have no
chance to form silicates but would remain as free metals with the uncombined iron.
In other words, the fate of any given metal should depend entirely on the free energy
of formation of its silicate (Sec. 7-4). Data on formation energies of silicates are not
complete, but to a good approximation we can substitute the free energies of oxides,
since in the formation of a silicate the energy of the reaction {(with Me standing for

any metal}

Me + 1/20; = MeO (20-1)
is always much larger than the energy of the reaction
MeO + 8i0; = MeSiO;. (20-2)

Free energies of formation of representative oxides are given in Table 20-1. From
this list we could predict that the elements above iron would go preferentially into
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TABLE 20.1
Free energies of formation of
oxides per oxygen stom, kJ

25°C 8279(:
Ca0 -604.0 —52
MgO ~569.4 _,43?_'2
Al O, ~5274 —-442.7
Uo, ~5159 —4472
Tio, -4447 -3719
5i0, ~428.3 ~356.8
MnO ~362.9 ~304.3
K0 -322.1 ~203.2
Za0 -3204  _2:37¢
WO, -266.9 -195.0
50, ~259.9 ~176.5
FeO ~251.1 ~199.7
MoO, ~222.7 ~156
Co0 -2142 Zises
Nio -211.7 ~140.7
PbO ~188.9 ~109.2
Cu,0 ~145.0 ~86.9

The numbers are free energies of formation per
oxygen atom, in kilojoules. The oxides are
armnged in order of decreasing free energy
at 25°C. Source: Robie et al. (1979),

h R
Fonte e & sulfide phase with iron i excess, and between a sulfide ypesr L.
n phase with silica in excess. So many additional assumptio prase and a

owexgr. &at the nmeﬂcd values are not very helpful pHORS are required,
Sl n'r etob.servahona'l side, the compositions of the three phases (‘ tal
show ﬂ:m feate) in meteorites and in smelter products are well-known An:lle :
concentrzt,' WItI{ a few Exceptions, elements above iron in Table 20-1 h;a hiy}sxes
that most u;‘t’; in the silicate phases than the meta] phases of both mate:i:tl p e;

of the elements be}qw 1ron are strongly concentrated in the sulfide pls;asa:s
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On the basis of such evidence, Goldschmidt suggested that the elements could
be usefully grouped into those that preferentially occur with native iron and
probably are concentrated in the Earth’s iron core (siderophile elements); those
concentrated in sulfides and therefore characteristic of sulfide ore deposits
(chalcophile elements), and those that generally occur in or with silicates
(lithophile elements). For completeness, elements that are prominent in air and
other natural gases can be put in a fourth group, the atmophile elements. This
classification, shown in Table 20-2, is clearly consistent with the data of Table 20-1.

As might be expected, Goldschmidt’s classification is closely related to the
periodic law, Comparison of Tables 20-2 and 5-3 shows that in general siderophile
elements are concentrated in the center of the periodic table, lithophile elements to
the left of center, chalcophile elements to the right, and atmophile elements on the
extreme right, The classification can also be correlated with electrode potentials:
siderophile elements are dominantly noble metals with low electrode potentials,
lithophile elements are those with high potentials, and chalcophile elements have an
intermediate position.

The grouping of elements shown in Table 20-2 can at best express only
tendencies, not quantitative relationships. The different groups overlap, as is shown
by the occurrence of many elements in more than one category. Iron, for example, is
not only the principal element of the Earth's core but is also common in sulfide
deposits and in igneous rocks. Such overlaps are inevitable in a classification that is
based partly on distributions in very high-temperature processes and partly on
distributions under ordinary surface conditions. Various refinements have been
suggested, but there seems little point in trying to make the classification more
quantitative or more detailed. It is useful simply as a rough qualitative expression of
the geologic behavior of the elements.

TABLE 20-2

Goldschmidt’s geochemical classification of the elements
Siderophile Chalcophile Lithophile Atmophile

Fe Co Ni Cu Ag (Au)) LiNaK Rb Cs H N () (0)
Ru Rh Pd Zn Cd Hg BeMgCaStBa(Pb) (F) (C) (Br) ()

ReOsIrPtAu  Galn Tl B Al Sc Y REE? He Ne Ar Kr Xe
MoGeSnCP  (Ge) {Smy Pb ~ (C) Si Ti Zr Hf Th

(Pb} (As) (W) As Sb Bi PYVNbTa
S Se Te OCtwU
{Fe) (Mo) (Re)  (Fe} Mn
FCIBrl
(H) (T) (Ga) (Ge)
™)

' Parentheses around s symbol indicate that the element belongs primarily in another group, but
has some characteristics that relate it to this group. For example, gold is dominantly siderophile,
but {Au) sppears in the chalcophile group because gold is often found in sulfide veins.

2 REE = rare-carth clements.
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20-2 DISTRIBUTION OF ELEME
IGNEOUS ROCKS NTS IN

Point of View

?i?:] ;gill;;tzf ;ﬁﬁrnﬁggoxer‘?:g;shnoteé in previov.‘xs'discussions, is a subject of
predictions about the distribution of tr);}:: ef:risegt?r'}il?lsg :Ir:egg?si:r:ls:ic Slmgar
not to argue for one hypothesis over another—we start with the “cl:;:i:alu”t
viewpoint that most igneous rocks can be thought of as formed by differentiati
of ba;,a}txc magma, mafic minerals settling out first to form ultramafic mcksn 33 ltﬁn
remaining melt charfging in composition through the series gabbro — dio:'rtlc -»c
glra’:,xodwz?te ~ granite — pegmatite. We can speak then of “early-formed miner-
; ;;:;s}'l,zgl}ikaelﬁin? Ff,ollz?t, such as olivine and calcic plagioclase, “late-formed
s lKe alkal feldspars and biotite, and “resi ids” praatiti
composition. We_ can work out semiempirical rules o;el::}ill;tliof?::svar?:ug e%matltlc
during sgch a differentiation process and compare our predictions with :n:rlr;zg;s

o This agreement, however, is not evidence in e
hzatxon-ditferem;ation process for the origin of ignegi\s'oxfo:lfsth;hzszx:urysml-
of rock 'compcsni'ons could be formed equally well (but i;x reverse Osrztg)enge
p;';)gfﬁSSlvg anatexis of a shal; or graywacke, proceeding from the composition 0};‘
alka i granite through granodiorite, tonalite, and gabbro as more and more m fi
::cigggzzlsaincorporatiﬁ into the melt. The same distribution of elements wouldab:

comparable stages in this seri i

Crystallization diﬁ‘erentiation,gprovided that t}:::escofrfp:slititg; osfegll;e:t;:tiion:lz? b)I,
was rc?sonably close to €.he crustal average and provided that cqui]ibgium 2:1:5
;?ti:::il}?:?} :::i]:nga;h: r;n::];x}pg.{lf ma;kcd dgparturcs from equilibrium occur, during

f rystallization of a mafic magma or the progressive me’ltin of
average silicate material, the distribution of minor elements might b idera
different in corresponding parts of the two series. inatly 2 clone )
apprpac,:h to equilibrium can be assumed so that the ra?: ngg;?xggoilglg:e o
to distribute themselves according to uniform rules, Fxpected
it Thps.the pomt'of view that most ignec_ms rocks have formed by crystallization

1lerentiation, a point of view that underlies much of the following argument, i

p{esent?d not as a hypothesis to be proved but as a framework to unify ;hl:
d1§cuss1on. When we speak of “early-formed minerals,” for example, we shall mean
minerals that .would form ear]y during differentiation, but that might equally well
form Jate during metamorphism and anatexis, ¢

Rules of Distribution

'I'ht;t ger;eral sequence pf minerals that separate during differentiation of a silicate
meit at low pressures is already familiar (Chap. 17). Most commonly olivine and

Gl B oo & o
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calcic plagioclase crystallize first; as the temperature falls, part or all of the olivine
reacts with the melt to form pyroxene, which is followed by amphibole and then
biotite; the composition of plagioclase meanwhile becomes increasingly sodic; near
the end of the crystallization, quartz and potash feldspar appear along with sodic
plagioclase. If oxygen fugacity is low this scheme is altered, in that abundant iron
remains longer in the melt; this means that ferrous silicates continue to crystallize
until a late stage and that the accumulation of silica in the residual fluid is less
pronounced. Many other variations are possible: an abundance of water in the melt
would emphasize formation of hydrous minerals, abundant chlorine or fluorine or
boron would lead to unusual minerals containing these elements, and at higher
pressures the dominant early-crystallizing minerals would be gamnet and soda-tich
pyroxene rather than olivine and plagioclase. But for present purposes we restrict
the discussion to the more usual pattern of differentiation, in which major elements
drop out in a fairly uniform sequence: most of the magnesium and calcium leave the
melt in early stages, and the alkali metals later; iron may be largely concentrated in
early minerals or may appear at all stages; aluminum drops out in feldspars all
during the differentiation process, and also in micas toward the end. Our objective
niow is to see how the behavior of the less common elements is related to these
changes.
For an element to crystallize in a mineral of its own—a mineral in which itisa
major constituent—requires that the element be present in the melt in appreciable
amounts. If only a few ions of the element are present, they can be taken up by the
crystal structures of the major silicates, either as isomorphous replacements of an
abundant element or as random inclusions in the holes of a crystal lattice. How
much of a given element can be accornmodated in the silicate structures depends on
the characteristics of its ions. The rare alkali metal rubidium, for example, is so
similar to potassium that several tenths of a percent can be accommodated as
replacements of Rb* for K* in micas and feldspars, and no separate rubidium
mineral can form. The rare metal zirconium, on the other hand, cannot fit easily into
common silicate structures, and even very small amounts of it go into separate
crystals of the accessory mineral zircon. Some elements, like beryllium, boron,
copper, and uranium, are capable neither of forming their own high-temperature
minerals'nor of substituting appreciably for common ions in silicate structures, and
so are concentrated in the residual solutions that give rise to pegmatites and quartz-
sulfide veins. What specific characteristics of an element determine which way it
will behave?

The question takes us back to the discussion of isomorphism in Sec. 5-8. On
the basis of that earlier treatment, a few rules can be formulated that are generally
followed in the isomorphous replacement of one ion by another:

1. A minor element may substitute extensively for a major element if the ionic radil
do not differ by more than about 15%.

2. Tons whose charges differ by one unit may substitute for one another, provided
their radii are similar and provided the charge difference can be compensated by
another substitution. For example, in plagioclase feldspar Na* readily substitutes
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2+ . .
'lera Sa , and the charge difference is compensated by substitution of 8i** for
3. Of two ions that can occupy the same position i
position in a crystal structure, the one that
forms the stronger bonds with its nei i i ; € L
0 ghbors i5 the one with i
higher charge, or both. with the smaller radius,

4. Substitution of one ion for another ma imi
ibstituti . y be very limited, even when the siz
criterion is fulfilled, if the bonds formed differ markedly in covalent characte:

Leaving aside the question of bond character for the moment, w
illustrations (}f t1.1e first three rules. We could predict, accordingt;o rzlgsn? :r?(;lgda?c:
thf tabls of 1on;$ rac%g in Appendix VI, that Ba** would commonly substitute for
K*, CP* for Fe**, Y** for Ca?"; and these predictions fully accord with analytical
data. From the third rule we could generalize that, in an isomorphous pair of
compr:mnds, the one containing ions of smaller radius and higher charge would have
the higher ﬁme!ting point (because of the stronger bonding) and therefore would
appear earlier in a crystallization sequence. Hence a minor element like Li, which
substitutes extens'ively for Mg because of the similarity in their ionic radii ,should
bf’ concentrated in late-forming Mg minerals rather than early ones bec,ausc its
single charge forms weaker bonds than the double charge on Mg™"; this is borne out
py the near absence of Li in olivine and its common presence as a substitute for Mg
in the micas of pegmatites. Similarly Rb, having an ion similar in charge to K* but
giglfx?at halrgter, should t1}3:: enriched in late K minerals rather than early ones, a
iction that agrees with the i i ;
predictio pegmatgilt-es, observed concentration of Rb in the feldspars and
. The same rules, it should be noted, are illustrated beautifully b
major elem?nts. In the isomorphous series of the olivines, forste);iteyifz:)sm: 1321}:;
melting point than fayalite and is enriched in early crystals (Prob. 17-3)
corresppndmg with the fact that Mg?* is a smaller ion than Fe®*, Early.crystal.;
of plagioclase are Ca-rich, late crystals Na-rich (Sec. 17-3), in accordance with the
higher charge of the Ca®* ion. The rules are also similar to generalizations we have
ifgn&\&ated regarding gm-lexchange processes (Sec. 6-3), as they should be, because
cases we are dealing with the relati ,
e Smlcture&g tive strengths of bonds formed between
o ’1_“he rulles of substitution according to ionic radius work well as long as we
limit dlscy§51on to elements in the first three columns of the periodic table, but with
the remaining elements agreement between prediction and observatior; is often
mufh less satlsfa;tory. The ion Cu”, for example, is similar in size and charge to
Na’, but COPEE shows no enrichment in sodium minerals, The ion Hg®" closely
rgsembles Ca*”" in size and charge, but is not concentrated in calcium minerals. The
'dltﬁcu]tz goes baik to rule 4, the difference in bond character (or polarizationi' the
ions Cu™ and Hg** form bonds of markedly less ionic character with the anions.of a
crystal structure than do Na* and Ca®* (last column of Appendix VI). This failure of
the rules of substitution is reminiscent of the failure of predictions from simple

geometry to account for crystal structur
B ved (Suc- o) ry es when strongly covalent bonds are
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Examples of Minor-Element Distribution

To get a feeling for the effectiveness of the distribution rules in predicting the
behavior of minor elements in igneous processes, We look now at some analytical
data for typical rock sequences.

Table 20-3 shows average concentrations of major and minor elements in four
rock series. The first series consists of worldwide average$ for the major igneous
rock types, and the other three give analyses for rocks in specific localities. The
world-wide averages, of course, do not represent a sequence necessarily related by a
differentiation process, but they are pertinent because trace elements would
distribute themselves in much the same manner whether rocks form by differ-
entiation or by anatexis during metamorphism. For each of the other three series
there is good geological and chemical evidence that the rocks are actually members
of a differentiation sequence. The Irish lavas show a fairly typical trend from olivine
basalt to rhyolite, with a marked increase in silica and alkali metals and a decrease
in iron; the Skaergaard rocks show a notable increase in iron and fairly constant
silica until the very end of the differentiation process; the Hawaiian lavas are rich in
soda and potash and show only a modest increase in silica. Thus the four sets of
analyses enable us to compare the distribution of trace elements in three different
kinds of differentiation sequences with the average distribution for igneous rocks in
general.

Cursory examination of the data shows that the distribution has a certain
amount of regularity, but also much apparently random variation. As so often
happens in geochemistry, the numbers seem to follow a vague general rule that is
subject to many exceptions. A little reflection will show that this is what we might
expect. We are dealing, of course, with a very complicated process. The distribution
is affected not only by the various trends of differentiation, but also by details of the
way the trace elements enter into individual minerals. Other variables than ionic
radius can affect the extent of substitution of one element by another, for example
pressure, temperature, and overall rock composition. Furthermore, the steps in

differentiation do not necessarily correspond from one set of analyses to another,
nor do the extremes necessarily represent equivalent stages in differentiation; we
have, in fact, no good way of even defining what we mean by “gquivalent stages of
differentiation.” Recognizing these reasons for lack of complete regularity in the
data, we can nevertheless draw useful conclusions from the analyses about general
patterns of trace-element behavior.

Trends shown in the table can be visualized with the diagrams in Fig. 20-1.
Lines on the figure represent analyses for various elements in the four categories of
the world averages; ultramafic rocks, mafic rocks, intermediate rocks, and felsic
rocks. These four rock types are shown, from left to right, by four points on each
line. The heavy lines represent major elements (K, Ca, Al, Fe, Mg), and the light
lines in each column represent possibly related minor elements. Scales are not
uniform, so that absolute values cannot be compared from diagram to diagram. The
lines simply show trends, the relative increases or decreases of different elements in
going from ultramafic to felsic rocks. ;
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compromise between the trends for the two major elements. Except for its low
abundance in ultramafic rocks, strontium remains fairly constant through the
differentiation sequence, because calcium decreases as potassium increases,
Copper, with an ionic radius close to that of calcium, has a somewhat similar
trend line, but the similarity is probably fortuitous because a chalcophile element
like copper forms dominantly covalent bonds with oxygen and cannot readily
substitute for an element whose bonds are strongly ionic. Also in the second column
are curves for aluminum and gallium, illustrating the great similarity of these two
elements and the consequent extensive substitution of Ga®* for AP’* in alumi-
nosilicate minerals.

In the third column of Fig. 20-1 are trend lines for several minor elements with
ionic radii similar to those of iron and magnesium. The two major elements show a
markedly decreasing abundance as differentiation proceeds, and most of the minor-
element trend lines follow this pattern except that some have low concentrations at
the ultramafic end of the series. Trends for Cr** and Ni** mimic that of Mg, as
would be expected from the extensive substitution of these metals in early formed
Mg minerals (pyroxenes and olivines). Mn®*, V**, and Ti®* substitute more readily
for Fe, and their trend lines are correspondingly similar except at the left-hand ends.
Li*, with its single positive charge, substitutes readily for Mg®* only in the latest-
formed magnesium minerals (especially micas), hence increases in abundance
during the course of differentiation.

Analyses for the three differentiation series in Table 20-3 (northem Ireland,
Skaergaard, and Hawaii) show trends similar to those for the world averages. There
are a few conspicuous deviations, as might be expected because the rock series have
different overall compositions and different degrees of differentiation, but never-
theless the trends displayed in Fig. 20-1 apparently represent a general pattern
widely applicable to igneous rocks.

Regularities of Distribution in Igneous Rocks

Important features of this general pattern, as revealed by many analyses of rock
series like those in Table 20-3, are the following:

1. Cations with large radii and low electric charges tend to substitute for potassium
(radius of K* = 1.38 A), hence are concentrated in felsic rather than mafic rocks.
These elements (Rb, Cs, Ba, Pb, T1) are often called the large-ion lithopile group
{LIL). Their abundance in a rock series is a good indication of the extent to
which differentiation has sorted out constituents of the original igneous material,
The rare-earth elements are often included here, although the substitution of their
jons in late-forming minerals is mostly for Ca®* rather than K.

2. Several cations with smaller radii and mostly with higher charges (U**, Th*",
B, Be**, Mo®*, W, Nb**, Ta™, Sn**, Zr**) also are concentrated at the felsic
end of the series, not because of extensive substitution, but rather because their
size and charge make their substitution for any major ions in common silicate
minerals difficult. Differentiation segregates them into the late residual solutions,

#
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and if present in appreciable amounts they may form minerals of their own
{uraninite, beryl, columbite, zircon, etc.). Because of the small size and high
charge, the electric field associated with these ions is unusually strong, and they
are often designated high field-strength elements (HFSE). Both LIL and HFSE
elements, because their ions do not fit readily into the usual positions available in
silicate structures, are described as incompatible elements.
3. Many elements whose ions have intermediate radii, especially metals of the
transition groups, substitute readily for iron and magnesium, hence are abundant
in the earlier members of the differentiation sequence. Some (Cr, Ni, Co) are
strongly enriched with Mg in ultramafic rocks, others (Mn, V, Ti} have maximum
abundance in gabbros and basalts.
Among the chalcophile elements, a few substitute to some extent for major
cations in silicate structures (Pb** and TI* for K, Zn®* for Fe** and Mg**, Bi**
for Ca?"), but for the most part these metals are left to accumulate in the residual
solutions that may eventually form sulfide ores. In 2 magma containing abundant
sulfur, part of the chalcophile elements may separate early in differentiation as an
immiscible sulfide liquid. The traces of chalcophile metals commonly reported
in ordinary igneous rocks may be present largely as tiny sulfide grains rather than
as substitutes for major elements. This would explain, for example, the
apparently erratic values for copper in the analyses of Table 20-3.
Some minor elements are so similar in size and chemical properties to major
elements that normal differentiation cannot separate them effectively from their
major relatives. Gallium is a good example: it is always present in aluminum
minerals, and very seldom becomes sufficiently segregated to appear in a mineral
of its own. Other closely related pairs are Rb and X, Hf and Zr, Cd and Zn. The
rare members of these pairs are not particularly scarce metals, but they are little
known because minerals in which they appear as major constituents are rare or
nonexistent.

Thus the principal features of minor-element distribution in igneous rocks can
be explained by the simple rules of substitution based on ionic charge and radius,
supplemented by empirical statements about the behavior of elements whose bonds
are largely covalent. The simple rules, however, have many exceptions, and details
of the distribution would require more sophisticated analysis. We have spoken of the
distribution, for example, as if it were influenced only by mineral structures in the
crystallizing solids; a complete description would have to consider also structures in
the silicate liquid with which the solids are in contact. Again, the transition elements
show many apparent anomalies in the relative amounts that substitute for Mg?* and
the two ions of iron; the anomalies can be in large part clarified by considering
effects on the strengths of directed bonds exerted by electric fields in different
positions in crystal structures (“crystal-field effects”). Detailed study shows that
relationships between major and minor elements in crystal structures are highly
complex, so it seems remarkable that the simple rules work as well as they do.

One way to represent the distribution of minor elements is to set up a ratio of
concentration in a mineral to concentration in the melt. This ratio, called the

4

-
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partition coefficient, is defined as

= [Me}mineral , (20-3)
{Me}melt

where the brackets are some measure of the concentration of a minor element
represented by the symbol Me. As an example, elements that are largely
incompatible with major elements of silicate minerals have values of &y much
less than one. Analysis of measured concentrations of minor ¢lements in minerals
and matrix glasses of extrusive igneous rocks and from laboratory experiments
shows that the partition coefficients for many minor elements are dependent on
changes in temperature, pressure, and composition, as would be expected on
thermodynamic grounds. In most cases these general trends can be predicted using
the rules of distribution outlined above.

As an example of the temperature—pressure—composition relationships of
partition coefficients, consider the partitioning of Ni between a melt and the mineral
enstatite in the gystem NiO-MgO-8i0,. At equilibriuom we have

Ni*t 4+ MgSiOy = Mg?** + NiSiOy, (20-4)

melt enstatite melt Ni ~enatatite

ko

and an equilibrium constant of

ANj-enstatite AMg-melt
K = Zhemse VETmen (20-5)
ONi-melt @Mg-enstatite

If activities are expressed in terms of concentration (represented by brackets) and
activity coefficients (X),

K = Nilungtutise [M8]men (lm-mmﬁulm-mn) .
NiJmerr  [M8lenstaite \ANismetAMg-enstatite

The first ratio on the right-hand side is the partition coefficient for Ni {Eq. (20-3)].
Its temperature and pressure dependence will be determined, in part, by changes in
the equilibrium constant which are governed by the enthalpy and volume of reaction
(Sec. 8-5). How the partition coefficient will depend on composition is determined
by the activity coefficients: for the melt, activity coefficients reflect melt structure
and interaction among Ni and Mg with other melt components, and for enstatite, the
coefficients are related to energetics of incorporating Ni and Mg into the mineral
structure. All these properties, of course, are fanctions of temperature and pressure,

(20-6)

Rare-Earth Elements

The distribution of minor elements, as is evident from the simple rules of
substitution, leads readily to speculation about the genesis and history of particular
igneous rocks and rock associations. The rare-carth elements (REE, Table 5-3)
provide a good example, and merit a brief digression.

Despite their name, the REE (Table 20-4) are not especially uncommon in
Earth materials. The group as a whole makes up more than 200 ppm of average
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TABLE 204
Rare-earth (lanthanide) elements

Radii (A)

Tons (6-coord)
Lanthanum La¥ 1.03
Cerium Cce* 1,01
Praseody- pr? 0.99
ium
Neodymium Né** 0.98
(Pmmc- Pm3+ G'97
thium)’'
Samarium Sm>* 0.96
Bmp,um Eu3+ 0.9 S

Eu®* 1.17
Gadolinium Gd** 0.94
Terbium ™ 0.92
Dysprosium Dy** 0.91
Holmium Ho* 0.90
Erbium B 0.89
Thulium Tm™ 0.88
Yiterbium ' 0.87
Lutetium Lu™ 0.86

! Promethium does not oceur in nature, but radicactive
isotopes may be prepared artificially.

LREE: La-8m HREE: En-Lu

Source: Shannon (1976).

crust, and some of the individual elements are more abundar}t _than‘ such common
metals as lead and copper. From the numbers in Appendix IV it is evident t.hat all ’of
this group, with the single exception of europium, are more .concentrated in granite
than in basalt, and that the differences are greater for the light elements (La-Sm)
than for the heavier ones (Eu-Lu). These simple facts about abund'ances tell. us that
the REE are to some extent incornpatible with the common ions of igneous
magmas, the light ones (LREE) more incompatible than the heavy ones (HREE),
and that Eu is something of a maverick. o ) )
Elements of this group are remarkable for the similarity in their chemical aqd
physical properties, a similarity which means that they commonly occur together in
natural environments and are difficult to separate in the laboratory. ’The wht?le
assemblage occupies a single spot in Mendeleev’s taple (Table 5-3), in the third
column and sixth period, from which we know immediately .thgt these clerpents are
active metals with a principal oxidation number of +3. The similar properties find 2
ready explanation in the electron structure of their atoms: all I}gvc three valence
electrons, and each one differs from the preceding only in the addition of an electx:on
in an f-orbital far down in the electron cloud. As might be exp;cted, the increasing
nuclear charge from one element to the next means a steadxly.det‘:’reasmg ionic
radius through the group (often called the “lanthanide contraction”). The slight
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decrease in size means slight differences in properties, which are reflected in
differences in the distribution of these elements in geologic materials.

The high oxidation number and the large ionic radii (0.86-1.01 A) mean that
the entire group is incompatible in the common minerals of igneous rocks, as we
have just guessed from the concentration differences between granite and basalt,
The degree of incompatibility varies from mineral to mineral and from one element
to another, Certainly the REE would not substitute readily for the smaller Fe®* and
Mg?* ions (radii of 0.78 and 0.72 A, respectively) in the early-crystallizing olivine
and orthopyroxene of a mafic melt. Calcium ion is more similar in size (1.00 &),
and some rare-earth concentration is found in calcium materials, but the difference
in oxidation number apparently keeps the substitution limited. So the REE by and
large remain in the liquid during fractional crystallization, substituting to some
extent for LIL elements in the later stages, and at the end may be concentrated
enough to form their own minerals (for example, monazite, xenotime, allanite) in
alkali granites and pegmatites.

Europium differs from its brethren in that it has an additional stable oxidation
number of +2 (jonic radius 1.17 A), and the relative amounts of Eu?* and Eu>* in a
magma depend on its oxidation state. The divalent ion, as might be expected,
substitutes readily for Ca®* and even more readily for Sr** (1.18 A), so that when
plagioclase crystallizes from a mafic magma it often removes a good deal of
europium from the liquid. (One other lanthanide, cerium, has an abnormal oxidation
number, +4, when conditions are very oxidizing. This peculiarity has little
importance in igneous processes, but explains much of cerium’s behavior in
surface waters and sediments.)

The slight differences in ionic size make the LREE somewhat more
incompatible than the HREE, as we noted from abundance figures. Thus in the
last residual fluid during crystallization of a magma, or in the earliest melt to form
during anatexis, the LREE elements may be more concentrated than their heavier
kin. This difference in properties makes analyses of the REE a useful tool in studies
of the source and history of the magmas that formed various kinds of i gneous rock.

To display analyses showing the distribution of REE in geologic materials, it
is common to plot abundances against atomic number. Rather than simple
concentrations, however, it is customary to plot ratios—ratios of the amount
of each element in a given rock or mineral to the amount in material supposedly
representing undifferentiated stuff from which the rock or mineral was derived. In
igneous geochemistry the undifferentiated material is commonly taken to be an
average of analyses of chondritic meteorites, on the plausible assumption that the

Earth and meteorites were formed originally out of the same protoplanetary mixture.
A sampling of such plots, showing lanthanide concentrations “normalized” to
chondritic concentrations, is shown in Fig. 20-2. In effect, the lines on this figure
record for different kinds of igneous rock the changes in REE distribution over the
long times since their materials were part of the Earth’s primeval substance,
Earth material not greatly differentiated from the original meteoritic compo-
sition should plot near the horizontal line representing the ratio “1” in Fig. 20-2.
Such material might be a chunk of peridotite carried up from the mantle as a

Ratio of concentration in rock to concentration in chondrite
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100 T T T T T HGUR,EMQ‘ .
L Chondrite-normalized rare-earth analyses for six rock
samples. Each point is the ratio of the concentration
of a rare-earth element to the concentration of the
same element in an average chondrite meteorite.
C Rocks and sources: A: Peridotite xenolith from lava
flow. Jagoutz, E.! Proc. Lunar and Planetary Con-
0 B Jerence, vol. 10, p. 2031, 1979, B: Mid-ocean ridge
basalt. Langmuir, C. H,, J. F. Bender, A. E. Bence, G.
E N. Hanson, and S. R. Taylor: Earth and Planetary
Science Letters, vol. 36, p. 133, 1977, C: Rhyolite.
Jahn, B. M., A. Y. Glikson, J. J. Peucat, and A. H.
|  Hickman: Geockim. et Cosmochim. Acta, vol, 45, p,
- 1633, 1981. D: Granite. Shaw, 8. E., and R. H. Flood:
Jour. Geophys. Research, vol. 86, p. 10,530, 1981. E:
Anorthosite, Simmons, E. C., and G. N. Hanson:
Contrib. Mineralogy and Petrology, vol. 66, p. 119,
1978. F: North American shales. Haskin, L. A, M.
01l b0 1 L1 L it L A. Haskin, F. A, Frey, andT.'R‘ \.’s’ildman, in Ahrens,
.La Pr (Pm) Eu Tb Ho Tm Lu L. A, ed: Origin and Distribution of the Elements,

Ce Nd Sm G4 Dy Er Yb Pergamon, Oxford, 1968, p. 899.

Ahdd

A F D

Sk

xenolith in a lava flow (line A). Basalt from the midocean ridges, representing
material formed by partial melting of the upper mantle, would be expected to show
increased concentrations of all the rare-earth elements, without much separation ‘of
LREE and HREE (line B). Further differentiation, leading to marked pre;f'erenpal
increases of the light rare earths, is shown by lines C (thyolite) and D (gramte). Line
D is noteworthy also because it shows a pronounced negative europium anor‘na!y,
presumably meaning that separation of Ca-rich plagioclzfse has_played a rol; in its
history. The frequent strong concentration of europium in plagioclase is smkm_gly
shown by an analysis of anorthosite (line E), a rock consisting almost entirely of this
mineral. And finally, line F shows an average analysis of the rare-earth content of
North American shales, rocks that represent material formed by repeateq differ-
entiation by both igneous and sedimentary processes over long geologic times. It
should be noted that Fig, 20-2 shows only a few selected analyses, and that actually
curves for any of the various rock types show a great deal of variaFion. But the
general trends of rare-earth behavior during igneous rock formation are well
displayed. o
This sampling of conclusions that can be drawn from REE dlst‘n_but_lon.s is an
illustration of the general rule that trace elements are often more sensitive indicators
of an igneous rock’s history than are its major elements. A rock with an unusual
abundance of LIL elements (including LREE), for example, is almost surely the
product of extreme differentiation—either the final residual liquid remaining.aﬁer
nearly complete crystallization of a magma, or the initial melt from hgamg a
metamorphic rock, or perhaps the result of segregation ot_" these elements in some
previous episode of sedimentation or metamorphism. An igneous rock Qcpleted in
LIL elements presumably represents material left after the more easily melted

fraction has been removed. Thus the concentrations of the rare-earth elftments have
proved particularly useful in working out details of igneous rock history.
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21. Na diagramu Na,O+K,0/SiO, prikaZi in razloZi poloZaj naslednjih kamnin iz tabele 4-6: tholeiit, andezit, pantellerit, fonolit in 1
by

nefelinit ter ga komentiraj.

22. Na AFM diagramu prikaZi trenda razvoja tholeiitne in kalcijsko-alkalne magme (podatki v tabeli 4-6) ter ju razloZi v skladu s slikami [

8-9, 8-11 in 8-12. l

23. Na diagramu (A/CNK)/SiO, prikaZi poloZaj vzorca pohorskega granodiorita P104 (SiO; 68%, ALO; 16%, Fe,O; 3.25%, MgO
0.98%, CaO 3.3%, Na,0 3.85%, K;0 2.76%, TiO, 0.28%). Ugotow ali je a.) meta- ali peraluminijski in b.) ali pripada I ali S-tipu [

granita ter rezultat komentiraj.

24. Na trikotnem diagramu Ba-Rb-Sr prikaZi poloZaj vzorca pohorskega granodiorita P101 (Ba 2375ppm, Rb 70ppm, Sr 900ppm) in
komentiraj diferenciacijski trend.
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The Irvine - Baragar Classification of Volcanic Rocks

In recent years the classification of volcanic rocks proposed by Irvine and Baragar
(1971) has gained wide acceptance. It sets up divisions between different rock types
based solely on common usage; that is, in practice most geologists associate a par~
ticular rock name with a certain compositional range. The scheme also incorporates
the well-established fact that volcanic rocks fall into a number of distinct genetic
series, which can be dutinguished by simple chemical parameters. These scrics have
the added significance that they can be corrclated with distinct tectonic environ-
ments,

Volcanic rocks are classified by Irvine and Baragar into three main groups (Fig.
4.5), the subalkaline, the alkaline, and the peralkaline (alkali-rich).
Most rocks belong to the first two groups, which are each subdivided into two sub-
groups. Assigning a rock to any one of these groups is based on simple chemical
parameters or normative compositions, Before this is done, however, the chemical
effects of alteration must be taken into account, if possible. Many volcanic rocks
become oxidized, hydrated, or carbonated by hydrothermal activity during burial or
during later metamorphism, These chemical changes can seriously affect the norma-
tive composition of a rock, whick may, in turn, affect its classification.  For
example, conversion of ferrous iron to ferric during alteration results in smaller
amounts of iron silicates being calculated in the norm; this then produces a norm
that apptars more saturated in silica than was the original rock. This type of
alteration, however, can be corrected for, because in many unaltered volcanic rocks
there is a strong positive correlation between the TiO, and Fe203 contents,
The primary wt% Fe,Oy in many volcanic rocks is given approximately by
(m% TiOy + 15). HyO “and CO, arc subtracted from the analysis and the total
recalculated to 100%.  Norm calculations are carried out according to the CIPW
rules, but Irvine and Baragar chose to recalculate the normative minerals in terms
of molecular rather than weight percentages. Thus, instead of multiplying the mole
proportions by the weight factors given in Table 4.1, the mole proportions are
simply recaleulated to 100%. Finally, in expressing feldspar compositions, nepheline
is recast as albite, Thus, the normative anorthite content is given by
100xAn/(An+Ab+5/3Ne). Analyses of typical samples of cach of the main rock types in
Irvine and Baragar’s classification are given in Table 4-6.

Division into the three main groups is based on the alkali content of the rocks.
Rocks in which the molecular amounts of (NayO + K0} > Oy fall into the
peralkaline group. These rocks typically contain aegerine or a sodic amphibole. The
alkali content that separates the subalkaline from the alkaline groups varies with
the silica content of the rock (Fig. 4-6). The cquation for the boundary between
these groups is given by

$i0y = 33539 x 1042 AS + 12000 x 102 x A - 151881 107 xa* + 6096 %107 x A3
- 21111 x AT +35492x A + 390

where A = (NayO + Ky0). These two groups can also be distinguished in a plot of
the normative contents of olivine - nepheline - quartz (Fig. 47). To plot a rock
in this diagram the normative minerals are recast as follows: Ne' = Ne + 3/5 Ab,
Q =Q+2/5Ab + 1/40px, OF = Ol + 3/4 Opx The subalkaline rocks plot on the
quartz side of the boundary line, whereas the alkaline ones plot on the mepheline
side of it.
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General classification scheme for the common volcanic rocks {alter

Irvine and B?raga{, }9’?1). Lines joining boxes link commonly associated rocks.
The small priot within the boxes refers to variants of the main rock. (Published
with permission of Canadian J. Earth S¢i)

Figure 4»6
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TABLE 46  Typical Analyses of the Rocks Listed in Fig 4-5 (from Imvine and

Baragar, 1971). The subalkaline rocks are divided into the cak-alkali and tholeiitic

series on the basis of their iron conteats in the AFM plot (Fig. 4-8), where
A = NasO + K)O, F = FeO + 0.8998xFcy04, and M = MgO (all in wi%). This plot

SUBALKALINE ROCKS PERALKALINE distinguishes inicrn:ediate members of these™ series very well, but at the mafic and
Tholelitic basalt serles Calc-atkall serles ROCKS felsic ends there is considerable overlap.  Calc-alkali basalts and andesites, how-
ever, contain 16 to 20% Al,0,, which is considerably more than occurs in thelei-
& v 2 itic basalts and andesites which contain from 12 to 16%. At the extreme felsic end
g F » 8 2 © & o T there is no salisfactory way of distinguishing calc-alkali and tholeiitic members; y
Fe 2 OF ER 2 9. 9F F L, = = g thus all granitic rocks are assigned to the calc-alkali series. ’
5 E S8 5 sief f3 % I ¢
2 = g H a H
FE & E£E3 B #3 %4 4 & =2 £ &8 The alkaline rocks are divided into the alkali olivine basalt series and the
50, 464 452 SIS 583 618 ©1 585 00 &7 T2 PR neph{lim‘lic - leucitic - analcitic scricsv. Rocks . o{ the latter series typically
Tio, 20 21 20 17 13 15 0% 16 04 01 04 01 conta!n less (§an 45‘%6 §i0,, have normative color indices greater than 50, and may
AlLO, 85 133 139 138 154 127 174 160 152 140 74 120 contein aormative loucke. :
::%03 ;: ;"; ;:; :; :; :i :_: ;:: :; 3:: :: ?: The naming of rocks within the various subgroups is based on normative plagio- I
MnO 02 02 02 o012 02 61 01 02 00 09 03 0‘1 dase composition and on normative color index. In the various s!.tbalkalins scric.:s,
Mg0 08 104 &1 23 18 65 31 39 09 o4 o1 0:0 th_c rocks | range l'r_om ba.ta{f through  andesite .and dac:t.e to thwoi:te i
&0 74 199 29 $6 S0 99 63 59 27 13 ot 03 \m!h decreasing normative anorthite content and decreasmg' normative color‘ index )
Na,0 16 22 30 35 44 26 33 39 45 39 e 4‘3 (Fig. 4-9). Two series of rock names 'arc.u.s?d f_or the alkaline rodss, depending on ;
X0 03 05 15 19 16 07 10 08 38 41 3 4 \ththcr they are sodfcz‘ or potassic. This q:mon is n.\adc on th? basis of ’thc norma-
7,0 62 02 04 05 o4 03 02 02 o1 00 0z o1 tive fcld§par composition (Fig. 4-10). With decreasing normative anorthite content, i
" the sodic series passes from alkali basalt through hawaiite, mugearite, and b
bemmoreite to trachyte (Fig. 4-11a), whereas the potassic series passes from
alkali  basalt  through  mrochybesalt  and m‘?ni:e to trachyte  (Fig.
ALKALINE ROCKS ALKALINE ROCKS 4—11b)._ At thc mafic end of all of these serics, basalts c?ntaining more than 25%
Alkali ollvine basalt serles Nepheliaites etc normative olivine arc named picrtes; these rocks contain abundant phenocrystic
: olivine,  Ankaramites, which belong to the alkaline group, contain abundant ‘
s = v s augite: ?hcnocrysts which cause the norm (o hayc more than 20%. clinopyroxene, pasalls
EOE 3 é, o 2 s E » 2 o . B containing more than 5% normative nepheline are named either basonite if they
s £ 52,3 52 F § B £z £ § & £ contain modal nepheline, or basanitoid i nepheline is naot visible.  Finally,
EE E-] ?p:: -Eﬁ E s ® » E T g £ % B g nepheline-bearing trachyte is known as phonolite. i
ik ez £ E 2 EE 2 ER g |
Si0, 466 441 454 424 465 479 497 558 S56 607 €06 397 490 462 4t
'I‘iC)2 18 27 30 41 31 34 21 18 09 05 602 28 07 12 23
ALO, 82 121 47 41 167 159 170 190 164 205 183 4 130 M4 98 |
Fe,04 12 32 41 S8 41 49 34 26 31 13 27 53 49 41 M
PO 98 96 92 85 73 76 90 31 49 04 12 B2 45 44 15
MnO 01 02 02 02 02 02 03 01 02 02 02 0z 01 00 o1 ino I
MgO 196 130 78 67 46 48 28 20 11 02 01 121 83 70 70 :‘:g:::g;s ﬂoﬁ_‘;“h:&‘;‘c“f&"“ [
a0 24 115 105 119 94 B0 55 45 19 14 0% 128 1S 132 47 cafc.alkalgnc rocks as pro I by
NLO, 16 19 20 28 38 42 S8 52 61 62 &Y 38 39 16 14 I ap ;
rvine and Baragar (1971). \
X0 1207 10 20 31 15 1§ 41 35 67 Si 12 30 64 114 A = N2,0+Ks0: F = FeO +0.8998Fe,04:
0, 03 03 04 06 09 07 05 04 07 00 00 09 11 04 18 M= MIZ'O, all m':vcighl per cent. 273 [
10 111 1
. MRS v DA, 22 = Y ed D S b l.
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Kuno (1959, 1966a, 1966b) recognized the importance
of the relationship between Benioff-Wadati Zone and basalt
fhemistry. He related basalt chemistry to the depth of generation
In the seismic zone (figure 7.17c). On the basis of major, trace,
rare earth, and isotopic element data, plus phase equilibria,
Brophy and Marsh (1986) and J. D. Myers (1988) supported
Kuno's interpretation that high-alumina basalt liquids are pri-
mary magmas. In contrast, some theoretical, chemical, and ex-
perimental work on magma generation seems inconsistent with
the depth-of-generation model (Gust and Perfit, 1987; Brophy,
1989b), making the model debatable.®

Models that attempt to account for major element and
trace element differences within arc rocks and across volcanic
arcs are generally complex (Ringwood, 1974; Kushiro, 1983;
Myers, 1988). For example, Ringwood (1974), following
Nicholls and Ringwood (1973), presented a model, here

called the pyrolite-pyroxenite model, in which volcanism oc-
curs in two phases (figure 7.17d). In this model, the physical-
chemical history of the mantle rock, rather than simply the
depth, controls rock chemistry. In the pyrolite-pyroxenite
model, early, shallow, tholeiitic 'volcanism results from the
following series of processes:

1. Dehydration of the subducting plate;

2. Partial melting of mantle pyrolite above the subduction
20n€;

3. Diapiric rise of pyrolite followed by separation and
differentiation of tholeiitic magma in the upper mantle;

4. Eruption of tholeiites at the surface.

Later, deeper, cale-alkaline volcanism occurs after continued
subduction converts oceanic crust to quartz eclogite, in the
following sequence of events.

1. Dehydration of serpentine occurs in the subducting
plate (to provide water).

2. Melting of quartz eclogite produces siliceous (e.g.,
rhyolitic) magmas.

3. Reaction of siliceous magmas with overlying mantle
pyrolite produces garnet pyroxenite.

4. Diapiric rise of wet pyroxenite masses accompanies
partial melting in the mantle to produce calc-alkaline
magmas.

5. Eruption of calc-alkaline magmas occurs at the surface.

This complex model requires dehydration of the subducting
slab and mixing of some subducted components (fluid and
melt) with mantle rock that is later melted. The likelihood
of dehydration is now widely accepted (Fyfe and McBirney,
1975; Delaney and Helgeson, 1978; Tatsumi, 1989),90 and
Pb and Be isotopes in arc tocks support the involvement of
subducted materials in models of magma generation (], D,
Myers and Marsh, 1987; Morris and Tera, 1989). On the
negative side, melting and assimilation experiments do not
support the model (Stern and Wyllie, 1981; W, L. Huang
and Wyllie, 1981; Sekine and Wyllie, 1983; Johnston and
Wryllie, 1989). Still, the model is evolving. In an effort to ex-
plain the origin of source rocks for intraplate magmas, Ring-
wood (1982, 1985, 1990; Kesson and Ringwood, 1989)
extended his model. The expanded version focuses on shear-
ing at depths below 100 km along the subduction zone and
hybridization of sheared, depleted mantle rocks by magmas
derived from the subducting slab. ]
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6 Classification and occurrence

to their conversation is, if anything, cxceeded by their affection for
the old. They are not about to drop granite. They say granodiorite
when they arc in church and granite the rest of the week.” In this
book, the unmodified term ‘granite’ refers only to the QAP field
in which plagioclasc is 10-65% of total feldspar. ‘Granitic’ is
an adjective meaning ‘having the properties of a granite’, but
not nccessarily referring only to granite sensu stricto. The term
‘granitoid’ will be used, as both an adjective and a noun, to refer
gencrally to the whole family of granitic rocks from alkali feldspar
granite to tonalite.

Although the classification system based on modal proportions of
QAP is simple in theory, it is difficult in practice. Few alternatives
to tedious slabbing, miessy staining, -and mindless point-counting
cxist. No wonder classifications based on chemical parameters
developed.

1.2.2 Chemical classification (measured parameter)

We can make the transition from mineralogy to chemistry by using
the mineralogical definitions above to set limits on the major
clement chemical compositions. Figure 1.3 translates the miner-
alogical limits of the granitoid family into chemical compositions,
using a- plagioclase composition of Anss and an alkali feldspar
composition of KfyyAby. The derived upper and lower limits for
Si0; are too high, partly because few granitoid rocks contain
more than 45% quartz, and partly because relatively silica-poor

ferromagnesian silicates are not included. With these provisos, the -

calculated compositions in Fig. 1.3 arc approximatcly what we
should expect for granitoid rocks. For comparison, Fig. 1.3 also
shows the average composition of 363 North American granitoid
rocks, and the cstimated composition of the upper continental
crust. ,
One simple way to avoid the slabbing, staining, and point-
counting syndrome is to grind the rocks to powders and analyse
them for their major elements. This chemical composition can
then be reconstituted in terms of its mincralogy by calculating its
mesonorm (Miclke and Winkler, 1979) or CIPW normative min-
cralogy. The amounts of normative quartz and feldspar can be

lotted in QAP to determine the rock name. Streckeisen and Le
P

Maitre (1979) and Dcbon and Le Fort (1982) have explored other
relationships  between the modal mineralogical and  chemical
systemns of classification, but in igneous rocks it is rarcly clear
whether the mincralogy controls the chemistry of the rock, or
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Total 1000 1000 1000 100.0 1000 994 1000
AICNK** 100 100 100 1.00 100 102 086

* Maap ol 363 North American graniloid rocks (Chayes, 1985)
** Estimaled composition of the upper crust (Taylor and McLennan, 1985)
*** For explanation of A/CNK see Table 1.1

Fig. 1.3 The rclationship between classifications based on  1modal
muneralogy  and
mincralogical definition of granitoids limits their range of chemical

compositions,

whether the chemistry of the melt controls the mineralogy. (There

chemical

composition

of granitoid

rocks.

is morc about this philosophical problem in Chapter 4.)

However, there is much more to granitoid rocks than just quartz
and feldspars. A dctailed mineralogical description, including all

s e st i e 7 e e



8 Classification and occurrence

the minor and accessory minerals, would be sufficient to crect a
complete classification system for granitoid rocks. However, given
the large number of possible phases, this system might become
somewhat unwicldy. Instead, the close relationship between min-
eralogy and chemistry permits the establishment of a much sinmipler,
tripartite chemical classification that covers all cases (Shand, 1947,
Table 1.1). This system uses the concept of alumina-saturation in
which the ratio A/CNK {molar [ALO:/(CaO + Na,O + K.O)]}
can range from greater than one to less than one in igneous rocks.
For a haplogranite, i.e. with quartz and two feldspars only,
A/CNK = 1, because A/CNK = 1 in all varieties of feldspar. With
additional minerals, this ratio will move above or below unity,
depending on the type of minerals present. For example, horn-
blende with A/CNK = 0.7 drags the A/CNK ratio of the granitoid
below wnity; almandine garnet with A/CNK = infinity lifts the
ratio above unity; and ricbeckite with A/CNK = 0 and C = 0
creates a condition in the whole rock where A < NK. In this
system, granitoid rocks are peraluminous® (A/CNK > 1), meta-
luminous (A/CNK < 1), and peralkaline (A < NK). If only modal
analyses are available, the characteristic minerals listed in Table 1.1
should permit categorization into chemical types. Figure 1.4a
is a graphic portrayal of the concept of alumina-saturation, and
Table 1.2 gives some average compositions for real metaluminous,
peraluminous, and peralkaline granitoid rocks.

1.2.3 Chemical-tectonic—genetic classifications
(mecasured to inferred parameters)

Just as a close connection exists between the mineralogical and
major element chemical classifications of granitoid rocks, so there
exist many attempts to link major and even trace element chemical
characteristics dircctly to tectonic and/or genetic significance. (For
a thorough review of the relationship between granitoid type,
tectonic setting, and presumed source rocks, see Barbarin, 1990),
Of necessity there is some blurring between measured parameters
(e.g. chemical compositions and observed field relations, especially
with respect to the tectonic setting) and interpreted parameters (e.g.

*Clarke (1981) suggested that the term ‘peraluminous’ be used for those
rocks  which the excess alumina could be atributed to erystal-melt
equilibria, and “hyperaluminous’ for rocks in which gencerally higher
values of excess alumina were acquired through the action of aqueous Auid
phases.
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Fig. 1.4 Relationships between classifications: (a) mineralogical and a
schematic representation of chemical composition (the alumina-saturation
of Shand, 1947); and (b) chemical composition and presumed origin (I-S
scheme of Chappell and White, 1974). The data points are the 363 North
American granitoids from Chayes (1985).
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Table 1.1 Trpartite chemical classification of granitic rocks
The granitoid family*
QAP
60% > Quartz > 20%
Alkali-feldspar/{ Alkati-feldspar + Plagioclase) = 0~1
Peraluminous Metaluminous Peralkaline
Definition (Shand, 1947) A > CNEK** CNK > A >NK** A < NK**

Characteristic minerals
{Chapter 3)

Other common minerals
Oxide minerals
Accessory minerals

aluminosilicates, cordierite,
garnet, topaz,
tourmaline, spinel,
corundum

biotite, muscovite

ilmenite, tapiolite

apatite, zircon, monazite

orthopyroxene,
clinopyroxene,
cummingtonite,
hornblende, epidote

biotite, minor muscovite

magnetite .

apatite, zircon, titanite,
allanite

fayalitic olivine, aegirine,
arfvedsonite, riebeckite

minor biotite

magnetite

apatite, zircon, titanite,
allanite, fluorite, cryolite,

pyrochlore
Other chemical features F/ICI>3 - low CaO, ALO,, H0,
Ba, Sr, Eu A
high Si0,, Fe/Mg, Na +
K, Zr, Nb, Ta, ZREE;s,
Y
F/ICl<3
Isotopic compositions
8751 /868 0.7050-0.7200 0.7030-0.7080 0.7030-0.7120
eNd; (Chapter 4) generally << 0 =0 highly variable
Typical mineral Deposits aplite—pegmatite— porphyry Cu-Mo Sn-W-U-Mo and rare
{Chapter 7) greisen; polymetaliic metal {Nb~Ta)} greisens

Sn=-W-{J-Mo-Cu and
Be-B-Li~P

continent—continent
collision tectonics
involving thickened
continental crust

subduction-related
continental and island arc

General plate tectonic

post-tectonic or anorogenic
Environment {Chapter 8)

extension resulting in
intracontinental ring
complexes

* For other ways to classify granitoid rocks see Pitcher (1983) and Anderson (1988)
** A = mol ALO;; C = mol CaO; N = mol Na;O: K = mol K:O; CNK = C + N+ K: NK = N + K

U U SO SO

e et e Ao 1 A D S A M e s sy porrpey T e < 45 Yo T >
- A A S T s s e TR e A e g R RS Y T S S R e R ey
e s s A B T A B P e A RN A A AR




12 Classification and occurrence

Table 1.2 Sclected average compositions of peraluminous (Chayes, 1985),
wetadluminous  (Chayes, 1985) and  peralkaline (Chayes, 1985, with
additional daw) granitoid rocks

Peraluminous Metalumirnons Peralkaline

1 199 158 25

$105 71.45 67.43 74.01
T, 0.32 0.55 0.23
ALO, 14.76 14.67 11.59
FeQqy 2.49 4.13 3.08
MuQ 0.13 0.12 0.10
MgO 0,78 1.64 0.55
CaO 2.01 3.53 0.48
Na-O 3.72 3.72 4.33
KLQ 3,52 3,20 5.09
P20 0.14 0.17 0.06
Torwal 99.32 99.16 99.52
A/CNK 1.10 0.93 0.86
NK/A 0.67 (.65 1.0y

the tectonic setting, where the field relations are cryptie, and the
nature of source roeks), In this type of approach it is difficult to
determine where observation ends and interpretation begins,

Major elements & trace elements

Batchelor and Bowden (1985) explored the links between the major
clement compositions of granitoid rocks and their tectonic settings.
Their plot of a function of Si-Ti-Fe—Na-K against a function
of Al-Mg~Ca shows a systematic connection between chemistry
and tectonic setting. Maniar and Piccoli (1989) used a sequence of
mugjor element variation diagrams to discriminate among granitoid
rocks from seven kinds of tectonic setting (island arc, continental
are, continental collision, post-orogenic, rift, continental epeiro-
genic uplift, and oceanic ridges and islands). Also, working from
a tectonic and temporal premise, Rogers and Greenberg (1990)
defined four types of biotite granite with compositions largely
within the metaluminous domain (late orogemc, post-orogenic,
anorthosite—rapakivi suites, and ring complex). All these approaches
show that the major * trace element compositions of granitoid
rocks do bear some relationship to the tectomc environment.

Classification schemes for granitoid rocks 13

Trace elements only

; _. Mineralogy and major clement geochemistry are clearly related.
13"*1"]\«:‘»'1"1'“5 clements are less constrained and less obviously relate to

specific rock types defined by modal mineralogy. Nevertheless,
trace elements, if not used for defining igneous rock types,’certainly
have some utility for identifying tectonic settings and making broad
genetic inferences. For example, Pearce et al. (1984) and Whalen
ef al, {1987) use trace elements variously for the purposes of classi-
fication, determination of tectonic setting, and making inferences
about the nature of source rocks. These empirical methods rest
somewhat precariously on the validity of the interpretations placed
on the granitoids used as reference materials, on the expectation
that all unknowns will fall neatly into these predetermined cat-
egories, and on the assumption that such chemical characteristics
apply over the span of geological time.

Integrated characteristics and the genetic alphabet (S-1-A-M)

One popular concept is that of the so-called alphabet granitoids, of
which there are four types in common usage:

1. I-type granitoids have A/CNK < 1.1, "'Sr/%Sr; < 0.705,
and 80 < 9%, implying source rocks of mafic to inter-
mediate igneous composition or infracrustal derivation
(Chappell and White, 1974; Chappell and Stephens, 1988);

2. S-type granitoids have A/CNK > 1.1, ¥Sr/*Sr; > 0.707,
and 80O > 9%, implying source rocks of sedimentary or
supracrustal protoliths (Chappell and White, 1974; White
and Chappell, 1988);

3. M-ty})e granitoids have A/CNK < 1.0, 875 /%8S, < 0.705,
and 880 < 9%, implying mantle sources, either indirectly
through partial melting of subducted oceanic crust, or.
directly by extended fractional crystallization of basalt
(White, 1979; Pitcher, 1982); and ‘

4. A-type granitoids have a range of A/CNK > 1.0, 878 /%8s,
and 880 comparable to that in the I-, S-, and M-types; in
addition, they have low CaO, high Fe/Mg, high Ta, Nb,
Zr, REEs and F, and are anorogenic (stable cratons and rift:
zones) in their tectonic setting (Loisclle and Wones, 1979;
Collins et al., 1982; Clemens et al., 1986; Creaser et al.,
1991).

One of the principal rules for classification is that the basis for
classification must be the same at any given level of subdivision.
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14 Classification and occurrence

Each letter of the alphabet system of classification of granitoids,
therefore, must have the same connotation. The original I-type and
S-type classifications are indisputably genetic, signifying ignecous
and scdimentary sources for the granitoids, respectively. It follows,
thercfore, that M-type granitoids should have mantle sources and
A-type granitoids should have anorogenic(?) sources.

Now the first problem with the alphabet classification becomes
clear. Not all of the letters have the same connotation at the same
(alphabetic) level of classification. [- and S-types are one-stage
genetic types (derived dircctly from the putative source), M-types
arc one- or two-stage genctic types (derived directly or in-
directly from the putative source), and A-types arc defined prin-
cipally by their anorogenic tectonic sctting. So the bases for the
classification are different; such an irregular classification system
is the outgrowth of uncoordinated contributions to the lexicon.
Despite the letter, A-type granitoids never did belong in the
original genctic alphabet, and the term ‘A-type’ should be dis-
continued becausce of its potential to be confused with it.

The second problem with the remainder of the genctic alphabet
(I=S=M) is that, even within one of the tightly defined groups such
as S-types, a range of magma compositions may develop as a
function of temperature—pressure—composition (T-=P-X) in the
source ‘region. Also, subsequent igncous differcntiation and sub-
solidus altcration will serve to extend the original compositional
range shown by the partial melts. If the range of products from a
single source spans onc of the genetic boundaries, as some are
bound to do, then simple inferences about the source can be wrong.
Unfortunately, sources of igncous rocks are very difficult to dis-
cern, and S-type (peraluminous) granitoids are known to originate
in more than one way, including cvolution from ‘I-type’ granitoids
(Halliday et al., 1981; Zen, 1986; Liggett, 1990; Miller ef al., 1990),
so genctic classifications are cquivocal at best.

The third problem with the genetic alphabet (I-S-M) classification
is onc of oversimplification, i.c. could any crustally derived grani-
toid develop exclusively from either an igneous or a sedimentary
source? Given the chemical and genetic complexity of the crust, granitoids
with hybrid sources must be the rule. What, then, is the point of
designating a granitoid as S-type when it probably has a source that
is not exclusively sedimentary?

The inescapable conclusion is that the alphabetic classification
of granitic. rocks, so cnlightening and so uscful in its original
conception, requires some overhaul. First the A-types should be
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discarded because they do not belong; then the question of overlap
between M-type and I-type nceds to be addressed (perhaps by
indicating clearly that M-types are only a subset of I-types and that
M-types should also be dropped); and, finally, the remainder of the
alphabet (I-S) needs the caveat that the letter may ouly suggest the
dominant source.

1.2.4 Summary

Mincralogical classifications based on modal mincralogy arc de-
pendable but time-consuming. Chemical classifications, the closer
they are related to the mineralogy, arc uscful. Chemical - tectonic -
genctic classifications, the more they cxtrapolate from the mea-
surable and mcaningful, are controversial. The subdivisions of the

alphabetic Tt classification system smcar over the clearly

measurable chemical subdivisions of Table 1.1 and Fig. 1.4b
(c.g. anorogenic A-types can be peraluminous, metaluminous
and peralkaline, and I-types can be both metaluminous and pera-
luminous). Should we adopt a classification system that cannot
provide clear, objective, measurable distinctions between its
groups? The alphabeticists, defining as they go, become so en-
tangled in spongy semantics, that it is preferable to leave the
pseudo-genetic classifications alone. Obviously, it is much casier to
determine the chemistry than the origin, so why leap to genctic
conclusions? To quote Whitten et al. (1987a, pp. 337-338), ‘A
natural classification differentiates genctically distinct igncous rocks:
if scparation into classes were based on arbitrary observational
criteria that arc independent of genctic differences, the resulting
classification would almost certainly be obfuscatory.” [Remember
the sccond nearest opera housel] And, ‘Such arguments do not
support classification of igneous rocks by genctic environment
but favor classification based on petrographic and chemical de-
scriptive parameters explicitly having genetic, rather than arbitrary,
significance.’

Thus, this book concentrates on the observations and evidence
required to map and interpret the cvolution and origin of any
granitoid body. It adopts the straightforward tripartite chemical
classification of Shand (1947) as a first step in understanding the
petrogenesis of granitoid rocks. It does not specifically deal with the
special problems of any onc chemical type of granitoid; in fact,
Chapter 8 gives several distinctly different petrogenctic case studics.

AL
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OMAG = [(dS/S) + f(dW/W) + f(dC/C) — f(R)

where OMAG is the composition of orogenic metaluminous
granite;

/s a fraction;

S = f(MORB) + f(GABB) + f(SED) where S is the bulk com-
position of the subducted slab (MORB = mid-oceanic ridge basal,
GABB = gabbro of the oceanic crust, and SED = sediments
dragged down a subduction zone), the proportions (f) and com-
positions of which are unknown and (dS/S) is an unknown
derivative thereof;

W = f(PERID) + f(ECLOG) where W is the bulk composition of
the mantle wedge overlying the subducted slab (PERID = mantle
peridotite and ECLOG = mantle eclogite), the proportions and
compositions of which are unknown and (dW/W) is an unknown
derivative thereof,

C = f(LC) + f(UC) where LC and UC are the compositions of
the Tower and upper crust, respectively, the proportions and
compositions of ‘which are really unknown and (dC/C) is an
unknown derivative thereof;

and R = fRc + fRv + fRs + fRa + fRf where Ris that portion of
the magma which is removed or lost through reaction with the
crust (Rc), vapour loss (Rv), surface waters (Rs), atmosphere (Ra),
and through fractional crystallization processes (Rf), the pro-
portions and compositions of which are naturally unknown.

It should be emphasized that the four terms in the equation
arc dependent on, or are controlled by, parameters such as tem-
perature, pressure, distribution coefficients, melt compositions,
melt structures, viscositics, densities, fOa, fCOs, fH2O, etc.,
needless to say, none of which is known. Also there are other
impondcrable variables such as rate of subduction, the positions of
relevant solidus curves, the thickness of the crust, etc., none of
which is known either. Can“you solve this equation in which there
is one known (OMAG) and more than 35 unknowns? (I never was
very good at mathematics!) Although this example was cited for
orogenic metaluminous granite, it could apply to Any Igneous
Rock (AIR) and would have been no less complex. lts composition
is the sum of the cffects of the source and subsequent processes
(herein referred to as (S + P)), and until the magnitude of each
and every source and process can be established, we are not making
much petrogenetic progress (but see Bryan, 1986).

4.4.5 The ultimate control on magma compositions

As a magma forms in the source region, ascends through a tortuous
path or plumbing system to the surface, and intrudes country rocks
or erupts to the surface, it is continually adjusting to new sets of
conditions. In short, it is attempting to reach both mechanical and
chemical equilibrium. Changes in the mechanical system may cause
changes in the chemical one, and vice versa. For instance, cooling
of the magma may increase viscosity which in turn retards the
achievement of chemical equilibrium; or, the evolution of a vapour
phase may create mechanical overpressure and explosive, non-
equilibrium, ascent. In such a complex and dynamic system, the
probability of perfect equilibrium ever being achieved is effectively
zero. Nevertheless the very fact that granitoid rocks have restricted
ranges of compositions centred on invariant points in phase dia-
grams, or strung out along cotectic lines in phase diagrams, dem-
onstrates that equilibrium is being approached in many cases. This
is no less true under conditions of post-magmatic alteration, but in
most cases this added complexity can be avoided by collecting fresh
rocks. Petrological diversity in igneous rocks is thus the result
of the failure of the mechanical and chemical systems to come to
the equilibrium dictated by the external parameters such as tem-
perature, pressure, and time. And, as stated in Chapter 1, we rely
on this failure to attain or maintain equilibrium to help us unravel
petrogenetic problems.

4.5 TRANSITIONS BETWEEN PERALUMINOUS,
METALUMINOUS, AND PERALKALINE
GRANITOIDS

In many areas, more than one chemical type of granitoid can occur.
Indeed, a complete continuum in mineralogical and chemical
compositions exists in the granitoid family (e.g. Fig. 14); therefore
subc}msxons (however useful) are arbitrary. The particular pera-
luminous — metaluminous — peralkaline subdivisions used here have
very precise chemical limits, but these boundaries are permeable
to varying degrees. On the reasonable assumption that all three
chf:mlcal types of granitoid magmas can be born (i.e. they are
primary magmas whose A/CNK composition is governed in part by
the source. rock composition; see section 4.4.1 above), then must
they retain that chemical stamp forever? Certainly not! If any of the
processes described in sections 4.4.2 or 4.4.3 can change the relative
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Fig. 4.4 Processes that cause transitions among peraluminous, meta-
luminous, and peralkaline granitoids. Somc affect the course of @ magma
during cooling, othcrs may operate on the solid rocks. The lower the CaQO
content, the greater is the possibility that peraluminous and peralkaline
granitoid plutons may bc found together (c.g. Nigeria). The scales arc
open-cnded towards low values of A/CNK and high values of CaO. The
cross-hatched arca indicates that the boundary between peralkaline and
metaluminous is not clearly defined in terns of the ordinate.

amounts of alumina and alkalis, then they can also cause transitions
from one A/CNK group to another. Halliday et al. (1981), and
many others cited therein, defined several processes that can change
the chemical character of a granitoid magma or solid rock. Figure
4.4 shows some of thesc transitions.

4.6 CHEMISTRY AND TECTONIC ENVIRONMENT

'We ‘arc now absolutely clear that the chemical composition of a

granitoid rock, or any igncous rock, reflects L(S + P). But if we
map out the occurrences of peraluminous, metaluminous and
peralkaline granitoids globally, we find that each one dominates a
particular type of tectonic environment, but usually not to the
complete exclusion of the other types (Table 1.1). Briefly, pera-
luminous granitoids are strongly associated with zones of con-
tinental collision, metaluminous granitoids with zones of ocecan-
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continent or ocean—ocecan collision, and peralkaline granitoids with
zones of crustal extension. Therefore, do we immediately conclude
that tectonic environment may be read directly from chemical
composition? To be both correct and consistent, we must insist that
their compositions are controlled by Z(S + P), and then go on to
point out that cach tectonic environment must have a dominant and
reproducible combination of sources and processes that ultimately
becomes reflected in the composition of the felsic igncous rocks.

Because of the infinite varicty of sources, the primary magmas
are smcared over the compositional range, and the subsequent
magmatic. and subsolidus processes smear them even more. Re-
producible conditions result in broadly reproducible chemical
characteristics (Farmer and DePaolo, 1983; Brown et al., 1984;
Pearce et al., 1984; Batchelor and Bowden, 1985; Harris ef al., 1986:
Maniar and Piccoli, 1989; Rogers and Greenberg, 1990). But the
fact that different tectonic environments have dominantly one type
of granitoid leads us to conclude that the amount of source +
process smearing is limited, but not limited enough to permit safe
snap judgements about sources or tectonic environments based on
chemical composition alone.

Examples of the petrogenesis of each chemical type of granitoid
are described in Chapter 8.

4.7 A GALLERY OF VARIATION DIAGRAMS WITH
PRESUMED PETROGENETIC SIGNIFICANCE

4.7.1 Overview

Aware of all the problems, but undaunted, we try to cxtract some
genetic information from geochemical data. Many types of vari-
ation diagrams cxist, but all suffer from the same shortcomings:

1. major clements suffer from the problem of closure, i.c.
they have a constant sum of 100% and, therefore, cor-
relations between these variables appear better than they
really arce (sce Chayes, 1960);

2. a restricted number of variables (c.g. divariate or trivariate
diagrams) cannot adequatcly show all the variation in the
samples as a whole and, as a result, each onc provides us
with only a small window to consider the causes of the
variation, so we¢ must mtegrate what we learn from cach
diagram to discover the entire evolutionary history; and
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3. a perfect lincar correlation (r = 1) on a variation diagram

N

may (or may not) be ateributable to a single cause, but most £
geochemical dara scatter to some extent, and cach point : 3
lying off the gencral trend does so for some very good % Jgess,
‘reason; we are not yet at the stage where we worry about o’
minor departures from perfect straight lines or curves, but ' ;;;;
the time will inevitably come. ' ) : s :
Probably only when we learn to use multivariate techniques 4’@—"———"’ ) v 2 [
will we realize the full power of geochemical data. Given that this S|
day is distant, in this section we will briefly review some of the %? “E
commonly used variation diagrams and indicate what they purport ‘ ol
to show. : + D) ‘ &
Table 4.3 divides chemical variation diagrams into seven rather : + + o 2 ’
arbitrary categories based partly on the elements used, and partly 3 + 2
on the purposes for which they are intended. For reasons of pur- ‘ B . v, ,g ' [
pose as well as cost, few data sets represent complete quantitative ] + o8 3 :
analyses for ‘all’ major elements, trace elements, and isotopes. + + s s ¢
Examples of the variation diagrams are largely taken from 110 + + + 3 '
samples in just one pluton (the Halifax Pluton, Fig. 4.5; MacDonald ] + + + 3 ['
and Clarke, 1991) within the South Mountain batholith (SMB) of 4 b3 .
southern Nova Scotia. For the REE and isotopic diagrams, data 3 + + + ° 5
come from the batholith as a whole, and for the territorial map data ' + + " ‘g 3 [
come from both the SMB and its satellite plutons (Fig. 4.6). + + + 3 ‘g: « )
Non-graphical techniques of modelling geochemical data (e.g. + + + = 3 .
Allen er al., 1986; Drummond ef al., 1988) also attempt to discover g 3 _g
the reasons for chemical diversity in suites of granitoid rocks but, + + + 2 = 3
given the complexity of the problems and the uncertainties in the + + + 3 8 =
values of distribution coefficients between a silicate melt and its + + + +\1 8 8 g
crystals (sce Chapter 6), these methods are not notably more suc- + + + + E 2 e =
cessful than inspection of a number of variation diagrams, their + + + g o 2 § of| X7
inadequacies notwithstanding. + + N N = 3 % g g :;
+ + + 538 28T
4.7.2 An integrated picture of the South + + + 4+ -3 g g é é
Mountain batholith + + 2 %” s "%-’ sl @
s 2 2 €1 g
In the interest of brevity, the essence of cach of the 22 chemical + + + £ 2% § % 2
variation diagrams in Fig. 4.6 is reduced in the caption to one or + + + R
two simple statements. Individually, these deductions mean little; + :;é % g 5 g 3
combined, and in support of one another, they begin to paint a 55 &S = 2
complete picture of the origin and evolution of the Halifax Pluton + + D o {j %
(11P) and South Mountain batholith (SMB). + + + o biler | 47
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'able 4.3 Summary of the many types of geochemical variation diagrams used to unravel the origin and evolution

{ granitoid rocks

W

“hemical companents

Alleged purpose of diagram

Examples (Fig. 4.6)

.ny component or derivative

viajor — major

Major — trace

primarily to show regional vamation in the pluton at a
glance, or for regional comprisons, but not
generally intended for petrogenetic purposes:

simple histograms
contour diagrams
trend surface plots
multivariate statistical tearitorial maps

to show covariation of two orcthree elements for the
purpose of defining trends in comagmatic suites,
and for identifying major mineral phases
responsible for those trends:

‘Harker-type’ variation dlagrams
rectilinear or triangular variation diagrams

to show covadation of major and trace elements to
illustrate dependent or independent behaviour in
any attemnpt to identify processes of differentiation:

* major — compatible trace
major — incompatible trzce

Q.0 ow

Trace — trace

Normalized trace

Various components or derivatives

Isotope ratio - isotope ratio

to show covariation of two or three elements, usually
with similar geochemical behaviour and competing
for the same lattice sites to help define the processes
of chemical evolution:
large ion lithophile - large ion lithophile
high field strength - high field strength
diagrams in which the chemical composition of the
granitoid is compared with some standard to make
inferences about stages of evolution, processes of
differentiation or even sources:
REE diagrams
spider diagrams
enrichment ~ depletion diagrams
the purpose is more concerned with discovering the
type of tectonic environment in which the
granitoid was created, rather than how it was
formed and evolved:
divariant discriminant plots
multi-element discriminant functions
normally related isotopic systems combined in a
bivariate plot to learn about processes, but
especially about sources of granitoid rocks:
stable isotopes
radiogenic isotopes

WL
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Fig, 4.6 A gallery of chemical variation diagrams,

(s} The histogram of differendation index (Z{Q + Ab + Or); Thormton and Tuude, 1960}
shows a broad skewed continuum of compositions, passibly with two or three modes, thae
may be genetically related, :

() The contours of Zr content show systematic variation over the exposed part of the pluton
sugpesting a regalar process of control,

(&) 1n normal granitic ditferentiation sequences, Zr deereases and Rb increases, therefore the
Rb/Zr ratio (although geochiemically dissimilar elements) should vary systematically, Now
the highly differentiated west central portion of the pluton shows clearly,

{dy tn this diagram, two discriminant functions have been calculated to produce the best
scparation possible between the peraluminsus granitoids of Nova Scotia, Moroceo and
theria. Richard and Clarke (1989) used the degree of overlap in these populations to assess the
possible corrclation bhetween these regions. {Symbols: squares ~ Nova Scotia; crcles ~
Marocea; triangles ~ Iberia.)
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(¢} Most diffcrentiation scquences develop an inverse correlation between MgO and $iO,,
and the HP is no exception. The correlation is [ar from linear, however, and the ‘off-irend’
points suggest that several processes, other than the principal control, produce their
compaositions. :
{f} Even though TiO, is highly correlated with Zr (r* = 0.9x}, and therefore decreases
regularly with differentiation, phosphorus is tied up principally in small quantitics of apatite
and monazite, minerals that also appear to decrease modally with differentiation, Perhaps
surprisingly, POy shows no correlation whatsoever with differentiation, suggesting that its
concentrations are not solely related to crystal-liquid fractionation processes.
(g) The plot of A/CNK against §,0; not only defines these rocks as peraluminous, but
shows an increase of the excess alumina with differentiacion. Some of the higher A/CNK
ratios may only be attainable from interaction with hydrous fuid phases.

(h) The CaO~Na>O-K»O diagram suggests control of chemical evolution in the pluton by’

removal of plagioclase,

Y
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() In the MgO-Rb diagram for the whole SMDB, the cxponc!\tial increasc of Rb with

decrcasing MgO may be attributed to cither the MgO concentration bccoEnmg st.agnatcd at

some pscudo-cutectic point wbhmic Rb is still free to increasc in late-stage differentiates, or to
ion of Auid phascs, or both.

2?)0 ;(t.::omium is stprongly partitioned into plagioclase, and the CaO-Sr diagram confirms

plagioclasc fractionation in the HP. ]

(k) The decrease of Ba concomitant with Sr shows that both K-feldspar and plagioclasc arc

being removed in the differentiation sequence. . ) )

{I) Conventional wisdom suggests that high K/Rb ratios arc typical of magmatic processcs

and that Tower valucs can only be reached by fuid intcraction. If applicable here, the HP?

shows both magmatic and fluid interaction cffects.
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(m) Zr and Th decreasc together and arc probably removed by the same mineral, zircon.

(n) Il Th deercasces with crystal-liquid fractionation, then U is cither being concentrated as
an incompatible clement during differentiation, or its high solubility in the U** valence state
may permit its concentration by late-stage fluids.

(o) Interpretation of REE patterns normally involves four steps: lirst, defining the slope of
the pattern (chondrite~normalized La/Yb ratio) and commenting on the degree of light REE
enrichment {or depletion, but not common in granitoid rocks); sccondly, cxamining the
magnitude of the Eu/Eu® anomaly (>1is ‘positive’; <1 is "negative’); thirdly, measuring the
total REE content (ppm); and fourthly, looking for trends of variation within the plutonic
suite. From carly granodiorites through monzogranites and leucomonzogranites, the SMB
(of which the HP is part) shows flattening La/Yb ratios suggestive of preferential removal of
the LREE, increasingly negative Eu anomalies betraying removal of plagioclase, and a
decreasc in the total REE content suggesting removal of some phase, or phases, with bulk
ZREE greawer than the bulk composition of the magma. Corey and Chatterjee (1990)
demonstrate that the REEs are also mobile undér metasomatic conditions,
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(p) Spider diagrams permvit comparison with any other composition, usually a general
‘standard’, at a glance, This figure shows the average SMB compared with the average
continental crust {Taylor and McLennan, 1985). As expected, the LILs show enrichment and
the HFS clements show less enrichment or depletion relative to the average crust. The
detailed pattern is the product of all the effects of source materials and processes, and
granitoid rocks in a particular region may show rather similar fingerprines, For example,
nany granitic plutons in suuthern Nova Scotia have a pronounced positive Li anomaly.

(q) For comparisons within plutans, and especially to shaw the increasing or decreasing
tendencies of a numbier of clements simuhtaneously, an enrichment—depletion diagram is
used, These diagrams readily show that no two celements experience the same degree of
enrichment or depletion over a fixed range of differentiation, an expression of many factors
including bulk distribution coeflicients and their relative mobility in fluid phases, This
diagram illustrates the enrichments of several elements in the late-stage leucomonzogranites
of the SMB relative ta the carly granodiorites.

{r} The HP shows litdde vanation in the Nbh=Y diagram (Pearce ¢ al., 1984). The relative
immobility of these clements makes them useful for characrerizing the wetonic environment
in which these granitoids were formed, The best interpretation for the HP is that it is a
volcanic are granitoid or 3 syn-collisional granitoid.

(s) An example of the use of major clement chiemical compaositions to make inferences about
the tectonic environment of graniteid rocks is given hy Batchelor and Bowden (1985).
According to their scheme, the HP is an anatectic two-mica syn-collisional granitoid body, a
deduction that is in agreement with the sccond possibility permitted by the Nb=Y diagram
in {r).
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{t) Detailed stable isotopic investigations specifically of the HP have not been done; however,
there exist some data for the SMB as 2 whole. This figure combines available sulphur
{Kubilius and Ohmoto, 1982) and oxygen isotopic data {Longstaffe ef al., 1980}, The spread
of the sulphur data suggests that Yater differentiates of the tightly constrained early grano-

diorites |

values are typical of crustal-derived magmas, and the slightly lower values in the Southern
Satellite Plutons suggest a more primitive source,

{u) The Nd=Sr isotopic ratios of the SMB are quire unlike its host rocks, but very similar to
the high-grade gneisses of the Liscomb Complex and deep crustal xenoliths from the Tangier
lamprophyric dyke exposed much farther east in southern Nova Scotia. From an isotopic
standpoint, these high-grade metamorphic rocks are suitable sources for the peraluminous
granitoids; furthermore, the trend of the SMB toward the host rocks, and the trend of the
xenoliths of the host rock toward the SMB, suggest that the granitic magma and host are
mixing in a2 process of assimilation. In fact, the latent heat of crysrallization is probably
providing the energy for assimilation of the country rocks in this AFC process (Clarke and
Halliday, 1980).

{v) Lead isotopic data demonstrate that, of three possible basement sources for the origin of
the peraluminous granitoid rocks of southern Nova Scotia {Avalon, Liscomb, Tangier), only
the Tangier deep crustal xenoliths have compositions that overlap with the granitoids, further
refining the interpretation based on $r~Nd above. {Unpublished Pb isotopic data courtesy of
A. K. Chauerjee, Nova Scotia Deparement of Mines and Energy.)

l h
have become contaminated with sulphur from the country rocks, The high §'Q [i

[



» - P oy K o f

-

b-.-h—d. ——h w—

T ——
-
N

106 Whole-rock geochemistry of granitoids

In summary, although most of the atoms in the hand sample
have come from the source (except for the contaminants), few are
able to say so definitively (after all, what is the difference between a
silicon atom from the source and one from the country rock?).
Nevertheless, we potentially learn that the source region is
dominantly metasedimentary (high A/CNK, high 8Sr/8Sr, high
8'80) not so much from the fact that the Halifax Pluton is pera-
luminous, as that all granitoids in southern Nova Scotia are pera-
luminous. And, finally, identification of middle to lower crustal
metasedimentary (and meta-igneous) rocks with suitable Nd-Sr
isotopic ratios exposed as a xenoliths in the Tangier dyke provides
a satisfactory solution to the problem of the source for the pera-
luminous granitoids in southern Nova Scotia.

From the evidence examined, chemical variation in the Halifax
Pluton appears to be controlled primarily by fractional crystal-
lization of plagioclase (CaO-Sr, Eu/Eu*), biotite (MgO, FeO),
zircon (Zr, Th) and monazite (LREEs, Th) (Montel, 1986). Further
evidence for fluid interaction, cither by evolution of fluid phases
from the magma itself or by hydrothermal alteration of the solid
rocks of the batholith, comes from some low K/Rb ratios, high
A/CNK ratios, trend of increasing U, dramatic decrcase in the
REEs of some lcucomonzogranites, and variable 8%0. And,
although there is ample ficld cvidence of the assimilation of country
rocks, the only reliable chemical data are the strontium and par-
ticularly neodymium isotopic ratios. These arc the principal pro-
cesses that have affected the present chemical composition of the
Halifax Pluton, but identification of the processes is one thing, and
determining their absolute or even relative contributions to the
observed chemical variation is much more problematic.

" Finally, there is little evidence to support either a batch melting
model or the restite model (Clarke and Muecke, 1985; Wall et al.,
1987), both of which attach major importance to the source region
to explain the observed chemical variation, in the SMB. Further
information about these peraluminous granitic rocks is contained in
contributions by Clarke and Chatterjee (1988) and Kontak and Barr

(1988). -

4.8 CONSTRAINTS PLACED ON THE ORIGIN AND
EVOLUTION OF GRANITOID ROCKS BY MAJOR
AND TRACE ELEMENT GEOCHEMISTRY

For petrogenctic studices, the task of the geochemist is to define the

Constraints on the origin and cvolution of granitoid rocks 107

the cffects of all processes, make deductions about the source
regions after the cffects of all the processes are removed, and place
chemical constraints on. the origin of the suite that. must be com-
bined with similar constraints from the ficld, petrographic, geo-
chronological and cxperimental data to determine the entire
petrogenctic history of the granitoid. Table 4.4 summarizes the
limitations of chemical data. Geochemistry is powerful, but, like all

Table 4.4 Summary of the usc of geochemical data to interpret the origin
and cvolution of granitoid rocks. The more capitalization in the "Usc
column, the greater the degree of uscfulness of the clements

Elements Considerations Use

Major clement  variation in major clement concentrations PROCESSES
concentrations  normally reflects melt—crystal—fAuid source
differentiation proccsses and
contamination, but cffectivencss to
reveal information even about
differentiation declines as the magma
becomes trapped at the low
temperature invariant point {Chapter
6);
only if granitoids are primary magmas
(unlikely) can the bulk compositions
yicld some indirect information about
the source region
Traceclement  trace clement concentrations (ppm) arca PROCESSES
concentrations  function of their concentration in the Source
source, the degree and style of partial
melting, and all of the subscquent
processes of melt—cystal-fAuid

diffcrentiation
Trace clement  with high degrees of partial melting of  Processes
ratios the source region {likely in the casc of Source

voluininous granitoids), trace clement
ratios in the melt fraction may be
identical to those in the source and will
remain so until some differentiation
process removes one clement relative
to the other;

identification of exactly which trace
clement ratios in the granitoid arc still
reliable indicators of the source is
Prqu’ev«afv‘c
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Expanded aBstrnct

Granites of the major batholiths in the Tasman Orogenic Zone of eastern’ Australia
are of two contrasting types which are of widespread occurrence and which may be
distinguishe,d by chemical, mineralogical, field and other criteria. We interpret these
granites as.being derived by partial melting of two different types of source
material—igneous and sedimentary. Differences in the derived granites are inherited
from the source rocks so that we recognize an I-type and an S-type respectively.

Some of the distinctive chemical properties of the two types are shown in the
following table:—

Htypes
Relatively high sodium, Na, O normally 3, 3.2% in
felsic varieties, decreasing to > 2.2% in more
mafic types

S-types
Relatively low fodium, N2, 0 normally << 3.2% in
racks with approx. 5% K, O, decreasing to < 2.2%
in rocks with approx. 2% K, 0
Mol Al,0;/(Nay O + K, O + Ca0) <33 Mol AL O3 /(Na; O + K, 0+ Ca0) > 1.1
C.LPW, normative diopside or < 1% normative R 2 1% C.LLP.W. normative corundum
corundum A

Relatively restricted in composition fo high
Si0, types

Broad spectrum of compositions from felsic to
mafic

Regular inter-element variations within plutons;
linear or nearlinear variation diagrams

Variation diagrams more irregular

TRESEThemical properties result from the removal of sodmm into sea water (or
evaporites) during sedimentary fractionation, and calcium into carbonates, with
subsgquent relative enrichment of the main sedimentary pile in aluminium. S-type
granitessCome: from a source that has been subjected to this prior chemical
fractionation.

Petrographic features reflect the differences in chemical composition. Hornblende is

common in the more mafic I-types and is generally present in felsic varieties, whereas -

hornblende is absent, but muscovite is common, in the more felsic S-types; biotite may
Le very abundant, up to 35%, in-more mafic S-types. Sphene is 2 common accessory in
the I-type granites whereas monazite may be found in S-types. Alumino-silicates,
garnet and cordierite may occur in S-type xenoliths or in the granites themselves. All of
these features result from the high aluminium content relative to alkalis and calcium in
S-type granites and the converse in [-types. Apatite inclusions are common in biotite
and hornblende of I-type granites whereas it occurs in larger discrete crystals in
S-types.

Detailed studies in the Berridale Batholith (CoMPSTON, SHIRARASE; CHAPPELL & WHITE
in preparation) have shown that strontium is more radiogenic in S-type granites {initial
Sr87/Sr857>0.708) because their source rocks had been through an earlier sedimentary
cycle. I-types have initial 5r87 /Sr®® ratios in the range 0.704-0.706. Isochrons of

[-types give a regular linear set of points whereas those of S-types show a scatter of
points within a broad envelope, reflecting variations in the initial Sr27-/Sr8% within a
single pluton as a consequence of more heterogeneous source material,

Field relationships of the two types may be distinctive. More.mafic.I-types.coptain
mafic hornblende-bearing xenoliths of igneous appearance whereas hornblende-bearing
xenol:ths are rare in the S-types but metasedimentary xenoliths may be common.
When ‘hgth types,occur together in composite batholiths the S- -types are usually eaclyy
m“the)ntruswe sequence and they often have a strong secondary fohatxorg‘t.runcatcd by

Economic minerals are also different. in their assoc1at10n with the two types. Hbiee [
mineralization appears to be confined to highly silicic Sztype granites whereas tijtgstep
and porphyry-type copptr and molybdenum deposits are associated with Jitypes. [ o
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/ ABSTRACT '

;El Bouselly. A, M and Ei Sokkary, A A 19?6 Thc rel at:on between Rb, Ba and Sr m
4 gramt:c rocks Chem ‘Geol., 16: 207-*219 '

’I'he ternary relat)on between the elements Rb.

ends in acidic sulfes. More:'’

' 2 é1 B {:roblemk o granites, Le.
irg 4 sting’u hing magmahc ‘t‘r metuomnttc or gmmt:zed gramtea The averages of these
lhree elements {A the various types'of granites are caleulated. The Turekian and Wedepoh!
{1961) two-fofd subdivision of | granites into high- and low-Ca rocks is elaborated 80 as to

.comptise four dxstmctwe types quartz d!ontes and gfunodzomes fgrmdl, gran[ta stronk

ly dttferentmted _grafites beside the group of momalous grnmtcs

INTRODUCTION

" Rubidium, Ba and Sr are widely distributed in acidic igneous rocks. The
three elements are known to replageé K particularly in feldspars: They are

" usually present at concentration levels from a few to several hundred parts

‘per. mﬁhon and are readily detectable by several techniques.

The gecchemxstry of Rb (1.47 A) was rev1ewed by Heier and Adams {1963)
who stated that the strong coherence between K and Rb in igneous rocks of
the main stages makes it difficult to use the K/Rb ratio ini tracing moderate
differeritiation processes.

~Barium {1.34 A), bemg almost identical in size. with K (1.33 A), behaves -
accory
tﬁe ea:ly mmerals, and hence in.the'earliér rocks."However, Ba is not depleted
“in the magma until very late stages of the differentiation sequence (Nockolds
and Allen, 19538). Turekxan and Wedepohl (1981} gave values of 420 and
" 840 ppm Ba for high- and low- Ca granites respectively, which 1mphes an in-
crease of Ba with differentxatlon However, Kolbe and Taylor {19686) ob-

" served a sharp decline of Ba 4t the extreme-acid end. Taylor and Heier (1960)
_found that the Ba/Rb ratio i$ more sensitive than the K/Rb ratio’in’ tracmg
differentiation iri potassium feldspars.

.Ba ahd Brin granitoid rocks is discussed.

g to the classu:al capture principle. It is concentrated relative fo'K'in -

P
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While the geochemzstry of Rb and Ba is comparatively simple, since they
are selective in their subst:tutnon for K among the common cations, that of -
‘St'(1.18 A} is mote c0mp11cated by the fact that it isomorphously replaces
not only K but also Ca (1.02 A). When a trace element can substitute for two
major elements and is intermediate in size between them, a sxmple relation is
‘not to be expected. In basic rocks, Sr increases with decreas"ng Cid (Wager and
Mitchell, 1951; Butler and Slqba, 1962), ;,vhereas in acidic rocks it decreases
as the Ca content decreases (Sen et al., 1959; Hall, 1967) This may be attrib-
uted to the fact that Sr has a higher | 1omc radius than Ca, causing it to be
admitted in the structure of Ca'beanng mmerals less readily than Ca itself. It
is only in granitic1 rocks that the Ca/Sr ratio starts to rise due tg the presence
,of large amounts.of alkali feldspars which femove from the magma some of
Sr whlch would: otherw1se go to plagioclases.

The foregomg d1scussxon shows that elemental ratios with two eléments
have their difficulties when used to trace differentiation processes. It is
thought that considering the thiee eléments Rb, Ba and Sr together in a
ternary relation might be more useful intraéing differentiation trends in
igneous suites.

PRESENTATION OF DATA

Some 139 published analyses of Rb, Ba and Sr from different well-docu-
mented igneous assemblages varying in acidity were investigated and used in
- this study. The data are mainly from the following rock types: diorites,

' quartz diorites, granodiorites, normal granites, strongly differentiated gran-
ites, beside the so-called “anomalous granites”. Under the term *‘normal
granites’ are included those types similar to the well- known low-Ca gramtes

~ of Turekian and Wedepoh (1961). Strongly. dszerenmatecl granites are those

" with distinct impoyerishment in Ba and enrichment in Rb. These represent

a very late stage of dlfferentlatxon The term.* ‘anomalous gramtes is meant

to include the followxng granite types: metasomatlsed gramtlzed rapakivi,

.magmatlc granités sub;ected to metasomatzsm and gramtes that suffered

from chemical changes or weré not formed by a simple mechanism. The rock
types together with the number of analyses localmes and czted references
are listed in the Appendix.

THE PROPOSED TERNARY RELATION Rb—Ba—Sr

The collected d ‘tafvx_’ecalculatecl to. 1003 are plotted éna Rb—-—Ba—*“Sr e
; terna:‘y dxagram (F)g 1). Boundanes are drawn to dehmxt fields for each of
‘the different roclc types from dxontes to strongly dszerentxated gramtes It
is clear that the points representing each type tend'to cluster m a pa.rtlcular
fxeld within the tnangle ‘ A

209

Fig. 1 The relation between Rb, Ba and Srin various *‘granite groups'’,

4= dxorates o= quartz dwontes—granodmntes X & anomalous gramtes * = normal
granites; o = strongly differentiated g'ramtes & T.W. = high-Ca granites: s T.W. =
low -Ca gramtes (Tarelman and Wedepohl 1962) :

Dmr:tes'

A hmlted number of analyses (11 analyses) are
ngen for this group They
are mmnly:‘clustered around the Sr apex of the tnangle In comparison with
the othér “granitic” groups dxontes are relatlvely énriched in Ca with whxch
element Sr shoWs  certain %soclatlon On the other hand Sr has a smaller

~ ionic radius as well asa hlgher electrostatxc charge than K*. Consequently, Sf

should tend w be relatwely concentrated in the ‘early formed K- bea.nng min-

aerals (Nockolds and Allen 1953} ’I'he efl‘ect of chaxge becomes more domi-

3c
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Quartz diorites and granodiorites

With increasing acidity diorites gradually pass to quartz diorites and
granodiorites. This is reflected in an increase of Ba relative to Sr, whereas
Rb does not show any significant increase in concentration. Nockolds and
Allen {1953) and Turekian and Wedepoh! (1961) mentioned that the Ba:
content increases steadily as the more acidic rocks are appmached Despite
the close assocxatlon of 8r and Ca, Heier and Taylor (195%a) demonstrated
that the Sr—Ba correlation is more pronounced than that of Sr—Ca. -

The high values of both Ba and Sr'together with a low Rb level make these
quartz diorites and granodiorites more affiliated with the high-Ca grambes of
Turekian and Wedepoh! (1961},

Normal granites

- ‘This group is characterised by normal distribution of the three index trace
elements. By normal distribution is meant values close to those of the refer-
ence Jow-Ca granites of Turekian and Wedepohl (1961). The nineteen anal-
yses representing this group are mainly clustered near the Ba apex. ngb'Ba

_concentrations are typically. associated. wzth high: temperature (Ieast, differen-
tiated) K-feldspars in normal. gramtes (Taylor et al., 1960).

Strontlum shows more or less uniform dxstnbutlon in the normal gramtes
group, while the increase in Ba is accompanied by a decrease in Rb. ,

Strongly differentiated granites
It is the Ba/Rb ratio which characterises the change from normal granites.

to strongiy differentiated types. Rubidium enrichment has long been known
to occur in highly differentiated granites (Ahrers et al., 1952; Taylor et al.,

1956). Such Rb epnchment is usually explained by the classwal geochemlcal_f : _. ) )

pnnmple of radius dxffezence between K and Rb
Anomalous gramtes

- The members of this group show 4 somewhat unusual distribution of the
t.hree index trace elements. In the temary dxagram the 24 analyses represent-

ing ‘this anomalous group otcupy a field overlapping that of quartz diorites and. - ’

granodiorites. The anomalous granites field is marked from that of quartz
diorites—granodiorites by thezr relatwely high Rb level whach is stxll below
that of normal granites.

The group of anomalous granites is selected to cover types that suffered
from metasomatism. Their low Rb content; relative to that of normal granites-
may be attributed to Rb fractzonatlon during metasomatism. While consider- .
able attention has been focussed upon Rb fractionation during magmatic
processes, recent studies have shown that similar fractionation could be-
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triggered by metamorphic processes. Biotite in metamorphic rocks is observed
to.concentrate Rb by a factor of 34 relative to potassium feldspar (White
1966) [This is due ta the preference of the larger Rb* ion for the larger . ’
<12-goordmated alkali sxtes of the' zmcas relative to the 8-10-c00rdmataon

sites available in the feldspars In addition, gradual breakdown of the layer-
structure sxhcates under metamorphac condltxons might be expected to pro-
duge an impoverishment of Rb relative to K in intensely nietamorphaosed
rocks (Heier, 1965} Lambert and Heier, 1968; Whiteny, 1969).

AP?LICATION OF THE TERNARY RELATION

Fig. 2 illustrates the ternary relation Rb—Ba—Sr in the form of a model
diagram applied to another 132 analyses notably from: (a) Palmer granite,

Rb

oge Tlnomo!oui ranites

6}/ thnoétonhs & . ‘
. / Ct erentgegn Toen

/T Qz onnus / B “Dzo{i‘tn
— (TR X 3 $ 5

M 5L, e

F‘g 2. The apphcauon of the dlﬂerent Enelds of the ternary relat;on Rb——Ba-Sr on some

other mvest:gated granites.. :

gl" E]’(agmr irx(a‘l;;te hSc:»uth Austraha (Whlte el al,, 1967);c = Malsbutg granite, southein
ack Fores einheimer and Ackermann 1967 (X =

(Owexss and Khall 197y IR Valle granite, southern Norway


http:prm9iple.Qf

212

Soutl Australia, seven analyses {rom the main granite body and two aver-
- ages from the associated migmatites and gneisses (White et al., 1967); (b}
Malsburg granite, southern Black Forest, 99 analyses (Wemhelmer and
Ackermann, 1967); and (c) Valle granite, southern Norway, 24 analyses
(Oweiss and Khalil, 1872). The origin of each of these granites will be dis-
cussed below in the light of the Rb—Ba—S8r ternary diagram.

{(a) Palmer granite

The Palmer granite outerops in a metamorphic environment associated
with migmatites and high-grade schists and gneisses. Rattigan and Wegner
{1951) have relied on the general structural concordance with the envelope
rocks, gradational contacts and crystalloblastic textures in assigning a
metasomatic origin for the Palmer granite, White (1956) disputed the grada-
tional contacts and found small-scale cross-cutting relationéhips indicating
that the granite was intrusive. White et al. {(1967) have confirmed the intru-
sive origin in the light of petrochemical, structural and chronological data.

The representation of the Palmer granite on the Rb—Ba—Sr ternary dia-
gram is shown as small triangles in Fig. 2. The seven analyses from the main
granite body plot in the upper part of the normal-granite field, whereas the
two averages of the associated migmatites and gneisses plot in the fower part
at the contact with the anomalous-granite field, Therefore, the high Rb Tevel

of the Palmer gramte relative to that of the envelope mcks as well as its ten:

dency to be clustered in the normal-granite field agree w1th the mtruswe onQ -
gin argued by White (1956) and White et al. (1967).

{b) Malsburg granite

Weinheimer and Ackermann (1967) mentioned that the Malsburg gramte
is an illustrative example of the continuous process of crystalhsatlon—dlffer#
entiation. They gave the following average modal composition: quartz 22.4,
plagioclase 37.8, potassium feldspar 25.8, biotite 13. 0, ahd homblende 1.3
val. %. The average major elements chemxcal composition is: Si0, 67. 80,
AlLO, 15.05, Fe,Q; 2.69, Ca0 1.47, MgQ 1.62, K;Q 4.81, and Na,0 3. 89
wt. %, These modal and chemical data are more afﬁhated with gxanodlontes“

" thian with normal granites.

The representatxon of the Malsburg gramte on the ternary dxagram (Open

circles in Fig. 2) does not reflect a'clear dlfferentlatlon ‘trénd. The analyses
. are ma.mly clustered in the anomalous -granites field. Those pomts plottmg
_.in the normal-granites, field are frOm a type referred to by 4 the previoys -
authors as late-stage acxcl rocks However, these so-called “late stage agid
rocks™ are still away from the strongly differentiated gramt;es region in
Fig. 2. Their K/Rb ratios are in the range 156—207. Taylor et al. (1956)
gave a K/Rb tatio of less than 100 for late-stage granites. -
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Weinheimer and Ackermann (1967) mentioned that the contact of the
Malsburg granite with the syntectic rocks in the eastern side is gradational
with “Schliemn” and inclusions. ‘This favours the anomalous character,
clearly mdxcated from the ternary diagram.

{c) Valle granite

The Valle granite is a part of the Precambrian basement complex that
covers the greater part of southern Norway. It is surrounded by a vast area
of migmatite rocks. Oweiss (1969) listed several features, such as pronounced
foliation, position in the trough of granitic systems and normal behaviour of
major and trace elements which led him to suggest that magmatic conditions
prevailed during the {ormation of the granite. However, the representation
of the Valle granite on the Rb—Ba—Sr ternary diagram (crosses in Fig. 2}
reveals its possiblé anomalous character. The following features mentioned
by Oweiss (1969) are also' quoted to show the probability of metasomatic
origin: Country-rock inclusions are widely distributed throughout the granite
body, bemg more concentrated along its contacts. Granitic patches with dif-
fused and 1rregular Boundaries are observed in these inclusions, Feldspar por-
phyroblasts and augen crystals in the inclisions are similar to those found in

the granite itself. Therefore, if the rnagmatic origin assigned by Oweiss is

accepted, then the Valle granite still bears the imprint of being anomalous,
as is clear from its plot in the ternary diagram.

RELATIVE GEOCHEMICAL BEHAVIOQUR OF Rb, Ba AND 5r

The dlstnbutlon of Rb Ba and Sr in alkali feldspars has been discussed by
Heier and Taylor (1959a b). They found that, in a differentiation series, Ba

N decreases more reachly than Sr, so that the Ba/Sr ratio decreases with in-

creasmg ‘fractionation. This i is not in"accord with the principle that the smaller
Sr ion is preferentially incorporated in the feldspar structire. It is the more
ionic character of the Ba—O bond that leads to the preferentml entry of Ba

_compared with Sr. This concept can be held true with respect to the concen-

tration of the two elements in the feldspar structure, However, with respect
to thé whole rock coricentration of Ba and Sr, the relative décrease in the
proportlon of the two elements w1th dxfferentlatlon 1s dxfferent From the
temary dxagram it 1s cfé that | in the dxfferenuatlon séquence:, ‘diorites.~

“quartz dlontes—-granodlontes - normal grambes it is the Sr which decreases

while Bai increases. In such a series it is mamly the pomsxum feldspa:/plaglo-

.,‘clkase ratic which goverfis the differentiation sequence. Stfontivm decreases
. ,'teadlly with differenti

'K-ieldspars whlie Ba‘replaces only KinK- feldspars The Rb content i remains

n since it replaces Ca ifi plagioclase as well as Kin

essentnally unchanged from diorites to quartz dlontes—-granodxontes lt starts
to increase in the nonna.l grambes as a result of increase of the amount of

' K-feldspars



http:unch.ang.ed
http:la~~st8.ge
http:incre~s.ln
http:Na10a.S9

214 j

On the other hand, with respect to the differentiation sequence: no;‘maj
gra.hites - strongly differentiated granites, it is t}}e BQ:be ratio which shows
the greatest variation, the Sr concentration remains vxrtfgally gonst.;ant. )

1t is clear from the ternary diagram that low-Ba granites are enriched either
in 8r or Rb but not in both. Thus the Ba content seems tc? govern the RI.J/S.I'
ratio. In the differentiation sequence: diorites - quartz diorites—granodiorites
~ normal granites, the Rb/Sr ratio increases on account of the decrease of
Sr relative to Ba, while the Rb content tends to increase. In the sequence:
normal granites -+ strongly differentiated granites, the Rb/Sr ratio also in-
creases,

AVERAGES OF Rb, Ba AND Sr IN THE VARIOUS GRANITE GROUPS

The averages of Rb, Ba and Sr in the various granite groups presen}ed here
{271 analyses) are given in Table 1. Actually the number of analyses is mUCh.
more than 271 since some of the data are averages for more than one analysis

(see Appendix).

TABLE I

Averages of Kb, Ba and Sr for the various granite groups as compared with the corre-
sponding values for high- and low-Ca granites of Turekian and Wedepoh! (1961}

100%

Rock type &!;m) :3papm] (S;pm) II:E,(I;:) and %rar(,e;bz;lculmgg (t;) 00
quartz diorites and granodiorites 140 1,170 810 7 55 38

normal granites 190 550 70 23 69

strongly differentiated granites 260 140 20 62 33

anomaious granites 210 1,030 280 14 68 18

high-Ca granites 110 420 440 11 43 46

low-Ca granites 170 840 100 15 76 9

Hitherto, the most useful approach to estimating the average composxtmn
of granitic rocks, especially for trace elements, appears 1o be thz major two-
fold subdivision (high- and low-Ca granites) suggested by ane}gan and
Wédepchl (1961). The average Rly, Ba and Sr 'values for these high- and

‘- anites are included in Table I for comparison. o
lo“Itict:se:'gxrn's that the low-Ca granites of Turekian and Wedepoh! (19§1)
correspond approximately to the norm al-granites group. A comparison of
the high-Ca granites with the quartz diorite—granodiorite group show§ some
differences. The average Ba and Sr concentrations of the high-Ca granites are
much lower. . .

With respect to the average Ba concentration, Turekian and Wedepjohl
(1961) assigned values of 420 and 840 ppm to high- and low-Ca granites,
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resp. This implies a two-fold increase with differentiation which does not.
seem to be the case with the sequence: quartz diorites—granodiorites -
normal granites, where the average Ba concentration is found to decrease
with differentiation (being 1,170 and 550 ppm, resp.). However, a closer
examination of the Ba value relative to that of both Sr and Rb shows that
Ba relatively increases with differentiation in both series (see Table I). This
reflects the importance of using the relative proportion between the three
index trace elements rather than their absolute values in tracing differentia-
tion trends,

The sharp decline of Bain very acidic rocks makes the estimation of an
average Ba content for low-Ca granites especially difficult. This is why the
present authors further subdivided low-Ca granites into normal and strongly
differentiated types. On the basis of the present data, the average Ba content
decreases from 550 ppm in normal granites to 100 ppm in strongly differen-
tiated types. This is accompanied by an increase of Rb from an average value
of 190—260 ppm resp. ‘

_Anomalous granites show unusual distributions of the three index trace
elements, E] Sokkary (1870), during a study on the geochemistry of Egyptian
granites, introduced the term “anomalous granites” to describe certain low-Ca
types with peculiar distribution of the three index trace elements. Table |
shows that the average Rb value of anomalous granites is slightly higher than
that of normal granites (being 210 and 190 ppm, resp.). However, a consider-
ation of the average Rb value relative to those of Ba and Sr shows that anom-
alous granites are lower in their relative Rb content,

CONCLUDING REMARKS

(1) The problem of granite genesis is highly controversial, and there is no
line of evidence which would definitely indicate one conclusive interpretation,

However, if the metasomatic origin of the group named “anomalous granites” -

is accepted, then the ternary diagram Rb—Ba—Sr possesses the advantage of
being both classificatory and genetic. It facilitates the classification of granitic
rocks into various groups according to the extent of probable differentiation.
Asa ge'netic factor, the diagram may help in indicating whether the granites
are magmatic or not.

(2) Barium and Sr appear to be specifically sensitive indicators for tracing

possible differentiation trends.

3) Within the ternary diagram, granitic rocks depleted in Ba are enriched

‘either in Rb'or in St, but not'in both. 1t is the Ba content which seems to

govern the Rb/Sr ratio.
(4) 1t is difficult to rely on either the absolute values of Rb, Ba and St or

.on the binary relation between any two of them in tracing differentiation

trends in granitic rocks exhibiting a wide range of acidity, It is better to refer

- .%o differentiation trends in'terms of two different factors within the men-

tioned ternary relation. In the differentiation sequence: diorites ~ quartz

53
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diorites—granodiorites ~+ normal granites, the Ba/Sr ratio is the governing
factor, and is found to increase with differentiation. In the sequenice: normal
) granites - strongly differentiated granites, it ls the Ba[Rb ratio which shows
the rapid decrease.
(5) Single acid magmatic plutons, although differentiated, may plot in one
field within the ternary diagram. This is because each one of the granitic
groups occupies a wide range within the ternary diagram. '
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25. Iz analiz sveZega in preperelega diabaza izrafunaj izgube in obogatitve prvin ob predpostavki, da je

¢ Al nemobilen (Krauskopf, 1982)

o Al mobilen, razmerie Al:Fe: Tistalno (Cheswort, 1981)

* vse prvine so mobilne, izgube in obogatitve so podane kot uteZno razmerje med oksidom v sveZi in prepereli kamnini, pomnoZenos 100 (Garrels &

Mackenzie, 1971)

a.) Rezultate grafi¢no predstavi ip jih primerjaj.

b.) Rezultate pod prvo tofko primerjaj z rezultati preperevanja gnajsa iz tabele 13-2 in jih komentiraj

c.) glede na kemijsko analizo predpostavi mineralno sestavo preperelega diabaza in gnajsa

l A—J] sveZ preperel
Si0, 47.28 44.44
"L ] ALO, 2022 23.19
( TiO, 1.45 1.22
- Fe,04 3.66 12.70

' FeO 8.89 -

o MgO 3.17 2.82
| Ca0 7.09 6.03
| Na,O 3.94 3.93
' ) K,0 2.16 1.75

H,0 273 2.73
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TABLE 132

Analyses of quartz-feldspar-biotite gneiss and
weathered material derived from it}

Column [ gives the analysis of a sample of fresh rock, and
columns 11, IIl, and IV give analyses of weathered material. In
general, the degrec of weathering increases from I1 to IV, but there
is no assurance that the original material was precisely the same or
that IV represents a longer time of weathering than II or IIL

Chemical composition (weight percent)

Y] ay am mw

Si0; 7154 6809 7030  55.07
ALO, 1462 1731 1834 26.14
Fe,0, 069 38 155 372
FeO 164 036 022 2.53
Mg0 077 046 021 0.33
(%) 208 006 010 0.16
Na,0 384 012 009 0.03
K20 92 348 247 0.14
H0 032 56 588 1039
Others 065 056 054 0.58

Total 100.07 9991 970  T60.11

Approximsate minera]l composition {velume percent)

Quartz 30 40 43 25
K-feldspar 9 18 13 t
Plagiociase 40 1 1 ?
Biotite (+ chiorite} 7 Trace Trace 0.2
Homblende I None None Trace
Magnetite, ilmenite,

secondary oxides 1.5 5 2 6
Kaolinite Nene 6 40 66

' Reprinted by permission from Goldich (1938},

increase. Nothing in the analyses themselves enables us to choose between these
alternatives,

If we had independent evidence as to how the mass or volume of rock has
changed during weathering, our problem would be solved. Such evidence is usually
not obtainable, so in most cases we can proceed only by making an arbitrary
assumption that will allow computation of elemental gains and losses during
weathering. One assumption commonly used is that alumina does not change
appreciably during weathering—a guess that scems reasonable on the grounds that
Al,O; .in analyses of weathered material generally shows the greatest apparent
increase and that of all common rock constituents Al is least abundant in surface
waters. Inasmuch as Al is not completely absent from stream and groundwaters,
however, the assumption cannot be strictly accurate. In some weathering profiles

WEATHERING AND sOiLS 329

there is good evidence that substantial Al has been removed from the rock, and for
these it may be more appropriate to assume that a trace element like Ti or Zr is
immobile during the weathering process for the purpose of calculating chemical
gains or losses.

The calculation goes by the following steps, as illustrated in Table 13-3:

1. Recalculate analyses to 100 percent by distributing the analytical error (columns
I and III).

2. Assume Al,O; constant. During weathering, 100 g of fresh rock has decreased
in weight so that Al,O; has apparently increased from 14.61 to 18.40%. Hence
the total weight has decreased in the ratio 14.61/18.40, or from 100 to 79.40 g.
The amount of each constituent in the 79.40 g can be found by multiplying each
number in column III by this same ratio. This gives the numbers in column A.

3. The decrease {or increase) in each constituent is found by subtracting the
numbers in column A from those in column I, giving the numbers in column B,

4. The percentage decrease or increase of each constituent is computed by dividing
the numbers in column B by those in column I, giving the numbers in column C.

This same method of calculation is often used with analyses showing other kinds of
rock alteration, for example, hydrothermal alteration near veins and igneous
intrusions. The assumption of constant aluminum is on shakier ground here,

TABLE 13.3

Calculation of gains and losses during weathering
Columns | and [II, giving composition in weight percent, are
repeated from Table 13-2, except that the analytical error in each
has been distributed so that the totals are 100.00. Column A
shows the calculated weight in grams of each oxide remaining
from the weathering of 100 g of fresh rock, on the assumption of
constant Al,O03. Column B shows the gains and losses of the
different oxides in grams, and column C shows the same gains
and losses in percentages of the original amounts,

o @aIm A) (B) ©
8i0,; 7148 7051 5599  —15.49 ~22
ALO, 14.61 18.40 1461 0 0
Fe;04 0.69 1.55 1.23 +0.54 +78
FeO 1.64 022 017 -147 -90
MgO 0.77 021 0.17 ~0.60 -78
Cad 2.08 010 0.08 ~2.00 ~96
Na,0 3.84 0.0 007 -3 -8
;0 192 2.48 197 ~1.95 -56
H,0 0.32 590 468 +436  +1.360
Others 0.65 0.54 0.43 -0.22 ~34

Total 10000  100. 7940 —20.60

—
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 UUnivessity of Guelph, Guelph, Canada. 2 1.N.R.A., Clermont—Ferrand, France.
. * Muison des Volcans, Aurillac, France
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Abstract—A basalt and its weathered profile have been analysed lor major efements, Graphical examin-
ation shows Al, Fe and Ti to have been essentially immobile. Determining mobility sequences lor this
deposit is complicated by the long pedopenciic history of the area. Three different. sequences are
presented, two for different stages of weathering integrated over time, and one that reflects the weather-

ing regime of the present day.

INTRODUCTION

No uNiQUE mobility sequence of the elements during
weathering exists, though as TARDY (1969) points out
in a thorough scarch of the literature, there is a great
similarity between many of the sequences proposed.
The major factors normally stressed as determining
the sequence arc: (a) the nature of the parent
material; (b) the nature of newly formed phases; and
(c) the inherent solubility of the elements {e.g. KAR-
POFE, 1973, pp. 58-39) Three equally important
factors, rarely stressed, are the size of the system, the
stage of weathering, and the ambient conditions in the
system and its surroundings. :
A sequence such as PoLynov's (1973):

Ca>Na>‘Mg‘>K>Sj>F=>AI

and the similar Goldschmidt-Mason scheme (Masow,
1966) are strictly applicable only on global or perhaps
continental scales. On smaller scales, for example on
that of the soil profile considered here, different

g can be expected, The behaviour of Al itfus-
trates this. Though relatively immobile in Polynov's
scheme, in podzolic soils, Al moves readily from A 1o
B horizons.

As regards the stage of weathering being important
in determining the relative mobilities of elements, it
should be obvious that the elements contained in the
most casily weathered minerals will be released first,
those in less aasily weathered minerals, later. In the
case of clements with a low inherent solubility, this
will not affect their miobilities, other things being

- equal; but with more mobile elements, changes in the

sequence may be quite marked (PoLynov, 1945).
Many published studies of the relative mobilities of
elements hide this cffect of stage, by determining a
sequence from a comparison of the most weathered
material with parent rock (¢.g. JOUNSON e al., 1968).
In effect such studies result in an integration over

time, of all changes that have taken place between the
beginning and end points.
+ The effect of ambient conditions becomss most
critical for the smaller scale systems. Here is where
the greatest variety is found. For example, at the scale
of the soil profile the éeo;bcmical environment
remains ill-defined. Yet Pepro (1968) claims. four
chemically distinguishable soil-forming environments
on the earth, while GAUCHER (1977) recognises at least
ten. Soils that have developed on landscapes stable
for many thousands of years, particularly those in
areas undisrupted by recent glaciations, tectonism or
volcanism, are likely to have weathered under more
than one pedogenic regime. Different mobility
sequences are appropriate to different” regimes, and
again schemes worked out by comparing least weath-
ered with most weathered materials in such areas, will
result in an integration of the effects of more than one
regime. o ok .
These points arc illustrated below 'ifi terms of the
weathering of basalt and its overlying soil at Belbex.

GEOLOGICAL BACKGROUND
"

Belbex, in the Cantal, at the southern end of the
Massil Central (Fig. 1) is domi: d by the r ins of
the largest European Cenozoic volcano, a stratovol-
cano active from 21 to 1.8 Myr ago (BeLLon et al,
1972). Mear the city of Aurillat, on the southwest
flank of the volcano, flows of alkali olivine basalt of
Pontian age, are found.

Two such flows, on the castern side of the city at
Puy Courny, have been dated 2t 7.3 £ 0.4 Myr and
6.5 4 0.1 Myr respectively (GiLeenrt, 1972). The lower
flow also outcrops at Belbex, Zkm west of Aurillac.
Emplacement here was in a paleovalley cut into
Stampian marls, Later erosion produced an inversion
of relief so that the basalt now forms a small butte.
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Fig I. Generalised geology of the Massil Central, France.
The Belbex basalt outcrops 2 km west of Aurillac.

THE BASALT AND ITS WEATHERED
PROFILE

The Belbex basalt is alkaline in nature and contains
phenocrysts of olivine in & groundmass of clinopyros-
ene (salite), labradorite, titaniferous magnetite and
glass, Within the glass, small needles of apatite occur.

Except for the absence of modal feldspathoid, the
rock displays the characleristics of a basanite.

The profile of alteration from bedrock to soil can
be divided into six horizons on the basis of macro-
scopic features visible in the field, (Fig. 2). The pedo-
chemical environment of the present day is one of
brunification {Gaucher, 1977; Ducharour, 1977,
Chap. 9). An earlier pedochemical regime is indicated
by horizon § (Fig. 2). Rubefaction; characteristic of a
hotter climate than the current humid, temperate one
is displaygd there. That a hotter climate prevailed in
this part 6f Europe, in Tertiary times is attested to by
several studies {e.g. Coincon el of, 1975}

EXPERIMENTAL RESULTS

A deseription of the samples is given in the Appendix.
Bulk chemical analyses were performed by XRF, individual
phases were analysed by microprobe and clay mincralogy
was determined by diffraction techniques.

Chentlsiry

Bulk mnalyses are given in Table [, In terms of the tri-
angular projection used by CHESWORTH (1973b); the trend
of alteration, as expected, is clearly towards residua rela-
tivety eariched in 8i0,, ALOy, and Fe 0, and relatively
impoverished in CaO, MgO, K,0 and Na, 0 (Fig. 3). The
behaviour of the accumulating components is more clearly
seen in Fig 4. On weathering, the material maves towards
the base of the tetrahedron. Once the spheroids are com-
pletely disintegrated, beginning 2t level 4, there is 2 marked
enrichment of 510, in the residuum relative 10 A1, Oy and
Fe, 0y,

Mineralogy

Compositions of unaitered phases in the bedrack are
shown, in Table 2. The sequence of breakdown of these
* phases, determined from observations on thin sections is:
(1} glass; {2) olivine: (3) clinopyroxene; (4) plagioctase. In
hotizons 4, 5 and 6, allochthonous phases of quartz and

PROFILE HORIZOKN DESCRIPTIONS

Abrupt boundary st top.

130

140 4_ Mn atained horizon

_6‘_ Recent soit {Brun Andiquel, polyhedric, silty sand texiure. Aliochthonous phase {Chert)

Reddish zone of sfteration, saprolitic, tacks spheroids, polyhedrie, clay-silt texture.

intensaly aitered basait, Afterstion is spheroidal, with & h rim on aach sphereid
a incressing in thickness from bottom to top of horizon, Alupper boundary spheroids ere

300 S

2 Compact, haed, basait, unw

aitered completsly to the core, Sph

d by & disintegrated matrix,

H 1 Unafrered, hard, basalt,

irreguias spheroidal structure {rapid chilling) no matrix

betweeon spheroids, Irregular deposits and veins of calcite.

_ Fig, 2. The weathered profile at Belbex,
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Non-coherent sampics
{level S}t (level 6)]
14 s

{level )¢
3

12

(levet 3)

Spheroid envelopes
10

Spheroid cores
{level 3}

Table 1. Bulk chemical analyses of Belbex basalt and its weathered products
Coherent samples

Spheroid
(level 2)

Fresh basalt

B {level 1)

1238 ) . Wanrp CHESWORTH ¢f af. 4

_—

The weathering of basalt and major elements 1237

chert appear. The day minerals produced during weather-
ing are smectite, halloysite, hematite/goethite and an amor- f
phous phase (Duou and CHEsworTH, 1979). }

.

INTERPRETATION ®
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Ca0 BB Nugl 8g0

0y sioy
Fig. 4. Tetrahedral plot to show the trend of Fig. 3 in more
detail.
A CHECX FOR IMMOBILE COMPONENTS

The easiest way lo check for immobility amongst
components is to determine intercomponental ratios.
In the present case these show that the ratio ALFe:Ti

Table 2. Composition of umaltered phases in the bedrock

1. Olivine Si 594
{av. of 4) Fe 243
. Mg ) 9.62
. [¢] . 24
2. Clinopyroxenc Si 688 -
{av. of 5} Al 130
Ti 0.21
Fe 092
Mg 2m
Ca 3.4
(o] 24
3. Plagioclase Si 109
{av. of 5} A} 496
Fe 0.08
Ca 1718
Na - 0.85
K 007
o 24
4, Opaques Al 1.2¢
(av. ol 2) Ti 3.50
Fe 13.15
Mg 1.53
o 24
5. Glass SiO; 5106
{av. of 3} Al O, 2322
Zr0y 001
T, 1.0t
FeO 442
MnO 012
Cal i.39
Ma, 0 4.80
K,0 178
POy a0t
Ct 0.17
100

Analyses [—4 are expressed in atomic proportions with
respect 10 24 oxygens. Analysis 5 is in weight percent,

may be used as internal slandards a{gams: wh\ch""f"‘
measure the comings and goings of other ‘o
ponents.

It is possible, of course, for compoenents to mamtam
a constant ratio with cach other if they leave or enter
a system at rates proportional 10 their concentrations
in the parent material. Physical processes might ac-
complish this rather easily, (e.2. by erosion}. but the
chances of it happening chemically, with elements as
distinct as Al Fe and Ti, must be accorded a very low
probability.

1t is interesting to note that Goubicu {1938} study-
ing the Morton gneiss, used Al as an internal stan-
dard. However, his znalyses {Fig. 5) come closer 1o
showing a relatively constant Fe,Oy/TiO; ratio im-
plying virtual immobility for these two components,
and implying equally a loss of Al during weathering.
Thus Al in this casc was a poor standard of compari-
son.

WEATHERING TRENDS

 Since Al;O,, Fe, Oy and TiO; can be assumed im-
mobile, their sum can be taken 25 a measure of degree
of alteration and the behaviour of other components
can be contrasted with them. )

In looking for trends it is convenient to divide the
samples into two groups, coherent and non-coherent,
By coherent, we mean those materials such as bed-
rock, spheroid cores, and envelopes of spheroids, that
have notable coherency and retain some part at least,
of the original rock structure, Thus on visual evidence
alone, a genetic relation between samples can be
assumed. The non-coherent samples are those that are
foose and particulate and which on structural ovi-
dence alone cannot be unequivocally shown to have
developed solely from the underlying basalt.

A1203 ? 10y

Fig. 5. All sumples (dots) plotted in triangulsr coordinates
to show the constancy of mutual ratios between AL G,
Fe,0, and Ti0,. The crosses represeat analyses of the
Morton gneiss and its weathered products. The arrow iadi-
cates the weathering frend which can be interpreted 10
show a loss of A! relative to Fe and Ti. GowoicH's (1938}
choice of Al as an internal standard is hard to justily.
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{A1203+Fay05+ Ti0)

Fig. 6. F}ues of loss of majér oxides with respect to Al; Oy + FeyO5 + TiO; used here as an index of -
weathering. (A) unweathered basalt; {B) weathered basait; (C) spheriod core; (D) spheroid eavelope and
completely weathered spheroid.

Coherent samples

Major oxide components, normalised with respect
to ALO, + Fe; 0, + TiO; are plotted  against
AL O, + Fey O, + TiO; (Fig. 6). The linear relation-
ship, of course, is built in (CrHAYEs, 1960}, However,
the rate of decrease of the normalised values on the
graphs is proportional to the rate of loss of a com-
ponent, given the sum AL O, + Fe,0y + TiO; as 2
measure of the degree of alteration. Noteworthy
breaks in slope occur for $iO; MgO, Na;O and
K;O, implying a slowdown in the rates of loss of
these components when the envelope stage of alter-
ation is reached.

Non-coherent sumples

Bulk ples of the
reddish zone of alteration and soil, again show a vir-
tual constancy in Al,0;-Fe,03~TiO; ratios, so that

stained layer, the,

Faoy

A2y S0y

Fig. 7. Desilication of coherent samples {dots), and tesilica-
_ tion of incok

ples (sq ).
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Belbex basalt can still be claimed as a parent material,
{Fig. 3} However, a marked increase in SiO; to the
system is obvious (Fig. 7) indicating an uddition of
Si0); to the system in the upper levels of the profile.
Later, this will be related to the geomorphological
history of the area,

DISCUSSION

The behaviour of the weathering system at Belbex
is in accordance with mode! 1. Specifically it involved
two sleps

phous, but also in crystalline forms, such as hematite,
goethite and the clay minerals. o

An impartant feature of mobility sequences of the
kind given above, is that they represent an integration
of weathering changes over time. They may not there~
fore be representative of the present day pedogenic
regime. ‘This must be true of most studies of geo-
chemical mobilities in soil, certainly of soils found on
{undscapes such as that at Belbex which predate the
{ate Cenozoic glaciations.

The study by HARRIS and ApaMs (1966) is a case in
point. Their Georgia profiles were collected in an area

immobile s

"1203' Fezv5 e Step 1: 5102. Hg0, Ca0, Nazo, KZO subtracted from
TiO2 coherent samples

Step 23 Sioz added to noncoherent samples
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Data from the coherent materials allows us to
deduce an order of mobility for major components,
Belore the weathered material has altered to the stage
of a separable envelope on the spheroids, the slopes of
the curves in Fig. 6 indicated the following order of
decreasing mobility:

Si > K, Na, Mg > Ca > Fe, AL Ti.

At the envelope stage the rates of loss of Si, Mg, Na
and K decrease, and the mobility sequence changes
slightly:

Si> Ca > K, Na, Mg > Fe, AL Ti.

The mobility sequences can be explained in terms
of the factors emphasized by Kareorr (1973). First
the nature of the parent material: Iresh basait at
Belbex contains two easily weathered phases (glass
and olivine) and two that are weathered less casily
{pyroxene and plagioclase). While glass and olivine
are still present, they release their components rela-
tively rapidly giving rise to the initial high mobilities
of §i, Mg, Na and K indicated by the steeper parts of
the curves in Fig. 6. When these phases are exhausted
the rate of release of Si, Mg, Na and K is governed by
the slower breakdown of the other phases. Ca. the
bulk of which is to be found in pyroxene and plagio-
clase is released and mobilised at a steady rate
throughout. Secondly the effect of the sccondary
phases becomes clear at the envelope stage. Smectite
and halloysite form to fix and "slow down' some of the
Si, Mg, Na, K and Ca. Thirdly, the effect of an inher-
ently low solubility for a component is most obvious
in the cases of AL, Fe and Ti which precipitate vir-
tually on release from primary phases, partly in amor-

covered by acrisols, relatively ancient soils, that were
probably preceded by podzols. To what extent the
mobility sequence they propose relates to the present
environment is impossible to say from the evidence
published. Furthermore, their technique of comparing
soil with bedrock is only valid if it can be shown that
physical processes have not intervened 1o modify the
composition of the weathering system. At Belbex this
was patently not the case, mnd although dramatic geo-
marphological changes may not have occurred on the
Georgia landscapes studied, acolian additions or sub-
tractions to a soil are common.

At Belbex the basalt has weathered under at least
two pedogenic regimes, the present one of brunifica-
tion and an earlier one of rubefaction, The latter
produced the reddish zone {level 5) which then
became the parent material of the present day soil. A
present day {or ‘instantaneous’ as opposed to inte.
grated) mobility sequence can be estimated by com-
paring the composition of the reddish zone with the
composition of waters draining soils formed on basic
rocks in the Massil Central (TakDv. 1969, Table 33),
Omitting Ti {not determined by Tardy) the sequence
is Na>Cap» Mg>K>S8i» Fe> Al which s
almost identical to PoLynov's (1937) global sequence.
The notable change between this and the two earlier
sequences is in the position of Si, and is a refiection of
the addition of forms of Si0, of low solubility 10 the
weathered basalt, This contamination of the profile by
Si0, was revealed geochemically in Fig. 7. Tt is
explainable on the basis of the complex geomorpholo-
gical history of the region, The basalt was originally
emplaced in a valley cut into Stampian marls. In this
situation, the upper surface of the flow would be in 2
position to receive detritus derived from the valley

“

1242 WaARD CHESWORTH #f al.

sides. That this happened is indicated by the presence
of brownish fragments of chert in the upper. non-
cohereat part of the Belbex profile, identical 1o chert
found in the Stampian marls, The carbonate com-
ponent of the added marls would tend 1o be removed
by COj-charged leaching waters and would only
reprecipate when the pH had increased to about 7.8
(KrumBEIN and GARRELS, 1952). This appears 1o have
happened in the lower part of the profile where calcite
is found on rock surfaces and in cracks in spheroids.

CONCLUSIONS

The final version of_modcl 1.that can be advanced
for the Belbex deposit is shown diagrammatically,

This, which can be looked upon as an instantaneous
oorder, compares with two sequences integrated over
time:

Si > K, Na, Mg >» Ca > Fe, Al Ti.

{earlier stage of basaltic weathering)

Si > Ca > K. Na, Mg » Fe AL Ti.

(later stage of basaltic weathering)

Many such sequences must cxist, especially on the

scale of a soil profile. At this scale, not only such
commonly recognised factors as: (a) nature of parent

material; (b nature of secondary phases; and (¢)

inherent solubility of components, are important in

H20 (+C02) Stampian Detritus
. (Chert + Calcite)
Parent Rock A1203, fczoz, Keathered
E Ti02 conserved product

glass & olivine
lass persistent
than angite

and plagioclase Nazﬂ, K20

extracted

ASioz, Mg, Cal goethite,

smectite, halloy-

site, hematite/

amorphous phases

{+ residual

material)

The basalt weathered over a period of time which
encompassed at least two different pedogenic regimes,
an early one of rubefaction and a later of brunifica-
tion.

_ At the present day the order of mobility of majoi
components is; :

Na> Ca> Mg > K> Si> Fe> Al

determining the order, but the nature of the pedoge-
nic environment becomes important, several distinct
environments having been identified {GAUCHER, 1977),

Acknowledg We are gratelul to Bos McNurr of
McMaster University who supervised the XRF analyses,
and to Joun RuckLEDGE who allowed one of us to use the
microprobe at the University of Toronto,
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26.) Primerjaj vsebnost te?kih mineralov v dveh vzorcih peska, od katerih je en iz vrha drugi pa iz dna terase. Nastanek terase je trajal vsaj nekaj 100.000 let, izvor

materiala pa se v tem &asu ni spreminjal. Kateri od na¥tetih mineralov bodo v ve&ji kolitini prisotni v vzorcu iz spodnjega Tdela: cirkon, rogovada, granati, olivin,

biotit, labradorit, avgit, turmalin, magnetit, apatit.

27.) Napi¥i ravnotezne enalbe za navedene reakcije. Enacbe naj bodo geolosko logitne, v smislu, da so produkti stabilni in lahko skupaj nastopajo v naravnem

- ]f okolju (pH).
j a.) raztapljanje kalcita v ogljikovi kislini,
‘ b.) grossularit (Ca;Al;81;0,,) reagira v ogljikovi kislini,
] ¢.) raztapljane sfalerita v ogliikovi kislini,
J, d)hidrolizira nefelina (NaAISiO).

28.) Navedi glavne produkte preperevanja
r a.) gabbra
\ ] b.) apnenca
B ¢.) granita
I | d.) eklogita
e.) glinavea

29.) Primerjaj in komentiraj kemi¢ni formuli illita in montmorillonita.

30.) Montmorillonit ima glede na kaolinit vetjo plastifnost, sposobnost absorbeije vode in ionsko izmenjevalno kapaciteto. Zakaj?




31.) Razvrsti navedena okolja glede na
a.) padajot pH ﬂ
b.) padajo? Eh:

A. morska voda blizu povrija v tropih '
B. voda v tieh iz A horizonta podzola

C. voda v tleh iz A horizonta ernozema

D. potogna voda, ki tefe preko skrilavcev, ki vsebujejo precej pirita

E. voda iz modvirja v severni Kanadi
32.) Kateri od navedenih procesov zajemajo oksidacijo, kateri redukcijo in kateri ne enega ne drugega?

a.) izlotanje sadre pri izhlapevanju morske vode
b.) izguba organske snovi iz sedimenta zaradi razpada
¢.) nastanek pirita v morskem okolju nekaj centimetrov pod mejo sediment-voda

d.) obarjanje fluorapatita iz morske vode

e.) izkosmiCenje sola Fe oksida, ki ga reka prinese v morje
f.) obarjanje MnO, iz podtalnice, ki te&e skozi pe§tenjake
g.) obarjane kremenice iz vode iz vrotega izvira

h.) rast kristalov sadre v glinah bogatih z organsko snovjo

i.) nastanek glinenih mineralov z reakcijo med raztopljeno koloidno kremenico in glinico v morski vodi.



Nina Zupandic

OSNOVE FIZIKALNE KEMLIJE

0. zakon termodinamike

Ce sta dva sistema v termi&nem ravnote3ju s tretjim (med njimi ni toplotnega toka) sta
v ravnoteZju tudi med seboj. Vsi trije imajo enako temperaturo.

0°C=273K

- pogoji ravnoteZja (T, p, koncentracije)
- kinetika procesov - metastabilna stanja

1. Zakon termodinamike ali zakon o chranitvi energije

Celotna energija sistema je konstantna. Skupna sprememba nofranje energije je
enaka vioZenemu delu in spremembi toplote.

AU=Q-W =Q-pAV W=pAV
AH=Q+ Yap
p = konst. = AH = AQ

notranja energija
toplota

delo

tlak (pritisk)

volumen (prostornina}
entalpija

‘s formacijska entalpija

CERRIETIRS

Spremembe entalpije (toplotne vsebnosti) posameznih procesov imnjo svojn lmena:
izparilna toplota, reakcijska toplota, formacijska toplota... Toplota formacife neke
komponente je sprememba toplote, ki nastane pri reakciji potrebnih elementov pod
standardnimi pogoji (ss = 259C, I bar).

AH’ =0 za clemente

2. Zakon termodinamike

Smer reakcije dolofata toplomi tok (pri veini reakcij se toplota oddaja) in stopnja
urejenosti - entropifa. Oba faktorja povezuje Gibbsova funkcija.

Reakcija poteka, &e je upadanje Gibbsove funkcije zaradi spremembe urejenosti vedja
kot njeno narad€anje zaradi absorbcije toplote. Toplote ne moremo 100% efektno
pretvoriti v delo. Pri obrnljivih (idealnih) procesih je absorbirana toplota enaka
opravijenemu delu in produktu temperature in spremembe entropije.

AS=QIT

S entropija
T temperatura

Vrate reakeij:

¢ toplota s¢ oddaja, urejenost se ni¥a (vi¥a se entopija) : moZno
primer: gorenje premoga

¢ toplota se oddaja, urejenost se vita Q8 moino
primer: voda prehaja v led

« ftoplota se sprejems, urejenost se niZa moino
primer: voda prehaja v paro

toplotu se sprejema, urejenost se vida ni moZno

3, zukon tormodinamike

Vaaka popolnoma urejena in kristalizirana snov ima pri absolutni nigli (-273°C) enako
entroplijo. Entropijo snovi pri drugi temperaturi lahko izralunamo s pomogjo
specifidne toplote,

¢, = dQ/dT

AS; = AS iy + 1T,/ T T

Ally=AH e+ 0f%c, dT

¢ speclfidna toplota
1‘9)’81( - 230C (s3)
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Gibbsova funkeija

Standardna prosta energija formacije je sprememba proste energije zaradi nastanka
komponente iz njenih gradbenih elementov pod standardnimi pogoji.

AH=TAS +VAp

AG =VAp - SAT
AG=AH - TAS

AG =G pguteor - Greavntor

AG;=9 zaelemente

Gf  standardna prosta energija Jormacife ali standardna Gibbsova ;arosta
energifa
G Gibbsova prosta energija

RavnoteZie in ravnoteZna konstanta

Smer poteka reakcije ugotovimo z Gibbsovo prosto energijo:
AG < QOreakcija poteka v desno

AG = Oreakcija je v ravnoteZju

AG > Oreakcija poteka v levo i
Za idelano raztopino je pri dani temperaturi reakcije

aA +bB e cC+dD

ravnoteina konstanta (K):

K = [CID]"[ATB}"

[]  koncentracija
ab... Stevilo ionov v reakeifi

Pri realnih raztopinah koncentracijo nadomestimo z aktivnostfo (a). Aktivnosti trdnih
snovi in navadno tudi vode so po dogovoru 1.

AG =-RTlaK

R =831 Jimol deg

Topnost

Koncentracije so podane v enotah tefa/teZa (mg/kg = ppm = mg/l), teZa/volumen
(mg/l = ppm), molamost (mM/ = (mg/l)/molska teZa), mEqg/l (upodteva kolifino
naboja - npr.t SO,* = 2mM/l = mEq/l). Topnost dolo¥amo s pomo&jo ravnoteZne
konstante, imenovane ftopnostni produkt. Topnost je epaka aktivnosti kationa ali
aniona.

AgCl & [AglCl]

K., = produkti/reaktanti = [Ag"}[CI']

s= [Ag']=[Cl]= K,

5 topnost
Ksp  topnostni produkt

pH

pH izraZa aktivnost vodikovega iona.

H, O e H +OH

pH = -log[H']

{H']=10""

RavnoteZna konstanta reakeije pri standardnih pogojih je
K= [HOH]=10M

pH je nevtralen (7), kadar je koncentracija (ali aktivnost) kationov eneka koncentraciji
anionov. Raztopine s pH > 7 so bazi&ne in s pH < 7 kisle.
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Eh

H, & 2H' +2¢ E®=0.00V

E0  standardni potencial

Ce neka snov reducira H” je po dogovoru E° negativen, Ce pa H, reducira neko snov in
pri tem prehaja v H" je po dogovoru E° pozitiven. Reakcije z negativnim potencialom
potekajo v levo, s pozitivnim pa v desno.

Pri standardnih pogojih za redoks reakcije velja

AG =-RTinK = NE'F

N Stevilo elektonov (e7)
F = 9650 J/mol (23.06 kcal/mol)

Redoks potencial je mera za tendenco raztopine, da dovoli nastop neke reakcije.
Eh=E'+ RT/NF)inK
Pri standardaib pogojih velja:

Eh = E° + (0.059/N)logK

1.) Ali grafit lahko preide v diamant pri latm ina.} 25°C  b.) 500°C?

2.) Katera faza je obstojna, kristalni kremen ali kremenovo steklo pri | atm ina) 25°C b))
1500°C?

3.) Kak3na je smer reakcije periklaz + kremen = enstatit pri latm in a.) 250C b.) 5000C7 Ali
lahko pri¢akujemo, da se pri visokih temperaturah smer reakcije obrne?

4.) V procesu nastajanja osonéja je utegnila biti pomembna reakcija med grafitom, vodikom in
metanony: C + 2H; = CH,. Kaj je obstojno pri a.) standardnih pogojih, b.) 500°C, c.) kaksna je
temperatura ravnoteZja?

5.) Kolika je standardna prosta Gibbsova energija nastanka galenita? Oceni G pri 1000°C.

6.) Kollkben Je O remkcije Pb? + S =PbS pri ss. Ocena pri 500°C. Koliko znafa
tavnotedos konstanin?

7.) laradunnj raviotedno konstato pri standardnem stanju za reakcijo Nz + 2H; = 2NH;. Ali bo
v viilkanakem pling iz famarole pri 250°C dusik navzod predvsem kot amonijak, ali kot prosti
thibik? G Nl Jo -16,7kJ/mol, S za NH; 192,55, N3 191,50 in H; 130,6 J/mol,st.

8.) Apnenec, ki vaehuje kremen, preide pod vplivom kontaktne metamorfoze v wollastonit po
reakoijl: Cnt 0y 1 ROy = CaliO; + COy

8.} v katero mmer tsde reakolin pri atandardnih pogojih?

boypri 630 K

) tenperatura mvnoleda?

4) !maumj € prehodn aragonita v kalcit prl as. Kateri je obstojen? Kateri polimorf bo
nhumim pri viijih m\pomuuh in rakaf? Ocenl pri katerl T sta v ravnoteZju? Ve, = 36,93
o', Ve = 34,18 om’; katerl bo obstojen pri visokih tlakih in zakaj? Pod 80 K ima aragonit
ni2jo Ood lululm ﬂklcluj diagram obstojnostnih podrodij aragonita in kalcita v odvisnosti od P
in'T.

108.) lzradunn) lpmmmbo notranjs sherglje ( U) reakcljo mndaluzit = sillimanit pri ss. Vg =
S1.57 In Vgil = 49,90 om’,

b.) kakina js 1 pri teh pogajih?

¢.) % enadho d(} = VAP « RdT lmand dP/AT 28 ravnotedje med oboma.

11) Domnevaju, da Le biln xa navzodnost kovinskega Jsleza v procesu nastajanja osondja
pomembna renkolja: Jle + 4130 = FoyOy + 4H,. Kam tede reakcijn pri ss, kam pri 1000 K?
Temperatura ravnolehia?

12} 7radun) O reakolje CaSQ«2H,0 = CaSOy + 21;0 pri 25 in 50°C. Kateri mineral je
stabllen pri 25 ln knterl pri 50°C? Bpocifidne toplote ope = 14,1 + 0,033 Tcal/stmol, cps =
21,84 + 00767 In 05~ 18,02,
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13.2:;1) Zradunaj G in ravnoteZno konstanto K za reakeijo: 2CaCOj(ca) + Mg?* = CaMg(CO3), +
Ca®*

b.) zakaj te konstante ne moremo porabiti, da napovemo, v katero smer tele reakcija v morski
vodi?

c.) kam bo tekla reakcija v morski vodi, & so tam koncentracije Ca** 0,0025 mol/kg in Mg®
0,017 molkg?

14.a) Zradunaj S pri segrevanju | mola vode od 0 do 100°C. Specifi€na toplota vode Cp=
18,02 cal/st.mol. b.) zraunaj S pri izparjenju | mola vode. Toplota izparjanja vode je 540cal/g,

15.) Kakéna je topnost CaCOj v morski vodi, &e sta aktivnosti Ca® 0,0000054 in CO5* 0,0025
mol/kg? ‘

16.) Kak&na je topnost apnenca v vodi?

17.) Kakdna koncentraciia Cu®* je potrebna, da se iz morske vode obarja malahit? Aktivnost
OH’ in karbonatnega iona je pribliZno 10°6.

18.2) Kak$na je topnost anhidrita v &isti vodi pri 25°C 7

b.) napidi izraz za K reakcije sadra = anhidrit. Privzemi, da je v reakciji udeleZena izparevajola
morska voda z aktivnostjo manjo od 1.

¢.) Kateri mineral je obstojen pri ss?

d.) S poskusom so doloéili, da je K za reakeijo pod (b) pri 25°C 0,61 in pri 50°C 0,85. Na
diagramu aktivnost-temperatura naridi obstojnostna obmod&ja sadre in anhidrita.

19.) Izraunaj ravnote¥no konstanto za reakcijo: 2CaCOs(kalcit) + Mg** = CaMg(COy); + Ca™*
pri standardnih pogojih. b.) Zamisli si, da tete voda, ki vsebuje 10x ve& Ca®* kakor Mg®, &ez
apnenec. Ali se bo tvoril dolomit namesto kalcita?

20.) Ali je na zemeljskem povr§ju obstojen hematit ali siderit?

Reakcija: 2FeCO; + Oy + 2H,0 = Fey 03 + 2H,CO;

G siderita je -674, H,COj3 pa -623,4 kJ/mol.

21.) Kak3na je koncentracija vodikovega iona v vodai raztopini s pH = 8,3 ?

22.) Koliko je pH raztopine s koncentracijo vodikovega jona 0,00002 mol/l.

23.) Kolika je vsebina vodikovih ionov v raztopini s pH 0?7

24.) Kaksen je pH raztopine, v kateri je koncentracija OH 10-3,7mol/1?

25.) Koliko je Eh reakeije Cu = Cu® + 2¢’, & je aktivnost bakrovega iona 10,

26.) Talnica ima vrednost pH =7 inEh= 0,6 V. Cese ta voda pretaka skozi svinfevo

rudiste, koliko Pb*" v raztopini je potrebno, da se zatne obarjati PbO, ?
Reakeija: Pb** + 2H;0 = PbO,; +4H' +2¢” E°=1,46 V

b.) se bo koli&ina oborjenega plattnerita zvetala ali zmanj¥ala, &e postane raztopina altkalnej$a?

27.2) V potoku so izmerili vrednost Eh 0,92V in pH 5,5. Katera oblika , Mn®* ali Mn*, bo
obilnej¥a v vodi? b.) Lzratunaj razmerje Mn® /Mn®* v vodi. ¢.) Nari§i Eh - pH diagram,

28.a) Izratunaj vrednost E° 2a reakcijo: 2Fe? + 3H,0 = Fe; 0y + 6H' + 2¢

b.)Gnaértaj na diagramu Eh-pH premico, ki predstavlja to enalbo. Privzemi za Fe2+ vrednost
107M.

c.) &e tefe prek leis¢a hematita potok s pH 6 in Eh 0,47V, kakdna koncentracija Zelezovih
ionov v vodi bo v ravnoteZju s hematitom?

29.) Voda vsebuje raztoplijen CO, v naslednjih oblikah: HCO3, HCO; in CO;. lzralunaj
razmerje med temi oblikami pri 4pH 6, 8,3 in 10. Reakcije in ravnoteZne konstante so:
H,COy=H"+ HCO; K;=10%

HCOy =H'+ CO, Ky=107103

b.) Oceni koncentracije H,COs, HCO; in CO; v raztopini pri pH 7 in skupnem raztopljenem
C0O, 0,001 mol.

30.) Podzemna voda, ki privre na dan, zatne obarjati kalcijev karbonat. Zakaj?

31) Kakdna koncentracija Fe** je lahko v stiku z Fe(OH); pri pH 6,5 in +Eh 0,3V, ter pH
8,4 in Eh -0,3V?
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Atomlc Atomlc -
FElement Symbel  number  weight
Silver Ag 47 107.87
Sodium Na 11 22.99
Strontium Sr 38 87.62
Sulfur S 16 32.06
Tantalum Ta 73 180.95
Tellurium Te 52 127.60
Terbium b 65 158.93
Thallium Tl 81 20437
Thorium Th 90 232.04
Thulium Tm 69 168.93
Tin Sn 50 118.6%
Titanium Ti 22 47.90
Tungsten W 74 183.85
Uranium U 92 238.03
Vanadium v 23 5094
Xenon Xe 54 13130
Yiterbium Yb 70 173.04
Yirium Y 39 88.91
Zing Zn 30 65.38
Zirconium Zr a0 91.22

APPENDIX

V1

IONIC RADII AND
ELECTRONEGATIVITIES

Element low' Radlus for &  Commonly  Eiectro- ~ Approximate
soordinstion, occurring negativity®  fonic charscter
octahedrs! (A)?  coordination of bond with

numbors’ oxygen®

Aluminum Al 0.538 4,8 1.5 60

Antimony lh: ; 0.80 (8) 6 s jg

'b ¥ 4, 6 .
Arsenlo A 0.58 4,6 60
As:‘ 0.46 4,6 2.0 333

Barum ' 1,38 8-12 0.9

Beryllium ne'* 027 (4) 4 1.5 63

Bismuth B 1.0 6 8 1.9 66

Boron n 0.1 (4) 3,4 2.0 43

Bromins Br 1.96 2.8

Cadmium ce 0.94 68 17 66

Calolum ca" 1.00 6 8 1.0 7

Casbon ct 0.15 (4) 3,4,6 2.5 23

Corlum Co"' 1.01 6, 8 1.1 74

Casium Ce' 1.67 12 0.7 89

Chlorine Ci- 1.8! 3.0

Chromium C’r“ : 0.613 6 1.6 ;g

C 0.26
Cobalt Co:' 0.743 g . ig gi
C t Cu o . .
e cu 0.73 6 2.0 57
Fluorine F- 1.3 4.0
(Continued)
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) Electro- Approximate [
Element Ion! Radius for 6-  Commonly  Electro- Approximate Element Ton' Radius for 6- i:;x:rm;ionngly negativity  fonfc character
coordination, occurring negativity'  jonte character coordmablo n}‘w coordination of bond with
octahedral (A)? coordina:ﬁon of bond with octahedral ( numbers’ oxygen®
aumbers oxygen
79

Galfium Ga’* 0.62 4,6 16 51 Thallium  TI* 30 ey 18 58
Germanium  Ge* 0.73 4 18 49 ™ 067 63 13 72
Gold Au? 137 8-12 24 62 Thorium Th 0.94 6 8 s 73
Hafhium HE* 0.71 § 13 70 Tin Sn’” 1278 ¢ 19 57
Indium mn* 0.80 6 17 62 Sn 069 G 60
lodine - 220 25 Tiapiom T 067 p 15 51

P 0.95 6 54 TiY 0.605 46 1.7 57
Iren Fe?* 0.78 6 1.8 69 Tungsten W 0.60 6 8 68

Fe>* 0.643 6 9. 54 Uranium ut 100 (&) 6 17 62
Lanhanum ~ La¥* 1032 8 L1 7 u 073 p 16 51
Lead Pb* 119 6-10 1.8 n Vanadium V3 . s 45
Lidium Li* 0.76 6 10 82 v o8 46 36
Magnesium Mg 0.72 6 1.2 7 V3 . 0'50 6 1.2 74
Manganese  Mn?* 0.83 6 LS 7 Yitrium v 0.9 6 17 63

Mo 0.645 6 51 Zinc Zn 0,74 . s 65

Mn** 0.53 4,6 38 Zirconium  Zr on
Mere Hg* 1.02 6, & 19 62 - ~ ) P < listed. .
Molybaenum Mo 0.65 6 58 D o e e e i of st d in halide

Mo®* 0.59 4,6 8 47 % Sources; Shannon, R. D.: “Revised cffec lgrlc ‘767 1976, and Shannon, R. D, and C. T, Prewitt: “Effective fonic
Nickel Ni2* 0.69 6 18 60 sad chalcogealdes,’ dcie Cryst, A2, p. 791 PP. 925-046, 1968. All ar radi or -coordination except a few ol
Niobium Nb** 0.64 [ 1.6 56 min in ox.:da snd ﬂuo;\hc:::‘.on ‘;‘izndgat:d by ; nunber in parcntheses, In general, r?du'for Amgzmgzg c.t)for
Nitrogen N 013 3 3.0 9 Which 3 different eoordinati jon radii by subtracting 0.13 A, and radii for §-coordination by adding 0.13 A;

4 estimated from the 6-coordinati 0 vadil by valucs.
Oxygen o 1.40 3.5 most ions these rules give radii within 0.02 A of the uom:::; Readine. Massachssetts 1963,
Palladium Pg** 0.86 6 2.2 61 * Source: Smlth, F. G.: Physical Geochemistry, Add“";";"g‘cg” Comﬁj;l © by Comell University, Used by
Phosphorus ~ p** 0.17 (4) 4 2.1 35 * Source: Pauling, L.: The Nature of the Chemical e 1960, The numbers are in arbitrary units, ranging from
Potassium et 138 8-12 0.8 87 permission of the publisher, Comell University Press, NUY., 3
Radium Ra®* 1.48 8-12 0.9 83 07 for Cs 10 4.0 for F. it foo tivity valucs estimated by A. 5. Povarennykh, Dok
3+« 3+ s : Smith, op. cit, calculated by Smith from electronegal
Rareearth  Ce®*-5m®  1.01-0.953 6 8 L1-1.2 73-15 Source el 109, pp. 993-996, 1956,
metals Eo™-Lu®  0.947-0.861 s 1.2 16 Akad, Nauk SSSR, vol. 109, pp. \

Eu? L17 8
Rhenium Re* 0.63 § 63

Re™ 0.53 4, 6 51
Rubidium Rb* 1.52 8-12 0.8 87
Scandium Sc** 0.745 § 1.3 65
Selenium Se¥- 1.98 2.4

Sef* 028 4 26
Silicon Si* 0.26 (4) 4 1.8 48
Silver Ag* 0.94 8, 10 1.9 71
Sodium Na* 1.02 6, 8 0.9 83
Strontium st 1.18 8 1.0 82
Sulfur §2- 1.84 2.5

gé* 0.12 (4) 4 20
Tantalum Ta% 0.64 6 L5 63
Tellurium Tet- 2.21 2.1

Te® 0.56 4,6 36 |

(Continued) !
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STANDARD
FREE ENERGIES,
ENTHALPIES,
AND ENTROPIES

Standard state thermodynamic data for geologic substances come from a bewilder-
ing array of sources. A variety of experimental and theoretical techniques have been
used to obtain the data, and the results are continually modified by new experimenta
and theoretical algorithms. In the table below, values for standard molal Gibbs free
energies, enthalpies, and third-law entropies are those recommended by the National
Bureau of Standards for inorganic substances commonly encountered in geochem-
istry. A full discussion of available data bases can be found in Chapter 12 and
Appendix D of Nordstrom, D. K., and J. L. Munoz: Geochemical Thermodynamics,
The Benjamin/Cummings Publishing Co., 1985.

The second column of the table gives the physical state of each substance,
insofar as it is known. Abbreviations: s, solid, form not specified in source; |, liquid;
g, gas; aq, dissolved in water at unit activity, The columns headed AG® and AH*
give standard free energies and enthalpies of formation from the elements at 25°C
and 1 bar, in kilojoules per mol. The column headed §° gives entropies in standard
entropy units, joules per mol per degree kelvin. To find the standard free energy
change for a reaction, subtract the sum of AG° values for the reactants from the sum
of AG® for the products [Egs. (7-49) and {7-67)]. To find the equilibrium conatant
for a reaction at 25°C and 1 bar, use the relation [Eq. (8-49)]

log K = —AG°/5709.
By using this equation in reverse, approximate free energies of formation for many
compounds and ions not given in the table may be calculated from the equilibrium

604

STANDARD FREE ENERGIES, ENTHALPIES, AND ENTROFIES 605

constants in Appendix VII. Numbers in the table are of widely varying accuracy,
and are subject to continual revision as new data are reported in the literature.

At temperatures greater than 25°C, approximate values for standard Gibbs
free energies of reaction (AGj) can be found from the equation '

AGT = AH® - 0.001TAS®,

on the assumption that AH® and AS® are constant (or that AC; »2 0). If the heat
capacity of the reaction is small, as it is for most solid~solid reactions, this equation
will give a close estimate of AGS for temperatures to a few hundred degrees. To
find free energies at higher temperatures, or in general to obtain accurate values for
thermodynanic properties of a reaction at elevated temperatures and pressures,
requiros additional information on the variation of heat capacity and volume of all
substances in the reaction [cf. Egs. (7-41), (7-62), (8-18), and Prob, 8-8].

QJWL (;; ol (:za-v (/J‘-
d ]
b

T
Formula Form AG® AP
Aluminum

Al [] 0 0 283
Al corundum -1582.3 ~1675.7 50.9
AIOOH boshmite -915.9 -990.9 485
Al(OH), gibbaite ~1158.1 ~1293.3 68.5
AI,H!;(),(OH). kaolinite -3799.7 ~4119.6 205.0
Al (¥ -483 -531 -321.7
AKOH), M ~130%.3 ~1502.5 102.9

Arsenic
As mutallio 0 0 35.1
Ar (1] +261.0 +302.5 1742
Ay arsenolite -11524 -1313.9 214.2
AnyOy ' -782.3 -924.9 105.4
Al s +68.9 +66.4 2228 -
Ayl orpiment -168.6 -169.0 163.6
HyA20, aq -539.8 -742.2 195.0
HyA20, sg ~766.0 -902.5 184,
HiAO; % ~587.1 ~714.8 110.5
A0} : "9 ~6484  -888.1  -162.8

Barium
-1 ] 0 0 62.8
"o [ ] -525.1 ~553.5 70.4
Daly [] ~1156.8 -1207.1 96.4
s ] ~456. ~460, 78.2
Dad0, barite —-1362.2 —-1473.2 132.2
BsCO, witherite ~1137.6  —12163 112.1
n.yo, ' —15402  ~1623.6 109.6
L. 8q -560.8 ~531.6 9.6

Boron
B [} [¢] 0 62.8
8,0, ] ~1193.7 12728 54.0
H;BO, [] -968.9 ~1094.3 88.9
H‘BO: aq -1153.2 —~1344.0 102.5

(Continued)
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Formula Form AG® A g
Cadmium
Cd s 0 0 51.8
Cdo s —-2284 ~258.2 548
Cd(OH), precipitated —~473.6 -560.7 96,
Cds greenockite —156.5 -161.9 649
CdCO; otavite -669.4 -750.6 92.5
CdSiO; ] -11054  -1189.1 975
ca aq ~77.6 ~75.9 ~732
Calcium
Ca s 0. 0 414
Ca0 s —604.0 ~635.1 398
Ca(OH), portlandite ~898.5 —986.1 83.4
CaF, fluorite ~-1167.3 -1219.6 68.9
CaS s ~471.4 —482.4 56.5
CaCO; calcite ~11288 12069 929
CaCOy aragonite . =-11278 ~12071 88.7
CaMg(COs)2 dolomite ~21634 23263 1552
CaSO, anhydrite -1321.8 -1434.1 1067
CaS80,.2H,0 gypsum ~17973  ~20226 194.1
Cas(PO4)2 whitlockite ~3884.7 ~4120.8 236.0
CaSi0, wollastonite ~1549.7 —1634.9 81.9
CaAl,S8i,0s anorthite —4002.3 ~42279 199.3
CaMgSi;Og diopside ~3032.0  -3206.2 142.9
ca®* aq -553.6 ~542.8 ~53.1
Carbon
C graphite 0 0 5.7
Cc diamond 29 1.9 24
CHy g ~50.7 ~74.8 186.3
C,Hs g -32.8 —84.7 229.6
CsHs g =235 ~104.0 270.0
CHjo g -17.2 ~-126.1 3104
CHy g +8.2 +523 219.6
CeHy 1 +129.8 +83.0 269.2
co g -137.2 -110.5 197.7
CO2 g —394.4 -393.5 2137
H,CO; aq ~623.1 -699.7 187.4
HCO;Z ag -586.8 —~692.0 91.2
cot- aq ~527.8 —671.1 ~56.9
CN~ aq +172.4 +150.6 94.1
Chlorine
Ch g 0 0 223.1
HCI g -95.3 ~92.3 186.9
cr aq -131.3 ~167.2 56.5
Chromium
Cr s 0 0 238
FeCr,O4 chromite —13438 14447 146.0
oo aq ~721.8 —881.2 50.2
Cr03- aq. ~1301.1 —1490.3 2619
Copper
Cu $ o 332
Cu0 cuprite ~146.0 ~168.6 93.1
(Continued)
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Formula Form AG® AH® 5
CuO tenorite -129.7 -157.3 426
Cu(OH}), s -357.
CuCl s -119.9 -137.2 86.2
Cu,S chalcocite -86.2 -79.5 1209
CuS covellite ~53.6 ~53.1 66.5
Cui(OFDzCO; malachite ~393.6  ~1051.4 186.2
Cuh aq +50.0 +71.7 40.6
Cu aq +65.5 +64.8 -99.6
CuCly aq —~240.1
Fluorine
F, g 0 0 202.8
HF g -273.2 -271.1 1738
HF aq ~296.8 -320.1 88.7
F~ aq -278.8 ~332.6 -13.8
Gold
Au s 0 V] 474
AuCly agq ~151.1
AuCly aq ~235.1 -322.2 266.9
Au(CN)y ag +285.8 +242.3 172
H Hydrogen
2 g 0 0 1307
H* aq 0 0 0
Iron
Fe ] 0 0 273
Feg 9470 wiistite —245.1 -266.3 57.5
Fe;0, magnetite -10154 -1118.4 146.4
Fe,05 hematite —-742.2 -824.2 874
Fe(OH), precipitate —~486.5 -569.0 88.
Fe(OH), precipitate —696.5 ~823.0 106.7
Fe3 troilite -100.4 —~100.0 60.3
Fe; Sy pyrrhotite ~748.5 ~736.4 485.8
FeS, pyrite ~166,9 -178.2 529
FeCO4 siderite ~666.7 -740.6 929
Fc§§i04 fayalite —1379.0 14799 145.2
Fc“‘ aq —78.9 —89.1 ~-1377
Fe aq -4.7 ~48.5 -3159
Lead
Pb s 0 0 64.8
Pb g +161.9 +195.0 1754
PbO s (red) —188.9 ~219.0 66.5
PbO, s -217.3 2714 68.6
Pb{OH), 5 —452.2
PbCly cotunnite -314.1 —359.4 1360
PbS galena -98.7 -100.4 91.2
P»SO, anglesite -813.1 -919.9 148.6
PCO; cerussite —625.5 ~699.1 131.0
PbSIO, s -1062.1 11457 109.6
Pu** aq —24.4 -1.7 10.5
PH{OH)y aq -575.6
(Continued)
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Formula Form AG AH? R
Magnesium
Mg s & 0 327
MgO periclase ~569.4 ~601.7 26.9
Mg(OH), brucite —~833.5 —924.5 63.2
MgF, sellaite —-1070.2 -1123.4 572
Mg8s 8 ~341.8 —346,0 50.3
MgCO; magnesite -1012.1 —~1095.8 65.7
MgCO;.3H,0 nesquehonite -1726.1
MgSiO, clinoenstatite -1462.1 -1549.0 67.7
MgaSi0, forsterite —-2055.1  ~21740 95.1
Mg** aq ~454.8 —4669  ~138.1
Manganese
Mn s 0 32.0
MnO manganosite -362.9 ~385.2 59.7
Mny04 hausmannite -12832 13878 155.6
Mn; 0y s ~-881.1 ~959.0 110.5
MnOy, pyrolusite ~465.1 ~520.0 53.1
Mn{OH), precipitate -615.0  ~6954 99.2
MnS alabandite ~218.4 ~2142 78.2
MnCGC4 rhodochrosite -816.7 —894.1 -85.8
MnSiO; thodonite -12405  ~13209 89.1
Mn,Si0, tephroite -1632.1 —1730.5 163.2
Mn®* aq ~228.1 —220.8 ~736
MnO7 aq —~447.2 -541.4 191.2
Mercury
Hg 1 0 0 76.0
Hg g +31.8 +61.3 175.0
HgO s, red ~58.5 -90.8 70.3
Hg,Cl; calomel -2107 —~265.2 1923
HgS cinnabar -~50.6 -~582 82.4
Hgi* aq +153.5 +172.4 H4.5
Hg}“ aq +164.4 +1711 -32.2
HgCl~ aq ~446.8 ~554.0 93,
Hg}~ aq +41.9
Molybdenum
Mo 8 0 0 287
MoO; L] —668.0 ~745.1 1.7
MoS; molybdenite ~2259 ~235.1 62.6
CaMoO, powellite -1434.6 ~1541.4 122.6
MoO}~ aq 8363  ~9979 272
Nickel
Ni ] 0 0 299
NiO 5 ~211.7 —-239.7 380
Ni(OH); s —4472 ~529.7 88.
Nis L] -79.5 ~82.0 530
i 5 —612.5
1;;50, aq -45.6 540 1289
Nitrogen
N, g 0 0 191.6
N0 g +104.2 +82.1 2199
{Cantinued)
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Formula Form AG? AR &
NO g +86.6 +90.3 210.8
NH; g ~16.5 —46.1 1925
NH,OH aq -263.7 —366.1 1812
NOj aq -1087  -205.0 146.4
NH,* aq -79.3 ~132.5 113.4
Oxygen
0, g 0 0 205.1
Hy© 1 ~237.1 ~285.8 69.9
H,0 g —228.6 —241.8 188.8
OH- ag ~1572 -~2300  -108
Potassium
K ] 0 0 64.2
KCI sylvite —409.1 —-436.7 82.6
KAISIO, kaliophilite ~2005.3 ~-2121.3 133.1
KAI8;0, leuoite ~2871.4 ~3034.2 200.0
KAI81;0, microcline -31742.9 -3968.1 214.2
KAL#;0,4(01) muscovite -5608.4 —5984.4 306.3
X' M ~283.3 ~252.4 102.5
Silicon
8 s 0 0 18.8
80, a-quarts ~856.6 -910.9 41.8
80, a-cristobalite -855.4 -909.5 42.7
810, a-tridymite —855.3 -909.1 43.5
$i0, glass ~850.7 ~903.5 46.9
8iCl, 8 -617.0 —-657.0 330.7
e, i ~1512.7 -1614.9 282.5
M, 8 +56.9 4343 204.6
11,810, " ~13166  ~14686 180,
Stiver
AB ] 0 0 426
AR ] -11.2 ~31.1 1213
ApCl cernrgyTite ~109.8 ~127.1 96.2
i\lgl scanthite ~40,7 -32.6 144.0
A (1} +77.1 +105.6 72.7
AgCly 8 ~2154 -245.2 2314
Sodlum
Na ' 0 0 51.2
Nl hatite -384.1 ~411.2 721
NaAIBIO, nepheline ~1978.1  -2092.8 124.3
NsAlIR, O, Jndeite -2852.1 -3030.9 133.5
NaAlRi,0, fow alblte ~3711.8  -3935.1 207.4
NaAiS04 H,O analalte -3082.6  -3300.8 234.3
N g ~261.9 —~240.1 59,0
Strontium
] H 0 0 523
"o [ -561.9 -592.0 544
180, oelestite ~13409  -1453.1 117,
8CO, strontianite -1140,1 - 12201 97.1
$r8i0, [ -1549.7 -1633.9 96.7
e N ~559.5 -5458  -326
{Continued)
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Formula Form AG® AH® 5°
Sulfur
S s, orthorhombic 0 0 31.8
S; g +79.3 +128.4 228.2
H.S g -33.6 -20.6 205.8
H,S aq ~27.8 -39.7 121,
50, g ~300.2 —296.8 2482
SO, g -371.1 -395.7 2568
§*- aq +85.8 +33.1 ~14.6
HS~ aq +12.1 ~17.6 62.8
502~ aq ~744.5 -909.3 20.1
HSO7 aq ~755.9 -887.3 131.8
Tin
Sn g 0 0 51.6
SnO s ~256.9 —285.8 56.5
$n0, cassiterite -519.6 —580.7 52.3
Sn(OH), precipitated ~4916 5611 155.
SnCle g —432.2 -471.5 365.8
SnS ] ~98.3 -100. 77.0
Sn?* aq -272  -88 -17.
Sa** aq +2.5 305 117
SnOHCI aq -392.0 -453.5 ~126.
Titanium
Ti s 0 0 30.6
TiO, anatase -884.5 -939.7 49.9
TiO, rutile —889.5 ~944.7 50.3
TiCl g ~726.7 ~763.2 3549
Uranivum
U g 0 0 50.2
uo, uraninite -1031.7 —10849 7.0
U0, H -1145.9 —1223.8 96.1
UO,(OH), ] -13948 —-15339 126.
UF¢ g -2063.7 21474 37179
u* aq ~531.0 ~5912  ~-410,
uojt aq -9535  ~1019.6 ~97.5
Zinc
Zn s 0 0 41.6
Zn e 4951 +130.7 161.0
InO zincite ~318.3 -348.3 43.6
Zn(OH), s ~553.5 —641.9 81.2
InS sphalerite -2013 ~206.0 517
ZnCO;, smithsonite -731.5 ~812.8 824
Zn,;8i0, willemite -1523.2 16367 1314
Zn®* aq -147.1 —-153.9  ~1121
Zn(OH): aq ~858.5

Source: Wagman, D, D., W. H. Bvans, V. B, Parker, R. 11 Schumm, 1. Halow, 5. M. Bailey,
K. L. Chumey, and R. L. Nuttall; *“NBS tables of chemical thermodynamic propertics,”
Journal of Physical and Chemical Reference Data, wol. 11, supplement No, 2, 1982,

Another

source of similar data is Robie, R. A., B. S. Hemingway, and 1.

R. Fisher: “Thermodynamic properties of minerals and related substances at 298.15 K
and | bar pressiure and st higher temperatures,” ULS. Geol. Survey Bull. 1452, 1979.

2

APPENDIX

STANDARD
ELECTRODE
POTENTIALS

The value of E° for each half-reaction is its potential in volts referred to the Hy-H"
half-reaction, which is assigned the arbitrary value zero. The values are given for
25°C and 1 bar, with all substances at unit activity. Pure substances whose state is
not specified in the equations are assumed to be in their standard states at 25°C and
1 bar.

The equation for each couple is written so that the reducing agent is at the left.
Potential differences for complete reactions may be obtained by subtracting
potentials for the appropriate half-reactions, provided that formulas of oxidizing
and reducing agents are identical in the half-reactions and the complete reaction. E°
values for half-reactions not shown in the table may be calculated from the free
energies in Appendix VIII, by using the equation E° = AG°/96.5n, where n is the
coefficient of e~ in the half-reaction.

Potentinls ih acid solutions

K=K* e ~2.93
Ca=2 Ca*t 4 26~ ~2.87
Na = Na* + ¢~ 271
Mg = Mg?* +2¢” ~2.37
Th = Th** +4e” ~1.90
Al APY 430 ~1.67

{Continued)
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Potentials in acid solutions

Uws U™ 4 dem ~1.38
Mn = Mo?* 4 2¢~ ~1.18
St + 2H,0 = Si0; + 4HY + 4~ -0.99
Zn = Zn*t 42" —-0.76
Cre2 CP* +3¢” —0.74
Fe == Felt 4 2¢~ —0.41
HaSe = Se + 2H* +2¢” ~0.40
Co = Co™ +2¢” ~0.28
Ni = Ni?* 4 26~ ~0.24
Sn = Sn?t 4+ 2¢” —0.14
Pb = Pb** 4+ 2¢~ -0.13
Hy = 2HY 4 20~ ~0.00
HS(aq) = 5+ 2HY + 2¢~ +0.14
Sn*t = Su't 4 20 +0.15
Cut = Cu*t 4 ¢ +0.15
S 4 4H;0 = SO}~ + 8H* + 8e~ +0.16
H,S0;(2aq) + H,0 = SO}~ + H* +2¢~ +0.17
Ag+Cl- = AgCl+e” +0.22
As 4+ 2H,0 = HAsOy(aq) + 3H* + 3¢~ +0.25
U™ 4 2H,0 = U0 4+ 4H* + 2¢” +0.27
Cu = Cu?* 4 2¢” +0.33
8 + 3H,0 = H;S03(aq) + 4H* + 4e~ +0.45
Cu=Cu* +e” +0.52
217 = L(s) +2e” +0.54
A= 42 +0.54
HAsO1(aq) + 2H,0 = H3AsOy 4+ 2H + 26~ 40.57
Pd 4 4C1™ = PdCE™ + 2¢” +0.59
Pt+4C1I™ = PICIE™ + 2¢” +0.76
Se + 3H20 = H,;S¢03(aq) + 4H* + de” +0.74
Fe** = Fe&¥* 4+ ¢~ +0.77
2Hg = Hg2* +2¢” +0.80
Ag= Agt +e +0.80
Hg = Hg?* + 2~ +0.85
Pd = Pd* 4+ 2¢” +0.95
NO(g) + 2H;0 = NOj + 4H* + 3¢~ +0.96
Fe?* + 3H,0 = Fe(OH); + 3H* + ¢ +0.97
Au +4C1" = AuCly +3e™ +1.00
2Br™ = Bry(l) + 2¢” +1.07
2Br” = Bro{aq) + 2¢” +1.09
HgS = § + Hg** + 2¢~ +1.11
H;5¢0:(2q) + H,0 = $e0F™ + 4H* + 2¢7 +1.15
{l2(s) + 3H,0 = 107 +6H + 5~ +1.20
2H,0 = O + 4H + 42~ +1.23
(Continued)

Potentials in acid solutions

Mn?* 4 2H,0 = MnO,(s) + 4H* + 2¢” +1.23
2CP + TH,0 = Cr, 02 + 14H* + 6~ +1.35
2017 = Cly +2¢™ ) +1.36
Pb™ 4 2H,0 = PbO,({s) + 4H* + 2~ +1.46
Au = AW 4 3¢ +1.50
Mn* 4 4H,0 = MnO; + 8H* + Se~ +1.51
Mn?t = Mn** 4 ¢~ +1.54
Au= Ayt 4 e” +1.69
Co¥t = Co™ + ¢~ +1.83
2F™ = Fy(g) + 2e” +2.89
Potentials in basic solution
Mg + 20H™ = Mg(OH), + 2¢™ —2.69
Al+40H" = ACH); + 3¢~ ~2.33
U+ 40H™ = UQ; + 2H,0 + 4™ -227
Mn -+ 20H" = Mn(OH), + 2¢” -1.56
Zn + 20H" = Zno(OH), + 2¢” —1.24
SOI" +20H" = 801" + H;0 + 2~ —0.93
Sn{OH); + 30H™ = Sn{OH)3™ + 2¢~ -0.93
Se'™ == Se + 27 -0.92
Sn + 30H™ = Sn{OH)y + 2~ —-0.91
Fe +20H™ = Fe(OH), + 2¢” ~0.89
Ha +20H™ = 2H 0 + 2¢” -0.83
Fe(OH), + OH™ = Fe(OH), + ¢~ —0.55
Pb + 30H™ = Pb(OH); + 2¢~ —0.54
5% e § 4 2e” ~0.44
2Cu +20H™ = CusO + H,0 4+ 2¢™ —0.36
Cr{OH); + SOH™ = CrO}~ +4H,0 + 3¢~ ~0.13
Cuz0 4 20H™ + H,0 = 2Cu{OH), +2¢  ~0.09
Mn(OH}, + 20H™ = MnO; + 2H,0 +2¢~  ~0.05
Se03™ +20H™ = 5¢0}™ + H,0 + 2¢” +0.05
Hg + 20H™ = HgO{red) + H,0 + 2¢~ +0.10
Mn(OH), + OH™ = Mn(OH), + &~ +0.10
Co(OH), + OH™ = Co(OH), + ¢~ 4017
PbO(red) + 20H™ = P50, + Hy0 + 2¢” +0.25
I= 4+ 60H™ = 107 + 3H;0 + 6~ +0.26
40H™ = 0; + 2H,0 + 4¢~ +0.40

Sources of data: Sillén, L. G.: “Stability constants of metal-ion
complexes. Sec. 1: Inorganic ligands,” Chem, Soc. London Spec.
Publ. 17, 1964; and Supplement 1, Spec. Publ. 25, 1971. Weast,
R. C. et al.; Handbook of Chemistry and Physics, 66th ed,, CRC
Press, Boca Raton, Fiorida, pp. D-151 to D-158, 1985-86.
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