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Now how Elephants should come to be buried in
Churches, is a Question not easily answered . . .
Robert Plot (1677)



Preface

Our aim in writing this book is to try to show how igneous rocks can be
persuaded to reveal some of the secrets of their origins. The data of igneous
rocks consist of field relations, texture, mineralogy, and geochemistry.
Additionally, experimental petrology tells us how igneous systems might
be expected to behave. Working on this material we attempt to show how
hypotheses concerning the origins and evolution of magmas are proposed
and tested, and thus illuminate the interesting and fundamental problems
of petrogenesis. The book assumes a modest knowledge of basic petro-
graphy, mineralogy, classification, and regional igneous geology. It has a
role complementary to various established texts, several of which are
descriptively good and give wide coverage and evaluation of petrogenetic
ideas in various degrees of detail. Existing texts do not on the whole,
however, deal with methodology, though this is one of the more important
aspects of the subject. Atfirst sight it may appear that the current work is a
guidebook for the prospective research worker and thus has little
relevance for the non-specialist student of geology. We hope this will prove
to be far from the case. The methodological approach has an inherent
interest because it can provide the reader with problems he can solve for
himself, and as an almost incidental consequence he will acquire a
satisfying understanding. Moreover, if the study of igneous rocks has any
value at all for the non-specialist, it is at least as likely to lie in the
scientific discipline of its methods as in any other aspect of the subject.
This book is not built round any specific course. There is much in it that
would be of benefit to and accessible to any undergraduate student of
geology; but at the same time postgraduate students and even teachers
of petrology may find it useful. In short, it is offered to petrologists of all
ages.
gThe authors are particularly grateful to R. W. Cleverly, P. J. Betton and
D. Kiernan-Walker for their attempts to minimise the number of mis-
takes in the manuscript, and to Mrs P. Jackson for her excellent typing.

Oxford K. G. Cox
1978 J. D. Bell
R. J. Pankhurst
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1

Fractionation in igneous
Processes

Introduction

The study of igneous rocks, that is to say rocks which have solidified
from molten material, is one of the most fundamental branches of
geology. In many areas of the world igneous rocks are not particularly
abundant, nor are they remarkable for the richness of their associated
mineral deposits, but all the rocks we see at the surface of the earth have
igneous processes somewhere in their past history. Every sedimentary and
metamorphic rock must ultimately trace its ancestry back to an igneous
source.

The systematic investigation of igneous rocks began in the
mid-nineteenth century with the invention of the thin section by H. C.
Sorby. This made possible the rise of microscopical petrography
culminating towards the end of the century in the great descriptive
studies by Zirkel and Rosenbusch. In the early twentieth century, with a
firm descriptive basis to build on, petrologists such as N. L. Bowen and
Alfred Harker began to turn their attentions to the genetic relationships
of igneous rocks. Much effort has subsequently been devoted to trying
to understand the way in which different rock types have been formed,
and how an initially formed melt, or magma, may become com-
positionally differentiated to give rise to a variety of different rock
types as ultimate products. More recently, igneous rocks have been
studied in order to extract the information they give about processes at
depth and the nature of the upper mantle, what may be thought of as an
applied stage in the history of the subject.

The purpose of this book is to provide an introduction to the
methodology of genetic igneous petrology, that is, the way in which data
derived from igneous rocks can be interpreted to give information
bearing on the evolution of magmas, on igneous processes in general,
and on the nature of the source materials from which magmas are
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formed. The importance of such studies is emphasised by the fact that
igneous activity provides us with the only samples available with which
we may directly study the composition of the interior of the earth.

The concept of fractionation

One of the most obvious facts about igneous rocks is that they are
extremely variable both in mineralogy and chemical composition. This
leads petrologists to think automatically in evolutionary terms, like
zoologists and botanists. Yet it is not immediately obvious that inanimate
materials have a capacity to evolve, until one contemplates the variety
of igneous rocks and asks how the individual types may have come to be
created. One is obliged to postulate either that they were all originally
created different, or that some processes exist which have the capacity
to generate variety from an original uniform starting product. The latter
view is, of course, evoluticnary and is the one that appeals to the
scientist who, after all, would have little of interest to do if he were to
adopt any other standpoint.

With regard to rocks there is some debate as to what constitutes a
suitable uniform starting product. The earth might have been
compositionally uniform when first formed or, if it were not, possibly
there was a stage in the evolution of the solar system when
compositional uniformity existed throughout it. For present purposes
this debate is immaterial (its resolution is perhaps one of the ultimate
aims of the earth and planetary sciences) as long as the idea that an
evolutionary model requires a parental material is established.
Fractionation may thus be defined as the formation of a variety of
substances from an initial, single, parental material. Any process which
causes this to happen will be referred to as a fractionation process, and it
is extremely important to note that no specific mechanism is implied by
this term. The term differentiation is also commonly used in petrology
and is synonymous with fractionation. Both terms have often been used
to imply that the process concerned is fractional crystallisation, but such
lack of precision is undesirable.

In igneous petrology fractionation consists first and foremost of the
production of variation in chemical composition. Some elements, e.g.
Mg, show great variation in igneous rocks and may thus be said to be
strongly fractionated. Others, e.g. Si, are less variable (the range of Si
variation in common igneous rocks lies within a factor of about two) and
are thus less strongly fractionated. With regard to mechanisms of
fractionation, every proeess has central to it the migration or transport
of atoms of a particular element relative to others. Only by such means
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may differing bulk chemical compositions be formed from a single
starting product. This idea forms the basis of the classification of
fractionation processes which follows.

Classification of fractionation processes

In most natural circumstances likely to be of interest to the igneous
petrologist, materials can exist as solid, liquid, or vapour. In some
marginal circumstances, where processes involve super-critical fluids
which may contain large amounts of dissolved material, there may be a
lack of distinction between liquid and vapour. However, in normal
igneous processes a clear distinction usually exists. Thus a division of
systems on the basis of the states of matter they contain forms a
convenient and logical basis for the consideration of the way elements
may migrate during fractionation processes. Of the possible
combinations of solid, liquid, and vapour, we shall consider only those
which contain liquid since these are the only systems which concern
igneous petrology directly. Table 1.1 lists the possibilities and assigns
them to their specialist fields.

Systems involving liquid only. No natural magmatic body is ever
completely independent of its containing wall rocks but it is reasonable
to suppose that wall-rock influence is negligible in the central parts of
some magma bodies, which may therefore be considered as completely
liquid systems. If no solid material is present this may be either because
solid material once present has been mechanically removed in some
way, or because the temperature of the liquid is too high for any solid to
be in equilibrium with it. Any solid present at an earlier stage must in
this case have dissolved. In either case the only mechanism available for
fractionation, if the body consists of a single homogeneous liquid, is that
of diffusion. Elements may migrate through the body at different rates

Table 1.1 States of matter in geological systems

States of matter in the system Types of geological process concerned
solid only metamorphic
liquid only igneous
vapour only vulcanological
solid + liquid igneous
solid + vapour metasomatic
liquid + vapour igneous

solid + liquid + vapour igneous
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in response to thermal or pressure gradients and thus produce a
variable, that is a fractionated, liquid body. Elements may also migrate
differentially in response to a compositional gradient once this has been
established by external means, for example by reaction of the margins of
the body with wall rocks. Diffusion differentiation is only known to be
geologically important on a small scale and it is not certain whether it
can operate to produce substantial amounts of differentiated rocks. The
problem is made more difficult by the fact that natural systems
consisting only of liquid appear to be very rare. Thus if diffusion
differentiation takes place it probably operates largely in the presence of
other more powerful fractionation processes such as fractional
crystallisation (see below) and the effects are largely masked.

In contrast to the case noted above, some liquid-only systems may
contain two immiscible liquids in which immiscibility has been induced
by, say, a fall of temperature. Immiscible liquids initially exist as
droplets of the minor phase suspended in the major, but if a density
contrast exists between the phases the possibility of migration upwards
and coagulation of the less dense phase exists. Since the immiscible
phases must have different’ compositions, a powerful mechanism of
differentiation is thus available. Several lines of evidence suggest that
immiscible-liquid fractionation does in fact operate in the natural
environment, but it appears to be restricted to a relatively small
compositional range of magmas. Immiscibility between sulphide melts
and silicate melts is well established and may have considerable
importance in the formation of some magmatic sulphide ore bodies.
Evidence comes from both experimental petrology and from the
interpretation of petrographic features as immiscible droplets.
However, in most silicate systems investigated experimentally there is
no evidence of liquid immiscibility between one type of silicate melt and
another, the main exceptions being certain siliceous melts which do not
on the whole coincide compositionally with common rock types.
Furthermore, as Bowen (1928) pointed out, petrographic evidence of
liquid immiscibility is rare. Thus, although important in certain cases,
differentiation by liquid immiscibility does not appear to be a
widespread phenomenon.

Field evidence appears from time to time which demonstrates
apparent immiscibility between two silicate melts, the mixed acid-basic
intrusions from various localities in the British Tertiary province and
Iceland being good examples (Blake et al. 1965). In these intrusions
‘pillows’ of basaltic rock are enclosed in a matrix of granophyre, the
former having distinct chilled edges against the latter. The evidence that
such bodies were emplaced as magmas consisting of large globules of
basic magma dispersed in a matrix of acid magma is difficult to dispute.
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Nevertheless since experimental work suggests that such compositions
should be miscible, it is probably safest to interpret the occurrences as
representing the accidental mixing of two magmas immediately prior to
emplacement, and the solidification of the body before mixing had had
time to take place.

To distinguish genuine immiscibility from this type of temporary
disequilibrium immiscibility, the term thermodynamic immiscibility is
sometimes used for the former.

Systems involving solid + liquid. Fractionation processes involving
solid + liquid (=crystal-liquid fractionation) systems are of extreme
importance because they are capable of effecting gross compositional
changes in all types of magma. Furthermore, the conditions necessary
for their operation are encountered by every magma, that is to say
during partial melting when magma is first formed, during the migration
of magma when it is in contact with a variety of wall rocks, and during the
final crystallisation of magma. In all these circumstances liquid is in
contact with solid material and an ideal mechanism of fractionation is
available.

Partial melting. Geophysical evidence suggests that with the exception
of the outer core the earth normally consists of solid material. Thus any
magma must originate by the melting of pre-existing solid rock. Melting
may be induced by a local increase of temperature, by decompression,
or by the influx of a mobile constituent such as water which depresses
the melting point of the solid. Melting of the source rock is, however,
probably rarely complete, and it is probable that most melts coalesce to
form discrete magma bodies and migrate away from their source regions
leaving some form of refractory residue behind. Since partial melts
rarely if ever have the same chemical composition as the source material
it follows that the separation of a melt from its source constitutes a
fractionation process. Partial melting at depth to give rise to large bodies
of magma is not, however, a process which can be observed directly,
though minor examples taking place at near-surface levels are
commonplace. Nevertheless fractionation by partial melting is believed
to be one of the dominating igneous processes and much of this book is
concerned with it, especially the ways in which its properties can be
predicted and its operation in natural cases inferred.

Fractional crystallisation. When a magma solidifies it does so over
a temperature range rather than at a specific temperature. The
temperature at which crystallisation begins is called the liquidus
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temperature, and there is some lower temperature, at which
crystallisation is complete, termed the solidus temperature. Any magma
which exists with a temperature between the solidus and liquidus in
general consists of a mixture of liquid and solid, that is crystals
suspended in liquid. The solid material in equilibrium with the liquid
may consist of one or more minerals and these do not normally have,
either individually or collectively, the same chemical composition as the
liquid. For example, many basaltic magmas lying at temperatures just
below the liquidus consist of olivine crystals plus liquid. The olivine
usually has a much higher Mg-content than the liquid, lower Si, and is
virtually free of Ca and Al, both of which are major constituents of the
liquid. Thus a mechanism which removes the crystals from the liquid
changes the bulk composition of the magma. This is an example of
fractional crystallisation which is a process of major importance, firstly
because all magmas as they cool must at some stage pass through the
appropriate temperature interval, and secondly because crystal-liquid
separation mechanisms appear to operate frequently and rather
effectively in nature. The term fractional crystallisation does not itself,
however, imply the precise mechanism of crystal-liquid separation.
Certainly gravitative separation of crystals is a well-known phenomenon
and many intrusions (kxnown as layered intrusions), representing
high-level magma chambers now exposed by erosion, provide ample
evidence that crystals have settled to the floor of the chamber. In ideal
cases such intrusions solidify from the base upwards as a ‘sedimentary’
accumulation of precipitated crystals.

Such rocks are termed cumulates and although they are strictly
igneous in origin their bulk compositions in no sense represent the
compositions of original liquids. However, while cumulates are forming,
the liquid remaining in the chamber must by inference change its
composition progressively, and may be tapped off and erupted from
time to time as a varying series of lavas. The distinction here between
cumulates which do not represent liquid compositions and lavas which
frequently do, is of paramount importance in igneous petrology. They
are distinctly opposite sides of the same coin. Suppose, for example, that
the basalt magma with olivine crystals mentioned above were-subjected
to gravitative separation of olivine. A cumulate of almost pure dunite
(largely olivine but with a little basaltic material trapped between the
crystals of olivine) would form at the base of the chamber. If such a rock
were collected and analysed it would be quite wrong to infer that a
dunitic liquid had once existed - correct interpretation of the evidence
would depend on recognition of the rock as a cumulate, an important
topic which is discussed in Chapter 12.

Gravitative separation of crystals from liquid normally involves the
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settling out of the former, but evidence is occasionally obtained of
separation by upward flotation of crystals. This appears to affect only
low-density minerals- such as leucite, and occasionally perhaps
feldspars.

Several other mechanisms for crystal~liquid separation are
theoretically possible but their importance is more difficult to evaluate
than the gravitative process. Flowage differentiation (Bhattacharji &
Smith 1964) is a process by which solid particles are concentrated
towards the centre of liquid flowing in a narrow conduit. If the flow is
arrested and the magma solidifies in situ, the resulting igneous body is a
dyke with phenocrysts concentrated towards the centre. However, such
bodies can form in several other ways, for example by the initial
intrusion of crystal-free liquid followed by crystal-rich liquid, and it is
difficult to demonstrate the operation of flowage differentiation with
logical certainty in natural occurrences. Nucleation of crystals on
conduit walls is another theoretically effective fractionation mechanism.
If a magma is cooling and crystallising olivine for example, and the wall
rocks through which it is passing also contain olivine, some of the
material coming out of solution may nucleate on the olivine of the walls.
This might constitute a very effective mechanism for removing
crystalline material from a liquid but is at the moment unproven. Any
non-gravitative crystal removal mechanism is, however, likely to be
difficult to demonstrate because gravitational separation probably
affects most crystal-bearing liquids and hence obscures the evidence of
other processes. Fortunately, for many petrological purposes lack of
knowledge of the precise mechanism by which crystals and liquids have
become separated is not of major importance because the geochemical
effects of the separation, often the point of interest in a petrological
study, do not depend upon it.

Systems involving liquid + vapour. Magmas contain variable amounts
of dissolved volatile constituents of which the most abundant are H,O
and CO,. Under pressure these will remain in solution but pressure
reduction, or their increase of concentration in the liquid as volatile-free
phases crystallise out, will cause them to be evolved as bubbles. Bubbles
trapped by the solidification of the liquid are preserved as vesicles, a
characteristic feature of most lavas, except those erupted on the deep
sea floor under a considerable pressure from the overlying water.
Plutonic rocks solidifying at high levels in the crust also show cavities
interpreted as vapour bubbles (druses or miarolitic cavities) but they are
comparatively rare. Druses do not normally show the smooth, rounded
outlines of volcanic vesicles and they are usually lined by well-formed
crystals of the host rock projecting into them.
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The separation of bubbles from their parent liquid is a relatively
efficient fractionation mechanism in so far as the original liquid is
heavily depleted in its volatile constituents. Minor amounts of metallic
ions, particularly the alkali metals, can also be carried in the vapour.
Although the fractionation of relatively non-volatile constituents in this
fashion can be demonstrated by the study of active volcanoes and
their emitted gases, it is by no means certain that such processes of
fractionation (often termed volatile transfer) are particularly important
in their effects on the bulk composition of most igneous rocks, though
they have often been thought to be. The difficulty, a familiar one in
petrology, lies in detecting the effects of one process in the presence of
others, a topic discussed in somewhat more detail in the next section.
This is not to minimise the importance of the volatile constituents in
petrogenesis in general, the topic under discussion here being simply
concerned with the ability of escaping volatiles to remove other
materials from the magma or to transfer them from one part of the
magma to another. In this sense, as a fractionation mechanism, volatile
transfer has not yet been demonstrated to be of great effectiveness.

Systems involving liquid + solid + vapour. Many magmatic systems
under low confining pressures are capable of existing in this condition.
Most of the fractionation processes so far discussed are thus poten-
tially able to operate simultaneously (i.e. diffusion through the liquid,
liquid immiscibility, crystal-liquid fractionation, volatile transfer).
Fractionation by partial melting is not likely to be involved because
partial melting is presumed normally to take place under too high a
pressure for vapour to be present. Of the possible processes, however,
one, namely crystal-liquid fractionation, has been shown by countless
studies to be highly effective. Thus the most reasonable position for an
investigating scientist to adopt is to try to establish how much of the
chemical variation can be attributed to this process, before attempting
to assign any remaining unexplained chemical features to other
processes. There is, of course, no guarantee that such a procedure will
lead to the truth but it has the advantage of being a disciplined approach
with clearly stated assumptions.

Open systems

In the thermodynamic sense a system is defined as any part of the
universe we wish to.isolate for the purposes of consideration. Systems
can be classified as open or closed depending whether material is
allowed to pass into or out of the system. Many of the systems



Open systems 9

considered so far have been closed in that no material has been
introduced after the formation of the magma concerned, and, although
material has in many examples been removed from the liquid as
cumulates etc., it may still be considered to be within the system. In
nature, however, it is important to consider a number of open system
possibilities, as follows.

Wall-rock reaction. Once a magma is formed and begins to migrate
towards the surface under the influence of gravity it may come into
contact with wall rocks which are substantially different from its source
material and with which it is not in chemical cquilibrium. If sufficient
time is available, reactions between the liquid and the enclosing solid
will take place and thus modify the compositions of both. It is
convenient to think of such a process as involving multiple source
materials in the production of the magma by partial melting, though
often the original magma is said to be contaminated. In the original
melting event, the source contributes certain materials to the liquid and
retains others in the refractory residue. Each time the magma
re-equilibrates with a new wall rock this process is repeated. Some
material may be iost to the wall rock and new material may be gained by
the liquid, depending on the complexities of the equilibria concerned.
The petrologist relies, in his attempts to unravel the histories of magmas,
largely on the fact that chemical relationships within a magma and
within related suites of magmas retain some sort of ‘memory’ of the
events which have influenced them. Re-equilibration with rocks other
that the source tends, however, to be a memory-erasing process so that
the petrologist can often do no more than attempt to work back to the
conditions of last equilibration rather than to the original source. Trace
element studies can, however, to some extent be used to attempt to
overcome this problem (see Chs 14 and 15).

Hybrid rocks. The term hybrid is applied to rocks which have a mixed
parentage either because the original magma has incorporated
fragments of some other rock (the process of assimilation) or because
two magmas have become mixed together. Hybrid rocks are sometimes
easy to recognise, particularly when, as in the first case, they contain
recognisable, undigested blocks of foreign material (xenoliths). With
time, however, fragments will tend to react with the enclosing magma,
dissolve, and become dispersed. However, unless the magma becomes
completely homogenised, streaks and patches of varying composition
remain, and xenoliths, although considerably transformed by reaction
with the magma, may still be recognisable. Hybrids formed by mixing of
two magmas may sometimes be detected by the presence of two suites of
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phenocrysts of types not normally expected to be in equilibrium with
each other. Hybrid rocks are fairly common, particularly in the marginal
facies of plutonic intrusions. Hybridisation followed by homogenisation
and re-equilibration of the crystalline phases present would, of course,
be extraordinarily difficult to detect, and the role in petrogenesis of such
a process is very much unknown. Much difficulty arises from the fact
that common rock types, for example basalt and granite, may in any case
be related to each other by closed system fractionation processes. For
example granitic liquids may be formed by the advanced fractional
crystallisation of some types of basaltic magma. In such a process
magmas are formed which in many respects are compositionally
intermediate between basalt and granite. Hybrid rocks formed by the
incorporation of granite into basaltic magma have similar compositional
characters and the two types of intermediate magma are thus difficult to
distinguish. Nevertheless considerations of phase relationships and
energy requirements do place reasonable constraints on the way
hybridisation may be expected to happen, at least with regard to rocks
formed by the assimilation of solid country rocks by magma.

Post-solidification alteration. Compositional alteration of igneous
rocks once they have solidified is a widespread phenomenon and is a
result of interaction with groundwater, seawater, or hydrothermal
fluids. Common effects include the leaching and removal of some
constituents, the oxidation of Fe?* to Fe3*, and the introduction of water
and CO, to give hydrated minerals and carbonates. Studies of stable
isotopes (see Ch.15) have been widely used to investigate such
alteration effects.

Summary

The processes discussed above include most of the ways in which
important compositional changes can be induced in magmas. The
composition observed in an igneous rock is the end product of the
operation on the original source material of some or all of these
processes.

Six important variables may be distinguished which summarise the
possible fractionation events which the history of an igneous rock may
include:

(a) The composition of the source. This is clearly one of the most
important variables, and a knowledge of the nature of the source is
often the object of petrological studies.
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(b) Partial melting. The pressure and teniperature conditions under
which partial melting takes place control, acting on a given source
material, the composition of the original magma. A magma
produced by partial melting and not subjected to any other
fractionation process is frequently termed a primary magma. Much
petrological discussion has concerned the question of whether
primary magmas cver reach the surface of the earth.

(c) Re-equilibration with host rocks. This raises the possibility of
multiple sources, and can disguise or remove chemical features
inherited from the original partial melting event. Re-equilibration
may in some cases be a continuous process, not separated distinctly
from the original melting event.

(d) Fractionation en route to the surface. This involves principally the
possibilities of fractional crystallisation, liquid immiscibility, volatile
transfer, and diffusion in the liquid. Any of these processes, if
allowed to operate significantly, will remove the primary character
of the magma.

(e) Open system processes operating on the magma. This includes
assimilation of wall rocks, and mixing with other magmas.

(f) Post-solidification alteration. Included here are weathering and
various metamorphic changes of open system type.

In the following pages we first describe the chemical variation which
igneous rocks show, and then go on to discuss ways in which the data,
both petrographic and geochemical, that the rocks provide, can be used
to attempt to unravel some of the complex history of magmatic
evolution.



2

Compositional variation in
magmas

In this chapter we survey the range of chemical compositional variation
shown by magmas and discuss some of the ways in which it can be
represented. The raw material of such a study consists of analyses of
volcanic rocks, since these may be taken to be near approximations to
liquid compositions, from which they differ mainly in the content of
volatile constituents such as H,O and CO, which may be lost during
eruption. Plutonic rocks do not always give good indications of liquid
compositions because of the role of crystal accumulation processes (see
Ch. 13).

Chemical analyses of rocks are usually expressed as weight per cents
of oxides for major elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, P) and
as parts per million (ppm) for trace elements. Major element analysis is
usually only carried out for cations (as listed above) and it is assumed,
with the exception of Fe, that they are accompanied by an equivalent
amount of oxygen. Making allowance for the oxygen, an analysis for the
major cations will sum to approximately 100 % (usually between about
99% and 101%). The general state of oxidation of rocks is, however,
such that Fe exists both as Fe?" and Fe3®". Normal practice therefore
consists of carrying out analyses for total Fe and Fe?" separately; thus
Fe®" is derived by calculation. Only extremely rarely is the combina-
tion of Fe (metal) with Fe?" found in natural rocks, though it is, of
course, characteristic of the iron meteorites. Occasionally rocks are
analysed for anions other than O, e.g. S, Cl and F. When these are
determined the analysis total must be reduced to make allowance for the
fact that some of the O assumed to be present is in fact replaced by an
equivalent weight of these other elements. The remaining major
constituent of most analyses is H,O+, that is to say water present in a
combined state within the rock (e.g. as a constituent of amphibole or
other hydrous minerals). Other water, present simply as dampness
within the powder analysed, is also often quoted, under the symbol
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H,O-. In some analyses the total volatile content is simply but only
approximately expressed as ‘loss on ignition’.

Inter-element correlations

Volcanic rocks show a great range of variation in most of the major
constituents, but such variation is far from random and shows a series of
rational patterns which we shall now explore. The analyses used for this
study are taken from the tables of Carmichael, Turner and Verhoogen
(1974), and for the purposes of Figures 2.1-2.3, all the analyses of
volcanic rocks have been used, with the exception of the ocean floor
basalts and the ultrapotassic lavas (Carmichael et al. 1974, Tables 8.1,
8.2 and 10.4). The basalts are excluded only because the remaining
tables contain quite enough basalts for our purposes, and the
ultrapotassic rocks are excluded for reasons explained later in this
chapter. The remaining analyses cover the range of compositional
variation of volcanic rocks adequately, though a small number from
other sources have been added to make up deficiencies in the fields of
trachyandesites and picrite basalts (see Figs. 2.1 and 2.2).
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Figure 2.1 Plot of total alkalis versus silica for a wide selection of volcanic
rocks (data from Carmichael, Turner & Verhoogen 1974).
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Figure 2.2 Nomenclature of normal (i.e. non-potassic) volcanic rocks. The
boundaries are not intended to be sharp, the fields labelled being intended only
to show the approximate areas in which different types plot. For the
nomenclature of equivalent potassic types, see Table 2.1.

Alkalis, silica, and nomenclature. Two of the most important and useful
chemical parameters to be considered are SiO, and Na,O + K,O (‘total
alkalis’). For the compiled analyses these are shown plotted against each
other in Figure 2.1 which indicates the fairly precisely defined field
occupied by the great majority of volcanic rocks. The broad scatter of
points furthermore suggests that the two parameters may be regarded as
essentially independent of each other. In Figure 2.2, the names of rock
types are added to the diagram and are based almost exclusively on
those given to each rock by the original investigators. If it is found, as
indeed it mainly is, that all the rocks with a particular name plot in a
relatively restricted field, it follows that the content of SiO, and total
alkalis is capable of giving much more information about the rock than
might at first be assumed. A term such as rhyolite, for example, may
have been chosen by the original investigator for a number of reasons,
but in many cases (if glassy rocks are excluded) will almost certainly
have taken mineralogical features such as the presence of abundant
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quartz and alkali feldspar, and the comparative rareness or absence of
minerals such as olivine, pyroxene, amphibole and calcic plagioclase
into consideration. These are the accepted features of rhyolite, and any
gross deviation from them would have resulted in a different name
having been chosen. From this it follows that if it is possible to use the
SiO, and total alkali contents to name a rock, then it is also possible to
predict the main features of the rest of its chemistry. While on the subject
of nomenclature, however, several features of Figure 2.2 deserve
comment. Firstly this figure is not intended to form a classificatory
system but it has been necessary to add field boundaries to it to indicate
the approximate extents of the fields into which various named rock
types may normally be expected to fall. (The paper by Le Maitre (1976)
includes an alkali/silica diagram for each of the rock types given in
Appendix 2. These diagrams give an excellent indication of the amount
of scatter which rocks with a given name may be expected to show. The
names used are throughout those used by the authors originally
describing the rocks.) Nevertheless it is impossible not to regard such a
diagram as having some degree of classificatory function and therefore a
brief digression about some of the fields is necessary.

The main point of disagreement between Figure 2.2 and the named
rocks used in the compilation revolves round the use of the term
trachyandesite. As it happens, all the trachyandesites in the tables of
Carmichael et al. (1974) plot in what are here designated the mugearite
and benmoreite fields. We prefer, however, to use the name
trachybasalt loosely to express the idea of fairly basic rocks intermediate
in mineralogical character between trachyte and basalt and this
therefore includes our mugearite fields (benmoreites are better thought
of as basic trachytes than trachybasalts). Trachyandesites, in contrast,
should lie between trachytes and andesites. They are similar in many
ways to mugearites but are more silica-rich. Such rocks do exist but by
chance happen not to be in the Carmichael et al. compilation. We have
therefore added some from other sources to aid in the construction of
subsequent diagrams. The average trachyandesite of Le Maitre (1976,
and see Appendix 2) falls approximately in the centre of the
trachyandesite field of Figure 2.2.

A number of choices of name is also available for rocks similar to
mugearites but more alkali-rich. We have chosen the term phonolitic
tephrite to cover the field in which the tahitites of Carmichael et al. fall,
and phonolitic nephelinite to cover a few rocks designated sanidine
nephelinite and felsic nephelinite. Additionally, the nomenclature used
in the diagram does not refer to ultrapotassic types since these were
excluded from our sample. The nomenclature of the more potassic rocks
is discussed in a later section.
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Finally we note that the nomenclature discussed here and illustrated
in Figure 2.2 should be regarded as a first step, a simplified approach,
towards the complexity of nomenclature as actually used for research
purposes. In the following sections we discuss the relationship of Mg,
Ca, Fe and Al, as well as Na and K, separately rather than together.
These relationships also contribute to the question of nomenclature,
since for a particular rock type it is possible not only to consider the
characteristic contents of alkalis and silica but also of these other ele-
ments. The system, however, does not contain enough dimensions to
make some important classificatory distinctions, for example between
rocks with differing Fe/Mg and Ca/Al ratios (though in a later section,
as noted above, an attempt is made, albeit a first approximation, to
distinguish rocks of varying K/Na ratio). Thus, disagreements will
inevitably arise between names actually used and names suggested by
the use of the figures; and in many respects our divisions are not fine
enough (for example we do not distinguish between basalts of calc-
alkaline, tholeiitic and alkalic types). There need, however, be no confu-
sion if it is remembered that we are concerned only with illustrating the
approximate ranges of chemical composition characteristic of various
well-known broadly defined rock groups. Appendix 1 gives a commonly
used mineralogical system of nomenclature (Streckeisen 1976) for com-
parison, while Appendix 2 gives some recently published average
analyses of rock types. For readers already familiar with the CIPW
normative calculation it would be of immediate value to make a careful
comparison of Figures 2.2 and Al.1 (Appendix 1).

Relationships of Mg, Ca and Fe. In Figure 2.3, contoured alkali-silica
diagrams are given for MgO, CaO and FeO + Fe,O; which, given
Na,O + K,O and SiO,, allow the predictions mentioned previously to
be made for the contents of these oxides. The value of such predictions
lies in their demonstration of the rational relationships between the
various constituents. The accuracy is best judged empirically (see Exer-
cise 3, p. 41). Too much should not be expected from this exercise but if
errors are viewed in the light of the total variation of the parameter
concerned then reasonable satisfaction should result. For example,
MgO in lavas varies from 15 weight per cent (or more) down to less than
0.1%. If the diagram predicts 2% and the rock only actually contains
1.5%, this can, it is true, be regarded as a substantial error, but for
present purposes it is a sufficiently good prediction.

The three constituents MgO, CaO and FeO + Fe,O;, behave as a
coherent group, correlating strongly with each other over most of the
field of variation. Rocks which combine low SiO, with low total alkalis
are rich in these constituents while conversely rocks combining high
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Figure 2.3 Approximate contours for weight per cents of various oxides
superimposed on the alkali-silica diagram of Figure 2.2. (a) MgO, (b) CaO,
(c) FeO + Fe,0;, (d) ALO;, (e) K;O/Na,O.

SiO, and total alkalis are poor in them. Within the group, MgO shows
the highest degree of fractionation (varying from about 0.1% to over
15% in normal magmatic liquids) and CaO shows only slightly less
(normal range ca. 0.4-13%). Iron is less variable and the great majority
of rocks show FeO + Fe,Oj; in the range 2-14%. The concept of degree
of fractionation employed here is of course expressed by the ratio of the
highest normal content of the constituent to the lowest content.

Although, as mentioned above, there is a positive correlation between
the elements of this group over most of the field, the relationship
changes in the extremely alkali-poor, silica-poor rocks (picrite basalts).
In these rocks the general tendency of CaO to correlate positively with
MgO is reversed and the most highly magnesian basaltic rocks generally
contain rather low CaO.

Finally, with regard to the elements of this group, we note that the
total content of MgO, CaO and FeO + Fe,O; has a dominating influ-
ence on the content of ferromagnesian minerals (and opaques) present
in the rock after solidification and is therefore an approximate chemical
expression of one of the oldest mineralogical classificatory concepts,
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that of the colour index (i.e. the total volume per cent of ‘coloured
silicates’, that is, olivine, pyroxenes, amphibole, biotite). The contours
for MgO, CaO and FeO + Fe,O; in Figure 2.3 therefore express this
fundamental classification and distinguish between groups such as
phonolite~trachyte—rhyolite often termed leucocratic (pale-coloured) or
felsic (rich in feldspars, feldspathoids or quartz) salic (rich in SiO,
and/or Al,O;) on the one hand, and the nephelinite-basanite—basalt
group termed melanocratic (dark-coloured), or mafic (rich in mag-
nesium and iron minerals). Terms such as mesocratic are used for rocks
of intermediate content of ferromagnesian minerals. The terms used
above should not be confused with purely chemical expressions such as
acid, intermediate and basic which are based only on SiO, content, and
on the terms derived from the CIPW normative classification (Appen-
dix 1) salic (rich in Al,O; and/or SiO,) and femic (rich in the chemical
constituents of the ferromagnesian and other alumina-poor minerals.

Relationships of Al. In contrast to the considerable variations shown by
the elements discussed above, Al,O; contents of volcanic rocks are
comparatively uniform, most containing between 12% and 20%. High-
est values are generally found in phonolites while a restricted range of
alkali-poor basic rocks (picrite basalts) shows low values (below 10%).
From this it follows that Al,O; shows a positive correlation with total
alkalis, though it is not a strong one.

Relationships between Na and K. Up to this point it has been convenient
to consider the two alkali metals, Na and K, together. They do indeed
have many similarities of geochemical behaviour, for example they are
both essential constituents of the alkali feldspars and feldspathoids. In a
rather general way they correlate positively with each other, most rocks
with Na,O + K,O > 5% containing substantial amounts of both ele-
ments. However, there are also significant geochemical differences
resulting from their different ionic radii (Na* = 1.10 A, K* = 1.46 A)
so that several important rock-forming minerals will accept one of them
in strong preference to the other. Thus plagioclases contain far more Na
than K while the reverse is true of biotites. At high pressures
clinopyroxenes accept significant amounts of Na (as the jadeite end-
member) while excluding K. Low pressure clinopyroxenes (containing
the acmite end-member) exert a similar discrimination. It follows that
crystallisation or melting involving such minerals is capable of frac-
tionating Na and K relative to each other. However, it is also important
to note that many minerals such as olivines and opaque phases contain
no significant amounts of Na and K, and even minerals such as pyrox-
enes normally contain very little in total. Thus, working along with



Summary of progress 21

processes which have the potential to fractionate the alkali metals rela-
tive to each other, are additional processes tending to concentrate both
of the alkali metals into the liquid during crystallisation and melting.
This second factor gives rise to the crude positive correlation mentioned
above, while the first factor impresses some degree of diversity on the
ratio of K to Na.

The rocks selected for the study of variation so far demonstrate what
may be thought of as normal K/Na relationships and we have deliber-
ately excluded those rare rocks which are significantly more K-rich than
normal. Figure 2.3e illustrates this ‘normal’ range of K/Na ratios. There
is much scatter on this diagram and the predictive value of the contours
is not so high as that of the earlier diagrams. Nevertheless there is a
notable tendency for most basaltic rocks to have the ratio
K,0/Na,O = 0.3 (ocean floor basalts may be as low as 0.03) while
trachytes and rhyolites have a ratio averaging about 0.7. In fact rhyolitic
rocks with a ratio of 1.0 or more are comparatively common. It must be
stressed that the concept of normality refers to the fact that most rocks
conform approximately to this pattern. Much more rarely we find series
with abnormally high K contents (the ultrapotassic rocks referred to
earlier) which, in the more alkali-rich varieties, is expressed by the
presence of leucite (or very rarely kalsilite) instead of the more usual
nepheline. In alkali-poor rocks, in contrast, the mineralogical effects of
high K/Na ratios are less obvious because they only involve increases in
the ratio of K-feldspar to plagioclase or the presence of more K-rich
alkali feldspars than normal. In these rocks no new phase is normally
involved (though biotite may be more prominent than usual) and the
nomenclature of K-rich varieties is therefore commonly derived from
the normal nomenclature by the addition of a prefix such as ‘K-’ or
‘potash-’. In the more alkalic rocks however a different system of
nomenclature is normally employed for potassic as opposed to normal
varieties (see Table 2.1). This table, like Figure 2.2, should not be
regarded as a rigid classificatory scheme. It is intended to illustrate
approximately the nomenclature of rock types which are similar to each
other in most respects but differ in their K/Na ratios. As before a
problem arises with the use of the word trachyandesite and its potassic
equivalent given here, latite. The terms have frequently been used
synonymously but the original latites (from the Latium region, Italy) are
in fact distinctly potassic.

Summary of progress

The brief survey of variation in magmatic compositions given above has
been largely descriptive but it should have the effect of creating a degree
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Table 2.1 Approximate equivalents of
some K-rich and normal rock types

Potassic variety Normal variety
leucitophyre phonolite
K-trachyte trachyte
K-rhyolite rhyolite
tristanite benmoreite
latite trachyandesite
leucitite nephelinite
leucite basanite basanite
leucite tephrite tephrite
absarokite
shoshonite } basalt

of order in an abundance of data which otherwise might appear
thoroughly confused. The exercises at the end of this chapter are
designed to reinforce what has been described, but it must be emphas-
ised that the generalisations which have been made are all subject to
their exceptions. A frame of mind is required which can accept the
generalisations while remaining appreciative of their vagueness.

In the most fundamental way, however, the explanation of the pat-
terns of geochemical behaviour so far discussed constitutes one of the
most important questions that the study of petrogenesis has to answer.
Much of the rest of this book will be devoted to methods by which this
can be attempted, and we continue now with an initial look at the topic
of variation diagrams on the more specific level as opposed to the gen-
eral approach adopted so far.

Variation diagrams - introduction

Sets of chemical analyses of igneous rocks from a particular igneous
province, volcano, or intrusive complex, almost invariably show a con-
siderable variation in the concentrations of individual elements. This is
what may be termed ‘within province’ variation and expresses the idea
that igneous rocks which are closely associated in time and space often
show substantial variation. In most cases, however, such variation is
confined within certain limits and it is exceeded by ‘between province’
variation, that is to say, gross differences which exist between the range
of compositional types present in one province as opposed to another.
One of the preliminary tasks in any research study is to devise a means
of describing and displaying variation so that the numerous data for
individual rocks become simplified, condensed, and rationally classified.
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The oldest method, still widely used, is a variation diagram in which
oxides are plotted against SiO, (Harker 1909), often referred to as a
Harker diagram (Fig. 2.1 is a type of Harker diagram). Table 2.2 gives
analyses of individual lava specimens from a single volcano, arranged in
order of increasing SiO,. From the table a number of relationships can
be noted, for example:

(a) TiO,, FeO, MgO and CaO all show rather similar behaviour and fall
together as SiO, rises.

(b) K,O and Na,O in contrast rise with SiO,.

(c) AlLO; does not show such strong variation as the other oxides,
rising slightly as SiO, rises.

In Figure 2.4 the same data are given diagrammatically to show that
the relationships are more readily digested than they are in the tabular
form. However, as in all simplifying techniques, information has been
lost in the process, in this case the precise analytical values for each
element in the individual specimens.

The relationships discussed, not surprisingly in view of the general
discussion given previously, indicate that the chemical parameters do
not vary independently of each other. This sort of series is said to show
geochemical ‘coherence’, that is to say, many pairs of elements show
strong correlation coefficients, either positive or negative (e.g. in Figure
2.4 the correlation coefficient (r) between CaO and MgO is +0.95. A
contrasting case where the correlation coefficient is low is shown by

‘_Al||||]|]ﬁ]l|l|l_ CTTT T T T T T 1T 7T 17 7T 7T T3
= o oo o® TlOz — 6} MgO ]
2+ [ ] ° —~ s [ ] .. B
1~ ° (8 C -~ ]
2:' o0 '_—
r * e ] 1% Ca0 ]
10— Y =1
16 © o° e — gt—’ S0 —
— . -
o -1 i ° o5
15 2= b
ALO,
8r— o
° FeO + F6203 2'— ° [P [ ) [ X ] .__:
- o0

10 b ° o, 2 N320 —

sk o0_| K] ) K
2? o o® Y 0 -
[} A

| U T O I I O I L S T S S T O I I
4 48 50 52 54 56 58 60 46 48 50 52 54 56 58 60
Sio, SiOz

Figure 2.4 Weight per cents of oxides plotted against SiO, for the analyses of
Hanish-Zukur lavas given in Table 2.2.
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the relationships between SiO, and K,O in Figure 2.11). We can now
consider the reasons underlying the choice of SiO, as an index against
which the other oxides were plotted, and it is apparent that any of the
parameters TiO,, FeO + Fe,0,, CaO, K,O and Na,O, all of which show
moderate to good correlations (either positive or negative) with SiO,,
could alternatively have been chosen. In each case a diagram would
have resulted showing essentially the same relationships, even though
the individual analysed rocks would not appear in exactly the same
sequence in each diagram. On the other hand it is clear that the choice
of Al,O; as an index would not have produced a particularly informative
diagram Because this element shows relatively little variation. As a first
approximation it may be concluded that any element showing strong
variation and showing high correlation coefficients with other elements
is a potential choice for the abscissa of a useful variation diagram.

Before reading petrogenetic significance into such diagrams it is,
however, necessary to consider the constant sum effect which results
from the fact that the major oxides taken together make up very nearly
100% of a rock. In the case considered, since SiO, is by far the most
abundant constituent and varies between 50% and 70%, the sum of all
the other oxides must fall from 50% to only 30% as SiO, rises. At least
some negative correlations with SiO, (though not necessarily the good
correlations seen here) are therefore to be expected amongst the other
oxides irrespective of petrogenetic considerations. Chayes (1964) gives
an illuminating discussion of this topic. A related point is concerned
with the scatter of data points on Harker-type diagrams which cover a
wide range of SiO, variation. The trends for individual oxides are often
observed to tighten up (i.e. show reduced scatter) towards the SiO,-rich
end of the diagram giving a misleading impression of greater coherence
in the acid rocks than in the basic. The effect, of course, can be due to
the constant sum factor and does not, as close inspection of such
diagrams will show, necessarily imply that correlation coefficients
between particular pairs of oxides are improving. It has sometimes been
thought that the constant sum effect negates the usefulness of Harker
diagrams for petrogenetic purposes but, as will be shown in Chapter 3,
this is not so. The Harker diagram is simply one example of the whole
range of possible two-element plots (rectangular diagrams in which one
element or oxide is plotted against another) which is one of the most
powerful data-handling techniques available to the petrologist.

The preceding discussion has considered the simplest possible type of
variation diagram, which nevertheless may have a very useful function
in displaying analytical data and focusing attention on correlations
between the concentrations of different elements. The existence of
coherent series of rocks and the existence of inter-element correlations
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within them are obviously amongst the most important facts upon which
petrogenetic hypotheses can be founded. It is moreover a simple,
obvious and tempting step, to interpret such series as evolutionary, and
to begin to think in terms of a parental magma and its various
derivatives. Before taking this rather important step it is useful to
examine in more detail the ‘fractionation index’, that is to say the
chemical parameter against which other parameters are plotted. So far,
only simple diagrams involving the use of one of the oxides as a
fractionation index have been discussed, but many more complicated
functions have been devised.

Fractionation indices. Running through much of the older geological
literature is the idea that analyses of individual rocks, if suitably plotted,
can be arranged in an evolutionary sequence. However, considering the
variety of possible fractionation processes (see Ch. 1), it is evident that
evolutionary series can theoretically develop in a number of different
ways. Firstly we may visualise the fractional crystallisation of a parental
magma and the periodic eruption of the residual liquids to give rise to
surface volcanic rocks. Alternatively the series, in the case of plutonic
rocks, may be formed by successive accumulations of crystals from a
magma body undergoing fractional crystallisation. Again, the series may
be formed by progressive contamination of a magma by foreign material
or by varying degrees of mixing of two magmas. These are not all the
possibilities, but serve to illustrate that the idea of an evolutionary series
is a complex one. In this situation it is clearly not reasonable to suppose
that a single, all-purpose, fractionation index actually exists — an index
which will automatically arrange analyses in their correct evolutionary
order. However, as will become clear, the evolution of igneous rocks
appears to be dominated by two processes which are closely related to
each other. These are fractional crystallisation and partial melting
(collectively termed crystal-liquid fractionation processes) and in this
light it is worthwhile to enquire whether certain types of fractionation
index can have a general value. A brief discussion of commonly used
indices follows.

The Harker index (SiO, as abscissa), if it is to have direct evolutionary
significance, depends on the commonly observed increase of SiO, in the
successive liquids of fractional crystallisation, and conversely the
decrease of SiO, in successive partial melts of reasonable source
materials. With regard to fractional crystallisation, many studies of
basaltic rocks show, however, that SiO, remains almost unchanged
during the early stages of crystallisation. Wright and Fiske (1971) have
provided a particularly good example with their study of the Alae lava
lake, Hawaii, as it cooled. Their data are given in Figure 2.5 and
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Figure 2.5 Variation diagram in which oxides are plotted against MgO for the
Alae lava lake (data from Wright & Fiske 1971). The filled square represents
the composition of the initial liquid. Open circles are analyses either of separated
interstitial glasses or of residual liquid which oozed into the drill holes during
sampling as the lava lake solidified. The temperature scale indicates the
temperatures at which the different residual liquids were collected. Note the
initially very slow increase in SiO,, the sympathetic reduction of CaO and
MgO, the sympathetic rise of Na,O and K,O (but with a strong rise in
K;0/Na,;O ratio), and the comparatively steady behaviour of Al,Q;.

illustrate that SiO, does not begin to increase until the later stages of
crystallisation. Other studies (e.g. Wager & Deer 1939, on the
Skaergaard intrusion) have suggested that in some cases SiO, decreases
in the residual liquids in the early stages of crystallisation.
Crystallisation at this stage is dominated by pyroxenes and calcic
plagioclase, both of which have SiO,-contents similar to that of basaltic
liquid. It is usually the onset of crystallisation of an SiO,-free phase such
as magnetite that eventually causes SiO, to become enriched in the
residual liquid, and once this has happened the continued crystallisation
of plagioclase and pyroxene will reinforce the SiO,-enrichment trend.
Irrespective of further detailed considerations it is already clear that
though SiO, may be a useful index of eyolution for intermediate and
acid rocks its usefulness for basic rocks is limited. It is, as we shall see,
rather typical of most simple fractionation indices. It can be used for
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some rock series but not for others. As a universal fractionation index it
has no application.

Many authors, particularly those concerned with basaltic rocks, have
preferred to use MgO as the abscissa for variation diagrams (e.g. Powers
1955). In the example of the Alae lava lake already quoted (Fig. 2.5) its
use demonstrates the good positive correlation between K,O, Na,O and
P,O; (excluding the final stages of crystallisation), these elements being
enriched in successive residual liquids, and the positive correlation
between CaO and MgO as these are depleted. The use of MgO as an
index depends on the fact that in most natural systems the solids
crystallising from a magma contain collectively more MgO than the
liquid or, conversely, during the melting the residual refractory solids at
any stage contain more MgO than the partial melt liquid. The index can
be effective in favourable circumstances in rocks far removed from
basalt in composition, though it ultimately, in many trachytic and
rhyolitic liquids, becomes unreliable because the concentration of MgO
falls so low that analytical errors etc. become a serious factor.

However, as was the case with SiO,, special circumstances may exist
in which it is doubtful whether residual liquids during fractionation are
actually impoverished in MgO, thus the applicability of MgO as a
universal index is suspect. This arises because although Mg-bearing
minerals such as olivine and the pyroxenes always, as far as is known,
contain more MgO that the liquids from which they crystallise, their
crystallisation is often accompanied by Mg-free minerals such as
‘plagioclase and magnetite. The crystallisation of these latter minerals
will of course tend to enrich the residual liquid in MgO and if they
crystallise in sufficient quantity this may reverse the MgO-depletion of
the ferromagnesian minerals.

Indices based on the magnesium—iron ratio have been widely and
usefully employed (e.g. Wager & Deer 1939) and take several different
forms (e.g. 100 MgO/MgO + FeO or Mg2?*/Mg2* + Fe?"). Both the
examples have the form A/A + B since the index then varies between 0
and 1 or 0 and 100, which is preferable to the A/B form which can
become infinite. The examples also illustrate two alternatives, the first
in weight per cent of oxides, the second in atomic per cent of cations.
Another variant has the form MgO/MgO + FeO + Fe,O; which
attempts to take account of the fact that the FeO value may be
accidentally changed by late-stage oxidation (e.g. weathering).

The use of Mg/Fe indices avoids one of the principal defects of the
MgO index because its value in residual liquids of fractionation is
unaffected by the crystallisation of plagioclase. It is also useful for the
study of cumulate rock sequences affected by crystal sorting (see
Ch. 13). For example two associated olivine—clinopyroxene-plagioclase
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cumulates in which the mineral compositions are the same (and which
therefore are assumed to have crystallised from virtually identical
liquids) have almost identical magnesium—iron ratios irrespective of the
proportions of the minerals present. This results from closely similar
Mg/Fe ratios of coexisting olivines and pyroxenes.

In many basaltic liquids the Mg/Fe ratio falls steadily during the early
stages of crystallisation because the common ferromagnesian minerals
always have higher Mg/Fe ratios than the liquids from which they
crystallise. Figure 2.6 gives simplified curves for a number of volcanic
series and illustrates that strong iron enrichment relative to magnesium
is characteristically restricted to the more basaltic (i.e. Mg-rich) liquids.

The Mg/Fe index has drawbacks, discussed in a later section, simply
because it is a ratio. It is also, like the other indices discussed, fallible
in certain circumstances, particularly when the crystallisation of
ferromagnesian minerals is accompanied by magnetite. When this
happens the index either falls much more slowly as crystallisation

léL

12

MgO
T

FeO + F6203

Figure 2.6 MgO versus FeO + Fe,O; for a number of lava series (from
Coombs & Wilkinson 1969). 1 - Gough Island, 2 - Hawaiian alkali series,
3 — Hebridean alkali series, 4 — Tristan da Cunha. Dashed lines have constant
ratio of MgO/(FeO + Fe,O3; + MgO). Note the generally rapid change of this
ratio in the more basic (MgO-rich) rocks.
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continues (and as such becomes an insensitive index of crystallisation)
or its behaviour may be slightly reversed.

The ratio Ab/Ab + An (normative albite/normative albite +
anorthite) (normative calculations are discussed in Appendix 3) and
other indices based more directly on the values of Na,O and CaO in
the rock analyses (e.g. the Felsic Index of Simpson (1954) which also
includes K,O) is similar in spirit to the Mg/Fe ratio and relies on the
continual increase of the ratio in residual liquids dominated by
plagioclase crystallisation. Its applicability to plagioclase-bearing
cumulates is also evident because of its lack of sensitivity to mineral
proportions. Its use, however, is restricted to plutonic series which are
plagioclase-bearing and to volcanic rocks which crystallise plagioclase
(i.e. have plagioclase phenocrysts) because it does not respond to the
crystallisation ferromagnesian minerals alone.

In view of the way in which all the indices so far discussed can only
usefully be applied to certain ranges of rock types it is not surprising that
several attempts have been made to devise more complex indices
intended to have a more comprehensive use. Two of these in particular
are widely used, the Solidification Index of Kuno and the Differentiation
Index (D.I.) of Thornton and Tuttle (1960). Solidification index is
expressed as:

100 MgO

SI =
MgO + FeO + Fe,O; + Na,O + K,O

which, for basaltic rocks rich in MgO and FeO and relatively poor in
alkalis, acts much like other forms of Mg/Fe index. In most magmatic
series, however, residual liquids of crystallisation are enriched in alkalis
so that the inclusion of Na,O and K,O in the index helps to offset the
potentially poor performance of the Mg/Fe index in intermediate and
acid suites showing little or no iron enrichment relative to magnesium
(see Fig. 2.6). The Thornton and Tuttle index is expressed as:

D.I. = normative Q + Or + Ab + Ne + Ks + Lc

(See Appendix 3 for the discussion of the idea of the norm, a calculated
theoretical mineral assemblage not to be confused with the mode, or
actual mineral assemblage.) As opposed to the Kuno S.I., which is based
on a blend of petrogenetic reasoning already discussed with relation to
simple fractionation indices plus an admixture of empirical reasoning,
the D.. is based on the simple petrogenetic idea that in all
crystallisation the constituents of ‘petrogeny’s residua system’ (e.g.
Schairer 1950, and see p. 133) will become concentrated in the residual
liquid, since these are the minerals which begin to crystallise in general
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only at low magmatic temperatures. As generalisations about
fractionation indices go, this is sound, and although the index is
superficially complex it is in practice easy to comprehend because it is
closely related to the old mineralogical concept of colour index, from
which it differs mainly in the exclusion of calcic plagioclase. Like the
other indices discussed, however, there are occasions, admittedly rare,
when it serves no purpose, e.g. in rocks extremely depleted in
ferromagnesian minerals and calcium (when D.I. tends to 100) and in
rocks such as peridotitic cumulates where D.I. can remain close to
zero despite considerable fractionation involving ferromagnesian
constituents.

Indices based on the so-called incompatible or dispersed elements are
of considerable theoretical interest and have occasionally been used
(e.g. Barberi et al. 1975). An incompatible element is one which under
given compositional conditions is excluded or largely excluded from the
lattices of the minerals crystallising and therefore becomes concentrated
in the liquid in a manner simply related to the amount of the original
material crystallised. In the ideal case where the distribution coefficient
K, (expressed as concentration of the element in the solid divided by
concentration in the liquid) approaches zero (see also pp. 345-6):

1
C=Gx

where C, is the concentration of the element in the original liquid, F is
the amount of liquid remaining (expressed as a fraction of 1) and C is
the concentration of the element in the remaining liquid. This is a simple
hyperbolic curve in which for example C doubles as F is halved and is
ideally a perfect evolutionary index which theoretically enables a
complete description of the way the geochemistry of a liquid changes
with progressive crystallisation to be made. Elements showing an
approach to the required K, over certain compositional ranges include
K and RbD in basic liquids crystallising only olivines, pyroxenes and
oxides, P in liquids not crystallising apatite, light rare earth elements
such as Ce, and Th and U in considerable ranges of liquids. However,
any incompatible element sooner or later becomes compatible as its
concentration in the liquid increases and new phases appear. P forms a
good example showing a rapid increase in the liquid in early stages of
crystallisation, followed by a rapid fall as soon as apatite is stabilised (see
Fig. 2.5). This type of index can thus never be used to monitor the
complete crystallisation of a liquid, though in favourable circumstances
it may be possible to study a considerable range of it. In practice C, is
determined by analysing for the element in the most basic



32 Compositional variation in magmas

non-porphyritic rocks available, which are then assumed to represent
the parental liquid. Then since F = C,/C a variation diagram can be
made with F as abscissa, the value of f for each sample being calculated
from the concentration of the element concerned and C,. Although
this type of variation diagram has a particularly sound theoretical
foundation it does depend on the assumption that the rocks studied are
all descended from a single definable parent. However, as is shown in a
later part of this chapter, this assumption is not safe except in restricted
circumstances. The lavas of the Roman region for example (see
Fig. 2.11) show a large range in K at a given level of SiO,. This means
that it is not possible to define a single parent magma with a fixed
content of K (the same is true of other elements) and an incompatible
element type of fractionation index is not directly applicable. The case
cited is extreme, but illustrates one of the principal difficulties of this
type of study.

Fractionation indices in comparative use. Information which has a
general petrogenetic usefulness is derived increasingly from individual
rocks (e.g. see Nicholls ef al. 1971), frequently from suites of associated
rocks (e.g. studies of a particular volcano) and frequently also from
comparative studies of different provinces. On the within-province scale
petrologists frequently come to conclusions about the role of particular
minerals in the fractionation of the suite and the mechanism of the
fractionation process, and they may additionally be able to speculate
profitably about the source material. Such conclusions are specific to the
province. On the other hand, facts like the confinement of andesites to
very specific tectonic environments, the geochemical similarities and
differences between continental basalts and oceanic basalts etc. have an
altogether wider nature and pose general petrogenetic problems. In
most studies information of both a general and a specific nature can be
drawn on with advantage, e.g. the SiO,-poor nature of the highly
potassic volcanic rocks of the Roman region has frequently been
ascribed to limestone assimilation because the magmas pass through
Mesozoic limestone sequences on their way to the surface. The fact,
however, that extremely similar lavas are found in the Western Rift area
of Uganda (Holmes & Harwood 1937) where limestone is virtually
absent is an additional factor which might well be taken into account.
Whatever the application, all such considerations involve comparative
studies of different suites.

Much comparative work is concerned with the demonstration of
similarities between suites, and the choice of variation diagram is thus of
little consequence. Some of the more complex fractionation indices do,
however, pose problems of comprehension when it is desired to
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Figure 2.7 Alkali-silica diagram for two provinces. Open circles —
Hanish-Zukur lavas (see Table 2.2) ranging from basalt to trachyte; filled
circles — basalts and andesites of Mount Misery (data from Baker 1968).

comment on differences between provinces. An example of a simple
comparative study is given in Figure 2.7 where Na,O + K,O is plotted
against SiO,. For these suites, at a given value of SiO, one is consistently
more alkali-rich than the other — a simple conclusion, but an entirely
comprehensible one. Using a more complex index such as for example
the Larsen Index (= 1/3Si0, + K,O — (FeO + MgO + CaO) (Larsen
1938)) it is possible to produce a very similar diagram (Fig. 2.8)
from which one is strictly only entitled to conclude that one. suite
is more alkali-rich than the other at a given level of
1/3Si0, + K,0 — (FeO + MgO + CaQ) - a simple conclusion, but
the meaning is not immediately clear. What all such diagrams (providing
obviously inappropriate indices are avoided) are hoped to demonstrate
is that at comparable stages of evolution the suites differ in their alkali
contents. We can at this stage only grasp rather intuitively what is meant
by ‘comparable stages of evolution’; but although a vague concept, the
conclusion about these two suites can now be seen in more
comprehensible terms. For present purposes, however, the main issue is
whether there is any particular value in doing something in a complex
way (e.g. Larsen Index) which can be done simply (e.g. SiO,). A further
example is afforded by the rocks illustrated in Figure 2.9. Here the
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Figure 2.8 The same analyses as in Figure 2.7 plotted against the Larsen
index.

variation diagram uses S.I. as the abscissa and the straight line given by
the MgO trend will be noted. Clearly a variation diagram employing
MgO as abscissa would convey almost exactly the same information.

Finally, on the subject of complex fractionation indices, the vague
idea is sometimes held that a complex index has inherent value because
it takes into consideration a larger number of the constituents of the
rock than a simple index. However, since the effects of the individual
constituents on the numerical value of the index cannot be separated,
the argument is questionable. For example, if one rock has a higher
value for the Larsen Index than another it may be because it contains
more Si0,, or more K,O, or because it contains less MgO, CaO or FeO.
It may be noted that the objection to simple indices is readily overcome
if several different sorts of simple diagram are used in conjunction in the
study of a single set of data (see Ch. 6).

Triangular variation diagrams

Diagrams showing the simultaneous relative variation of three chemical
parameters are widely and usefully employed in comparative studies of
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Figure 2.9 Analyses of Hanish—Zukur lavas (Table 2.2) plotted against Kuno’s
Solidification Index. Note the particularly good correlation between S.I. and
MgO in this case.

rock suites. Commonly selected parameters are MgO, FeO (which may
include recalculated Fe,O;), and Na,O + K,O, or, Na,0O, K,O, and
CaO. The values of the three selected parameters are summed and
recalculated to total 100, then plotted on triangular graph paper as
explained with reference to ternary phase diagrams at the beginning of
Chapter 4. As an alternative to the use of weight per cent values
of the oxides, the cations alone may be recalculated as atomic
percentages.

Triangular diagrams have the disadvantage that they do not show
absolute values of the parameters. They are, however, very useful in the
illustration of features, for example the change of inter-element ratios,
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which do not necessarily show up clearly on two-oxide plots. The
magnesium—iron—alkalis plot (so-called AFM diagram) is, for example,
particularly useful in discriminating between tholeiitic and calc-alkaline
suites, because iron enrichment relative to magnesium, as alkalis rise, is
perhaps the most characteristic feature of the former group but is only
very weakly demonstrated by the latter.

The liquid line-of-descent

In the previous discussion there has been a strong implication that
variation diagrams for volcanic rock suites showing reasonable
coherence illustrate the course of chemical evolution of liquids, whether
formed by fractional crystallisation or by progressive partial fusion.
Bowen (1928) discusses this in some detail, pointing out that only
analyses of phenocryst-poor or aphyric volcanic rocks will give a true
indication of this path, termed the liquid line-of-descent. Petrologists
have generally embraced this idea and it has, with the rise of rapid
methods of silicate analysis, led to enormous progress in the subject.
The idea is, however, only rarely strictly true, often a mere
approximation, and occasionally downright misleading.

In Figure 2.10 all the available analyses of lavas from the Aden
volcano, South Yemen, are plotted in an alkali-silica diagram. At first
sight this relatively continuous trend of composition points with
comparatively little scatter represents a good example of a liquid
line-of-descent. However, the different symbols refer to various lava
groups distinguished on the basis of age relations and structure.
Evidently then, although the chemical evolution of the lavas appears to
be straightforward and simple, this is not an evolutionary process which
can be directly related to a time factor. The individual members of the
series are mainly erupted in a highly random time sequence. Clearly the
simple idea that a parental magma fractionates progressively to give rise
to the members of the series, may be replaced by the idea of a
fractionation process which is reproducible at different times. The
simplest hypothesis to explain the behaviour of this particular volcano is
that batches of trachybasaltic (or possibly basaltic) magma were
repeatedly supplied to high level chambers where they repeatedly
underwent crystal fractionation of a specific type, being sampled from
time to time by the eruptive process. The original ‘liquid line-of-descent’
is in fact a bundle of similar, overlapping, lines-of-descent. It is also
perhaps too much to expect of a natural system of this complexity that
the reproducibility of the fractionation process, or indeed the
duplication of the parental magma supplied at different times, should be
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Figure 2.10 Alkali-silica diagram for lavas from the Aden volcano, South
Yemen (data from Hill 1974). The rocks belong to successive eruptive cycles in
the following sequence: Tawahi series (open triangles) (oldest series), Ma’alla
series (filled triangles), Main Cone series (open circles), Shamsan Caldera series
(filled circles), Amen Khal series (crosses). Note lack of correspondence
between time and degree of chemical evolution.

exact. This accounts for some of the scatter of the variation diagram,
though some of it is also due to the inclusion of porphyritic rocks in the
analysed samples.

Even at this stage, the ‘evolutionary’ nature of the series acquires a
new meaning, for it is evident that two lava flows of closely similar
composition, such that one has the required chemical and mineralogical
features to be ‘parental’ to the other, certainly cannot have this close
relationship if they were erupted at quite different stages of the volcanic
evolution. Finally let us note that there is nothing particularly unusual
about Aden. Not all volcanoes behave so irregularly but nevertheless
the literature contains many descriptions of volcanoes which show
considerable chemical coherence in their eruptive products, but which
produced them in a partially random time sequence.

On the other hand it is occasionally possible to identify smaller
sequences of eruptive rocks in which it is more reasonable to postulate
the existence of a single parental magma. On a relatively small scale
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such sequences are produced when magma from a chamber which is
already compositionally stratified is forced rapidly to the surface and
gives rise to products which overlie each other stratigraphically in an
inverted fractionation sequence. That is to say, the liquids from the top
of the chamber are erupted first to form ashes, individual lava flows, or
the basal parts of larger ash flows, and are progressively covered by
rocks formed from magmas derived from deeper parts of the chamber.
Several apparent examples are known, e.g. various ash-flow deposits
from the western U.S.A. (e.g. Smith & Bailey 1966), the ashes of Hekla
in Iceland (Thorarinsson & Sigvaldason 1972), and the Shamsan Caldera
sequence from Aden (Hill 1974). This topic will be returned to in
Chapter 11 for such sequences give a rare opportunity to reconstruct the
interior of a magma chamber at a specific moment during its
solidification. As such they form an interesting corollary to the study of
layered intrusions in which magma chambers can be studied only after

their solidification.
In the preceding section we have seen that although it is sometimes

possible to identify limited volcanic sequences which are probably
derived from a single parent magma and whose aphyric members can
therefore be expected to approximate to an ideal, single, liquid
line-of-descent, sequences consisting of a large number of overlapping
similar lines of descent are probably more common. However, there are
many provinces and indeed individual volcanoes where even this
approximation to the ideal does not hold. Such series do not show
coherent trends for many oxide-pairs and it is convenient for the
moment to think of them as consisting of many subparallel lines of
descent, though to prove conclusively that this is so is a difficult exercise.
One of the best examples is afforded by the Roman province of
Quaternary volcanoes, an example from which is given in Figure 2.11.
Here it will be observed that coherence is poor for some elements (e.g.
SiO, and K,;O) but considerably better for others (e.g. CaO and MgO).
The East Otago area (Coombs & Wilkinson 1969) also provides a good
example of a restricted province in which several different lineages may
be distinguished. Many series are found which show degrees of scatter
intermediate between the ideal coherent case and the Roman province
case and thus show varying degrees of what may be termed proliferation
of the liquid lines-of-descent.

Having illustrated one aspect of the complex concept of the liquid
line-of-descent, let us now examine in more detail some of the
evolutionary aspects of volcanic series. In an ideal coherent series it is
obviously permissible to think of successive magmas as having a
parent-daughter relationship if they are evolving by fractional
crystallisation. It is additionally quite possible to think in this way about
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Figure 2.11 K,O versus SiO, and CaO versus MgO for the lavas of
Roccamonfina, Roman province, Italy (data from Appleton 1972). Most major
elements in this volcano show the normal types of correlation (e.g. Ca and Mg)
but incompatible elements such as K show widely variable behaviour relative to
them (e.g. K relative to Si).

series of the Aden type, where a fractionation process has been
reproduced at different times. In-this-case two similar magmas are more
likely to be cousins than siblings, but since they all look very much the
same this is a consideration which for many purposes need not deter us.
However, the parent—daughter relationship is not in itself an inherent
property of even ideal coherent magmatic series. It is for example a
difficult concept to apply to the theoretically possible case of magmatic
mixing, and equally difficult to apply to open system processes involving
contamination or re-equilibration with wall rocks. Nor is it by any means
easy to think of progressive partial melting in these terms.

In summary, if we examine the properties which have from time to
time been ascribed to variation diagrams, or examine the assumptions
which have sometimes been made in the course of their use, we see that
most are suspect in specific circumstances and hence cannot be relied on
to give general guidance in petrogenetic studies. It would in any case be
quite wrong to make assumptions about the inherent petrogenetic
properties of variation diagrams since this would be to prejudge the
issue under investigation. Variation diagrams are central to many
petrogenetic studies and they are properly used as a means of testing
hypotheses, or as a means of erecting hypotheses to be tested elsewhere.
In Chapter 6 this aspect of variation diagrams, that is, their role in the
hypothesis-forming process, is considered in detail. However, it is
helpful to have some knowledge of the ways in which magmas are likely
to crystallise and the ways in which partial melts can form before
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proceeding to this stage. Chapters 3 to 5 which now follow therefore
deal with aspects of experimental petrology.

Exercises

1. Total alkali and SiO, contents of all the rocks termed trachyte and hawaiite
given in the compilation of Carmichael et al. (1974) are given in Table 2.3.
Confirm that they each plot in a restricted field in Figure 2.2.

Table 2.3 Total alkalis and silica contents of rocks
termed trachyte and hawaiite in compilation of
Carmichael et al. (1974)

Trachytes
Na,O + K,O SiO, Na,O + K,O SiO,
11.53 61.18 10.74 62.90
13.24 61.36 13.00 63.10
11.64 59.64 12.38 62.5
11.8 58.0 12.38 61.09
11.71 66.12 11.53 57.53

8.40 66.87 10.61 66.13

11.83 62.02

Hawaiites

Na,0 + K,O $i0,

8.18 54.04
4.9 47.26
6.10 50.4

5.27 47.49
8.53 47.56

Table 2.4 Partial analyses of volcanic rocks

SiO, 50.1 71.5 46.4 62.6 55.2 449 46.0 55.6
AlL,O; 18.0 13.8 15.7 15.0 16.8 7.8 17.0 15.5
Fe, O, 4.4 1.5 5.3 33 2.1 2.0 3.8 3.6
FeO 2.1 0.5 34 34 8.3 9.8 7.5 5.0
MgO 0.4 0.8 6.0 0.4 1.7 21.1 4.8 6.5
CaO 7.3 1.6 11.6 1.2 4.5 9.1 9.5 7.0
Na,O 6.9 3.7 1.6 6.4 5.0 1.6 4.0 32
K,0 51 4.0 6.6 5.6 2.8 0.5 31 1.3

For sources of data see p. 419.
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Table 2.5 Partial analyses of volcanic rocks (see Exercise 4)

Si0O, 50.5 51.0 50.9 50.8 50.5 51.3 52.0 53.9
AlLO; 135 14.1 14.5 14.0 13.0 125 12.5 122
MgO 7.6 6.4 6.0 5.4 4.8 4.5 4.0 3.0
CaO 11.0 11.2 11.1 10.0 9.2 8.7 8.8 7.5
Na,O 2.40 2.53 2.62 2.68 2.79 2.84 291 3.20
K,O0 0.50 0.52 0.62 0.90 1.02 1.10 1.17 1.30
P,0, 0.29 0.32 0.31 0.42 0.51 0.59 0.65 0.80

2. Using the SiO, content and the total alkali content of the analyses given in
Table 2.4, decide on a suitable name for each rock by plotting them on
Figure 2.3. Check the K,0/Na,O ratios against Figure 2.3e to decide whether
they are normal and whether the nomenclature should be derived from
Figure 2.2 or alternatively from Table 2.1. Names and localities of these rocks
are given on p. 419.

3. Using SiO, and Na,O + K,O plot the rocks in Table 2.4 on Figures 2.3a-2.3e.
Make predictions of the MgO, CaO, FeO + Fe,O; and Al,O; contents and
compare these with the actual values.

4. Table 2.5 gives partial analyses of a series of volcanic rocks believed to be
related to each other by fractional crystallisation. Assuming that no
phosphorus is removed by the crystallising phases make a variation diagram
by plotting oxides against f (the fraction of liquid remaining assuming the
first analysis in the table represents the parent magma) using the relationship
C= Co/f .

(a) What fraction of the original liquid must crystallise to produce the most
evolved liquid?

(b) Which other oxides would form suitable abscissae for producing a similar
variation diagram (i.e. would arrange the rocks in a similar evolutionary
sequence)?

(c) Which of the other oxides enriches in the liquid almost as rapidly as P,O;
and hence must be almost excluded from the crystallising phases?
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As indicated in earlier chapters, igneous fractionation is believed to be
dominated by melting and crystallisation processes. Natural observable
examples of these processes in operation are almost impossible to
obtain, and while the study of the petrographic and chemical characters
of natural rocks often allows inferences to be made about them, it is
inevitable that experimental melting and crystallisation studies must be
used to amplify the knowledge so gained. Natural rocks are, however,
complex in terms of chemical composition, and, historically,
experimental petrology has developed via the study of much simplified
analogue systems. Because of the small number of chemical variables in
these simple systems, graphical methods of representing results have
been widely used and are known as phase diagrams or equilibrium
diagrams. They portray the results of experiments designed to discover
what phase assemblage is present under given conditions of pressure
and temperature when a system is in equilibrium. The term system can
be defined as that part of the universe which is arbitrarily or naturally
isolated for purposes of consideration or experimentation. A phase is
any part of the system which has a particular chemical composition and
physical state but it need not be present as a single continuous entity.
Thus a system consisting of a mixture of olivine and plagioclase crystals
in equilibrium with each other contains two phases, olivine and
plagioclase, irrespective of the number of crystals present. The science
of experimental petrology has as its objectives the understanding of how
magmas crystallise, how rocks melt, and how fractionation processes
may operate within the known constraints of the experimental data.
Experimental petrology says nothing directly about how geological
materials behave in nature. Hypotheses derived from the study of
natural rocks must, however, as far as possible be checked against
experimental results to ensure that they are reasonable in a
physico-chemical sense. Conversely hypotheses may evolve directly
from experimentation and these must be applied to natural cases to find
out if they have any basis in reality.

The experimental study of silicate systems was originated largely by
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N.L. Bowen and co-workers at the Geophysical Laboratory in
Washington from 1912 onwards. Most of the earlier studies were
confined to comparatively simple synthetic systems but in recent
years a growing amount of experimentation has been carried out on
natural rock starting materials.

Phase relations may be studied in two essentially different ways.
The approach adopted in this book is mainly empirical and may be
contrasted with methods of study based on thermodynamics. Empirical
methods take questions like, for example, how much does the addition
of 10% of albite depress the melting point of anorthite? — and seeks to
answer them by direct experiment. It has not traditionally been
primarily concerned with the explanations of such phenomena in more
fundamental physico-chemical terms. The thermodynamic approach in
contrast attempts to predict the behaviour of systems from a relatively
small amount of experimentally acquired thermochemical data such as
heats of reaction and heat capacities. Such methods are widely applied
in metamorphic petrology and are becoming increasingly important in the
study of igneous rocks. At present, however, the empirical approach
forms a convenient basis for a realistic introduction to the problems of
igneous rocks evolution and for reasons of brevity we therefore omit
detailed consideration of thermodynamic methods. The interested
reader is referred to Wood and Fraser (1976) and Ernst (1976) whose
treatments are complementary to ours.

Classification of systems

Systems may be classified initially in terms of the number of components
which are required to describe the chemical compositions of all the
phases which appear in them. If for example experiments are carried out
on the chemical substance H,O the only phases which appear over a
considerable range of pressure and temperature conditions are ice,
water and water vapour. Each of these phases has the composition H,O,
hence only one chemical parameter, H,O, is required to describe their
composition. The system is thus termed a one-component or unary
system, even though two chemical constituents, hydrogen and oxygen,
are present.

Experiments carried out at high temperatures and 1 atmosphere!
pressure on mixtures of MgO and SiO, produce the solid phases
periclase (MgO), forsterite (Mg,SiO,), enstatite (MgSi0;), cristobalite
(Si0,) and tridymite (SiO,), the latter two being high-temperature
polymorphs of quartz. In this system three chemical constituents, Mg, Si
and O, are present but the composition of all the phases is such that they
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may be expressed entirely in terms of the two oxides MgO and SiO,
(forsterite consists of these two oxides combined in a 2:1 molecular
ratio, enstatite in a 1: 1 ratio). Hence this is a two-component or binary
system. It must be emphasised that there is no simple relationship
between the number of components and the number of elements
present (the previous examples have both contained one less component
than the number of elements) and, for example, mixtures of anorthite
(CaAl,Si,Og) and albite (NaAlSizOg) also constitute a binary system
despite the inclusion of five elements. Solid phases in this system consist
only of plagioclase feldspars of which the compositions can always be
expressed in terms of the two end-members albite and anorthite.

The system forsterite (Mg,SiO,)— diopside (CaMgSi,Og) — silica
(Si0y) is an example of a three-component or ternary system. Phases
produced by mixtures of these constituents at 1 atmosphere and high
temperatures are forsterite, diopside, enstatite (see above), tridymite,
and cristobalite. With this example it is possible to illustrate that
components can be selected in more than one way. For example,
components could be chosen as CaMgSi,O4, MgO, and SiO, or
alternatively as CaMgSi,Og, MgSiO;, and SiO,. In the latter case it
would be necessary to express the composition of forsterite as 2MgSiO,
minus SiO,. Yet a third alternative set of components would be CaSiO;,
MgO and SiO,. In this case diopside would be expressed as CaSiO; +
MgO + SiO,. There is in short no right way or wrong way of expressing
components though some ways are more convenient than others. The
number of components is a mathematical abstraction rather than a
reference to real reactants and a direct analogy is afforded by the number
of pieces of information it is necessary to give in order to define the
position of a point in a plane. The answer is always two, though in
one case x and y (Cartesian) co-ordinates might be used and in another
the information might consist of a bearing and a distance from a
reference point.

As a contrast to the above, consider experiments carried out on
mixtures of anorthite (CaAl,Si,Og) and forsterite (Mg,SiO,). Solid
phases appearing at high temperature and 1 atmosphere pressure are
anorthite, forsterite, and spinel (MgAl,O,). Despite the fact that all bulk
compositions in the system are formed by mixing only two constituents,
the solid phases cannot be expressed in any such simple way.
Considering spinel, Mg and Al must be included in different
components because they appear separately in the other two phases.
Spinel contains no Si, but it is present in the other two phases so that Si
must also be included in a separate component. Only one of the phases
contains Ca, so this must be part of yet another component. Only
oxygen, which is present in all the phases is a possible candidate for
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exclusion from the list of independent components. A trial and error
examination of the compositions concerned shows that four components
are needed, MgO, Al,O;, SiO, and CaO. The system is thus part of a
four-component or quaternary system.

The above discussion is concerned with the determination of the
number of components and it has been demonstrated that this is not
simply related to the number of chemical elements present. It may also
have become clear that neither is it simply related to the number of
chemical constituents which are required to make up all the bulk
compositions (as opposed to phase compositions) in the system. In the
last example only two starting materials were needed (anorthite and
forsterite) to make up a series of phases which could only be described
in quaternary terms and the expression ‘part of a four-component
system’ was used. The term end-member is used to describe a material
which may be mixed with other end-members to make up the
compositions required for experiments, and thus a system, apart from
being classified in terms of the number of components may also be
classified according to its number of end-members. When the number of
end-members is less than the number of components the system studied
is always part of a larger system. Thus the system anorthite~forsterite
may be described as a two end-member join (the term ‘join’ is derived
from the graphical representation of compositions in phase diagrams)
in the quaternary system CaO-MgO-Al,0,-SiO, and is an example
of what is known as a pseudobinary system, because it has
two end-members but is not itself a binary. The system
forsterite—anorthite—diopside, a three end-member join, provides an
example of a pseudoternary because the phases produced include
forsterite, anorthite, diopside, and spinel which, as in the previous
example can only be described by the four components CaO, MgO,
Al O3 and SiO,.

Coincidence of phases and components. Confusion sometimes arises
when a phase and a component appear to be the same thing, that is
when for example a system with SiO, as a component contains a mineral
such as quartz. To avoid possible ambiguity phase diagrams should
ideally be presented with phases and components labelled differently.
Hence in the discussion of theoretical systems which follows, if a
component Y crystallises as a pure phase the phase should ideally be
designated crystals of Y. This procedure is, however, cumbersome and
at the risk of causing slight confusion the notation illustrated in
Figure 3.4 has been adopted throughout this book. Here the symbols X
and Y have a dual meaning. When applied to compositional axes they
stand for chemical components, when used to label fields within the
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diagram they stand for pure phases. Hence X + Y signifies crystals of
composition X co-existing with crystals of composition Y.

Experimental method

The technique used for the determination of most silicate phase
diagrams is termed the quenching method. A charge of known
composition is loaded into a small capsule, usually of platinum or some
other refractory and non-reactive metal, held in a furnace at a known
temperature and pressure, and frequently under controlled conditions
of oxygen fugacity, until equilibrium is reached. It is then rapidly
quenched by switching off the furnace, or dropping the capsule into a
container of cold water or mercury. Any liquid present in the charge will
ideally quench to a glass and phases present will not have time to react
with each other and will be preserved metastably in the final product.
Identification of the phases is then carried out by microscopy, X-ray
diffraction or by the electron microprobe. Experimental difficulties are
considerable, some of the problems being failure of equilibrium to be
reached, reaction of the charge with the capsule, difficulty in the
identification of phases, control of temperature and pressure, failure of
proper quenching (e.g. the liquid may crystallise), and leaking of the
capsule. However, the interpretation of phase diagrams is often
substantially aided if the principles underlying the experiments are
remembered. This point will be returned to frequently in the ensuing

pages.

Representation of results

Three main variables are involved in the representation of phase
relations, pressure, temperature and composition (P, T and X). In
one-component systems no graphical representation of composition is
required and two-dimensional diagrams having P and T axes may be
constructed. For two-component systems a compositional axis is needed
so that full graphical representation requires three dimensions.
Commonly however binary diagrams show X and T axes only, and
represent isobaric (single pressure) sections across the full P-T-X
diagram. It is of course necessary to specify the pressure in such
diagrams. Note that in binary diagrams composition is expressed in
terms of the percentage mixing of the two end-members. Pseudobinary
diagrams are usually presented in a similar way.
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Three-component systems require two dimensions for the
representation of the X parameter and are thus mainly based on a
compositional triangle in which the three components are plotted at the
corners with temperature as the remaining axis. Such diagrams are
three-dimensional triangular prisms (sometimes known as 7-X prisms)
and can only be fully represented by models. They are, however, usually
constructed as projections along the T-axis onto the X-triangle and
temperature information is conveyed by means of contours. They are
thus analogous to topographic maps and the inconvenience involved in
projection is minimal. Polybaric (many pressures) representation of a
three-component system is only possible by means of a series of separate
diagrams, for example a number of 7-X prisms given for different
pressures, or a number of P-T diagrams given for different
compositions. The representation of quaternary systems is com-
plex, three dimensions being required for the compositional data
alone.

The phase rule

Before discussing the actual construction of phase diagrams from
experimental data it is helpful to introduce an equation which relates
numbers of phases and components in systems which are at equilibrium.
This is the phase rule, first enunciated by the physical chemist Willard
Gibbs and stated as:

P+F=C+2

where P is the number of phases co-existing, F the number of degrees of
freedom, and C the number of components. The number of degrees of
freedom possessed by a system is conveniently defined as the number of
parameters (chosen from P, T and X) which it is possible arbitrarily to
fix (i.e. put a value on) before the system is completely defined. Note
that X is a single parameter because at equilibrium it is only necessary to
define the composition of one phase in order to fix the compositions of
all the others. If, for example, a system involving two solid phases shows
solid solution, then under given conditions a particular composition of
one phase (e.g. plagioclase) is in equilibrium with a specific composition
of the other (e.g. olivine).

Figure 3.1 shows a one-component phase diagram for a substance
such as H,O. It consists of three fields in each of which a single phase
exists. Each pair of fields meets in a curve along which two phases
co-exist, and the three fields meet in a point U (so-called triple point) at
which all three phases co-exist. If p represents 1 atmosphere pressure
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Figure 3.1 Phase diagram for a one-component system such as H,O.

then T, is the melting point at 1 atmosphere and T, is the boiling point.
Curve UQ represents the variation of melting point with pressure, UR is
the boiling point curve, and US is a sublimation curve. Note that in this
diagram UQ has a negative slope, which is typical of water and a few
other substances though most materials show positive slopes.
Consideration of Le Chatelier’s principle indicates that the negative
slope of the melting point curve arises from the fact that water is denser
than ice. Hence increasing pressure promotes melting.

For the construction of a phase diagram such as that for water
(ignoring the various higher pressure modifications of ice), it is not
necessary to use the quenching method, it is only necessary to determine
melting, boiling and sublimation points at a variety of pressures.
However, it is relatively easy to determine such points because of latent
heat effects. As heat is supplied to the system or removed from it, each
phase change is accompanied by a readily identifiable period when the
temperature does not change. Applying the phase rule, when two phases
co-exist in a one-component system F = 1, and the system is said to be
univariant. Since any given experiment is carried out at a fixed pressure
an arbitrary value has in effect been chosen for one of the three
parameters (in this case P), and no further arbitrary choice (for example
of T) can be made. The two phases must co-exist under these conditions



Construction by the quenching method 49

at one temperature and one temperature only. Thus, for example,
during heating of an ice-water mixture no temperature change will take
place until all the ice has melted. The number of phases has now
dropped to one so that Frises to two and the temperature is free to vary
even though the pressure is still fixed.

When three phases co-exist in a one-component system, the system is
said to be invariant as it has no degrees of freedom. Pressure,
temperature and, in a one-component system, composition, are all fixed
and no choice of parameter values is available. It is obviously
experimentally almost impossible to reproduce the conditions of an
invariant equilibrium, but it may be located by the extrapolation of the
other curves to their intersection. Ice, water and water vapour which
often co-exist in nature do not of course normally do so in equilibrium.

An arbitrary choice of values can be made for both T and P in
divariant equilibria in one-component systems which consist of one
phase only. If the system consists for example of water at 50°C and 1
atmosphere pressure then both T and P can be altered at will through
certain limits without changing the nature of the phase present.

Construction of a phase diagram by the quenching method

At the high temperatures and pressures used in the study of many
silicate systems it is not easy to determine a melting point or other phase
change by an essentially calorimetric method as could be used for water.
Hence it is normal to make up several charges of the same composition
and run them at a number of different temperatures and/or pressures,
and then quench them. In a one-component system the determination of
a melting point curve could be carried out as illustrated in Figure 3.2.
Here each charge is represented on the diagram in a position depending
on the P and T at which it was equilibrated, and it is recorded as
consisting of either liquid (glass) or solid (no glass). The melting point
curve is then interpolated as shown. The accuracy with which this may
be done depends on the spacing of the runs in terms of P and 7. One of
the most important features of this type of experimentation is the way in
which a diagram can be made with a relatively small number of runs.
Having located a boundary by the two sets of runs at p; and p, the
experimenter might well be able to fix it with only two more runs (x and
y) at a higher P and T. Furthermore the phase rule enables predictions
to be made about the way fields must fit together. For example, in the
present case the experimenter knows that the melting point curve must
be a single curve on the diagram and not a broad transition zone, as
would be required in a binary system (where the assemblage of one solid
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Figure 3.2 Interpolation of melting point curve. Black squares - charges
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phase + liquid has an additional degree of freedom). Many other
examples of the usefulness of the phase rule in the geometrical
treatment of phase diagrams will appear in the succeeding chapters. As
an example of a geologically-useful one-component system the diagram
for the various polymorphs of SiO, is given in Figure 3.3.

The reading of phase diagrams

Before proceeding to the detailed study of different types of phase
diagram, it is worth pausing to consider the sort of information that they
can give and the way in which this information can be applied to
petrological problems. Firstly a diagram can give complete information
about the way liquids within the system under consideration crystallise,
that is the sequence and compositions of solid phases which appear
during cooling, and the way the liquid composition changes during this
process. Crystallisation paths may be read on the assumption of
complete equilibrium between all phases present (perfect equilibrium
crystallisation) or alternatively with complete absence of equilibrium
(perfect fractional crystallisation). The more complex the system in
terms of the number of components the more closely such paths may be
expected to coincide with fractionation sequences observed in natural
magmas if natural sequences do indeed develop by means of
crystal-liquid fractionation. Even simple systems, however, are capable
of giving much qualitative information about the way natural magmas
behave, though it is incumbent on the petrologist to demonstrate this
statement to be true, and it should not without reason be assumed to be
true.

As a complement to the ‘down-temperature’ way of considering
phase diagrams, they can be used with equal facility to model melting
processes both of equilibrium and fractional type. The reading of a phase
diagram is the process of extracting all these types of information and in
the succeeding pages various types of diagram will be considered with
this in mind. Facility in reading diagrams is of great benefit to the
petrologist but requires a certain amount of practice. Exercises are
therefore appended at several stages in the text.

Binary diagrams

In systems with two or more components, solid solutions can be formed
as well as the more familiar solutions normally expected in liquid or
vapour phases. Since the thermodynamic definition of equilibrium
requires that the chemical potential of a particular component must be
the same in all co-existing phases it follows that all components must be
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present in all phases. In practice solid solution between pairs of phases
varies from complete (e.g. albite and anorthite) to virtually nil (e.g.
albite and quartz). In the latter example the amount of albite which can
be dissolved in quartz is so small as to be negligible, and is indeed below
the limits of detection for many analytical techniques. However, it is
important to remember that some solution, however small, does exist as
some of the applications of the phase rule in the following sections show.

Figure 3.4 shows a typical binary diagram in which there is negligible
solid solution between two end-members. This type of diagram is typical
of many mineral pairs when one end-member is a ferromagnesian
mineral (e.g. forsterite or diopside) and the other a feldspar or
feldspathoid.

The diagram consists of a number of different elements which may be
described as follows:

(a) The liquid field — all charges plotting in this field (by which is meant
for a point such as a that it was held at the temperature T, before
quenching, and has composition 74% Y) were found by the
experimenter to consist only of glass after quenching.

Figure 3.4 Hypothetical isobaric diagram for a binary system showing
negligible solid solution.
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(b) Two fields representing a solid phase + liquid. Charges plotting in
these fields were found to consist of crystals either of the phase X or
the phase Y, plus glass. The texture of such charges when examined
microscopically is essentially that of a porphyritic volcanic rock with
a glassy groundmass.

(c) A field of solid X plus solid Y.

The descriptions of the fields given above are complete in terms of the
nature of the phases but do not tell us how much of each phase is
present. To answer this question we consider one of the most
fundamental geometrical properties of phase diagrams, the lever rule.

The lever rule. Consider a charge m which lies in the X + L field of
Figure 3.4 (where X means crystals of phase X, and L means liquid).
The crystals of X must lie at the point # in the diagram (they consist of
the pure X component in compositional terms, and they have the same
temperature as the whole system). Since the crystals lie to the left (i.e.
on the X-rich side) of the bulk composition of the system, m, it follows
that the liquid must lie somewhere to the right and must be relatively
X-poor. The liquid in fact lies at L,, on the boundary curve separating
the X + L field from the L field. This is a logical necessity because any
liquid more Y-rich than L, would lie in the all-liquid field and therefore
could not be in equilibrium with solid X (the experimenter would find
that if he made up a charge having a composition a little more Y-rich
than L, and then equilibrated it at the temperature of L,, the crystals
would promptly dissolve). Similarly any liquid more X-rich than L,
would partially crystallise if equilibrated at the temperature of L,. The
appearance of crystals of pure X would cause the liquid composition to
change to the right until it reached L,.

The principles of this argument may be applied to any two-phase field
in a binary system. An isothermal line crosses the two-phase field and
intersects its boundaries at both ends. The two phases concerned lie at
the ends of the isothermal line and the bulk composition of the system lies
on the line somewhere between them. To demonstrate the latter, it is
arithmetically obvious that two phases containing say 5% and 20% of
CaO can only mix together to give bulk compositions with between
5% and 20% CaO. The bulk composition clearly depends on the
proportions of the two phases present, for example, equal parts of the
two will give a bulk CaO content of 12.5%. The graphical generalisation
of this calculation is the lever rule and referring to bulk composition m
consisting of the two phases n and L, is stated as follows:

amount of » is proportional to distance mL,
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and:
amount of L, is proportional to distance mn
hence:
tage of n =% x 100
(&) =
percentage of n i,

nm
=— x 100
percentage of L, nL,

Equations of reactions. Throughout this work the term reaction will be
used to refer to any change in the system which involves either a change
of phase proportions or of phase assemblage as either P or T varies.
Considering the points p and q in Figure 3.4, both of which refer to the
same bulk composition, since p lies in the Y + L field and g in the
X + Y field, it follows that cooling the system from the temperature of p
to the temperature of g involves a reaction. The change of phase
assemblage must take place when the system has a temperature
corresponding with the horizontal line separating the two fields. To
investigate the nature of this change imagine that p lies infinitesimally
above the line and g infinitesimally below. At the temperature of p the
phases present are liquid L, and solid Y, labelled s. The relative
proportions of these are given by the lengths sp and L,p, in this case
about 55% of solid and 45% of liquid. At the temperature of g the
phases present are solid X (labelled ¢) and solid Y (). The proportions
here are 20% X and 80% Y (derived from the relative lengths of qu and
qt). Thus the down-temperature reaction taking place at the field
boundary is:

55Y + 45L— 20X + 80Y

Simplifying, by the subtraction of 55Y from each side (see below), this
gives:

45L — 20X + 25Y
which on dividing through becomes:

L— 0.45X + 0.55Y

While this reaction is taking place, three phases co-exist. Application of
the phase rule (P + F = C + 2) shows that F = 1 and this is thus an
example of a univariant reaction. Since the pressure is already fixed, the
temperature cannot vary while the reaction takes place, the graphical
expression of this being the horizontal (isothermal) nature of the line
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separating the two fields.2 All bulk compositions that, like p, lie in the
Y + L field at a temperature fractionally above that of the boundary
line will undergo the same reaction at the same temperature as they
cool. The significance of the 55% of Y which was cancelled from the
equation above is now clarified. It represents that amount of Y crystals
which was present both before and after the reaction and therefore did
not participate in the change, i.e. for practical purposes acted as an inert
excess of Y throughout. If the calculation is repeated for another bulk
composition, e.g. 70% Y (written for convenience as X;0Y,) we shall
derive exactly the same equation as the above but the amount of Y to be
subtracted from both sides will be less, for consideration of the lever
rule shows that X;,Y7, contains less solid than p does at a temperature
just above that of the univariant reaction.

Compositions lying in the X + L field at a temperature immediately
above its isothermal lower boundary clearly undergo an analogous
univariant reaction on cooling into the X + Y field. This time the
change is from the assemblage X + L to X + Y and at first sight would
appear to differ from the reaction described above. However, the only
difference is that here excess (inert) crystals of X are present
throughout, and after cancellation the same equation as before is
obtained. Clearly if temperatures only infinitesimally above the
temperature of the univariant reaction are considered the liquid
composition L is the same whether the bulk composition initially lies in
the X + L or the Y + L field. This liquid is known as a binary eutectic
liquid and lies at the intersection of the univariant reaction line and the
two curves bounding the liquid field. The equation derived above
expresses what happens to the eutectic liquid as it solidifies. A bulk
composition having the eutectic composition changes at the temperature
of the univariant reaction from the all-liquid state to the all-solid state
and then consists of 45% X and 55% Y, the proportions derived in the
equation. Measurement of the distances L C and LB will confirm this.
Finally it follows inevitably that the horizontal line BC representing the
univariant reaction on the diagram is itself a special case of a ‘field’. Any
charge which lies exactly on the line must consist of the three phases,
Lg + X + Y. However, for such charges the lever rule cannot be
applied to determine the phase proportions, which depend on the
energy content of the system, e.g. during cooling they depend on how
much heat has been extracted from the system since it first entered the
univariant condition.

Divariant reactions. Divariant reactions in binary systems involve only
two phases and take place over a temperature range even at constant
pressure. In the system shown in Figure 3.4 only one type of divariant
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reaction is possible, that is one involving a solid phase and liquid.
During the cooling of bulk composition Xg, Y5, from the temperature of
v to the temperature of m the proportion of the solid phase (represented
by the lengths of the lines vL; and ml,) increases continuously.
Specifically, a high-temperature liquid L which co-exists with a smaller
amount of solid gives rise to a low temperature liquid L, plus a larger
amount of solid. The liquid composition changes continuously during
the reaction since pure X is extracted from it. The down-temperature
reaction can be expressed by the general equation:

L—-X

since liquid can be cancelled from both sides of the more specific
equation L; — X + L, (because L, can be expressed as L, + X).

Liquidus and solidus. These terms are frequently useful in the discussion
of phase diagrams and are defined as follows: The liquidus is the curve
or set of curves above which (in the thermal sense) the system is
completely liquid. In Figure 3.4 this is the line MP,—L_—MPy. The
solidus conversely is the line or set of lines below which the system is
entirely solid. In Figure 3.4 this is the line MP,—B—C-MPy, i.e. it is the
isothermal line representing the univariant reaction L = X + Y, plus a
vertical extension at either end rising to the melting points (MP) of the
pure compounds X and Y. Thus the vertical lines bounding the diagram
as far up as the two melting points are further examples of special
(one-dimensional) ‘fields’, each representing one solid phase only.
These are one-component compositions within the binary and as such
are divariant. Even at fixed pressure, pure X and pure Y are capable of
stable existence over a range of temperatures. On melting at MP, and
MPy, these unary compositions lose a degree of freedom and become
univariant, i.e. the temperature remains constant until all the solid has
disappeared.

In Figure 3.4 the liquidus and the solidus touch at three points, that is
the two melting points of the pure end-members and the eutectic point.
Such points have a general significance in phase-diagram reading
because they are the only places where liquids can crystallise to solids
having the same bulk composition as themselves. This is an important
aspect of the treatment of fractional crystallisation and will be covered
in a later section.

Sequence of equilibrium crystallisation. In Figure 3.5 we follow the
crystallisation behaviour of a liquid @ which is cooled from an initial
temperature 7T,. This acts as a* model for crystallisation of all
compositions in the system.
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Figure 3.5 System as in Figure 3.4.

As heat is extracted from the system the liquid cools until it reaches
the liquidus at T,. Solid Y begins to crystallise at this temperature and
increases in amount with further cooling, the liquid meanwhile
becoming more X-rich. At T; for example the solid is 50% of the charge
and the liquid has composition L,. At a lower temperature T, the solid
has increased to 60% of the total and the liquid has composition L,.
Shortly below this the liquid reaches Lg, the eutectic composition, and
the system becomes univariant as X begins to crystallise. With further
heat extraction the temperature remains fixed at 75 while X and Y
continue to crystallise and the remaining liquid disappears. When all the
liquid has solidified the solid assemblage X + Y cools further, e.g. to T§.

Figure 3.6 shows qualitatively a curve of temperature plotted against
time in such a crystallisation sequence on the assumption that heat is
extracted at a uniform rate. Notice the rapid initial fall of temperature
due to the relatively low specific heat of the liquid. Then follows a much
slower cooling period because it is necessary to remove the latent heat
of crystallisation of Y as well as the specific heat of the system. Next
follows the univariant condition when temperature is fixed, and finally
there is a renewal of rapid cooling below the solidus.

Other compositions would show similar late stages of crystallisation
history but would initially crystallise either Y or X at a variety of
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Figure 3.6 Cooling curve for composition a of Figure 3.5.

temperatures depending on composition. Only a liquid having the
eutectic composition would show the simultaneous initial crystallisation
of both X and Y. All compositions would of course produce the same
final liquid as they entered the univariant condition.

Sequence of equilibrium melting. Equilibrium melting paths are the
exact reverse of those of equilibrium crystallisation. In Figure 3.5 if heat
is supplied to the bulk composition represented by a held at an initial
temperature of Ty the solid assemblage of X + Y warms up to 75 where
it begins to melt isothermally with the production of liquid Lg. The two
solids melt together contributing to the liquid in the eutectic proportions
(the eutectic liquid is slightly richer in Y than in X) until all the X has
melted. The temperature begins to rise again and the system proceeds
up-temperature in the Y + L condition, Y melting continuously until it
disappears at T,. The system is now all liquid. Note that a/l mixtures of
X + Y will melt at the same temperature with the isothermal production
of the eutectic liquid. Bulk compositions lying on the Y-rich side of L
will lose X first and enter the Y + L equilibrium while those more
X-rich than L will lose Y first.

Intermediate compounds. Several geologically important binary systems
show the appearance of a solid phase which has a composition
intermediate between the two end-members. The system nepheline
(NaAlSiO,) - silica (SiO,) for example contains albite (NaAlSizOg) as
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an intermediate compound, while periclase (MgO) - silica (SiO,) shows
the appearance of forsterite (Mg,SiO,) and enstatite (MgSiOs).
Intermediate compounds are found if the components represented by
the end-members can be combined to produce them. Thus:

NaAlSlO4 + 28102 =NaAlSl308

nepheline quartz albite
and:

periclase quartz enstatite

2MgO + SiO, = Mg,SiO,

periclase quartz forsterite

The satisfying of an equation as above is not, however, the sole criterion
necessary because the intermediate compound may not be stable under
reasonable conditions of P and T. Thus for example although enstatite is
stable under 1 atmosphere conditions in a dry system its iron analogue
ferrosilite (FeSiO;) is not stable under similar conditions in the system
wiistite (FeQO) ~ silica. The existence of a stable intermediate compound
means that two compounds lying compositionally on either side of it
cannot co-exist. This is the basis of the recognition of antipathetic
mineral pairs which have been traditionally important in the
classification of igneous rocks, e.g. forsteritic olivine and quartz,
nepheline and quartz, leucite and quartz, do not co-exist in equilibrium
in normal rocks. Fayalitic olivine in contrast is stable in the presence of
quartz because of the non-stability of ferrosilite. In general, however,
olivines and quartz react to give pyroxenes, while feldspathoids and
quartz react to give feldspars.

Congruent melting. Binary intermediate compounds are said to melt
congruently if they melt to a liquid of their own composition. The phase
diagram for such a system is illustrated in Figure 3.7 and is similar to
that of nepheline-silica. The diagram is the same as two phase diagrams
of the type illustrated in Figure 3.4 placed end to end. There are two
different sub-solidus assemblages, A + AB (where AB is the
intermediate compound) and AB + B. The AB composition creates a
thermal maximum on the liquidus since its melting point is depressed by
the addition of either A or B. The AB + L field is divided into two parts
by the vertical line extending up to the liquidus and representing the
solid assemblage AB. Pure AB melts to a liquid of its own composition
at MP,; but the addition of even a small amount of A to the system will
cause melting to occur at the much lower temperature of Tg; with the
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Figure 3.7 Hypothetical isobaric diagram for a binary system containing a
congruently melting intermediate compound.

production of the eutectic liquid Lg,. Similarly the addition of B to pure
AB will induce melting at T, and the formation of eutectic liquid Lg,.
Under equilibrium conditions all bulk compositions to the left of AB
will solidify to the assemblage A + AB at temperature Ty, and all bulk
compositions to the right will solidify to the assemblage AB + B at
temperature 7 g,.

Fractional crystallisation. The equilibrium crystallisation discussed does
not automatically find an analogy in natural magmatic processes since it
has been assumed that crystals and liquids remain in contact throughout
solidification. However, from what has been discussed in earlier
chapters it is evident that in nature there is a strong tendency for crystals
and liquids to become separated by gravitative and other means.
Fractional crystallisation is the term used to imply a lack of equilibrium
between crystals and liquids and we shall first discuss the case in which
crystals are instantaneously removed from contact with the liquid as
soon as they are formed. This is clearly not completely plausible in a
mechanical sense but it forms an ‘end-member’ amongst crystallisation
mechanisms. Neither perfect equilibrium nor perfect fractional
crystallisation is to be expected in nature but under varying
circumstances natural systems may approach one or the other more or
less closely.

In the discussion of fractional crystallisation the important factors are
the path of liquid evolution and the sequence of solid phases
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fractionating from the liquid. If the mechanism of crystal removal is
assumed to be crystal settling the fractionating solids give rise to
cumulate rocks in the lower part of the system while periodic tapping off
of the liquid fraction forms an analogy to lava eruptions. Thus in
Figure 3.7 a liquid p cooled under fractional conditions begins to
precipitate crystals of B at L,. With falling temperature the precipitation
of B continues and the liquid moves down the boundary curve from L,
to Lg,. This liquid then precipitates crystals of AB and B without
changing composition until it is all consumed. During this process the
sequence of solids precipitated is first B and then AB + B. An imagined
layered intrusion would consist of a lower layer of B (a monomineralic
rock) overlain by a layer consisting of AB and B. Liquids varying in
composition from L; to Ly could have been erupted during the
crystallisation process.

Considering all possible liquid compositions in Figure 3.7, four
essentially different trends of liquid evolution are possible:

(a) Liquids lying initially between A and L, evolve by fractionation of
A towards more B-rich compositions (using B in the sense of a
component), the final residual liquid being Lg;.

(b) Liquids lying between Ly, and AB evolve towards more A-rich
compositions by fractionation of AB. Like the preceding group the
final liquid is Lg;.

(c) Liquids lying between AB and Lg, fractionate AB and become
more B-rich, giving L, as the final liquid.

(d) Liquids more B-rich than L, fractionate to a final liquid at Lg, by
crystallisation of B.

This classificatory exercise has two important general features. It
illustrates firstly how liquids which are originally rather variable may
fractionate towards a very limited number of end-points. Secondly, certain
liquids which are initially similar in composition, e.g. liquids immediately
either side of AB, may fractionate to quite different end-points. Both of
these are important features of natural rock series.

Fractional melting. Fractional melting involves the removal of liquid
instantaneously during the melting process, and while it may not be
mechanically possible to remove very small amounts of melt from a source
rock in the natural environment, like fractional crystallisation it forms a
convenient theoretical end-member mechanism. However, it differs in
several important respects from fractional crystallisation, and liquid
evolution paths are not precisely the reverse of those of fractional
crystallisation.
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Consider the fractional melting of a solid mixture of AB and B
represented by g in Figure 3.7. On heating, the system begins to melt at
temperature T, to a liquid of composition Lg,. Since the liquid formed
is immediately removed and is more A-rich than the original bulk
composition, the bulk composition of the residual solids must become
progressively more B-rich as the liquid is extracted. Ultimately all the
AB must disappear leaving a solid residue consisting only of B. Pure B,
however, does not melt until the temperature of MPy, is reached so that
continued heating of the system does not immediately result in the
formation of more liquid. However, at MPy the system becomes
univariant and all the B melts to a liquid of its own composition with no
further rise of temperature. In this example the liquid is produced in two
discrete batches at two different temperatures and thus contrasts strongly
with the way a liquid of the same initial bulk composition evolves during
fractional crystallisation.

Incongruent melting. An intermediate compound is said to melt incon-
gruently if it melts to a liquid not of its own composition, plus a new
solid phase. Expressed as an up-temperature reaction this is:

solid A — solid B + L

In a binary system the new solid and the liquid formed must lie composi-
tionally on either side of the original compound to maintain a constant bulk
composition.

Figure 3.8 is an example of a system in which the intermediate com-
pound AB melts incongruently to A + L. Characteristic of such a sys-
tem is the way the field of A + L extends over the composition of the
intermediate compound AB. As we have seen the sequence of phase
assemblages during equilibrium melting is read directly from the diag-
ram by running the eye up the vertical line representing the bulk com-
position. A charge of composition pure AB remains solid until the
temperature MP,; is reached. Above this temperature the same bulk
composition lies in the A + L field. Thus the reaction on melting is:

AB—-> A+ L

and at the temperature of MP ,; the system is univariant as AB, A and L
must co-exist. On heating, as the system enters the univariant condition,
only solid AB is initially present but as more heat is supplied AB must
diminish in amount, and liquid and A must appear and increase in
amount. Thus melting involves the decomposition of AB into pure A
and a more B-rich liquid. The liquid concerned, by analogy with earlier
arguments, lies at Lp, and is known as a peritectic liquid.

Consider now melting of a mixture of A and AB represented by o in
Figure 3.8. Below the solidus it consists of equal parts of A and AB,
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A+ AB

A AB B

Figure 3.8 Hypothetical isobaric diagram for a binary system containing an
incongruently melting intermediate compound.

since it lies compositionally midway between them. At a temperature
slightly above MP .z however it consists of A + L in the approximate
proportions 60: 40 (see relative lengths of mL, and m1). Thus during
the univariant reaction the amount of A has increased, while AB has
disappeared. The 50% of AB which has melted is now represented by
40% of liquid L, (ideally L;) plus 10% of newly formed A. Further
heating sees the progressive melting of A, the system becoming
completely molten when it reaches L,. This argument should
demonstrate that all mixtures starting as A + AB show behaviour
similar to that of pure AB. The initial liquid is L, in all cases, and during
the univariant reaction the amount of A increases as heat is supplied.

More complex melting behaviour is shown by compositions lying
between AB and L;. A bulk composition consisting of solid AB and B
represented by r melts at T with the formation of the eutectic liquid Lg
and passes up-temperature into the AB + L equilibrium with the loss of
solid B. AB continues to melt, its proportion at a higher temperature
being represented by the line tL; (here it is about 35% liquid, 65% AB).
When the point representing the bulk composition reaches the top of
the AB + L field just above ¢ the system is about 60% liquid and
contains 40% of crystals of AB. Above the temperature of the invariant
reaction, however, the system consists of A + L (bulk composition
represented by u) and only contains about 7% of crystals. The system
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now consists of liquid plus a new phase which was not present in the
starting assemblage. Further heating sees the melting of A until the
liquid reaches L; when all A has disappeared. The last liquid of melting
has of course the bulk composition of the starting material.

Mixtures of AB and B which have bulk compositions lying to the right
of L, are the only compositions to show simple melting behaviour not
involving the appearance of A in the univariant reaction AB — A + L.
In these charges all the AB melts before the temperature of MP,j is
reached and the melting behaviour is thus the same as that in the simple
eutectic binaries discussed previously.

Equilibrium crystallisation in a system with an incongruently melting
compound. Equilibrium crystallisation in the system described above is
now considered. It is the reverse of the melting process but is sufficiently
important to justify separate discussion. In Figure 3.9 the same system is
shown as in Figure 3.8 and the liquid field is divided up into four classes
(I-IV) each of which shows a different crystallisation behaviour.

Down-temperature any bulk composition which crosses the line
P-MP,; must become involved in the reaction:

L+A— AB
I {11 111 v
[
| |
[
|
|
!
A+L I
T
P
MP s B+L
AB+L
E
A+ AB
AB +B
A AB B

Figure 3.9 System as in Figure 3.8.
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that is, crystals of A will react with the liquid to form AB, and the
amount of A present must diminish. The other general consideration is
that, irrespective of the complexities of crystallisation behaviour
encountered between the liquidus and the solidus, the diagram can be
read immediately to determine the final solid assemblage. Thus all
Class I liquids solidify eventually to A + AB, and all other classes
solidify to AB + B. These considerations allow a rapid and logical
analysis of the crystallisation behaviour as follows:

Class 1. Liquids start by crystallising A until the temperature of MP,;
is reached. AB begins to crystallise as A reacts with the liquid. Since
A is present in the final assemblage the liquid must disappear before
all the A has become resorbed. This class shows partial resorption of
early formed A at the temperature of the univariant reaction. The last
liquid present is the peritectic liquid P.

Class I1. In this case since A is not present in the final assemblage the
resorption of A must go to completion. The system then passes into
the AB + L field and the liquid proceeds down-temperature to E. This
is the final (eutectic) liquid and the system solidifies to AB + B. This
class shows complete resorption of early formed A.

Classes I1I and IV . Neither of these shows resorptional phenomena as
the A field is not encountered. The crystallisation of both classes is
that of the simple eutectic system, the difference being only that
Class III liquids show AB as the first crystals whereas Class IV
liquids produce crystals of B first.

Special cases. The liquid forming the boundary between Classes I and
II has the special composition AB. It shows the simultaneous
disappearance of A and liquid, leaving only solid AB below the
temperature of MP,;.

Fractional crystallisation. Fractional crystallisation in a system with an
incongruently melting intermediate compound presents a new feature,
the petrological importance of which will be discussed with relation to
the system MgO-SiO, in a later section.

Referring to Figure 3.9, by analogy with earlier discussions liquids of
Classes III and IV will show the familiar type of fractional
crystallisation leading in both cases to residual liquids at E. The
fractionation of A from liquids in Classes I and II leads in all cases to a
liquid at P which under equilibrium circumstances would react with A to
form AB. However, in the fractional case there are no crystals of A
present to take part in the reaction. Careful consideration of this
reaction is evidently required to decide what will happen under
fractional conditions.
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Under equilibrium conditions when A is present, the liquid P is
subjected to two contrasting influences as heat is extracted. On the one
hand A is dissolving in it, thus tending to make it more A-rich, on the
other hand AB is growing from it thus tending to make it more B-rich.
These effects balance out so that P remains fixed in composition while A
dissolves and AB grows. In the absence of A the only possible result is
that AB crystallises and the liquid becomes richer in B. An alternative
way of looking at this is to observe that P lies on the upper boundary of
the AB + L field. Considering P as a starting composition it is clear that
cooling must make it pass immediately into this field, i.e. it precipitates
AB and the liquid evolves down-temperature towards E.

Thus, although under equilibrium conditions it can act as a final liquid
of crystallisation or a first liquid of melting (Class I compositions), the
liquid P cannot act as a final liquid of fractional crystallisation. The point
P on the diagram is often referred to as a ‘reaction point’ and it is a
characteristic of such points that fractionating liquids pass down-
temperature through them. ‘Reaction points’ do not lie in thermal
lows on the liquidus and are not places where solidus and liquidus touch.
Hence the liquid can under no circumstances solidify to a solid of its own
composition and under fractional conditions there is no means of
disposing of such a liquid. It must always crystallise a solid phase
having a composition other than its own and therefore evolves
down-temperature changing composition. Under equilibrium con-
ditions, in contrast, such a liquid does disappear as heat is extracted
by combining with an existing solid phase to make a new one. The term
‘reaction point’ is unfortunate because all changes in systems are
conveniently thought of as reactions, and here we are dealing with one
particular type, that involving the down-temperature resorption of a
solid by a liquid.

The important general conclusion to be drawn is that all liquids in
Classes I and II give rise to final liquids of fractional crystallisation lying
at E. Thus the system only contains one final liquid of fractional
crystallisation, and compared with a system (Fig.3.7) in which the
intermediate compound melts congruently there is no thermal high on
the liquidus. Whether the presence of an intermediate compound acts as
a barrier to fractionating liquids thus depends on whether it melts
congruently or incongruently.

The system MgO-SiO,. Phase relations for this system, which has much
petrological interest are shown in Figure 3.10. It includes the
congruently melting compound forsterite (Mg,SiO4) and the
incongruently melting compound clinoenstatite (MgSiOs) as well as a
field of liquid immiscibility in silica-rich compositions. Experimentally
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Figure 3.10 The system MgO-SiO, at 1 atmosphere pressure (after Bowen &
Anderson 1914 and Greig 1927). Abbreviations: Per - periclase;
Fo — forsterite; En — enstatite; Cr — cristobalite; Tr — tridymite; L - liquid.
Dashed curves are of uncertain location.

liquid immiscibility is detected by the presence of two types of glass in
the quenched charge, one dispersed as ‘droplets’ in the other. If two
immiscible liquids show, for example, a significant density difference,
then mechanical separation is possible and a potential fractionation
mechanism exists. However, although liquid immiscibility is well
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established between sulphide and silicate melts, and may well account
for the formation of certain magmatic sulphide bodies, immiscibility
between different silicate melts appears to be restricted to compositions,
as in this case, substantially different from those of common natural
magmas. Hence fractionation by the separation of liquids from each
other does not appear to be a commonly occurring natural process.

In Figure 3.10 a homogeneous liquid such as m begins to exsolve
droplets of a more silica-rich liquid » when the temperature drops to
that of the boundary curve at 0. The continued exsolution of silica-rich
liquid with falling temperature causes the initial liquid to become more
magnesian so that it moves down the left-hand boundary curve while the
exsolved droplets change composition towards silica enrichment. At a
lower temperature the co-existing liquids are represented by p and g,
the bulk composition being r. Further cooling leads to the univariant
reaction at 1695°C where L, + L, (infinitesimally above the
temperature of the reaction) changes to L, + cristobalite. Using the
lever rule to assign quantities to these phases we find that:

77L, + 23L,— 78L, + 22 cristobalite
and simplifying by subtracting 77% of L, from each side this gives:
23L,— 1L, + 22 cristobalite

Hence the reaction consists of the break-up of the more siliceous liquid
into a silica mineral plus a small additional amount of the more
magnesian liquid.

The upper boundary curve of the two-liquid field is a typical example
of a solvus curve. It represents the limits of solubility of one phase in the
other and in common with most solvi becomes narrower up-temperature
indicating that solubility increases. This solvus closes completely at its
upper limit signifying complete solubility of the two phases. Some solvus
curves which will be discussed in later sections encounter other
equilibria up-temperature and solution does not become complete at
any stage.

The two different polymorphs of silica, cristobalite and tridymite (see
Fig. 3.3) present a second feature of interest in this system. The
inversion temperature between them is at approximately 1470 °C and it
is important to note that it is for practical purposes in the binary system
independent of the bulk composition. This is a characteristic of
polymorphic transitions of phases which do not show significant solid
solutions towards other components (for contrasting behaviour see the
up-temperature conversion of nepheline to carnegieite in Figure 3.19).

Like cristobalite and tridymite, which are high-temperature
modifications of the much more common naturally occurring mineral
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quartz, the enstatite in this system is a high-temperature monoclinic
phase encountered only rarely in natural rocks where it is normally
represented by the orthorhombic form. High-temperature phases are
commonly encountered in simple systems with few components. In the
systems considered so far the addition of a second component has a
strong effect on reducing the temperature at which the original phase
crystallises from the liquid. In natural magmas consisting of a large
number of components the effect is magnified so that the temperatures
at which natural magmas crystallise are generally far lower than those of
the simple systems. Lower crystallisation temperatures result in the
appearance of quartz as the common silica mineral of igneous rocks and
orthopyroxene as the common calcium-poor pyroxene.

The system MgO-SiO, provides an excellent illustration of the
concept of silica-saturation and the basis of the CIPW norm which is
widely used in petrology and discussed in detail in Appendix 3. Magmas
are regarded as silica-saturated if their compositions are such that they
crystallise to mixtures of olivine, pyroxenes, and feldspars under
anhydrous equilibrium conditions. If, however, excess silica is present
this results in the appearance of a silica mineral, usually quartz, in
addition to the assemblage mentioned. Such magmas are termed
silica-oversaturated. Conversely if insufficient silica is present, minerals
of the feldspathoid group (usually nepheline or leucite) appear and the
magmas are termed silica-undersaturated. Magmas and the igneous
rocks they give rise to can be classified into three major groups on this
basis. The significance of the classification will be discussed more fully at
a later stage but we note that in the system under discussion the three
groups are represented by the compositional ranges given in Figure 3.10
though here the silica-undersaturated group is represented by com-
positions crystallising to a periclase-bearing assemblage rather than
the feldspathoid-bearing assemblages of natural rocks. From the
previous discussion of incongruently melting intermediate compounds it
follows that in MgO-SiO, magmas under equilibrium conditions will
crystallise to one of the three assemblages Per + Fo, Fo + En, or
En + Cr. However, under conditions of fractiopal crystallisation,
because enstatite melts incongruently, liquids which are initially
silica-saturated may give rise to silica-oversaturated residual liquids.
Similarly, fractional melting or low degrees of fusion under equilibrium
conditions may produce silica-oversaturated initial liquids from
silica-saturated source materials. Hence there is no barrier in this system
(at 1 atmosphere pressure) to liquids crossing from the silica-saturated
to the silica-oversaturated condition during down-temperature
fractionation or changing up-temperature in the opposite direction. In
contrast, because forsterite melts congruently and produces a thermal
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high on the liquidus, no fractionation paths enable a change from
silica-saturation to silica-undersaturation (or the converse) to take
place. Similar considerations apply in more complex systems and the
division of magmas on the basis of their silica-saturation thus has
important genetic overtones. Thermal highs create barriers which restrict
possible fractionation paths and place convenient constraints on
petrogenetic hypotheses. Also restricted are the possibilities inherent in
contamination. A liquid such as s in Figure 3.10 which lies on the
silica-poor side of the forsterite composition and is in equilibrium with
forsterite crystals, cannot for example be converted to a silica-saturated
or -oversaturated liquid by the addition of SiO, as a contaminant.
Adding SiO, will move the bulk composition to the right and cause more
forsterite to crystallise so that the liquid remains silica-poor. A
silica-undersaturated liquid such as s could only become silica-saturated
by contamination if its initial temperature were higher than that of the
divide (e.g. s’). Then if the added contaminant were sufficiently hot the
liquid composition could move to the right without encountering the
forsterite + liquid field.

The effect of pressure. Phase relations in MgO-SiO, so far discussed
refer to 1 atmosphere pressure. However, under increased pressure and
anhydrous conditions the liquidus field of forsterite contracts relative to
that of enstatite with the consequence that at about 5 kbar enstatite
begins to melt congruently. At pressures above 5 kbar the enstatite
composition becomes a thermal divide as shown in Figure 3.11. This has
two important consequences for the petrological discussion of mantle
processes elaborated in later sections. First it implies that initial melts in
equilibrium with magnesian olivine and magnesian orthopyroxene
become progressively more olivine-rich with increasing depth; secondly
it implies that the free passage of liquids from silica-saturated

En+L
En+L En+L
T Fo+L En+L Fo+L
En+L
<
Fo + En \/ Fo + En Fo + En
Fo En —Q Fo En —+Q Fo En —Q
low P ca. 5 kbar high P

Figure 3.11 Schematic illustration of the effect of pressure on
forsterite—enstatite equilibria.
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(olivine-bearing) compositions to silica-oversaturated (quartz-bearing)
compositions possible at low pressures is restricted at higher pressures.

Solid solution. Figure 3.12 illustrates a hypothetical binary eutectic
system in which there is partial solid solution between the two solid
phases. Maximum solid solution takes place at the temperature of the
eutectic T; and in this case X is capable of dissolving 20% of Y, and Y is
capable of dissolving 15% of X. If these solubility limits were to be
reduced the diagram would pass by transition into that shown in
Figure 3.5 where solid solution is negligible. In most systems, as in this
case, the solvus curves limiting the solid solution fields below the solidus
converge up-temperature indicating that increased temperature favours
more extensive solution. A composition such as p which consists of a
single homogeneous phase at temperature T begins to exsolve the other
phase (Y, of composition ) if it is cooled to T,. Further cooling to T,
sees the X, becoming more X-rich until it reaches composition ¢ while
the exsolved Y becomes more Y-rich (composition s). The natural
analogy of this cooling process results in the formation of exsolution
lamellae in minerals such as alkali feldspars (perthites) and pyroxenes.
Reheating of exsolved structures will of course tend to rehomogenise
them.

Figure 3.12 Hypothetical isobaric diagram for a binary system showing solid
solutions (indicated by subscript ‘ss’).
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Above the solidus the curves limiting solid solution fields fall back
towards the melting points of the pure components at MPy and MPy.
This results from the fact that the more extensive solid solutions begin to
melt at lower temperatures than the less extensive ones. For example
the single phase composition p if heated begins to melt at T, to the liquid
L,. It is completely melted at 75 to a liquid L, having the same
composition as the starting material. The last solid to disappear has
composition u. A more Y-rich solid solution than p would begin to melt
at a lower temperature to a liquid lying between L, and L.

Melting, as illustrated, involves the evolution of a Y-rich liquid and the
composition of the solid solution must become concomitantly richer in X.
Conversely, on cooling composition p from a temperature above T5, the
first crystals to appear have composition u and these must be progres-
sively made over to the composition v as crystallisation proceeds. When
the crystals reach v the last drop of liquid L, disappears. Only starting
liquids containing between 20% and 85% of Y (i.e. outside the maximum
limits of mutual solubility of the two solid phases) produce final liquids of
eutectic composition and solidify to a mixture of the two maximum solid
solutions w and z. Further cooling results in each exsolving the other
component and giving rise to two parallel sets of exsolved crystals.
Conversely, only compositions lying between w and z are capable of
melting to give the eutectic liquid as an initial product.

Fractional crystallisation in systems involving solid solutions can take
place in two ways which differ essentially in scale. Firstly crystals may be
removed continuously, perhaps to form cumulate sequences elsewhere,
or alternatively crystals may remain within the system but fail to equili-
brate with the liquid. In the latter case compositions are not made over to
the appropriate new equilibrium composition as temperature changes,
and during cooling zoned crystals result. These have central compositions
corresponding with the initial temperature of crystallisation (for example
u) and are overgrown progressively by lower temperature compositions
(for example v and w). As in previous examples of fractional crystallisa-
tion there is no means of disposing of the liquid during cooling until a
point where it can crystallise to a solid or solids of its own composition is
reached. In this system all perfectly fractionating liquids thus evolve to
the composition L and the accompanying zoned crystals or cumulates
evolve to the maximum limits of solid solution, w and z. The difference
between the two types of fractional crystallisation are important petrolog-
ically. In the first case, when crystals are removed, the liquid changes
along a well-defined evolutionary path and may be represented in natural
cases by periodic eruptions of lavas or changing bulk composition. When
crystals are not removed and zoning takes place, the bulk composition of
the system does not change but there is a strong fractionation of composi-
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tions on the hand-specimen scale within the resultant rock. Since rapid
cooling, especially when coupled with high viscosity in the melt, is ideal
for the production of zoned crystals this second type of fractionation in
natural cases typically takes place after the emplacement of small intru-
sions and after the eruption of lavas. It shows up as strong marginal
zoning in phenocrysts, particularly plagioclase, and in the appearance
of interstitial patches of micropegmatite, analcite, and various
quenched glasses of more or less extremely alkali- or silica-enriched
composition.

Fractional melting in the system considered also differs significantly
from the pattern found in binaries without solid solution. In this case as in
the other systems two phase assemblages which consist of the two maxi-
mum solid solutions w and z melt initially to give a finite batch of eutectic
liquid. However, as soon as one of the solid phases has disappeared there
is not in this case a pause in the evolution of liquid as heat is supplied. The
remaining solid solution itself must melt at a temperature only infinitesi-
mally above that of the eutectic and leaves a solid residue infinitesimally
enriched in the more refractory component. Thus continuous evolution
of liquid of changing composition is to be expected, and the last drop of
liquid must have the composition of the pure component since this is the
only solid phase capable of melting to a liquid of its own composition.
Quantitative assessment of the fractional melting of solid solutions is
complex because it involves the integration of infinitesimal increments of
melting, using solidus and liquidus curves which are not necessarily
capable of simple mathematical expression. However, perfect fractional
melting is probably not geologically realistic and a better approximation
is perhaps afforded by the model known as incremental batch melting in
which successive batches of equilibrium melt are removed from the
source material. If many small batches of equilibrium melt are removed
the effects approach those of fractional melting.

In Figure 3.13 we consider the incremental batch melting of a solid
solution equivalent to w of Figure 3.12 and we suppose that each melting
episode involves the creation of 20 % of liquid. Under natural conditions
it may be realistic to suppose that a certain degree of melting is necessary
before a batch of liquid will be extractable. Here it is assumed that all the
liquid is extracted each time and the remaining solid is then subjected to a
further 20% of melting.

Considering w as the initial solid, trial and error is used to find the tie
line ac in such a position that ab is 20% of the total length. At the
temperature of the tie line 20% of liquid c is in equilibrium with 80% of
the solid a. The first batch of liquid removed is thus ¢ and the new bulk
composition of the solid is a. In the present case (Fig. 3.13) the process is
repeated twice more to give two more batches of liquid f and i and the



74 Phase diagrams — introduction

Figure 3.13 Batch melting in a system similar to that of Figure 3.12.

residual solid g. The amount of the original solid left is now 51.2% of
the original, the three batches of liquid having represented 20, 16 and
12.8% respectively. This is, of course, an infinite series and after any
finite number of steps there is always some residual solid remaining.
Hence a finite amount of liquid having the composition of the pure
component cannot be produced. In the limit this argument applies to
perfect fractionation and demonstrates that fractional melting, although
its end-product is the highest-temperature liquid available, cannot pro-
duce this liquid in a finite amount.

Partial and complete solid solution. In Figures 3.12 and 3.13, the system
considered showed partial solid solution between the two solid phases
and although solution increased with temperature the solids began to
melt before it was complete. Figure 3.14 shows the form of binary dia-
grams where solid solution is (a) almost complete, and (b) complete
before the onset of melting. Figure 3.14b is similar in form to that for
orthoclase-albite. In this type of system a minimum is found on the
solidus and liquidus, which touch tangentially. In Figure 3.15a the phase
diagram for a binary showing complete solid solution below the solidus
but no minimum in the liquidus is illustrated. The plagioclase feldspars
(the system albite—anorthite, Fig. 3.16) form a geological example. Fig-
ure 3.15b shows what this type of diagram changes into when solid
solution is incomplete at solidus temperatures.
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Figure 3.14 (a) Binary diagram showing almost complete solid solution just
below the solidus. (b) As above, but solution is complete below the solidus and
there is a liquidus minimum.

The system albite—anorthite. This system illustrated in Figure 3.16 is an
example of complete solid solubility at magmatic temperatures as CaAl
in the feldspar lattice is replaced by NaSi. Equilibrium crystallisation
involves the early precipitation of calcic plagioclases which are made
over with falling temperature to more sodic varieties. Fractional
crystallisation leads to residual liquids rich in the albite component and
final residual liquids which are theoretically of pure albite composition.

Figure 3.15 Systems without a liquidus minimum showing (a) complete solid
solution just below the solidus, (b) incomplete solid solution. This system shows
down-temperature resorption of early formed Y.
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Figure 3.16 The system albite-anorthite at 1 atmosphere pressure (after
Bowen 1913). A revision of the system is given by Kushiro (1973b).

The effect of the addition of extra components to this system is
considered later but the essential features of the diagram are certainly
applicable to most more complex systems. Zoning in natural
plagioclases is, for example, an almost ubiquitous phenomenon and, as
we would predict from the diagram calcic cores with sodic overgrowths,
are very common as a result of imperfect equilibrium during cooling.
Furthermore if a particular magma undergoes fractionation by crystal
settling we would expect early formed plagioclase cumulates to be more
calcic than later ones. This sequence of cryptic layering in plagioclases of
layered intrusions is also very commonly observed.

These observations lead to the conclusion that in complex systems the
general form of the melting loop is retained, and that fractionation of
plagioclase will lead to liquids having higher albite/anorthite ratios.
However, the temperatures at which particular compositions of
plagioclase will precipitate and the precise relations between the albite/
anorthite ratio of liquids and co-existing crystals cannot be predicted for
more complex systems from this diagram. It is generally true that simple
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systems have higher crystallisation temperatures than complex systems,
and the distribution coefficient which relates compositions of co-existing
solids and liquids is likely to be both temperature and composition depen-
dent. Nevertheless in series of rocks which are obviously closely related,
e.g. fractionates erupted periodically from a single fractioning magma
chamber, the composition of plagioclase is likely to form a good guide to
relative temperatures of formation. Even on a more general level it is
probable that rocks containing a calcic plagioclase were formed at
higher temperatures than rocks carrying sodic plagioclase. These
considerations highlight the traditional impertance of plagioclase
composition in the classification of igneous rocks. A classification based
on plagioclase composition is a first step, albeit crude, towards a system
based on temperatures of formation.

The system forsterite-fayalite. Phase relations in this system (Fig. 3.17)
are similar to those in albite—anorthite. Here the iron-olivine fayalite
forms the low-temperature end-member and the magnesian-olivine
forsterite the high. Down-temperature fractionation of liquids is
towards iron enrichment relative to magnesium. Since Mg?* is readily
replaced by Fe** in all Mg-bearing silicate lattices and since distribution
coefficients are such that Mg is preferentially incorporated in the solid,
Fe/Mg ratios have the same general classificatory significance as the
plagioclase compositions discussed above. In series of rocks which
contain both plagioclase and olivine there is generally a fairly good
positive correlation between the fayalite content of the olivine and the
albite content of the plagioclase.

The olivine series is almost unique amongst natural solid solutions in
behaving with a close approach to thermodynamic ideality, and having a
distribution coefficient relating the Mg and Fe?* contents of co-existing
solids and liquids which is virtually temperature independent. This has
been established for a fairly wide range of natural basaltic liquids by
Roeder and Emslie (1970). Their predictions are presented graphically
in Figure 3.18 where the mole per cents of MgO and FeO in the liquid
are plotted to predict the composition of the equilibrium olivine and the
temperature at which it will crystallise at 1 atmosphere. The radial lines
representing olivine composition indicate that olivine composition is
controlled only by the ratio of the MgO and FeO contents of the liquid.
At a given MgO/FeO ratio the total content of these oxides determines
the temperature at which that olivine will crystallise. (If the temperature
of crystallisation is not required then the molecular ratio of FeO/MgO
may be determined directly without recalculating the whole analysis.)
Compositions with high total MgO + FeO approach the synthetic
system forsterite—fayalite and lie off the top and the right-hand side of
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Figure 3.17 The system forsterite—fayalite at 1 atmosphere pressure (after
Bowen & Schairer 1935).

the diagram. The diagram is most conveniently used for whole-rock or
groundmass compositions in which olivine is the first phase to crystallise
on cooling. The weight per cent analysis is first converted to mole per
cent by dividing each oxide by its molecular weight and recalculating to
100%. The diagram can then be used directly to determine the
temperature of crystallisation and the composition of the equilibrium
olivine. This information can then be compared with actual olivine
compositions to determine, for example, whether olivines present in a
rock are in equilibrium with their groundmass or alternatively whether
they might be xenocrystal. Practical difficulties, however, arise from the
ready oxidation of Fe?* to Fe®* during alteration of natural rocks so that
Fe?* content of a rock is not necessarily a good guide to the Fe?* content
of the original magma.

It is not at present certain whether the distribution coefficient is
independent of pressure as well as temperature though Roeder and
Emslie suggest that it may be. If this is so, the calculations can be
extended to decide whether basaltic liquids could be in equilibrium with
mantle olivines of specified composition and hence could be regarded as
primary magmas. For example, Figure 3.18 shows that a magma
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mole % MgO in liquid

mole % FeO in liquid

Figure 3.18 Relationships, after Roeder & Emslie (1970), between mole per
cents of MgO and FeO in liquid to composition of olivine and temperature of
olivine crystallisation at 1 atmosphere pressure. Note that the diagram does not
predict whether olivine will crystallise or not (since this depends on numerous
other compositional factors) and is applicable only to liquids known or assumed
to be in equilibrium with olivine.

equilibrating with mantle olivine of composition Fos must have a
MgO/FeO ratio in the liquid of about 2.7.

Notes

1. Pressure in petrological experiments is normally measured in bars, kilobars
(10° bars), or occasionally kg cm~2. The bar and the atmosphere are almost
the same size and approximately equal to 1 kg cm™2. The kilobar (kbar) is
useful for high-pressure experiments because a pressure in Kilobars
multiplied by 3 (the approximate density of the Upper Mantle) gives the
depth in kilometres at which that hydrostatic pressure would be expected,
e.g. experiments at 20 kbar approximately simulate the pressure condition at
60 km depth.

SI units (pascal or newton m~2?) of pressure are not in common use in
experimental petrology because of their small size.
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Conversion factors are as follows:

1 atmosphere = 1.013 bars = 1.033 kg cm™2
1 bar 0.987 atmospheres = 1.020 kg cm™2
10° N m~* (or Pa)

Il

2. Practice varies in the classification of equilibria in terms of their number of
degrees of freedom. Throughout this work equilibria are classified according
to the phase rule P + F = C + 2. However in diagrams determined at a
fixed pressure some authors use the equation P + F = C + 1 because one
degree of freedom has been taken up. Hence a eutectic such as that just
discussed is referred to as invariant rather than divariant. This is strictly
incorrect, although the term isobarically invariant is more acceptable. The
incorrect practice has as its attraction the coincidence between the apparent
number of degrees of freedom and the number of dimensions needed to
represent the loci of the corresponding liquid compositions in the isobaric
diagram (points are invariant, areas are divariant etc.). However, the use of
this condensed version of the phase rule diverts attention from the essentially
polybaric nature of igneous processes, apart from the immense confusion
which can result from forgetting to state in each case whether the polybaric
or isobaric case is being referred to.

Exercises

1. The following phases are present in an experimentally investigated system:
forsterite (Mg,SiO,), diopside (CaMgSi,Os), and solid solutions between

Table 3.1

Composition Temperature (°C)  Phases present

Di 0 1392 gl
1385 Di
1385 gl

Digy 1365 Di + gl
1355 Di+ Tr
1370 gl

Dig; 1365 Di + gl
1350 Di + Tr
1410 gl

Dig,q 1390 Tr + gl
1370 Tr + gl
1500 gl

Diys 1480 Cr+ gl
1355 Di + Tr

Abbreviations: Di — diopside; Tr — tridymite; Cr — cristobalite;
gl — glass.
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pyrope (MgzALSi;Oy) and grossular  (CazAlSizO,,). How many
components has the system, and could the above assemblage melt
isothermally?

2. Table 3.1 gives phases present in charges made up in the system
diopside-silica. Use this information to make a phase diagram for the
diopside-rich half of the system and determine the temperature of the
eutectic between diopside and tridymite. What is the composition of the
eutectic liquid?

3. Using the phase diagram for albite—anorthite (Fig. 3.16), determine:

(a) The composition of the first plagioclase to crystallise on cooling of a
liquid of composition Ans.

Figure 3.19 Part of the system nepheline—anorthite at 1 atmosphere pressure
(after Bowen 1912).
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(b) The composition of the last drop of liquid to disappear during
equilibrium crystallisation of the above liquid.

(c) The composition of the liquid and the remaining solid when a bulk
composition of Ang, is 20% molten.

(d) The composition and temperature of the final liquid of fractional
crystallisation of liquid Ans,.

4. Figure 3.19 gives part of the diagram for the system nepheline-anorthite at
1 atmosphere pressure. Nepheline shows extensive solid solutions towards
anorthite, while its high-temperature polymorph, carnegieite, shows limited
solid solutions.

(a) Describe with full details of temperature, phase proportions and phase
compositions the melting of a nepheline solid solution of composition
NegoAny,.

(b) Write an equation to represent the univariant reaction affecting this
composition at 1353 °C.

(c) If another univariant reaction is represented in the diagram, what is its
temperature and what equation would you write?

(d) What is the composition of the last liquid to disappear on equilibrium
crystallisation of a liquid of composition Ne;zgAng,?

(¢) What is the composition of the last liquid of perfect fractional
crystallisation of NeggAn,o?

5. The analysis of a picrite basalt is given below. Calculate the olivine
composition and the temperature at which olivine will begin to crystallise at
1 atmosphere pressure (see Fig. 3.18). Assume firstly that FeO as reported
represents FeO of the liquid, and then alternatively that all the reported
Fe,O; was originally present as additional FeO in the liquid. This gives a
bracket on both composition and liquidus temperature. Small amounts
(< 1%) of olivine (Fogs) are present in the rock. Are these demonstrably
xenocrystic?

Si0, TiO, ALO; Fe,0; FeO MnO MgO CaO
45770 2.62 1426 6.68 430 021 793 9386

Nazo K20 P205
212 180 043
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Ternary systems — I

The extra component in ternary systems compared with binaries
represents a substantial step towards petrological reality, and there are
many ternaries which form a relatively close analogue to natural
magmas. The study of ternaries provides a useful basis for the
formulation of petrological ideas, but is nevertheless a foundation which
is far from complete. The question of how additional components might
affect phase relations should not be allowed too far out of sight during the
following discussions of ternary systems.

Representation of composition

Two dimensions are needed for the representation of ternary composi-
tions and triangular plots are normally employed. In Figure 4.1a, three
components X, Y and Z are placed at the corners of an equilateral
triangle on which a 10% triangular grid has been drawn. The amount of
X at any point within the triangle is represented by the grid lines parallel
to the YZ edge, thus for example all points on the line ab contain 30%
of X. A point ¢ which represents the composition Xg3Y3,Z4 illus-
trates how the three co-ordinates total to 100%. Figure 4.1b demon-
strates the same geometrical relationships transferred to a scalene
triangle.

Phase proportions in ternary diagrams are also determined by the
method above. If X, Y and Z in Figure 4.1b are taken to represent the
compositional points of three phases (solid or liquid) the point c is a
bulk composition consisting of 30% of phase X, 30% of Y and 40% of Z.
Furthermore the lever rule as used in binaries applies in exactly the
same fashion in ternaries. Hence, in Figure 4.1a, if ¢ is mixed with e all
compositions produced lie on the straight line between them, and it can
readily, for example, be verified that a point d which lies so that the
lengths de and cd are in the ratio 1:3 can be expressed as a mixture of
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Y
(a) (b)

Figure 4.1 Plotting compositions in ternary diagrams. Grid lines are at 10%
intervals.

one part of ¢ to three parts of e. The calculation is carried out as follows:

e = 70X+ 20Y + 10Z
¢ = 30X+ 30Y + 40Z
¢+ 3e = 240X + 90Y + 70Z

dividing by 4

c+ 3e

T 60X + 22.5Y + 17.5Z=d

This is the same as the composition of d found graphically in Fig-
ure 4.1a. The same construction would clearly also apply to the scalene
triangle of Figure 4.1b.

In practice during the reading of ternary diagrams it is frequently
useful to determine the composition of points within scalene triangles,
but it is not necessary to construct a complete grid. Comparison of
Figure 4.2 with Figure 4.1b shows that the ratio of the lengths cx to Xx
if expressed as a percentage is the X content of ¢. Similar arguments
allow the Y and Z contents to be found. To plot the point ¢, given its
composition, it is probably easiest to calculate the ratio X:Y (in this
case 1 : 1) and thus find the point z. Then divide the line zZ in the ratio
of (X + Y):Z (in this case 3:2). The principle here is the lever rule
which demands that ¢ is made up of a mixture of Z and X + Y (the last
two having between them a bulk composition of z) in the proportions
determined.
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Figure 4.2 Plotting a ternary composition without the use of a grid.

Liquidus projections

Ternary phase relations are most commonly presented as so-called
liquidus projections in which the plane of the diagram is used for the
representation of composition and features of the liquidus surface are
displayed. Such diagrams are projections of triangular 7—X prisms
down the temperature axis onto the base. Thermal information is con-
veyed by contours or by the labelling of specific points in the same way
that topographic height is indicated on maps. Figure 4.3 illustrates the
relationship between the T— X prism and the liquidus projection. This is
an example of the simplest type of ternary system bounded by the three
eutectic binaries XY, YZ and XZ. Binary fields in the visible front faces
of the T—X prism are labelled. The liquidus projection consists of the
three fields X + L, Y + L, and Z + L (these are termed primary phase
fields) which are extensions into the ternary of similar binary fields.
They represent the compositional ranges of liquids which show the
appearance of a particular solid phase as the first crystals to appear on
cooling. The primary phase fields are separated by boundary curves
which are the loci of liquids in equilibrium with two solid phases, that is,
those of the neighbouring primary phase fields. These curves are the
ternary extensions of the binary eutectic points. The thre¢ boundary
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Figure 4.3 Perspective view of ternary 7—X prism (left) and liquidus
projection with thermal contours (right).

curves meet in a point which is the unique liquid capable of equilibrating
with all three solid phases. In the diagram illustrated this point is a
ternary eutectic, the liquid concerned crystallising isothermally to all
three phases as heat is extracted (but note that not all such points in
ternary diagrams are eutectics. Some show down temperature
resorption of solid phases and are analogous to the binary peritectic
points).

The solidus

The arrangements of sub-solidus fields is shown in Figure 4.4 for the
system illustrated in Figure 4.3. It consists of:

(a) 3 one-dimensional single-phase fields each representing a pure
component, in the absence of solid solution, and terminating
upwards, at the melting point (MP) of the phase.

(b) 3 two-dimensional two-phase fields representing the two-phase
sub-solidus assemblages of the bounding binaries and terminating
upwards at the temperature of the appropriate binary eutectic, e.

(c) 1 three-phase field (the assemblage X + Y + Z) forming a triangu-
lar prism (upper surface shaded in the figure) terminating upwards
at the temperature of the ternary eutectic, E.
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Figure 4.4 Solidus of the ternary 7— X prism of Figure 4.3. Melting points of
pure components — MP; binary eutectics — e; ternary eutectic — E. Outline of the
liquidus surface shown by dotted line; shaded area is upper surface of
X + Y + Z sub-solidus volume.

Within the ternary the liquidus surface touches the solidus only at E.
Between the liquidus and solidus lies a volume of complex geometrical
shape which consists of fields of one solid phase + liquid, and two solid
phases + liquid. This is discussed in a later section.

Primary phase fields

We now consider crystallisation paths in equilibria involving one solid
phase + liquid. Such equilibria are trivariant and represented by the
primary phase fields of the liquidus projection. Figure 4.5 shows a field
with its bounding divariant curves (two solid phases + liquid) and ther-
mal contours. A liquid @ cools until it meets the liquidus at 1100 °C
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Figure 4.5 Crystallisation paths in a primary phase field (cf. X + L field of
Fig. 4.3).

when crystals of X begin to separate. The residual liquid becomes
impoverished in the component X and must migrate directly away from
the X composition point. By the time the temperature has fallen to
1000 °C the residual liquid has changed to composition b, the amount of
X that has crystallised by this stage being represented by the ratio of the
length of ab to Xb (lever rule). As heat is extracted X will continue to
crystallise until the liquid reaches ¢ on the boundary curve and begins to
precipitate crystals of Z at 950 °C. From the above it follows that liquid
paths in both equilibrium and fractional crystallisation follow a set of
straight lines radiating across the primary phase field from the composi-
tion point of the phase concerned. Thermal contours do not necessarily
lie at right angles to liquid paths and the precise form of the liquidus
surface must normally be experimentally determined. However, liquid
paths must always have a down-temperature component of movement
as they radiate away from the composition point of the primary phase.

Isothermal sections

Isothermal sections are of prime importance in the reading of ternary
diagrams and are slices across the 7—X prism (see Fig. 4.3) parallel to
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the base. An isothermal section is therefore a representation of what the
experimenter would see in charges of different compositions all of which
were quenched from the same temperature. It is actually experimentally
convenient to run several charges simultaneously in a furnace at a given
temperature so that much experimental information originates in the
form of sets of isothermal data from which the liquidus diagram is
subsequently constructed. However, as an introduction we shall initially
derive an isothermal section from the liquidus diagram. By so doing we
are investigating the nature of the complex area of the 7— X prism lying
between the solidus and the liquidus.

Referring to Figure 4.5, suppose that a number of charges with differ-
ent compositions lying in the primary phase field of X are simulta-
neously equilibrated at 1100 °C. All charges on the X-poor side of the
1100 °C isotherm will remain completely liquid because none of them is
capable of crystallising X until a lower temperature is reached. A charge
such as d on the other hand if cooled to 1100 °C would start to crystal-
lise X at about 1130 °C and by the time the temperature had fallen to
1100 °C would consist of the liquid e plus crystals of X represented in
proportion by the ratio of de to Xe. Thus, all charges lying on the X-rich
side of the 1100 °C isotherm must by analogy consist of X + liquid, and
all the liquid compositions must lie on the thermal contour. Charges in
this range will only vary in their proportions of X to liquid. A composi-
tion such as a will contain only an infinitesimally small amount of X
whereas a charge such as f, which is very rich in the X component, will
be about 75% crystalline at<1100 °C. The isothermal section for 1100 °C
is shown in its normal form of representation in Figure 4.6. The radial

Figure 4.6 Isothermal sections for the primary phase field shown in Figure 4.5.
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lines across the X + L field signify that various liquids along the
isotherm co-exist with X. Figure 4.6b shows the isothermal section for
the lower temperature of 1050 °C. The juxtaposition of two isothermal
sections for neighbouring temperatures provides a very useful tool for the
logical solution of phase diagram reading problems. There is an area lying
between the 1100 °C and 1050 °C contours which belongs to the L field
at the higher temperature and the X + L field at the lower. Composi-
tions lying in this range have therefore begun to crystallise X within the
temperature interval concerned. This may seem an obvious conclusion
but it is an example of the reasoning which was previously employed to
solve problems in binaries when isothermal tie-lines at temperatures
immediately above and immediately below reactions of interest were
considered. The isothermal sections discussed here are simply ternary
versions of the isothermal tie lines used in the previous chapter and will
be found to have the same logical power.

Equilibria involving two solids + liquid

The boundary curves separating primary phase fields in the liquidus
projection are the loci of liquids equilibrating with both solid phases.
Such equilibria must involve the precipitation of at least one of the
solids with cooling but the other solid phase may either crystallise or be
resorbed. The two types of equilibrium are thus analogous to the eutec-
tic and peritectic equilibria of binary systems but in the presence of an
extra component they are divariant, not univariant.

The Alkemade theorem. This theorem enables the determination of the
direction of temperature change along a boundary curve to be made in
the absence of experimental information on the temperatures con-
cerned. At any point on the boundary curve a tangent is constructed to
project back until it intersects the line joining the composition points of
the two solid phases or its extension. The boundary curve then goes
down-temperature away from the point of intersection. A complex ter-
nary with an intermediate binary compound YZ is illustrated in Fig-
ure 4.7. The liquidus surface is not contoured but the Alkemade
theorem makes possible the placing of temperature arrows on all the
divariant equilibria. For example the boundary curve PT represents
equilibrium of liquid with X and Y. The X-Y join is located and the
temperature arrow inserted pointing away from it. Curve PR illustrates
a case where no back tangent to the curve cuts Y-YZ, the appropriate
join, but does cut the join extended to R. The temperature arrow points
down the curve away from the extension of the join. Curve PQ is an
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X

Z

Y

Figure 4.7 Ternary system with an intermediate compound showing
incongruent melting. Directions of falling temperature in divariant equilibria are
shown by arrows. Broken line is the stable sub-solidus join X-YZ.

example which has a thermal maximum on it, which results from the fact
that the boundary curve crosses its own join, X—YZ. It therefore has two
temperature arrows pointing in opposite directions.

Isothermal sections. The nature of different types of divariant equilibria
is best investigated by the isothermal section method. Figure 4.8 shows
a partial isothermal section of a ternary for a boundary curve such as
QU in Figure 4.7. The section contains a triangular area where all
charges consist of X + Z + L at a temperature of 1000 °C. This is
flanked on either side by areas of X + L and Z + L which are them-
selves limited by the 1000 °C isothermal contour where they come into
contact with the L field. L, is the special liquid at 1000 °C which equili-
brates with both X and Z, and lies on the boundary curve QU, shown as
a broken line. A composition a which lies within the X + Z + L field
crystallises X at a temperature above 1000 °C and its residual liquid
evolves to meet the boundary curve at L,. Subsequent cooling sees the
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Figure 4.8 Partial isothermal section for system in Figure 4.7.

precipitation of both X and Z so that the liquid moves down the bound-
ary curve away from the X-Z join, upon which the bulk composition of
the crystallising material must lie. By the time 1000 °C is reached the
liquid has reached L, where the boundary curve and the 1000 °C
liquidus contour intersect. By analogy all bulk compositions lying within
the X + Z + L triangle must at 1000 °C consist of the liquid L, plus
varying amounts of X and Z. Compositions lying on the Z-rich side of
QU will have reached this condition via the early precipitation of Z.
Phase proportions at 1000 °C are determined by the construction of the
line from L, through the bulk composition until it cuts the X-Z join.
The charge a for example consists of L; plus a mixture of X and Z
represented by b. In this case the ratio Xb: XZ is 24: 100 so that the
solid present is 24% Z and 76% X. The amount of liquid is derived from
the length ab and is in this case 18%. Thus the charge consists in total of
18% liquid with 20% of Z crystals and 62% of X.

In constructing isothermal sections it is in fact not necessary to
consider how each composition might have achieved its particular
condition by cooling. The nature of equilibrium is such that a liquid in
equilibrium with one crystal of a solid phase will remain in equilibrium
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with many. Thus the area of the section which consists of X + Z + L is
readily derived by considering all possible bulk compositions that may
be made by adding X and Z to the liquid. This is a useful general rule for
the construction of isothermal sections.

In Figure 4.9a two isothermal sections for an equilibrium of the same
type as discussed above are superimposed. Broken lines refer to the
higher temperature where L, is the liquid; solid lines to a slightly lower
temperature involving liquid L,. Compositions a and b are such that the
residual liquids have only just reached the boundary curve at the
temperature of the higher isothermal section and they thus contain only
an infinitesimally small amount of the second solid phase. However,
both are firmly inside the X + Z + L triangle at the lower temperature
of L,. Thus the transition down-temperature from L, to L, must involve
the crystallisation of both phases. This type of equilibrium is termed
co-precipitational (or sometimes cotectic) and is readily identified in a
ternary diagram because the back-tangent to the boundary curve cuts
the join linking the two solids between the two composition points (in
the case discussed this is approximately the point U because the
boundary curve is almost linear).

Figure 4.9b shows the contrasting case for the boundary curve PR of
Figure 4.7 which, as already noted is characterised by back-tangents
which cut the extension of the Y-YZ join rather than the join itself.
Successive isothermal sections of the Y + YZ + L field do not nest
inside each other as in the former case but cross over as illustrated. A
bulk composition such as a which clearly contains all three phases at the
higher temperature of L, lies outside the triangle at the lower
temperature of L, and is in fact in the field of YZ + L. Hence this
composition has shown complete resorbtion of Y in the temperature
interval between L, and L,. Resorption, viewed geometrically, is caused
by the rotation of the tie line L-YZ which sweeps towards the
compositioin point a and crosses it at some temperature between L, and
L,. Resorption of Y is complete at this moment. Composition ¢ is such
that it shows complete resorption when the liquid reaches L,. A
composition such as b demonstrates that during the fall in temperature
the other phase YZ is precipitating, since b contains no significant YZ at
the higher temperature but a relatively large amount at the lower.
However, b also demonstrates the partial resorption of Y because the
percentage of Y present at the higher temperature is represented by the
ratio bL, : YL, and at the lower temperature by cb : Yc¢ which is clearly
lower. This equilibrium is thus the precise ternary equivalent of a binary
peritectic reaction such as that between forsterite and liquid to give
enstatite. As we saw in the preceding chapter all compositions which
encounter the reaction undergo at least some down-temperature
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(a)

Figure 4.9 Use of successive isothermal sections to determine nature
of divariant reactions in  system illustrated in  Figure 4.7.
(a) Co-precipitational, (b) resorptional.

resorption of one phase, and many compositions show complete
resorption. Considering all the possibilities in the present case it is
evident that the sweeping tie-line YZ-L can cover the whole of the area
between the line YZ-P and the boundary curve PR. All bulk
compositions lying in this area will therefore show complete resorption
of early formed Y as they undergo equilibrium crystallisation.
Conversely all compositions lying in the triangle Y-P-YZ will behave
like composition b and show partial resorption of Y. No other bulk
compositions in the system can encounter this equilibrium. Liquids, for
example, starting in the field of YZ + L evolve on radial lines away
from the YZ composition point and thus do not reach the boundary
curve PR.

Equations of divariant reactions. The specific equation for the
co-precipitational type of divariant reaction is of the form:

L=L+X+2Z
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However, since L; can be thought of (see Fig. 4.9a) as a mixture of L,
and another liquid L; lying on the join X-Z where the line L,-L,
back-projects to it, this equation reduces to:

L=X+Z

The liquid L; is that part of the original liquid which goes to form the
crystals of X and Y and its composition expresses the proportions in
which the two phases separate during cooling. This proportion, unlike
that of the eutectic liquid of a binary system, e.g. U, is not, however,
constant because L; moves in position as a result of any curvature of the
boundary curve. Many boundary curves are however approximately
straight so that it is useful to think of them as characterised by particular
proportions in which they precipitate two phases. Such proportions are
termed ‘cotectic’ to distinguish them from eutectic proportions.

The resorptional type of boundary curve as exemplified by the
composition ¢ of Figure 4.9b represents a reaction of the type:

L+Y=L,+YZ

for these are the assemblages ¢ consists of at the two temperatures.
However, as argued above, L, can be regarded as a mixture of L, and L,
the latter in this case lying approximately at R on the extension of the
Y-YZ join. Hence the general equation is:

L+Y=YZ

As in the binary case we see the phase undergoing down-temperature
resorption on the same side of the equation as the liquid. As a rule of
thumb it is useful to remember that the resorbed phase lies at the far end
of the tie-line from the extension where L; lies.

Equilibria involving three solids + liquid

In ternary systems equilibria involving three solid phases + liquid are
univariant. They are represented in liquidus projections by the
intersection of three boundary curves of the two solid phases + liquid
type. The point formed by the intersection of these curves is the unique
liquid capable of equilibrating with the three primary phases of the
adjacent fields. In isobaric diagrams this equilibrium takes place at a
fixed temperature.

Figure 4.10 shows the liquidus projection for the system
MgO-Al,03-Si0,, a ternary showing relatively little solid solution
(which will be ignored in the present treatment) and illustrating all the
possible types of equilibria involving three solids and a liquid. We
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periclase + L

(periclase 2135° (corundum
2800°) 1925°)

Figure 4.10 Liquidus projection for the system MgO-Al,Os;-SiO, at 1
atmosphere pressure (after Osborn & Muan 1960 and Eitel 1965).
Abbreviations are: En - enstatite; Fo — forsterite;  Cord — cordierite;
Mull — mullite; Sap — sapphirine; Sp — spinel.

introduce a convenient shorthand notation where M is used to signify
MgO, A is Al,O; and S is SiO,. Four binary compounds are
present — forsterite (M,S), enstatite (MS), mullite (A3S,), and spinel
(MA). Ternary compounds are represented by cordierite (M,A,S;) and
sapphirine (M,A;S,). The diagram is plotted in weight per cent so that
compounds like MA and MS which would fall in the middle of their
respective joins in a molecular per cent plot do not actually do so
(enstatite for example contains 60 weight per cent SiO,, but 50 mole per
cent).

St)raight broken lines on the diagram (tie-lines) represent a highly
important feature of liquidus projections and link pairs of phases which
are capable of equilibrating with each other in the presence of liquid.
Thus the cordierite and forsterite composition points are shown joined
because the forsterite + liquid and cordierite + liquid primary phase
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fields come into contact. Mullite—forsterite is not joined because these
two fields do not come into contact. The joins shown are best termed
stable binary sub-solidus assemblages. Cordierite—forsterite is a binary
assemblage which may be raised to the solidus and melted to give a
liquid in equilibrium with both solids. There is no liquid anywhere in the
system, however, which can equilibrate with forsterite and mullite. The
latter therefore is not a stable assemblage at melting temperatures. It is
important to realise that the term ‘sub-solidus assemblage’ here refers to
stability immediately below the solidus. The diagram does not tell us
whether such assemblages retain their stability or instability at lower
temperatures. If changes in stability relationships do occur at lower
temperatures these would be classified as metamorphic.

The stable binary joins are of course those lines which were used in
the preceding section in the application of the Alkemade theorem to the
determination of directions of falling temperature along boundary
curves of the two solids + liquid type. They are therefore also known as
Alkemade lines. Careful inspection of the diagram will show that every
divariant boundary curve in the system is matched by a stable binary
join somewhere in the system (those in the bounding binary systems
being shown by solid lines).

The stable binary joins divide the whole diagram into a series of
triangles, each of which represents an assemblage of three solid phases
which is capable of melting and is stable immediately below the solidus
temperature. This follows from the argument that if phase X is capable
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