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Preface

. /

The science of igneous petrology is founded on astute observation of rocks,
guided by the rigorous principles of physical chemistry. It is, perhaps, the
wedding of fallible observation with rigorous theory that makes this such
a delicious science. In view of this, it is appropriate to study rocks and
phase diagrams hand in hand. Good books on petrography abound, but
there are few introductory books on phase diagrams, and none that illustrate
in detail the quantitative analysis of fractional and equilibrium crystalliza-
tion and melting, the four limiting processes capable of rigorous discussion.
This book is an attempt to remedy the deficiency.

Basalts underlie some 70 percent of the earth’s surface and represent the
most abundant magma type on both the earth and the moon. It is therefore
fitting to address their origin in some detail. As it happens, most of the
interesting principles of phase equilibrium diagrams as applied to igneous
rocks can be illustrated with basalts. I have therefore tied the exposition of
phase diagrams to the larger story, still unfolding, of the origin and fate of
the basaltic magma. In so doing, one neglects many interesting rocks, but
their origins can be studied using the principles developed here.

This book was begun with undergraduate students in mind, and continued
with graduate students in mind. The early parts of the chapters are
elementary and the later parts are more advanced. Thus the later pages of
some chapters contain discussions of non-binary or non-ternary solid
solution, Gibbs free energy diagrams, and use of the lever rule with
fractional crystallization and melting. The later chapters themselves tend to
contain more advanced material, such as an introduction to Schreinemakers’
rules (Chapter 16). On the other hand, the material in the chapters on high
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pressure and volatile components presumes no special prior knowledge and
can be interwoven with the earlier chapters on low pressure equilibria if
that is desired. Some of the principles treated in the book serve the needs
of metamorphic petrology, too, as a prelude to that study.

For many years, the gem of textbooks on igneous petrology has been
Bowen’s The Evolution of the Igneous Rocks (1928). No advanced student
will want to miss exposure to this treatise of genius, or for that matter to
its distinguished successor, subtitled Fiftieth Anniversary Perspectives,
edited by H. S. Yoder, Jr. (1979). However, even Bowen dwelt but briefly
on the mechanics of how phase diagrams may be used to full advantage,
and indeed, many of his best discourses on the matter came only later (e.g.,
Bowen and Schairer, 1935; Bowen, 1941; Tuttle and Bowen, 1958). When
I was a student, the elegant use of phase diagrams was a closet specialty
practiced by a few brilliant experimentalists and just as few clever teachers.
When I began to teach, I resolved to do my best to give away their secrets,
so here they are.

I am much indebted to JOHN Lyons, who started me out on the right
foot, arid to many other tutors and colleagues, particularly HATTEN YODER,
the late FRANK SCHAIRER, DONALD LINDSLEY, IKUO KUSHIRO, DEAN
PrESNALL, and PETER WYLLIE. Their help and encouragement have been
of great value. I would like to be able to say they bear equal blame for any
shortcomings of this book, but regrettably that is not the case.

Pelham, Massachusetts S.A. MORSE
April, 1980
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Chapter 1

Introduction

N _/

Basalt Problems

Basalt is the lava which pours out of Kilauea in Hawaii, which formed the
island of Surtsey, off Iceland, and which appears to underlie the thin layer
of sediments over most of the ocean floor. The name is applied to the solid
rock, the lava, and to the magma! which, on eruption, becomes lava. What
do we know of these materials? We may know the composition of the rock,
and even of the lava at various stages of eruption, from chemical analyses.
Seismic evidence tells us that earthquakes from 50-60 km deep precede
Hawaiian eruptions; this is far beneath the Mohorovi¢i¢ discontinuity, and
we can reasonably infer that the earthquakes are related to movement of
magma in the upper mantle. The source of magma is therefore evidently
the mantle. The temperature of the lava at eruption can be measured, and
commonly falls in the range 1150-1250°C. It would seem that we know a
great deal about basalt.

But what do we not know about basalt? We do not really know the depth
of magma generation, for the seismic events do not necessarily report the
genesis of magma. We do not know the exact composition or temperature
of generation, since both of these are altered on passage to the surface. We
do not know what is melted to form the original magma. We do not know
what crystals form in transit, and of these, which are left behind and which
are floated upward. We do not know what forces impel the magma to the
surface. We do not know what processes of melting or crystallization

'A Greek word suggesting the consistency of paste.
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produce the variety of basalt magma compositions which we see. We do
not understand the sources of heat required to generate basalt magma,
although we suppose that is must ultimately come from the decay of
radioactive elements, perhaps aided by tidal friction (Shaw, 1970). In
particular, we do not understand how heat is concentrated within the
mantle. We do not even know very well the chemical changes which take
place during crystallization at the surface, although recent studies in Hawaii
have greatly improved our knowledge of at least one specific batch of
magma. In short, we still have only a general idea of the origin of basalt
magma, the progenitor of the most common igneous rock type at the surface
of the crust. These problems are multiplied further in the case of plutonic
(gabbroic) rocks which we can never observe in the process of formation.

What we do know of basalt genesis comes from a wide variety of studies:
geochemical, geophysical, and petrological. Of petrological questions, the
chief ones are: what rock is melted or partly melted in the mantle to form
the relatively uniform magma which we classify as basalt, and what
processes can work on such a magma to produce the suites of differentiated
rocks which are associated with basalt? The role of experimental petrology
has been to place limits on the answers to these questions, to identify
parents and processes which are capable of producing what we see, and to
shelve those which appear not to work.

There is no single, sharply defined basalt problem. There is a range of
problems having to do, first, with the source of magma, and second, with
what the magma may become. These two threads of basalt study are
inextricably entwined, for the question of the fate of magmas may or may
not be resolved at the instant of origin. In this book we shall keep both
melting within the mantle and crystallization of the resulting magmas in
view, and we shall find, as we go, a number of working hypotheses which
deserve to be considered concurrently.

For many petrologists, the heart of the basalt problem lies in the eruption,
often from the same vent, of tholeiitic basalts at one time and alkali basalts
at another time.?2 To many petrologists, ‘‘alkali basalt’’ signifies, first and
foremost, silica undersaturation with respect to alkalies, and ‘‘tholeiite’’
signifies silica oversaturation. We shall use these connotations in a model
of basalts in the next chapter. There is no dispute among field workers that
tholeiitic basalts most commonly carry interstitial quartz or micropegmatite,
or both, when well-crystallized. It is also commonly observed that silica-
saturated rocks such as dacite are found associated with tholeiitic basalts.
Since the interstitial materials on the one hand and dacitic or rhyolitic rocks
on the other hand have much the same composition, a genetic sequence
tholeiite—rhyolite may reasonably be inferred. Similarly, alkali basalts
never carry interstitial quartz or micropegmatite, but may carry interstitial

?These names and the classification of basalts are discussed somewhat more fully in the
next chapter.
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microsyenite or an undersaturated mineral such as a feldspathoid, com-
monly nepheline. They are commonly associated in the field with such
silica-undersaturated rocks as trachyte and phonolite. Hence no great
intuitive leap is required to deduce the genetic sequence alkali basalt—
phonolite.

A genetic sequence might be implemented in a variety of ways; we shall
commonly be concerned in this book with fractional crystallization as a
means of achieving a genetic sequence. This mechanism is one suggested
by the internal evidence of the rocks, for if, as textures indicate, an
interstitial residuum (of, say, micropegmatite or microsyenite) represents a
late-solidified fraction of liquid (i.e. magma), it is but a small step to infer
that separation of all the other crystals from this small fraction of magma
would yield an appropriately advanced rock, such as rhyolite or trachyte.
Other mechanisms (for example, volatile transfer of ions) have been
proposed for implementing genetic sequence, but none are so firmly
grounded in direct evidence as fractional crystallization. On the other hand,
it would be a grave error to suppose that fractional crystallization is the
only process causing variation in magmas.

Basalts other than alkali basalt and tholeiite are well known. Among
these are high-alumina basalts,®> which occur in abundance on the ocean
floor, and to a lesser extent elsewhere. High-alumina basalts of the ocean
floor have been called oceanic tholeiites or abyssal tholeiites.* They form
a chemically distinct group in their low content of ‘‘volatile’’ elements such
as Rb, U, and Th. High-alumina basalts in general appear to be high in the
components of plagioclase feldspar, even when glassy, hence apparently
not mechanically enriched in plagioclase crystals. There is also, very likely,
a class of basalts intermediate between alkali basalt and tholeiite, as defined
above, which are neither oversaturated nor undersaturated with respect to
silica, and which belong to a genetic sequence culminating in trachyte, itself
neither oversaturated nor undersaturated. But for present purposes we may
treat these other types of basalt as bothersome diversions from a simple
model, and illustrate many valid points in terms of arbitrarily defined alkali
basalt and tholeiite.

The implied genetic sequences of these latter two types pose a funda-
mental question: do the two magma types have a common or diverse origin?
If common, is there a common parent magma, or a common parental mantle
rock? If diverse, what are the diverse parent magmas or rocks? These
questions are depicted more clearly in Figure 1.1, where they are presented
as a set of five propositions. Those in the left-hand column concern the
mantle rock which is partially melted to produce magma. In (1), a single
mantle rock XY produces, by different or temporally distinct processes,
both tholeiite and alkali basalt magmas. In (2), each magma type arises

3Kuno, 1960.
‘Engel and others, 1965; Gast, 1965.
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PRIMARY SOURCES SECONDARY SOURCES

Th
) xv<: (3) Th —»AB (+Th)
AB

(4) AB—» Th(+AB)
{x —» Th
() Th
Y — AB (5 M
s

Figure 1.1. Five propositions on the origin of tholeiite (Th) and alkali basalt (AB)
magmas. The left-hand column represents the primary solid sources (mantle rocks
X and Y); the right-hand column represents secondary, magmatic sources. M is an
undefined parent magma. '

from a different rock, X or Y. In (3), a primary tholeiite magma (from (1)
or (2)) differentiates to produce alkali basalt magma as well as tholeiitic
liquids. In (4), a primary alkali basalt magma produces tholeiite (as well as
alkali basaltic) magma. In (5), an unknown common parent magma differ-
entiates by two processes to produce both alkali basalt and tholeiite
magmas.®

In this book, we shall not attempt to arrive at a firm decision in favor of
a single one of these propositions, but instead we shall inquire how to
evaluate the various propositions by means of phase diagrams. Other
important methods of evaluation, such as studies of minor element distri-
bution, are largely beyond the scope of this book, but in regard to minor
elements it should be pointed out that the principles of phase diagrams
usually apply to minor as well as major elements.® The experimental study
of basaltic minerals and their phase relations is, in any event, a fundamental
and powerful means of evaluating hypotheses of basalt origin.

Phase Diagrams as Models of Rocks

At one time there was quite an uproar over the application of phase
diagrams to natural rocks, some claiming that since the natural rocks are
obviously more complicated than synthetic systems, the phase diagrams
are simplistic and misleading. We may now cheerfully relegate the uproar
to the history and philosophy of science, and say we are sophisticated

*Some of these propositions can be identified with their proponents. (1) was advocated by
Fermor (1913), and later by Yoder and Tilley (1962). (2) is essentially the two-magma idea of
Kennedy and Anderson (1938) and Kuno (1959). (3) has been proposed by Macdonald (1949)
and Tilley (1950). (4) was proposed by Bailey and others (1924), Bowen (1928, p. 78), and
Tomita (1935). (5) invokes a hypothetical parent magma, neither alkali basalt nor tholeiite,
which, until identified, might better be ignored.

%This is true insofar as minor elements reside in discrete, thermodynamically stable sites
in the crystal structure. It ceases to be rigorously true when minor elements reside in defects
in the crystal structure.
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enough to have a word which should long ago have disarmed the combat-
ants: phase diagrams are models of natural rocks. We should not hesitate
to confess that they are simplistic, but if we are conscious of using them as
models, they need not be misleading. As models they can help us to
understand the ground rules of the game, the purpose of which is to
discover rock forming processes which are inaccessible to direct view.

In order for phase diagrams to serve as instructive models, they must
deal initially with relatively few chemical elements, each of which is present
in a state of high purity; in other words, the models with which we work
should be chemically simple. If this were not so, we should quickly be
presented with experimental results, due to impurities or complexities,
which we could not interpret in any straightforward way. This is simply to
say that we wish our experiments to be controlled, so that we may change
one variable at a time and discover the result of changing that variable.
Once a few fundamental principles are discovered, we may make more and
more complicated models, till they approach natural rocks themselves.

Experiments on natural rocks may provide even better models than those
on synthetic systems, but even these experiments generate models rather
than duplicating natural processes, because we cannot a priori define, let
alone control, all the variables of the natural process. If we could, our work
would be done. The interpretation of experiments on natural rocks is risky,
and impossible without the principles furnished by synthetic systems in
which all the variables may be controlled.

This book treats a limited number of experimental systems, and shows
how they may be brought to bear on the problems of basalts. The emphasis
is on the application of phase diagrams to both petrologic problems and
experimental problems. We shall see that they may be used both qualita-
tively and quantitatively, as guides to research and guides to rock genesis.
Although the theme is basalt genesis, the principles encountered are
applicable over the field of igneous petrology in general.

We shall be concerned, in each system studied, with both crystallization
and melting phenomena, since basalt magmas must be approached both
from the standpoint of what they may become (residual liquids produced
by fractional crystallization) and from the standpoint of how they originate
(partial or complete melting of mantle rocks).

Each experimental system discussed is to be regarded as a model which
illustrates some principle of basalt genesis. At appropriate points, imperfec-
tions in the models will be discussed, and complications due to crystal
compositions lying outside the model system will be stressed. Many of
these complications furnish guides to further research, some of which has
yet to be undertaken.

On occasion, it will be fruitful to deduce phase diagrams from incomplete
data, using both geologic and phase-rule horse sense. This practice is a very
common exercise for the experimentalist, for it produces and tests hypotheses
related to current research, and often points the way to rewarding future
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research. Indeed, the facility with which an experimentalist may generate
model phase diagrams when faced with mineralogical problems often bewil-
ders and annoys the field geologist, when in fact a development of such
talents would benefit the latter and greatly enhance communication between
field and laboratory worker.

Our discussion of basalt origin will be selective, not comprehensive; no
thorough review of the problems will be attempted, and certain threads will
be followed for their amenability to treatment by phase diagrams, to the
neglect of other threads equally important to basalt genesis.

We begin by a brief discussion of basalts, in Chapter 2, followed by
discussions of some pertinent physical chemistry in Chapters 3 and 4. With
Chapter 5 begins a systematic exposition of phase diagrams, their experi-
mental background, and their interpretation.
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Chapter 2

Mineralogy and Chemistry
of Basalts

o /

Mineralogy

When basaltic lava is abruptly quenched, it solidifies to glass. When slowly
cooled, it crystallizes, more or less completely, to an assemblage of
minerals. We may speak of the mineralogy of basalts in terms of these
minerals (modal composition), and of the chemistry of basalts both in terms
of elements (or oxides) and the potential minerals which might form if the
lava were slowly cooled (normative composition). The calculation of nor-
mative minerals is discussed below, but first we may consider the actual
minerals found in well-crystallized basalts.

The two essential minerals of greatest importance are plagioclase and
pyroxene, since these make up perhaps 80% of many basalts. Indeed, for
a starting model, we should not be far off base to consider plagioclase and
pyroxene alone for ideas of basalt crystallization; this is precisely what we
shall do in Chapters 5 to 8. The plagioclase involved is an intermediate
member of the An-Ab series, and Bowen (1928) showed that a composition
very near Ans, occurs most frequently in basalts. The pyroxene is chiefly
calcic, that is, a member of the augite series, usually more magnesian than
ferrous-rich (Mg/(Mg + Fe) > 0.5), and commonly not very far from
diopside, although it ranges to subcalcic augite. Calcium-poor pyroxene,
generally hypersthene, may or may not be present, depending on the
abundance of silica relative to other constituents. Ca-poor pyroxene is a
critical mineral in basalt classification, its presence signifying tholeiitic
basalt, and its absence usually implying alkali basalt.

Olivine is another critical mineral in basalt classification. In alkali basalt,
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it is commonly present instead of Ca-poor pyroxene. In olivine tholeiites,
it is present in company with Ca-poor pyroxene.

By adding olivine, our basalt model has grown to four minerals: plagio-
clase, two pyroxenes, and olivine. These four minerals make a model which
is indeed a close analog of natural basalts. The only ubiquitous mineral
which we have left out so far is Fe-Ti oxide, usually titaniferous magnetite,
perhaps in company with ilmenite, although more oxidized varieties occur.
We shall find that consideration of these non-silicates of cations which can
easily be oxidized requires a special type of experimental and theoretical
treatment, in which the availability of oxygen must be controlled or
specified in some way.

Other minerals which occur in basalts, and which play an important role
in classification when they occur, are quartz and nepheline. Quartz com-
monly occurs in company with Ca-poor pyroxene. Olivine may occur, but
if so it is usually mantled by a more siliceous mineral, usually Ca-poor
pyroxene, for magnesian olivine is not stable in the presence of excess
silica, because of the reaction

(Fo) (Q (En)

Rocks which carry quartz are silica-oversaturated rocks, and rocks which
carry Ca-poor pyroxene instead of quartz could be described as silica-
saturated rocks.

Nepheline occurs in some rocks lacking Ca-poor pyroxene; its presence
is due to a deficiency of silica required to form feldspar. Were such silica
available, nepheline would react to form the albite component of plagioclase
by the reaction

2.1

NaAlSiO, + 2Si0, = NaAlSi;Os
(Ne) Q  (Ab)

The presence of nepheline (or another feldspathoid) therefore clearly
signifies a state of silica-undersaturation, i.e. an amount of silica too small
for the continual formation of feldspar throughout the crystallization history
of the rocks. Nepheline is accompanied by olivine, this being the most
silica-poor Fe-Mg silicate in common basaltic rocks. Nepheline-bearing
basalts lie at the opposite end of a spectrum from quartz-bearing basalts;
the spectrum consists of the sequence

2.2)

Basanite (Ne-bearing) critically undersaturated
Alkali basalt critically undersaturated
Olivine tholeiite undersaturated
Hypersthene basalt saturated

Tholeiite (Q-bearing) oversaturated
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Chemistry

Table 2.1 lists the average chemical composition of crustal rocks, as
estimated by Ronov and Yaroshevsky (1969), expressed as weight, atom,
and volume percent. This table, however approximate it may be, leaves no
doubt that the earth’s crust is dominated by oxygen, and that in terms of
weight of atoms, silicon runs a strong second. The volume percent column
reflects the small ionic radius of silicon and the large radii of Ca Na, and K
relative to Si.

Table 2.2 gives the chemical composition of the average basalt, as
estimated from the data of Chayes (1972), and stated in the usual format of
weight percent of oxides. Again, silicon and oxygen dominate the analysis
(as SiO;, near 50% in all basalts), Al,O; is next in abundance, and CaO,
MgO, and FeO are closely similar, averaging a little less than 10%. Other
oxides are almost always below the 5% level, and until one has inspected
many basalt analyses, they all tend to look about the same, despite
important differences which do exist. There is a way of treating chemical
analyses, however, in such a way as to bring out important differences
which are not manifest on simple inspection. This treatment is the norm
calculation.

Table 2.1 Chemical Composition of the Earth’s Crust (Oceanic
and Continental), as Estimated by Ronov and Yaroshevsky

(1969, p.55).

As Atoms (8 most abundant)

As Oxides, Wt % Wt. % Atom % Radius* Volume %
Si0; 57.60 O 46.84 66.98 1.30 90.62
ALO; 15.30 Si 26.92  21.93 34 .53
Fe,0; 2.53 Al 8.10 6.87 .56 .74
FeO 4.27 Fe 5.09 2.08 .86 .82
MnO 0.16 Ca 5.00 2.86 1.15 2.68
MgO  3.88 Mg 2.34 2.20 .80 .69
CaO 6.99 Na 2.14 2.13 1.10 1.74
Na,0O 2.88 K 1.94 1.13 1.46 2.17
K0 2.34
TiO, 0.84
P05 0.22
H,O0* 1.37
CO, 1.40

*After Whittaker and Muntus (1970); in A.



10 Chapter 2 Mineralogy and Chemistry of Basalts

Table 2.2 Chemical Composition of
Cenozoic Basalt, as Estimated from the
Data of Chayes (1972). The Figures
Represent the Average of 2413 Individual

Chemical Analyses.
SiO, 47.65
Al;O3 15.28
Fe.0; 3.57
FeO 7.54
MgO 7.52
CaO 991
Nazo 2.98
KO 1.23
TiO, 2.14
P.0Os .44
H,0 1.51
Total 9.77

Note: The norm of this analysis is presented in
Table 2.4.
The CIPW Norm

The norm calculation is an arbitrary formula for casting a chemical analysis
of a rock into potential minerals which could form if the rock crystallized
completely under idealized conditions. Many different formulas have been
proposed, some with a view to enabling further calculations (e.g. the
molecular norms of Niggli, 1936, and Eskola, 1954), and some with a view
to representing more exactly the actual mineralogy of the rock (metamorphic
norms: see Barth, 1962, p. 337-343). For many purposes, however, the
CIPW! norm is quite adequate,? and preferable because of the large catalog
of CIPW norms available for comparison, e.g. Washington’s (1917) Tables.
The calculation has great utility in discussing fine-grained or glassy rocks
whose actual mineralogy is obscure or non-existent, and it provides an
important link between natural rocks and experimental systems which are
defined by their chemistry alone.

The CIPW norm is a weight norm, that is, the final result is expressed as
weight percent of the various normative minerals, or potential minerals
implied by the chemical analysis. With common basaltic rocks, these

'Named for its inventors, Cross, Iddings, Pirsson, and Washington (1903).
20r superior; see Chayes (1963).
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minerals are the feldspars, pyroxenes, olivine, ilmenite, magnetite, apatite,
and sometimes nepheline or quartz. The first three groups, which are solid
solutions, .are calculated in terms of their end members, so that one may
recalculate the normative feldspar composition as percentages of An,® Ab,
and Or, or the normative pyroxene compositions in terms of Wo, En, and
Fs, or the normative olivine composition in terms of Fo and Fa.

One may rant on at some length about the method and purpose of the
norm calculation, but no amount of ranting is so instructive as the perform-
ance of a few calculations. The calculation is easily done with a slide rule
or pocket calculator, and three or four examples should suffice to show
what the norm calculation is all about.* A simplified calculation procedure,
adequate for most basaltic rocks, is given in Appendix I, along with a
shorthand form which facilitates the calculation. A single example is given
below to suggest the general outline of the calculation, using Chayes’
average basalt from Table 2.2.

In order to calculate mineral formulae from a weight percent analysis,

3A list of common normative minerals and their abbreviations is given in Table 2.3.

“The norm calculation is in principle simple to program for a digital computer, and this is
in itself an instructive exercise. However, an accurate and complete CIPW norm program is
tedious to write, and it is wise practice to obtain a tried and true program if possible.

Table 2.3 Common Normative Mineral Molecules in the CIPW

Norm.
Salic Group
Quartz (g) SiO,
Orthoclase (or) K;0-Al;03:6Si0,
Albite (ab) Na,0-Al;04-6Si0,
Anorthite (an) Ca0-Al,03:25i0,
Leucite (c¢) K,0-A1,03-4Si0,
Nepheline (ne) Na;0-Al;03-2Si0,
Kalsilite (ks ) KzO‘Alea'ZSiOz
Femic Group
Diopside (di) Ca0-(Mg,Fe)0-2Si0,
Wollastonite (wo)  CaO-SiO,
Enstatite (en MgO-SiO
Hypersthene (2y) Forrosilits (fs)) Fe0-Si0,
Olivine (ol) 2(Mg,Fe)O-SiO,
Forsterite (fo) 2MgO-SiO,
Fayalite (fa) 2Fe0-Si0,
Magnetite (mt) FeO-Fe,04
Ilmenite G/) FeO-TiO,
Apatite (ap) 3(3Ca0-P,05)-CaF,

Note: Diopside may be calculated into its wo, en, fs components. Hyper-
sthene, if present, is always calculated in addition to these.
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the analysis must first be recast into molecular proportions (Table 2.4). This
is done by dividing the weight percent of each oxide by the rounded
molecular weight of that oxide. The molecular proportions are then used up
in a standard order, first by assigning all P,O5 to apatite, using an appropriate
amount of CaO to yield an arbitrary apatite formula. Then TiO, is used to
form ilmenite, FeO - TiO,, with an equal amount of FeO, and so on. A debit
ledger enables one to keep track of the amounts of CaO, FeO, etc. used.
The calculation proceeds in routine fashion through hypersthene (Hy), at
which point a summation is made of all silica used. If the original molecular
proportion of silica is in excess of that used, the rock is oversaturated, and
the excess silica is reported as quartz in the norm. If the original amount is
less than that used, some or all of the MgO, FeO assigned to hypersthene
must be recalculated to the less siliceous mineral olivine. If, when all
hypersthene is thus converted to olivine, too much silica has still been
used, some or all of the Na,O, Al,O; assigned to albite must be recalculated
to the less siliceous mineral nepheline, and the rock is silica-undersaturated.
If, as rarely happens, too much silica has still been used, orthoclase must
be converted to leucite. When the appropriate silica balance has been
achieved, the molecular amounts for each normative mineral are multiplied
by the molecular weight of the mineral to achieve a weight percent norm.
H,O and other volatiles are ignored in the calculation, and simply added on
at the end to see if the summation approximates that of the original chemical
analysis, which it should if no errors have been made.

A few trial norm calculations should be made in order to appreciate the
chemical mineralogy which underlies the norm scheme. It is best to begin
with an oversaturated tholeiite, which is the simplest calculation, then
proceed to an olivine-hypersthene tholeiite, and finally to a nepheline-
normative alkali basalt. Several chemical analyses from each of these
groups are listed in Appendix I for convenience. Good sources of analyses
for further practice can be found in Yoder and Tilley (1962) and Macdonald
and Katsura (1964).5

The Basalt Tetrahedron: A Model for Basalt Study

Yoder and Tilley (1962) have devised a scheme for classifying basaltic rocks
by their CIPW norms, using a ‘‘basalt tetrahedron.’’ The basalt tetrahedron
(Figures 2.1 and 2.2) is simply the quaternary system forsterite-diopside-
nepheline-quartz, a group of minerals which serves, to a first approximation,
as a model of basalts. Plagioclase is represented by albite, which lies on the
line nepheline (Ne)-quartz (Q) by virtue of reaction 2.2. Pyroxene is
represented by diopside, at one corner of the tetrahedron, and enstatite,
which lies between forsterite (Fo) and quartz by virtue of reaction 2.1.

5The budding petrographer may have the dubious pleasure of discovering some errors in
the CIPW norms of one of these tables.
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Di

Plane of
. silica

ritical pi .
¢ C.O. plane saturation
of silica

undersaturation

N

Ne

Fo

Figure 2.1. The fundamental basalt tetrahedron of Yoder and Tilley (1962), the
system Di-Fo-Ne-Qz, showing the plane of silica saturation Di-En-Ab, and the
critical plane of silica undersaturation Di-Fo-Ab. Although iron-free, the system
accounts for the major phases of basalts. (Reproduced by permission.)

Olivine is represented by the forsterite corner, quartz by the quartz corner,
and feldspathoid by the nepheline corner of the tetrahedron. As sketched
in Figure 2.1, the tetrahedron is cut by two planes, one a critical plane of
silica undersaturation (Fo-Di-Ab) which separates the region of critically
undersaturated rocks toward nepheline from the region of undersaturated
and saturated rocks toward quartz. Those rocks falling exactly in the critical
plane Fo-Di-Ab could be called critically undersaturated rocks in terms of
their CIPW norm. The other plane of importance is the plane of silica
saturation (En-Di-Ab), which separates the region of silica-undersaturated
rocks toward the critical plane from the region of silica-oversaturated rocks
toward quartz.

Figure 2.2 is the generalized basalt tetrahedron of Yoder and Tilley, so-
called because plagioclase, olivine, augite, and hypersthene in general are
substituted for the pure end members albite, forsterite, diopside, and
hypersthene. This implies consideration of FeO in addition to the oxides
Na;0, AlLO;, CaO, MgO, and SiO, required to form the fundamental
tetrahedron of Figure 2.1, and also requires CaO and Al;Os to be projected
in such a way as to furnish anorthite. The generalized tetrahedron offers a
convenient means of summarizing the essential characteristics of basaltic
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Figure 2.2. The basalt tetrahedron generalized to admit iron members of Di and Fo
corners (i.e. olivine in general instead of the end member Fo, etc.), and An, and
exploded to show nomenclature of major basalt types based on their normative

composition.

rocks in terms of their chemistry. The positions of the rock names inserted
in the expanded tetrahedron of Figure 2.2 reflect the salient mineral and
chemical features of the rocks, which can be summarized as follows:
There are five unique groups of basalt, based on their normative com-
position. Three of these occupy volumes in the tetrahedron, and the other
two lie on the planes of saturation and critical undersaturation. They are:

1.

Tholeiite (oversaturated): normative quartz and hypersthene (region
to the right of the plane of silica saturation).

. Hypersthene basalt (also tholeiite, saturated): normative hypersthene

(on plane of silica saturation—has just enough SiO, to make hyper-
sthene, but not enough for free quartz).

. Olivine tholeiite (undersaturated): normative hypersthene and olivine

(region to the left of the plane of silica saturation).

. Olivine basalt: normative olivine (on the critical plane of silica

undersaturation—not enough SiO, to make hypersthene).

. Alkali basalt: normative olivine and nepheline (region to the left of

the critical plane of silica undersaturation).

Note that saturation with respect to silica does not depend on silica

percentage alone, but on the ratio of silica to alkalies, etc. In calculating



Petrographic Characteristics 17

the norm of a rock high in alkalies, silica is used to make or and ab, so
there may not be enough left over for 4y or even olivine, in which case the
norm shows ne and represents alkali basalt. The same silica percentage
with low alkalies could be an olivine tholeiite or even tholeiite.

Similar nomenclature applies to plutonic rocks if the word gabbro is
substituted for basalt.

Petrographic Characteristics

1. Tholeiite: Augite (or subcalcic augite), plagioclase (commonly labra-
dorite), and iron oxides are essential minerals. Olivine is minor or
absent. Interstitial acid residuum (glass or quartz-feldspar inter-
growth) is characteristic. Hypersthene is present or ‘‘occult’ in the
augite. Olivine, if present, generally shows reaction to Hy where in
contact with groundmass (= liquid).

These remarks apply to all the tholeiites (Groups 1-3 above); the olivine
percentage generally rises toward the critical plane of silica undersaturation.

2. Alkali basalt: Nepheline is present well within the volume, but
generally absent near the critical plane. Pyroxene is high in CaO. No
hypersthene occurs. Plagioclase near Ansy, commonly zoned to oli-
goclase. Olivine both as phenocrysts and in groundmass. Character-
istically holocrystalline, without the interstitial residuum common in
tholeiite.

The basalt tetrahedron is a model, and it does not satisfy all the
characteristics of natural basalts. In particular, it ignores apatite and Fe-Ti
oxides. Moreover, it formalizes the silicate minerals by means of the
artificial CIPW norm. In spite of this, it is a useful conceptual model for
beginning the study of basalt, and many of its apparent shortcomings can
be systematically eliminated by expanding the model after the fashion of
Figure 2.2. We shall find in particular that the region around the critical
plane is very instructive, since it generates some important hypotheses
about the relationships of alkali basalt and tholeiite.

The basalt tetrahedron will be used in this book as a framework on which
to hang ideas about basalt, and as a checklist with which to keep track of
a systematic examination of phase diagrams. The phase diagrams which we
will examine will concern those two- and three-mineral assemblages in the
tetrahedron, and a few others (such as An-Ab) which lie contiguous to the
tetrahedron.

Other models can of course be constructed for the examination of basalt.
The basalt tetrahedron of Yoder and Tilley is a part of the 5-component
system Na,0-Ca0-Al,03-MgO-Si0,. The omission of Na,O from this system
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permits a tetrahedral representation of the remainder, ‘‘CAMS”’, which
contains the basaltic minerals diopside, enstatite, and anorthite, as well as
important related compounds such as wollastonite, quartz, spinel, and the
aluminous, pyroxene-like compound known as calcium-Tschermak’s mole-
cule. We shall find occasion to refer to this system in later chapters, where
its utility will be demonstrated.

Other Types of Norm Calculation

The CIPW norm is stated in weight units, and is convenient for comparing,
in general terms, rock analyses and phase diagrams that are plotted in
weight units. The latter are inappropriate, however, when strictly quanti-
tative comparisons are desired, because the iron end members of femic
molecules are heavier than the magnesian end members, and therefore do
not plot at the same point in a diagram expressed in weight units. The
problem is overcome by use of another type of norm, such as the cation or
oxygen norm. Each of these uses the same combining conventions as the
CIPW norm, but each is expressed in a different way.

The cation norm, sometimes called the molecular norm, is calculated
from oxides stated in terms of one cation. Thus for example, Na,O is
calculated as 2NaO,,,, and the weight percentage is divided by 31 rather

Table 2.5 Comparison of CIPW and Cation
Norms, Gough Island Alkali Olivine Basalt of
Barth (1962; Table III-9).

Oxide Wt. % CIPW Norm Cation Norm

Si0, 49.10 ap 134  Ap 1.18
TiO, 359 mt 418 Mt 3.04
ALO, 1621 il 6.84 1 5.06
Fe,0, 287 or 1612 Or  16.59

FeO 6.84 ab 25.68 Ab 27.00
MnO 0.05 an 20.29 An 20.42

MgO 504 i 16.25 Di 16.42
Ca0 890 ol 6.60 Ol 7.26
Na,0 3.53  ne 2.27 Ne 3.04
K,O 276  Rest  0.47 -

P,O, 054 Sum 100.04 100.01
H,O0 047 An 0.44 0.43

Sum 99.90 Fsp 62.09 64.01
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than 62. Similarly, the oxygen norm is calculated from oxides states in
terms of one oxygen. Thus Na,O is divided by 62, but SiO, is divided by 30
rather than 60, to yield units of Si,;;;O. Further descriptioons are given in
Appendix 1. The symbols of the cation norm are rendered ‘“‘Ap”’, etc., to
distinguish them from the CIPW ‘“‘ap’’, etc.

Cation norms are useful for comparing chemical analyses of natural rocks
to phase diagrams plotted in cation units. Oxygen norms are rarely used,
but diagrams plotted in oxygen units are especially useful for plotting modal
(volume) analyses of rocks, since oxygen accounts for most of the volume
of rock-forming silicate minerals.

The qualitative characteristics (such as the presence of ne and Ne) of
CIPW, cation, and oxygen norms will always be the same, because the
same CIPW combining conventions are used in each. The CIPW and cation
norms of an alkali olivine basalt are compared in Table 2.5.
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Chapter 3

Crystals and Melts

Introduction

It might be supposed that crystals and melts are so familiar that their
properties would be self-evident. Our familiarity is, however, based largely
on the crystal ice and the melt water, and the substance H,O has such
unusual properties that we would be seriously misled if we used this as a
model for silicates, as we shall see below. The phenomena of melting and
crystallization are as yet only imperfectly understood, and it is only recently
that much attention has been paid to the atomic organization of liquids
which turns out to have much importance for melting theory.

The classic treatise on crystals and melts is the 1903 work of Tammann,
Kristallisieren und Schmelzen (Crystallization and Melting). This remark-
able work is still of fundamental importance to students of the subject, and
one finds reference to it in many research papers in the current literature.
Tammann’s work was developed without consideration of the atomic
arrangement of matter which we call structure, and the modern treatise
which gives the structure of crystals and liquids their appropriate emphasis
is the book Melting and Crystal Structure by Ubbelohde (1965, 1979),
already a classic, and a fascinating and readable work to which the serious
student is commended.
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Definitions

A crystal is a region of matter characterized by periodicity. More precisely,
it is a regular arrangement of atoms which occupy sites in the mathematical
construct called a lattice. A crystal is said to have structure, a term which
describes the combination of lattice sites, which are imaginary, with atoms,
which are real. Most of us are accustomed to ascribing further character-
istics to crystals. Among these are a definite chemical composition, which
is to say that the crystal has a homogeneous distribution of atom species,
ideally in a fixed proportion throughout the crystal, so that once a unit cell
is defined as the smallest and simplest repeat unit required to reproduce the
crystal by the operations of symmetry, we can suppose that every other
unit cell is identical to the first. As a concept, this is helpful, but we must
recall that it will not do for zoned crystals. In any event, the concept of
definite chemical composition rightly demands that there be severe con-
straints on the kind and variety of atom species present in the crystal.

Under the term crystal we also comprehend a morphological meaning:
a polyhedral form bounded by plane faces, or what is called a euhedral
crystal. We shall ordinarily be concerned in this book with the structural
definition of crystals and not the morphological one. The general designation
solid (S) will be taken to imply the crystalline state, structurally defined.

A liquid is not so easy to define as a crystal, surprising as it may seem.
Without doubt it is a substance of very low rigidity compared to the
crystalline form of the same substance: it is a fluid. Also without doubt its
component atoms are more highly disordered than those of a crystal, but
it is a grave mistake to suppose that the atom positions in a liquid are
random, because there is a certain degree of short range order, or in other
words some measure of structure, although disorder increases with tem-
perature. The chemical composition of a liquid is subject to far fewer
constraints than that of a crystal, hence wide compositional variability is a
characteristic of liquids in general, although liquid composition may be
constrained artificially in experiments. In terms of compressibility, liquids
lie between gases and solids, separated from each of these by orders of
magnitude under certain conditions of temperature and pressure.

It is convenient to describe a liquid near its freezing point (or the
beginning of its freezing range) as a melt. Since in this book we are
concerned largely with equilibria between crystals and liquids, our liquids
are best considered melts, whether natural magmas or synthetic liquids.
Melts, since they lie by our definition near the freezing point, are those
liquids whose structure is most ordered, and about whose structure we are
most concerned. Melts and crystals are both referred to as condensed
phases, in contrast to the vapor state.

As melts are superheated (i.e. heated above their equilibrium with
crystals) they pass into liquids in the more general sense, and finally pass
into the vapor (or gaseous) state. A vapor has the unique property of filling
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its container, hence is in principle easier to define than a liquid. It is, like
liquid, a fluid, but one in which the atoms are more dispersed and more
disordered. It is more compressible, less rigid, and less dense than liquid.
At temperatures and pressures below a certain value called the critical
point, vapor and liquid form an interface with each other. At a given
pressure below the critical point, a liquid passes into a vapor (boils) at a
fixed value of temperature. Above the pressure of the critical point, liquid
passes continuously into vapor with rising temperature, by becoming more
and more disordered and less and less dense, so that the distinction between
liquid and vapor fades above the critical point. Critical points involving the
merged identity of liquid and vapor are of no importance! in petrologic
systems without a volatile component, because the vapor pressure of
silicate liquids is very small. Such critical points may be of interest,
however, when a volatile component such as water is present.

In principle, critical phenomena between solid and liquid states of matter
are possible, but they have not been conclusively demonstrated to exist,?
and they need not concern us further.

Water: A Familiar but Bad Example

It is pertinent to discuss briefly the states of matter of the compound H,O,
and to point out how unusual this compound is relative to the silicates with
which we shall be chiefly concerned.

The most obvious difference between H,O and silicates is that the former
is liquid at room temperature, and is relatively close to its freezing point
over the earth’s surface. A more subtle difference, and one which is the
source of much initial confusion among students of silicates, is that ice
shows a negative change of volume on melting under normal conditions, so
that ice floats in the sea and in cocktails, and the milk left too long on the
winter doorstep extrudes its creamy top and cap from the neck of the
bottle. That is, ice is less dense than water. This is true of remarkably few
substances, among which are the elements Ga, Sb, and Bi. For all known
rock-forming materials, the reverse is true, crystals being denser than their
pure liquids, although there is some doubt about the relative densities of
plagioclase feldspar and the complex liquids which are basaltic magmas.

Liquid water has a very low viscosity, resulting in hydrodynamic prop-
erties familiar to all. Silicate liquids, on the other hand, are very viscous;
the melts used in glassmaking are more fluid than most silicate liquids, and
many melts, for example feldspar liquids, cannot be poured because they
are so viscous. Natural basalt lava may flow rather freely, of course, as

!Extraterrestrial petrology is excluded from this remark.
2See Ubbelohde (1965, p. 19-24) for discussion.
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motion pictures of Kilauea and other eruptions show, but much of the
hydrodynamic behavior of erupting lava is determined by small quantities
of water vapor and other volatiles which diminish viscosity. The stiffness
of silicate liquids and the fluidity of water are directly related to the
differences in ordering of the two liquid structures. Water consists almost
totally of individual molecules of H,O, which, having only weak polarity
and attraction for each other, are rarely hooked together. Silicate liquids,
on the other hand, are dominated by (SiO,)~* tetrahedral groups, which
have a relatively strong affinity for each other (by sharing corners) and for
cations, so that there is a rather high degree of polymerization in silicate
liquids which has a profound effect on their physical properties and their
ability to nucleate on freezing.

Water, like most metals, freezes readily into crystals, and in ordinary
circumstances cannot be quenched to a glass, because the molecules are so
mobile that they very quickly arrange themselves in the pattern of the
crystal once nucleation has begun. Silicate liquids, on the other hand, tend
to be easily quenched to the glassy state, their molecules being so tangled
up in such a sticky medium that they may require a relatively long time
(hours, days, or months) to form crystal nuclei from which crystal growth
may proceed. Moreover, crystal growth is slow once begun, because of
slow diffusion rates in viscous silicate liquids. The reluctance of silicate
liquids to nucleate in the laboratory is probably not accurately indicative of
most natural events, since a natural magma is usually under a flow regime
rather than a static regime, and a flow regime greatly increases the number
and variety of sites favorable for nucleation. In static laboratory experi-
ments, the ability to quench silicate liquids to glass is of fundamental utility,
since this provides a post facto test for the presence of liquid at the
temperature of the experiment, and allows interpretation of textural rela-
tions between crystals and ‘‘liquid’’ (now glass).

In summary, water is very different from silicate liquids in its low
freezing point, its negative change of volume on melting, its viscosity, its
degree of polymerization, its ease of nucleation and unquenchability. Water,
however, is capable of dissolving in silicate liquids to an appreciable degree,
and it is not surprising, in view of its unusual and contrasting properties,
that even small amounts of water produce drastic changes in the behavior
of silicate melts, as discussed in Chapter 19.

It is appropriate at this point to introduce the phase diagram for water,
which summarizes some of the things we have said about volume change
on melting and the critical point, and which contains some surprises at high
pressure which ought to be common knowledge among students of the
earth.

Figure 3.1 is the phase diagram for water, drawn approximately to scale,
for low pressures. Ignoring for present purposes the finer points of phase
diagrams which occupy most of this book, we can view Figure 3.1 simply
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Figure 3.1. Part of the phase diagram for water, approximately to scale. The zero
point of the Celsius temperature scale is on the S/L curve at one atmosphere in air
(system H,O-air).

as a map, in two-dimensional pressure-temperature space, of the regions
where ice, liquid, and vapor are stable. Ice is stable in the left portion of
the diagram, at low temperatures, and its stability field is bounded by a line
which is the melting curve, denoting equilibrium with liquid, and another
line, the sublimation curve, denoting equilibrium with vapor. To the right
of the melting curve, the field of liquid extends, at low pressures, to the
boiling point curve, which denotes equilibrium of water and vapor. To the
right of the sublimation curve, the field of vapor extends outward indefi-
nitely and upward to the boiling point curve. The three curves separating
regions of different states of matter intersect in a triple point, a unique
point in P-T space (i.e., having a single value of pressure and a single value
of temperature), where all three states of matter coexist. Since we shall
rarely be concerned with all three states of matter for single compounds of
petrologic interest, we shall rarely encounter this sort of triple point,
although triple points involving solid and liquid states of matter (3 solids,
or 2 solids and one liquid) are common and important in petrology.
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The melting curve, or S-L curve, is of special interest, as it has a negative
slope, which results from the decrease of volume on melting discussed
above. A decrease of volume on melting implies that pressure favors the
liquid state (it being the denser), hence the negative slope.

Another feature of interest in Figure 3.1 is the critical point at 221 bars,?
373° C, where the separate identities of liquid and vapor merge and become
indistinguishable. The liquid near this temperature is quite different in its
properties from the melt near the melting curve, even though one may be
changed continuously into the other.

Figure 3.2 shows the phase diagram for water at high pressures as well
as low. This reveals seven different crystalline modifications (polymorphs)
of ice, each of which has its own field of stability in P-T space. The
negative melting curve of ice; terminates at a triple point with icey; and
liquid, and no other form of ice has a negative melting curve, so this
unusual aspect of water disappears above about 2 kbar pressure. Since

30ne bar is close to one atmosphere of pressure (0.987 atm).

Figure 3.2. Phase diagram for water at high pressures, after Bridgman (references
listed in Clark, 1966, p. 372). Ice IV is a metastable phase occurring in the P-T
region of Ice V.



The Phenomena of Melting and Crystallization 27

pressure favors the denser phase, and the higher polymorphs of ice melt
with an increase in volume, the solid phase is favored, and higher and
higher temperatures are required to melt ice at very high pressures. Note
that at about 24 kbar, the melting point of iceyy is the same as the boiling
point of water at atmospheric pressure!

The Phenomena of Melting and Crystallization

The change from the solid to the liquid state involves a large jump in
randomness of atom positions, from somewhere near non-random (ordered)
in the crystal to highly random (disordered) in the liquid. The ordering of
atoms or ions into specific sites in a crystal is, however, perfect only at 0°
K, and from absolute zero to the melting temperature, disorder increases,
sometimes in discrete jumps implying phase transformations, and sometimes
smoothly. The underlying cause of disorder is the thermal motion of atoms,
which increases smoothly with temperature above 0° K. The phenomenon
of melting, then, is one of a discontinuous jump in disorder accompanying
a change from solid to liquid state. The ‘‘disorder’’ of which we speak is of
several kinds, both in crystal and liquid states. Among these are positional
disorder, which relates simply to the mutual positions of atoms, as in
crystal structure sites or in the liquid, and orientational disorder, which
relates to the orientation of units of the structure such as molecules or
polymers.* )

That melts retain some degree of order, i.e. structure, is shown by a
wide variety of indirect evidence, but also more directly by X-ray diffraction
studies, which in some cases have demonstrated a quasi-crystalline struc-
ture in the melt, even to the degree of implying the existence of unit cells
much like those of the crystal (Ubbelohde, 1965, p. 91). The structure of
silicate melts is undoubtedly a matter of much importance to petrology,
although little quantitative work has been done as yet. Effects related to
melt structure are discussed briefly in Chapter 6, in connection with the
melting of albite.

The changes which occur in the vicinity of the melting point in both
crystals and melts are collectively referred to as premonitory phenomena.®
In crystals, these phenomena can be related to vibrational disorder and to
defects in the crystal structure. In melts, pre-freezing effects have been
described by Ubbelohde (1965) as involving the formation of aggregates or
clusters (perhaps ‘‘polymers’’ would be appropriate in silicates) which may
serve as nuclei for spontaneous crystallization. The sum of these effects is
such as to diminish the difference between solid and liquid states near the
melting point.

“For a discussion of disorder and melting, see Ubbelohde (1965), Chapter 5.
SUbbelohde (1965), p. 4; Chapters 11 and 12.
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Supercooling and Superheating

It is common knowledge that water can be supercooled, by slow abstraction
of heat in the absence of impurities or motion, to temperatures well below
the freezing point. The same is probably true of most silicate liquids, and
supercooling is a quite general phenomenon in melts. Supercooling results
from the fact that the nucleation of a crystal is a random process, requiring
the accidental arrangement, in the melt, of atoms in the pattern of the
crystal structure, after which a crystal nucleus may grow at a great rate.
The presence of foreign particles or dislocations due to motion in the melt
merely increases the probability of nucleation by affording a sort of
substrate upon which atoms may become ordered. If such hetero-nuclei®
are present in experimental work, supercooling is extremely difficult to
achieve. With careful experimental control, however, it is found that a wide
range of substances, including pure metals, halides, and molecular liquids,
can be supercooled to about 80% of their Kelvin melting temperature. The
recurrence of values around 80% suggests that this represents a fundamental
limit of supercooling. Supercooling of this sort of magnitude is probably
extremely rare in natural silicate melts, because of the presence of hetero-
nuclei and shearing motion in the magma, and in fact it is a fair question
whether any appreciable supercooling ever occurs in magmas. In experi-
mental work, however, especially with viscous melts, supercooling may be
a serious hindrance to experimental success.

Superheating of crystals above their melting temperature is a rare
phenomenon, and usually amounts to only a fraction of a degree when it
occurs. However, in crystals which melt to very viscous liquids, such as
quartz or albite, superheating of as much as 300° has been reported. This
emphasizes the fact that melting and crystallization are rate processes, and
when a viscous melt with a high degree of structure is involved, rates of
disordering and diffusion may become infinitesimally slow.

Melting as a Function of Pressure

Most solid compounds, with the notable exception of ice; and a few others,
have positive volume changes on melting, and therefore have positive
melting curves in P-T space, by the Clausius Clapeyron equation
S f _dp
(VL - ‘75) T
in which S is the molar entropy of fusion, always positive, and Vy, and Vg
are the molar volumes of liquid and solid, respectively, their difference

3.D

$Ubbelohde (1965), p. 284.
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being usually positive. It is then the normal expectation for silicate minerals
to have positive melting curves, which they do in all known cases, in the
absence of volatile components, at low to intermediate pressures.

The introduction of water to anhydrous silicate systems produces nega-
tive melting curves, because water dissolves in the melt to a greater extent
than in the crystal, stabilizing the melt at a lower temperature as more
pressure is applied to the vapor phase, by LeChatelier’s principle. This is
a most important effect for petrology because of the general availability of
H,O0 in the earth’s crust, and parts of the mantle, and because of the very
large temperature differences between dry and hydrous melting curves for
the same crystal. The effect on a number of silicate systems is discussed in
Chapter 19.

Solutions: Solid and Liquid

It is common experience that liquids are likely to be solutions, and natural
magmas are no exception; they are in fact complex solutions of large
numbers of components, of which only about ten are major. Most of the
melts of interest to our present purpose will be solutions.

Most naturally occurring minerals are also solutions, called solid or
crystalline solutions, of two or more end members which are stable in their
pure state only in the absence of suitable contaminants, or at 0° K. The
extent of solid solution is very limited in many minerals, and complete
between end members in many others, for example in plagioclase feldspar
at high temperatures. Except in rare cases, we shall be dealing with natural
and synthetic crystals which show solid solution toward other compositions
to a degree which should not be ignored, although we shall find it helpful
to ignore this phenomenon temporarily, in some cases, to simplify presen-
tation of chemical principles.
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Chapter 4

The Phase Rule as a Tool

o /

Introduction

Phase diagrams are both constructed and interpreted in accordance with
certain principles of physical chemistry embodied in what is known as the
Gibbs phase rule. A working knowledge of the phase rule is essential for
the effective use of phase diagrams. Such a working knowledge is very
simple to acquire, since the phase rule is a very simple statement about the
relationships of three variables. Like many rules, the phase rule conceals
in its simplicity a very subtle, brilliant, and powerful chain of logical
reasoning, and it is possible, perhaps even desirable for advanced students,
to analyze phase diagrams from first principles without using the rule as a
crutch. We shall use the phase rule as a tool, however, and the purpose of
this chapter is to provide some fundamental definitions and a very rudi-
mentary sketch of the principles upon which the phase rule rests. As we
shall develop and use it, the phase rule is a part of what is called classical
thermodynamics, the counterpart of which is statistical mechanics.

Systems, Components, Phases, Variables, Equilibrium

A system may be defined as an assemblage of material bodies interacting
among themselves. As generally used, the term implies that matter cannot
be exchanged with the system’s surroundings, a condition which is often
explicitly stated by use of the term closed system. Heat can be exchanged
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with the surroundings, so the temperature of the system may be externally
controlled. Pressure may be applied to the system, and its volume thereby
adjusted, again without the exchange of matter. A system may also be
described as an arbitrarily chosen small part of the universe. Most of our
systems will be made up from and described in terms of a few selected
chemical compounds, such as for example diopside and anorthite, but the
term system can also apply to a small region of the mantle undergoing
melting, or to a magma flowing through a fissure, or any chosen part of
such a magma.

An open system is a system which may undergo interchange of matter
with its surroundings, usually limited interchange, so that the amount of
one component, such as water vapor, may be controlled externally while
the amounts of all other components remain fixed at their initial values. A
container sealed by an osmotic membrane is a good example of such an
open system, and a sealed capsule of platinum at high temperatures is a
good example of such a membrane with respect to hydrogen, which diffuses
easily through hot platinum. As a counter-example, a similarly-filled gold
capsule under the same conditions is essentially a closed system, gold being
impermeable to hydrogen, or very nearly so for most practical purposes.

A component of a system is a chemical constituent whose quantity may
be independently and arbitrarily varied. In a closed system, the amounts of
the various components are chosen at some initial time, and left unchanged
during the process of interest. The simplest sort of component is an atom
of a given chemical species, and the components of a system may, if
necessary or convenient, be described and controlled in terms of masses of
elements. If the expected chemical reactions so warrant, more complicated
constituents, such as the metal oxides usually reported in a chemical
analysis, may be chosen, or even constituents such as mineral formulae.
Thus one and the same system could be described in terms of the four
components Ca, Mg, Si, O, or the three components CaO, MgO, SiO,, or
the two components CaSiO, and MgSiO,, or the single component Ca-
MgSi,O4. Systems are described by the number (c) and identity of their
components, for example, as follows:

The unary (¢ = 1) system CaMgSi,Os

The binary (¢ = 2) system CaSiO; — MgSiO;
The ternary (¢ = 3) system CaO — MgO - SiO,
The quaternary (¢ = 4) system Ca-Mg-Si-O

The choice of components is a matter of experience. It is mandatory to
choose the smallest number, hence the most complicated identity, of
components until experimental or theoretical experience dictates otherwise.
It develops, for example, that choice of the single component CaAl,Si,Os
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is often adequate for discussing the melting of pure anorthite, whereas in
discussing accurately the melting of mixtures of diopside and anorthite the
two components diopside and anorthite will not suffice, because diopside
is not pure CaMgSi,Oq in the presence of Al, and both crystals and melts
must be discussed in terms of at least a ternary system, as discussed in
Chapter 5.

A phase may be described as a homogeneous, mechanically separable
part of a system. Phases are separated from one another by interfaces.
Each mineral or crystal species or glass is a phase (S), each magma or
liquid or melt is a phase (L), each vapor is a phase (V). In a system of many
phases, many of these may be solid, but commonly only one (or zero) is a
liquid, and only one (or zero) a gas. A system may be partly described by
the number (¢) and identity of its phases. In the phase diagram for water at
low pressure (Figure 3.1) each phase is a different state of matter, but as
Figure 3.2 illustrates, there are numerous phases of ice which are all
members of the solid state. The mistake of equating phases with states of
matter must be avoided.

The criterion of mechanical separability is a potentially troublesome part
of the definition of phase. The criterion means separability in principle,
such as could be ascertained with a microscope. For example, it is quite
feasible to separate the pyroxene and plagioclase from one another in a
coarse gabbro, and in principle it is also possible to separate them in a very
fine-grained basalt, although one would prefer to avoid such a task. But
how good a microscope should one use to deduce separability? One may
see fine exsolution lamellae in pyroxene, and conclude that these should be
counted as a phase separate from the host pyroxene, but how about the
different types of layers in a mixed-layer silicate (Zen, 1963), or the different
domains in a feldspar crystal? Such subdivisions may reach such a small
scale that chemical reactions with the external environment ‘‘ignore’’ the
separate parts and respond only to the bulk crystal, although chemical
reactions between or among the various subdivisions may still be imagined.
In rare cases, therefore, the definition of a phase must be determined by
experience, or at least theory, and tailored to the scale of the questions
being asked.

Variables or parameters of state are quantities used to describe the state
of a system. These fall into two classes, extensive and intensive. Extensive
variables are those which depend on the size (mass) of the system or its
parts, such as

Masses of phases (or of the system)
Volume of the system

Entropy (§) of the system

Enthalpy (H) of the system
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Intensive variables are those which are independent of mass, such as

Temperature (7T)
Pressure (P)
Concentrations of the components (X)

The object of the phase rule is to discover the minimum number of
independent statements which must be made about intensive and extensive
variables in order to describe the system completely. The phase rule applies
only to systems in chemical equilibrium, which may be described as a state
of no observable change in the masses of the various reactants and products,
or a state in which chemical reactions proceed with equal rate in either
direction. Chemical equilibrium also implies thermal and pressure equilib-
rium, so we should expect the system to be isothermal and isobaric at
equilibrium. This definition excludes local equilibrium, which is a useful
concept for dealing with systems in a chemical or thermal gradient, for
example. The zoning of a crystal of feldspar represents a kind of local
equilibrium.

It is useful to identify two kinds of chemical equilibrium. We shall most
often be concerned with stable equilibrium, a state which represents the
lowest free energy of the system under the specified P and 7. Another kind,
metastable equilibrium, represents a supposedly transient state of affairs
wherein the system has not achieved the lowest free energy state, but looks
and acts as though it were at equilibrium over the time scale of observation.
This time scale may be indefinitely long, and for example, all igneous and
metamorphic hand specimens of rocks are at metastable equilibrium, at
room temperature, because the chemical reactions which should continue
in cooling simply do not proceed at a finite rate near room temperature. If
it were not for this fact, we could never observe the properties of minerals
at high temperature which in fact are quenched in by prohibitively slow
reaction rates. Other examples of metastable equilibrium are supercooled
melts, and glass quenched from the liquid state. In most phase diagrams,
solid lines denote stable equilibrium, and when produced beyond an
intersection such as a triple point, are dashed to denote metastable equilib-
rium. A few examples of such metastable extensions are shown in the
upper part of Figure 3.2, and at the triple point in Figure 3.1. The metastable
extension denotes the fact that, at least in principle, reactions can be made
to run just outside the true field of stability of the reactants. For example,
supercooled liquid and vapor can coexist at metastable equilibrium in the
field of ice; near the triple point. We shall not be greatly concerned with
such phenomena in the context of this book, but the metastable state is
important in much experimental work, and in the interpretation of natural
rocks.
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The Phase Rule and Variance

Statements about components, phases, and variables may be marshalled
into a formula known as the phase rule which gives the number of additional
statements which must be made to define the system completely. It can be
shown that, in a system at equilibrium, the number of variables which can
be independently varied (without disturbing the equilibrium) is equal to the
number of components in the system, plus two. The reasoning goes briefly
like this. An equation describing the internal energy E of a system can be
written

dE = TdS — PdV + podn, + . . . . + wdny 4.1)

where T is absolute temperature, S is entropy, P is pressure, V is volume,
u is the chemical potential, or the partial free energy per mole of a
component, n is the number of moles (i.e. amount), and a . . . . k are each
components of the system. Readers not familiar with chemical thermody-
namics should not throw up their hands in horror, for what we propose to
show does not require an understanding of all these terms. At equilibrium,
by definition, entropy, volume, and amounts of components may not
change, so their differentials equal zero: dS = 0, dV = 0, dn; = 0. Therefore
at equilibrium, equation (4.1) integrates to

E=TS —PV +pona+....+ wn (4.2)

We see now, merely as a book-keeping exercise, that the energy of the
system depends upon two terms, TS and PV, and as many other terms
wn; as there are components. Hence the energy of the system, which is to
say the state of the system, is completely described by ¢ + 2 independent

variables.
These ¢ + 2 variables could all be extensive, such as the masses of

phases, or partly extensive and partly intensive, such as T and P. If they all
happened to be extensive, then specifying the number and identity of each
phase present would serve to describe the system, or in other words we
should need to make ¢ statements, one for each phase, in order to describe
the system. This condition of description can be written

d=c+2 “4.3)

and interpreted as meaning ‘‘when the number of phases equals the number
of components plus two, the system is uniquely defined in terms of its
intensive variables.”” In other words, there is only one temperature, one
pressure, and one concentration of components in some phase when ¢ =
¢ + 2 identifiable phases are present in the system. A corollary of this is
that ¢ + 2 gives the maximum number of phases which can coexist at
equilibrium.

If by chance some of the ¢ + 2 variables needed to describe the system
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were intensive variables, then of course ¢ < ¢ + 2, i.e. the number of
phases present is less than ¢ + 2, and a certain number of intensive
variables must be specified to describe the system completely. Let W be
this number of intensive variables to be specified, and then

W=c+2-¢ “4.4)

which is the Gibbs phase rule. W is an integer commonly called the
variance, and is also commonly denoted F, for degrees of freedom.
We can now see that for completeness, equation (4.3) should read

d<c+2 @.5)

with the variance W giving the difference when the inequality applies.

We identify with W the intensive variables P, T, and X. As an example,
suppose W = ¢ + 2 — ¢ = 1; the system is said to be univariant, and a
single statement, either about pressure, or about temperature, or about the
concentrations of components, suffices to describe the system completely.
This is true whether ¢ = 1 and ¢ = 2, or whether ¢ = 19 and ¢ = 20.
Suppose W = 2; the system is divariant, and two statements, one each
about two of the variables P, T, X, are required to describe the system
completely, and so on.

The example chosen in equation (4.3) is one in which W = 0, and such
a system with ¢ = ¢ + 2 is invariant, a state which is very informative
because for any particular set of ¢ phases, it is unique.

The phase rule is thus a shorthand way of assessing the maximum
number of intensive parameters which can change independently of each
other without decreasing the number of coexisting phases in the system.
The nature and utility of the phase rule becomes clearer with its actual
application in the succeeding chapters.
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Diopside and Anorthite:
Supposedly a Binary Eutectic
System
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Introduction

This chapter introduces the study of phase equilibrium diagrams as models
of natural rocks. The system to be described is simple, yet it furnishes a
neat example of what may go wrong with a model when a mineral chooses
not to have the idealized composition you so hopefully expected it would.
This complication, fortunately, increases rather than decreases the rele-
vance of the model system to natural basalts.

This is a longish chapter, because it must cope with the basic principles
of phase diagrams in the course of describing a single example. If it
occasionally seems that we are straying rather far from basalts, it need only
be recalled that a flanking maneuver is sometimes more productive than a
frontal assault.

Preparation and Melting of Diopside (Di)

Diopside is one of the easiest minerals to synthesize accurately, i.e. with
correct composition, so easy in fact that the melting point of pure synthetic
diopside is used as a calibration point (1391.5° C) in the Geophysical
Laboratory temperature scale.*

"Temperature scales in silicate research are discussed by Sosman (1952). Despite the use

of diopside as a calibrant, it actually has a small melting range (Kushiro, 1972), and the figure
1391.5°C refers to the upper limit of the range.
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The ideal formula for diopside is CaMgSi,Oq; stated in oxides, convenient
for experimental work, CaO - MgO - 2SiO.. Each of these oxides may be
obtained in a state of high purity. One uses reagent grade CaCO; (calcite)
as a source of CaO. MgO may be obtained commercially in high purity,
although Mg metal may be even purer, and this may be oxidized in acid to
form MgO, which is the mineral periclase. Many schemes have been used
to obtain pure SiO.. One of the simplest, probably as good as any, is to
crush and mill optical grade quartz crystal in steel, and remove the
contaminating steel magnetically and with acid. This quartz contains fluid
inclusions, and is not yet pure SiO; in its most reactive form, so one
converts it to cristobalite by heating in a platinum crucible at 1500° C or
higher for a number of hours (the tridymite/cristobalite transformation
occurs at about 1470° C). Complete conversion to cristobalite is seldom
achieved short of several days, as found by Yoder and Schairer in 1968
(verbal communication), but the material is probably adequate for most
purposes after a few hours of heating. One must temper the desire for
complete conversion with the reality of heating platinum crucibles at these
temperatures: whiskers of platinum will form in time on the surface of the
charge, and one will be weighing a very heavy contaminant into one’s
silicate mixture. Schairer was also fond of pointing out that the quartz must
lie loosely in the crucible (don’t breathe on it!), or the volume changes on
heating through the high-low quartz and high quartz-tridymite transforma-
tions will deform the crucible severely.

Given the suitable, dessicated starting materials, one simply mixes in a
platinum crucible appropriate weights of CaCO3;, MgO, and SiO; to form
diopside (a 10-gm yield is convenient). Enough CaCO3; must be weighed in
to yield the appropriate amount of CaO; the CO, will escape on heating.
The crucible with its charge is placed in a ceramic-lined, platinum-wound
furnace and heated to around 1500° C for several hours, overnight for
example. The charge is quenched by setting the crucible in a pan of water,
the resultant glass is broken and knocked out onto a paper by hammering
the crucible,? the glass is crushed in a steel mortar to mix it, tramp steel is
removed with a magnet, and the charge is returned to the crucible and
melted again. A few fusions suffice to produce a homogeneous glass.
Homogeneity is checked by examining an immersion mount of a bit of the
crushed glass under the microscope; the glass particles should all have the
same refractive index and be free of any inclusions of undissolved material.

Once a pure, homogeneous diopside glass is obtained, it can be crystal-
lized readily by holding it at 1200-1300° C overnight, or several times
overnight if desired for better crystallinity. The resulting crystals are
extremely small (usually much less than 10 um inlength), but give sharp X-
ray peaks. They can be used in melting experiments by the quenching
method (or by differential thermal analysis, which measures a discontinuity

*Hammering is not necessary if Ptgs Aus is used, as the melt does not wet this alloy.
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in temperature rise with constant application of heat, thus indicating the
latent heat absorbed on melting). The quenching method?® utilizes the fact
that most silicate liquids can be converted to a glass by abrupt cooling
(quenching). In the quenching method, a small amount (such as 10 mg) of
crystalline diopside is wrapped in an envelope of platinum foil and sus-
pended in a vertical-tube furnace by a fine platinum wire. A thermocouple
is suspended beside the envelope, furnishing the temperature of the exper-
iment. After heating at constant temperature for an hour or so, an electric
current is applied to melt the platinum suspension wire, and the platinum
envelope with its diopside charge falls into a dish of mercury, cooling to
nearly room temperature in a few seconds. When examined under the
microscope, the charge will be seen to consist of diopside crystals if the
temperature was below the melting temperature, or of glass if above. With
careful measurement of temperatures, runs at 1390° C yield crystals, and
runs at 1393° C yield glass, indicating a melting point of 1391.5 + 1.5° C.
Few silicate melting points can be determined so closely by this method; an
uncertainty of + 3° C to = 10° C is more normal. Diopside has given
consistent results and its melting point is now used routinely (along with
NaCl, 800.5° C) for the calibration of thermocouples used in experimental
work.

Preparation and Melting of Anorthite (An)

Anorthite, CaAl,Si:Os or CaO - Al,O3 - 2SiO,, can also be synthesized
readily. The sources of CaO and SiO; have already been discussed in
connection with diopside. Alumina, Al;O3, can be obtained commercially
in high purity. Once again, the CaQ is weighed in as CaCOj; with allowance
for the escape of CO,. The problems of synthesis are somewhat greater in
this case, since Al;Os, better known as the mineral corundum or the gems
ruby and sapphire, is highly refractory and doesn’t dissolve easily in a
silicate melt. The possibility of melting the Al;O; itself is precluded in
ordinary work by its high melting point (2072° C), which is in excess of that
of the platinum (1770° C) used as both container and furnace winding. At
least three fusions at about 1600° C are made, each separated by a quench
and rough crush of the glass, before the mixture is examined for homo-
geneity. After this, fusions are separated by finer crushing in a steel mortar,
with magnetic removal of tramp steel, and are continued until no corundum
grains remain and the glass has a homogeneous refractive index. The
melting point of anorthite, determined by the quenching method, is taken
as 1553° C, since it demonstrably lies between 1550 and 1555° C. There is
some doubt that this compound melts (congruently) to a liquid of its own

®A description of the quenching method is given by Osborn and Schairer (1941).
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composition at a single value of temperature. Corundum has been observed
in the glass quenched from temperatures near the assumed melting point,
and anorthite may in fact melt to corundum and a more lime-silicate-rich
liquid over a small interval. The difficulty of thermal control and measure-
ment at these high temperatures renders a precise answer to this question
elusive.

Preparation of Di-An Mixtures

It might be supposed that homogeneous glasses with compositions between
pure Di and pure An would be made by melting weighed mixtures of the
pure end-member glasses. For tactical reasons, however, a better approach
is to make each composition from scratch, in 10 gm. batches, using the
same starting materials as for the pure compounds, i.e. CaCO;, MgO,
Al;O3, and SiO.. The principal reason for this is that the addition of almost
anything (MgO in this case) facilitates the dissolution of Al;O; into the
silicate melt, so it is easier to make a homogeneous glass of Diyy Ang
composition than a glass of An;e composition. The ease of dissolution of
Al;O; can be ascribed to the lower viscosity of the liquid when MgO is
present. Pure diopside liquid is so runny that it can be poured, while silicate
liquids rich in alumina are stiff as a board. It is to be presumed that liquids
of lower viscosity tend to make better solvents, since they can carry away
the solute components more rapidly.

Most silicate glasses are in like manner made directly to their composition
from oxide mixes rather than from end-member compounds, for similar
reasons. Alkalies, however, are usually added as disilicates to minimize
alkali loss by volatilization.

For the study of a system such as Diopside-Anorthite, it is customary to
prepare compositions at 10% intervals by weight. Additional compositions
may be prepared at a later time if more precise experimental data are
needed.

T-X Plots: Liquidus and Solidus

The experimental study of a system such as Di-An proceeds by a determi-
nation of the beginning of melting (first appearance of glass in quenched
runs) and end of melting (last appearance of crystals in quenched runs) for
a series of compositions, determined by the quenching method described
above under Preparation and melting of diopside. The information obtained
from a series of experiments is best appreciated in graphical form, such as
a graph of temperature versus composition, or 7-X plot. The ordinate is
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conventionally temperature in degrees Celsius, and the abscissa, composi-
tion. In our examples, X will denote composition in weight percent, simply
because weights are the experimentally convenient measures of amounts.
Composition could be stated in other terms, for example molecular percent
or mole fraction, which is the useful form for thermodynamic and crystal
chemical calculations.

A typical T-X plot (see Fig. 5.1) of a binary (two-component) silicate
system consists of symbols or labels depicting solid, solid plus liquid, or
liquid states at the termination of each run, and a collection of curves
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o
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Figure 5.1. Phase equilibrium diagram of the system diopside-anorthite, after
Bowen (1915), with inset after Osborn (1942). Experimental points defining the
liquidus curves are circled. The Bowen diagram assumes a binary eutectic system.
The Osborn diagram reflects the discovery that the system is not binary for
diopside-rich compositions. This is because Al enters diopside crystals, as discussed
later in the chapter.
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marking the boundaries between regions of solid (S), solid plus liquid, and
liquid (L).* These curves have special names, and properties which are very
useful. The curve separating the liquid region from the solid plus liquid
region is termed the liquidus, best remembered as the curve which at any
temperature gives the composition of the liquid in equilibrium with a
specified solid. The curve separating the solid plus liquid region from the
solid region is termed the solidus or beginning-of-melting curve. If the solid
consists strictly of crystals of end member composition, such as pure Di
and pure An, the solidus is a straight, isothermal line, and the compositions
of crystals lie at either end of the line. If solid solution occurs, and the
system is strictly binary, the solidus is a curve which at any temperature
gives the composition of the crystals in equilibrium with a specified liquid.
The case where solid solution occurs is discussed more fully in Chapter 6.

Diopside-Anorthite as a Binary System

On earth, the minerals diopside and anorthite occur with compositions very
close to the ideal end members only in metamorphic rocks. In igneous
rocks, formed at higher temperatures, they contain various ‘‘impurities’’,
or more realistically, show solid solution toward other components. It
should not then surprise us if the crystals formed in high-temperature
laboratory experiments showed compositions other than end-member com-
positions. This is the case with the system Di-An. There is evidence that
the system is not strictly binary, in other words that solid solution does not
involve only the two components, and we shall consider this problem at the
end of this chapter. For the moment, let us pretend that the system is
binary, and that all crystals are pure diopside or pure anorthite. In this
way, we can illustrate some important principles of phase diagrams and
igneous rocks.

The system Diopside-Anorthite has been studied at 1 atm pressure by
Bowen (1915) and Osborn (1942). The T-X plot, or equilibrium diagram, or
phase diagram, essentially as determined by Bowen, is shown in Fig. 5.1.
Small circles are shown at the melting points of the end members, diopside
and anorthite, and at the final melting points of Di-An mixtures at several
intervals along the X axis. These circles represent the midpoint between
the two experimental runs bracketing the final melting point. For example,
if a run quenched from 1352°C shows glass only, and a run quenched from
1348°C shows glass with a small amount of diopside crystals, the final
melting point for the mixture (in this case DigAny) is plotted at 1350°C.

‘A complete plot would also show a vapor (V) region. However, the vapor pressure of
silicates and silicate liquids is so low that the vapor state is usually ignored. 7-X diagrams are
assumed to represent a pressure of 1 atm unless otherwise stated.
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The collection of small circles showing the final melting points defines the
liquidus curves. Above these curves the system consists only of liquid. It
is clear from the shape of the liquidus curves that they will intersect
somewhere near a composition of DissAny; and a temperature somewhere
near 1274°C. The lowering of liquidus temperatures away from end members
is a common phenomenon in silicate systems and one familiar to chemists
under the title of freezing point depression. Either end member may be
considered an ‘‘impurity’’ which, when added to the other, causes lowering
of the final melting point (or first freezing point, depending on the point of
view).

It is to be noted that none of the mixtures studied within the system
melts at a single temperature, but that all show a melting range beginning
(in this case) somewhere near 1274°C and terminating at the liquidus curve.
The same is true of virtually all rocks, which crystallize or melt completely
over a range of temperature rather than at a point. This apparently innocent
fact is one of fundamental importance in petrology, for it accounts for the
possibility of magmas changing their composition by removal of crystals,
or fractional crystallization, about which we shall have much to say.

The horizontal line at 1274°C lies through the beginning of melting of
each composition studied. In Bowen’s work, these all fell at the same
temperature, within experimental error. The horizontal line is an isotherm,
and it is also the solidus for the system in the sense that it locates the
boundary between the fields of solid (§) and solid + liquid (§ + L).

The point marked by the intersection of the two liquidus curves and the
solidus (DissAns,; 1274°C) is termed the eutectic®; it lies at the one and only
composition within the system which has a true melting point rather than
a melting interval. The diagram of Fig. 5.1 is one of a binary eutectic
system. The eutectic is an important phenomenon which we shall consider
in more detail below.

Variance in Di-An

We continue to assume that Di and An are pure compounds, and that the
system is binary.
The phase rule may be stated as

W=c+2-¢

We recall that the 2 signifies intensive:parameters not dependent on the
masses of things in the system; we may identify among these parameters

Guthrie (1884) coined this term to signify the lowest-melting point in a system. Strictly
speaking, this point in this system implies the coexistence of Di, An, L, and vapor which
occurs at a single value of pressure well below 1 atm. Because of the low vapor pressure of
silicate liquids, this strict definition is usually ignored.
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temperature (7T), and pressure (P). The phase rule reminds us that if we
wish to describe the system completely, we shall need to make c + 2 — ¢
statements about independent parameters. However, as long as we are
considering experiments made at constant pressure (isobaric conditions),
we are holding one variable () fixed, and we need make only ¢ + 1 — ¢
statements to describe the system. Any other arbitrary restriction, such as
on T (an isothermal restriction), would have the same effect. We may then
rewrite the phase rule for isobaric conditions:

Wo=c+1-¢

in which the subscript p reminds us that the variance is reduced by one
because of an isobaric restriction. For present purposes, the constant
pressure is 1 atm, since the experiments were performed at atmospheric
pressure, i.e., with no pressure control.

We now need to evaluate ¢, and then ¢, in order to evaluate the variance.
We have already decided that the system Di-An is binary (¢ = 2), but let us
consider some alternatives for the moment. The system contains only the
elements Ca, Al, Mg, Si, and O, so at worst it would have to be described
in 5 components (quinary system). If we believe that the cations are almost
always bound to oxygens in melts and crystals, we could use as components
CaO, Al;O;, MgO, and SiO, (c = 4, quaternary system). If we believed
that the liquids and crystals can be described as mixtures of CaSiO;,
MgSiO;, and Al:SiO; (an unlikely eventuality), we could describe the
system as ternary (c = 3). Another ternary alternative will be described at
the end of this chapter. Finally, if we believe that the crystals and liquids
can be described in terms of pure Di (CaMgSi;O¢), pure An (CaAl;Si,Og)
and liquid solutions or solid mixtures of these, we are justified in calling the
system binary, as we shall now do. Hence we shall use the phase rule
statement W, = 3 — ¢.

As for ¢, the experiments, summarized in the phase diagram (Fig. 5.1),
describe the phases for us. As the figure suggests, above the liquidus
curves, there is but a single phase, L, and W, = 3 — 1 = 2; this is a
divariant region.® Such a region is often described as having two degrees of
freedom, and it is interesting to note that, under the restriction of constant
pressure, this region is a two dimensional field in the phase diagram. Saying
that W, = 2 is equivalent to saying that we must make two statements, one
for each dimension, to know where we are in that part of the phase diagram
labelled L. We must specify the temperature and the chosen bulk compo-

SStrictly speaking, it is an isobarically divariant region. If P is allowed to vary, W = ¢ +
2 — ¢ = 4 — ¢ and the region of ¢ = 1 is truly trivariant. Whenever W, is written, it must be
remembered that the variance is under restriction and is always one less than the unrestricted
variance W. This understanding will be assumed in the following pages.
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sition” of the system in order to plot a point in the L field, for example
1500°C and Di5oAIl50.

On either of the liquidus curves in Fig. 5.1, there are two phases, either
Di + L or An + L, depending on the curve. In this case W, =3 — 2 = 1,
and the system is univariant for any point on either of the liquidus curves.
It is interesting to note that, with the restriction of constant pressure,
univariance corresponds to a one dimensional line. Saying that W, = 1 is
equivalent to saying that we need make only one statement (about one
dimension) to plot a point in the § — L part of the phase diagram. For
example, given the identity of the phases as An + L, one need only specify
the temperature as 1328°C to be informed from the phase diagram that a
liquid of composition DisAns, coexists with crystals of pure An. (One
learns nothing of the bulk composition, which could lie anywhere between
DiseAnse and DigAn;go, but that is immaterial as far as chemical reactions at
equilibrium are concerned.) Alternatively one could specify the composition
of the liquid in equilibrium with crystals of pure An as DiseAnso, and learn
from the diagram that the temperature for such a situation is 1328°C.

There is a unique point, the eutectic, in the diagram of Fig. 5.1 at which
the two liquidus curves intersect at the solidus. Since the liquidus curves
specify equilibrium between Di + L on the one hand and An + L on the
other hand, the eutectic apparently involves an equilibrium among all three,
Di + An + L. Here and only here, ¢ = 3, and W, = 3 — 3 = 0; the eutectic
is an invariant point. Notice again the correspondence between variance
and dimensions, both being zero in this case.® Saying that the variance is
zero is a most informative statement, since nothing further need be said to
learn from the phase diagram that the temperature is 1274°C, and that the
liquid has the composition DissAng, and coexists with pure Di crystals and
pure An crystals.

The regions between the liquidus and solidus curves are convenient
places for labels, and for plotting bulk compositions at specified tempera-
tures, but no phases lie within them. They may each contain an infinite
number of horizontal (isothermal) tie lines connecting points on the liquidus
with the appropriate ordinate, in other words, tying liquids of appropriate
composition to the (unchanging) compositions of the crystals with which
they coexist. On any of these tie lines can be plotted a bulk composition.
The tie lines and bulk compositions are usually omitted in phase diagrams
except during graphical analysis, which is described below.

"‘Bulk composition™ is a term used to describe any chosen mixture within a system for
purposes of discussion; it is so called to help distinguish the total composition from the
individual compositions of crystals or liquids. It is very important to remember that the system
is defined by the bulk composition chosen, which may not change during any single process
or experiment.

®The true eutectic (see footnote 5, above) involves Di + An + L + V, ¢ = 4, and is truly
invariant, i.e. W =4 - 4 = 0.
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Below the solidus is a region where crystals of Di and crystals of An
coexist (in proportions dependent on the bulk composition). Here ¢ = 2,
and it is clear that W, = 3 — 2 = 1. However, if we ask what must be
specified to plot a point in this field, it appears that both T and a bulk
composition X are required, and this suggests that W, = 2. This dilemma
may be resolved by saying that we know of no reactions between Di and
An in this region, and therefore that criteria of chemical equilibrium are
irrelevant, hence we need not concern ourselves with variance here. This
is not a totally satisfactory way out, but it is perhaps sufficient for present
purposes.

The Lever Rule

When crystals coexist with liquid in a binary system, it is possible (except
when liquid is at a eutectic) to know the relative percentages of each (S and
L is l/(s + I); similarly the fraction of s/(s + [), and the sum of s and [ is
permits the quantitative use of phase diagrams in the analysis of crystalli-
zation and melting. The treatment of relative percentages is a simple
graphical procedure based on the lever rule or rule of moments. This rule
is best described by a sketch, Fig. 5.2, of a lever sitting on a fulcrum. The
fulcrum is labelled BC for ‘‘bulk composition’” and the ends of the lever
are labelled S for the position of the solid (or crystal) and L for the position
of the liquid. Lever lengths are labelled s and /. In the illustration it is clear
that ! outweighs s because of occupying a longer arm of the lever.
Quantitatively, the fraction of the total mass of the system represented by
L is l/(s + 1); similarly the fraction of s/(s + I), and the sum of s and / is 1.
To convert fraction to percentage only requires multiplication of the fraction
by 100. For example, if / = 9 (in arbitrary units of length—millimeters are
convenient), and s = 3, the fraction of L is 9/12 = .75, or 75%, and the
fraction of S is 3/12 = .25, or 25%. We shall frequently use the symbol F,,
for fraction of liquid remaining (or produced).

The only problem with the lever rule lies in knowing which side of the
bulk composition fulcrum to label / and which to label s. This problem is

FL=ills+1)
$=3,/=9,F =75

Figure 5.2. Principle of the lever rule.



Nature of the Eutectic: Isothermal Melting and Crystallization 47

FL=l/s+])

= Y =

Figure 5.3. Example of the lever rule.

easily solved by a commonsense analysis. If the fulcrum lies at the liquidus
(see Fig. 5.3) at a certain temperature T, the bulk composition is practically
in the liquid field and the entire lever is represented by / (to the right of the
fulcrum), and s = 0. At a lower temperature (T, in Fig. 5.3), the proportion
of crystals has, logically, increased, and the end of the lever labelled s has
grown while [ remains the same length. The / end of the lever is always the
end away from the liquidus curve with respect to the fulcrum, and the s
end is always away from the crystal composition (the ordinate in this case).

The accurate application of the lever rule requires that a phase diagram
be redrawn from the original data on a much larger scale than that of a
textbook page, but a semiquantitative treatment with small scale drawings
will serve to illustrate most of our points. This comment does suggest that
experimental petrologists would perform a useful service by fitting curves
to their data by numerical methods and expressing these fits analytically, so
that the lever rule might be applied by computation.

Nature of the Eutectic: Isothermal Melting and Crystallization

If one pursues the lever rule of Fig. 5.3 in the context of the An + L field
of Di-An (Fig. 5.1), one quickly discovers that, since L has fixed length,
there is some liquid left at a temperature of 1274°, when the liquid has just
reached the eutectic composition, no matter where the original bulk com-
position lay. We also know, from the fact that W, = 0 at the eutectic, that
neither temperature, nor the composition of the liquid, nor the compositions
of crystals of Di or crystals of An may change as long as the liquid remains



48 Chapter S Diopside and Anorthite: Supposedly a Binary Eutectic System

at E. Furthermore, we comprehend from the diagrams that a minute
decrement of temperature below 1274° results in solid Di + An only,
without liquid. It is apparent that an unusual event occurs at E, namely the
isothermal crystallization of liquid to yield a completely solid mass of Di
and An crystals. The lever rule is of no use while the liquid is at E, the
ratio of crystals to liquid being no longer a function of 7, but only of time,
dictated by the rate of heat loss from the system. The reaction at E is L =
S + cals (calories) on crystallization and S + cals = L on melting.
Furthermore, since the liquid does not change composition, it must produce
(on crystallization) Di and An in exactly its own ratio, i.e. 58:42, so the
isothermal, eutectic crystallization of 1 g of liquid yields .58 g of Di crystals
and .42 g of An crystals. Melting consumes crystals in these proportions to
yield the eutectic liquid.

Although isothermal crystallization of rocks is probably rare in nature,
isothermal melting may be common at the sources of magmas in the mantle.
In either event, the process should be kept in mind, since the heat to be
removed (or added) is only the latent heat of crystallization (or fusion), and
not the heat required to change the temperature of the body as well.

Analysis of Crystallization and Melting

We are now sufficiently prepared with concepts and jargon to proceed to
the denouement of any experimental system, a complete analysis of the
course of crystallization (or melting) of any selected bulk composition. We
begin with crystallization, using Fig. 5.4, which is again the system diopside-
anorthite with some graphical constructions and a doubled scale of temper-
ature.

Choosing Dig,Ang, as a bulk composition, we imagine a liquid of this
composition at temperature 7,. There is one phase, L, and W, =3 — 1 =
2. As the liquid is cooled, nothing happens except for some ordering of
atoms in the liquid until the An + L liquidus curve is reached at T,. At this
moment, the first few crystals of An begin to form; § = 2, and W,=3-
2 equals 1. After an infinitesimal drop in temperature, the liquid has a
composition of nearly Di,Ang, but is shifted slightly to the left of this, by
an amount corresponding to the mass of An crystals which have formed.
Cooling is continued, and more crystals of An form as a result. If we take
stock of the situation at T,, we deduce from the diagram that the weight of
An crystals formed by this time is given by s,/(s; + I), or about 20%. At
this point the liquid, having yielded so much pure An, is correspondingly
poorer in An and richer in Di, with a composition of about Dis,Ans,.
Continued cooling, as before, enriches the liquid in Di by the crystallization
of An, and as before, further crystallization of An requires both heat loss
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Figure 5.4. The system diopside-anorthite redrawn with an expanded temperature
scale. Base of diagram measures 10 cm.

and temperature drop. The slope of the liquidus at any point is the resultant
of a horizontal vector away from An and a vertical vector downward.
Eventually, cooling of the liquid with its charge of An crystals, accom-
panied by further crystallization of An, brings the liquid to T, and the
eutectic composition. The instant before the temperature reaches T,, the
amount of An which has crystallized is given by s,/(s, + ,), or about 31%.
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At the instant when the liquid reaches the eutectic E and temperature 7,
crystals of Di begin to form for the first time. With continued removal of
heat, the temperature remains at 7, while the liquid of composition E
produces crystals of Di and An in the ratio of E (58:42) until it is used up,
at which moment the entire mass is solid, and the temperature drops with
further removal of heat.

We now turn our attention to the history of the solids produced by this
entire process. The bulk composition having been chosen as DisAng, it is
clear that the entire crystallization process should yield 40% Di, 60% An
by the time the liquid is used up. During the cooling from T to T4, the rotal
solid composition (TSC) lay on the An ordinate. While the liquid lay at the
eutectic, at temperature T4, crystallization of Di as well as An gradually
moved the TSC away from An, along the isotherm 74, as a function of time
¢). There was a time ¢, when the TSC was DizAnsg, for example, although
we cannot know when that was from the phase diagram. Eventually there
was a time t3 when the TSC reached DigAng, the bulk composition, and it
was at this moment that the last of the liquid disappeared.

The same principles apply to crystallization initially in the Di field, as for
example that of a bulk composition DigyAnse. An initially homogeneous
liquid of this composition will, on cooling, first produce crystals of diopside
and consequently move toward An down the Di + L liquidus curve till it
reaches E. At E, isothermal crystallization of Di and An crystals will ensue
until the liquid is gone and the Di:An ratio of the solids reaches 80:20.

Complete equilibrium melting in such a system as Di-An follows the
reverse path of complete equilibrium crystallization. A mixture of crystals
of Di and An, say in the ratio 40:60 will, when heated to T, (Fig. 5.4), begin
to melt with the production of a eutectic liquid of composition E. Crystals
will melt in the ratio Di:An 58:42 until all the Di is gone; the lever rule
shows that 69% of the mass can be melted in this way without a change of
either liquid composition or temperature. With continued input of heat, the
liquid dissolves An crystals and hence becomes richer in An, moving along
the liquidus curve as the temperature rises. At T;, the percentage of liquid
is 80%, as it was on crystallization, and at T,, the last An crystal is taken
into solution and the liquid may be heated without further chemical reaction.

Fractional Crystallization and Melting

The crystallization and melting processes described above are equilibrium
processes, in which all of the crystals present remain in perfect equilibrium
with the liquid. We may imagine another process, perfect fractional crys-
tallization in which crystals are removed from equilibrium with the liquid
as soon as they are formed. This process has a comparatively minor effect
in a binary eutectic system, but is of much importance in many other types
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of systems. In the crystallization of Di-An, using the example of Fig. 5.4,
removal of An crystals from the main body of liquid, perhaps by settling or
floating, has no new effect on the composition of the liquid during its trip
down the An + L liquidus curve. The only effect of perfect fractionation of
An is to hide An crystals from view, so that if we could sample the liquid
at any temperature we should see only a trace of An crystals, and we might
think the liquid had always had the bulk composition of its liquidus
composition at the moment of sampling. After the liquid has reached the
eutectic E, removal of Di and An crystals will of course have no effect on
the composition of the liquid, and both the liquid and the rock which it
produces will have the eutectic composition. Probably the only geologically
meaningful application of this fractional crystallization process is that
liquids or rocks appearing to have eutectic compositions may have started
out with bulk compositions far from the eutectic, only to have lost crystals
continuously or intermittently during crystallization.

For the process of fractional crystallization in general, it is convenient to
define the instantaneous solid composition (ISC) as the composition of the
solid being crystallized from the liquid at any moment. In the example just
given, the ISC consists simply of An crystals at first. When the liquid
reaches point E, the ISC jumps discontinuously from An to E, the eutectic
ratio of diopside and anorthite. We shall occasionally refer to such jumps
in the ISC as ‘‘rock hops,”’” and it should be emphasized that such
discontinuities in the ISC path can occur only with fractional crystallization.
In equilibrium crystallization, the ISC is identical to the TSC, and the TSC
path must be continuous in all processes.

Perfect fractional melting is a process in which liquid is continuously
removed from the crystals as soon as it is formed. Using the example of
DisAng, as a solid starting mixture, perfect fractional melting will yield
liquid of composition DissAnse, at isothermal conditions, as long as any
diopside crystals remain. During this time, the TSC moves from DisAng
to DipAn,e, which is precisely the reverse of the crystallization process
while the liquid is at E. As soon as the last crystal of diopside is converted
to liquid, however, the remaining solid mass consists only of An crystals.
No further melting can take place until the temperature rises from 1274°C
to 1553°C, the melting point of pure An, at which point all the An melts
isothermally. In this latter part of the process, fractional melting is strikingly
unlike equilibrium melting, since there is a large temperature interval over
which no liquid is generated. Under equilibrium conditions, the entire
original bulk composition would have been melted at about 1387°, whereas
fractional melting leaves a substantial crystalline residuum of pure An
which is far more refractory than the initial bulk composition. This is a
geologically important consequence, since it implies that fractional melting
even under isothermal conditions in the mantle may leave behind crystalline
residua which are unlikely to melt again unless a very large amount of
heating occurs.
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The temperature gap in fractional melting is of further interest in phase
equilibria because it emphasizes the fact that, in equilibrium melting, An
crystals dissolve in the liquid at temperatures far below their own melting
point.

For fractional melting in general, it will be convenient to define the
instantaneous liquid composition (ILC) as the composition of the liquid
being formed, at any instant, from the crystals. The ILC is precisely
analogous to the ISC; in the example at hand, it originates at E and, after
a hiatus in melting, jumps discontinuously to An. The total liquid compo-
sition (TLC) is the sum over all ILC’s produced during a melting process,
and it must equal the bulk composition of the system at the end of melting.
Thus in the present example, the TLC begins at E and, with the eventual
addition of liquid An, moves toward An until it reaches the bulk composi-
tion. We never speak of the TLC in connection with any process except
fractional melting, for in all other processes the TLC simply equals liquid,
L. Similarly, the ILC is confined to fractional melting; in all equilibrium
processes and in fractional crystallization, ILC = TLC = L. To recapitulate
the behavior of the four kinds of paths in crystallization and melting, the
TSC, TLC and L paths are always continuous; ISC and ILC paths may be
discontinuous, providing us with rock hops and liquid hops.

Complications

It is now time to face the fact that Di-An is not a truly binary system. This
is true largely because Di is not a pure compound of composition CaMgSi,Os
in the presence of certain impurities, in this instance Al,O;. Before enlarging
on this statement, however, it is appropriate to make some general remarks
on limited solid solubility.

Binary Solid Solutions in General

Many binary eutectic phase diagrams are known to have the form shown
in Fig. 5.5, in which the compounds A and B exist in the pure state only at
their respective melting points. At all lower temperatures, the solid phase
Ag is a limited solid solution (subscript ss) toward B, and the solid phase
By is a limited solid solution toward A. The mutual solubilities of solid A
and solid B increase with falling temperature from the melting points of
pure A and pure B, reaching maxima at the eutectic temperature. The
curves which give the composition of A in equilibrium with liquid and the
composition of By in equilibrium with liquid are the solidus curves. Below
the temperature of the eutectic, T., the mutual solubilities of A and B
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Figure 5.5. Idealized binary eutectic system.

commonly decrease, presumably reaching zero at 0°K. The curves which
give the composition, at any temperature, of Ag and By in equilibrium with
each other are part of a curve termed a solvus. The region between these
limbs of the solvus is often referred to as a miscibility gap. The solvus
curve in this case is intersected by a beginning-of-melting isotherm, but a
solvus may be wholly within the solid field or, rarely in silicate systems,
wholly within the liquid field.

We shall not dwell further on the properties of solvi at this juncture,
except to point out that some degree of mutual solubility between solid end
members of a binary system is inevitable at temperatures above 0°K, and
indeed must be present in Di-An. However, in this system, as in many
geologically significant systems, mutual solubility is often not detected at
ordinary levels of precision, and is therefore ignored.

Non-binary Solid Solution: The Role of Al in Pyroxene

If we consider the prospects for mutual solubility between Di and An from
a crystal-chemical point of view, we can see why such solubility should be
extremely limited. The small Mg** ion would rattle around like a pea in a
box in the larger Ca** site in anorthite, and tend to decrease the stability
of the structure. The other diopside-forming cations, Ca and Si, are already
present to a sufficiency in An. Turning to the diopside structure, we again
find no prospects in the Ca and Si from anorthite, but the Al ion is quite
another matter. Al can enter diopside, although not necessarily in the form
of the anorthite molecule.
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There are several ways in which Al*** may enter a pyroxene structure.
That it does enter in nature is shown by the fact that most natural pyroxene
analyses show Al,O; as a major constituent. The mineral augite is charac-
terized in Dana’s Textbook of Mineralogy as ‘‘aluminous pyroxene’’ (Ford,
1932). A number of hypothetical ‘‘pyroxene molecules’’ containing Al have
been proposed as end members toward which diopside might show solid
solution. Among these is CaTs, the calcium Tschermak’s molecule, Ca-
AlAISiOq. This compound is not found as a mineral, but it can be synthe-
sized in the laboratory, and studies by the quenching method show that
single crystals can be grown having compositions toward CaTs from Di.
CaTs being, like An, a member of the system Ca0O-AlO;-Si0O,, it is clear
that An is capable of furnishing the constituents of CaTs for solid solution
in Di. It is almost certain (Kushiro and Schairer, 1970) that the diopside
crystals observed in the system Di-An incorporate significant amounts of
CaTs ‘“‘stolen’’ from anorthite.

A Relevant Graphical Treatment

The effect of stealing CaTs from anorthite to make more pyroxene is to
enrich liquids in silica.® This can be shown chemically from the following
subtraction:

Ca0-ALO,-2Si0, (An)
— Ca0-ALO;-Si0, (CaTs)
SiO,

The exchange can be studied in a more general way chemographically, by
examining part of the system Ca0-Al,0;-MgO-SiO, (CAMS). This quater-
nary system can be represented compositionally as a three-dimensional
figure, a tetrahedron, shown in perspective in Fig. 5.6. This is an X-X plot,
i.e. a strictly compositional plot to examine the purely geometrical relation-
ships between components and phases. The front face of the tetrahedron is
the ternary system Ca0-Al,0;-Si0, (CAS); the floor is the ternary system
Ca0-AlL,0,-MgO (CAM); the left rear face is the ternary system CaO-MgO-
Si0, (CMS), and the right rear face is the ternary system Al,O3;-MgO-SiO,
(AMS). A line (altitude) bisecting the front face from SiO, to CA (.e.
Ca0-Al,O;) contains the composition of both An and CaTs. The position of
An can easily be plotted in the CAS triangle as follows. An is
Ca0-Al,0,-25i0,, hence the C:A ratio is 1:1, hence An must lie on the CA-
S line. The CA:S ratio is 2:2, hence An plots halfway along the CA-S line.
(Another trick is to plot, in turn, lines from each corner of the CAS triangle:
from C to A:S = 1:2, and from A to C:S = 1:2, the line from S to C:A =

°CaTs need not come from crystalline An, but from the normative An in the liquid.
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Figure 5.6. The tetrahedron CAMS, the system Ca0-Al,05-MgO-SiO;. The CM-
CA-S plane is shown in Fig. 5.7.

1:1 having already been plotted.) The position of CaTs is plotted in similar
fashion: CaTs is CaO - ALO, - Si0,, with C:A:S = 1:1:1, so the composition
plots at the center of gravity of the triangle, i.e. at the junction of lines
from each apex to the 1:1 point on each opposite side.

A further point of chemographic interest is that An lies midway on the
line from CS (CaSiO;; wollastonite, Wo) to AS (Al,SiO;; kyanite, silliman-
ite, andalusite).

The left rear face (CMS) of the tetrahedron contains a bisecting line S-
CM on which lies the composition of Di. Di is CaO - MgO - 2Si0,, or CMS
1:1:2; like An, it plots halfway along the altitude of the triangle. Of collateral
interest, it also plots halfway between CS (= Wo) and MS (MgSiO;;
enstatite).

It now appears that the system Di-An can be treated successfully in
terms of the plane CM-CA-S, which contains all the solid phases in the
tetrahedron of importance to our problem. This plane, a ternary system, is
sketched in Fig. 5.7a. Fig. 5.7b is a distorted blow-up of the central portion
of CM-CA-S, showing qualitatively the expected solid solution from Di
toward CaTs. The join!® Di-An lies across the CM-CA-S plane, and one

®When considered as part of a larger system (CAMS), a subsystem such as Di-An is
commonly referred to as a join.
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