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ABSTRACT. An investigation of the subsolidus relations along the join hedenbergite
(Cao.5oFeo.5510;)-ferrosilite (FeSiOy) under a variety of conditions has shown the follow-
ing:

1. At low pressures (at and below 2 kb) hedenbergitic clinopyroxenes on this join
are stable over the compositional range from Ca, ;Fe, ;,SiO; to a maximum Fe-content
of Cao,,oFegSi0;; the latter corresponds closely to the compositions of the latest
clinopyroxenes to crystallize from the Skaergaard and Bushveld intrusions. More iron-
rich compositions on the join are represented by the three-phase assemblages heden-
bergite,, -- fayalite 4- SiO, (below 940°C) and Fe-wollastonite,; - fayalite 4 SiO,
(above 940°C).

2. Pyroxenes are not stable at low pressures (at and below 2 kb) in a zone of the
pyroxene quadrilateral that extends from the ferrosilite apex about to Ca, ,Feq qSiO;
along the hedenbergite—ferrosilite join and approximately to Mgy isFe, 55105 along the
enstatite-ferrosilite join. This portion of the quadrilateral is termed the “forbidden
zone” to emphasize the instability of pyroxenes within it at low pressures; bulk com-
positions within this zone are represented by the assemblage fayalite | silica with or
without Ca-rich pyroxene. For this reason, compositional trends of Ca-poor pyroxenes
from crustal rocks cannot extend to the hedenbergite-ferrosilite join.

3. At 20 kb a two-pyroxene assemblage is stable on the hedenbergite-ferrosilite
join: orthopyroxene (approximately CagqFey:5i0;) and clinopyroxene (Ca, soFey 65105
at 800°C; Cag esFe,..510, at 950°C); the range of clinopyroxene compositions is extremely
temperature-dependent at this high pressure. Extrapolation of the high-pressure re-
lations to low pressures suggests the existence of a metastable two-pyroxene field
within the “forbidden zone” of the quadrilateral; the extrapolated two-pyroxene field
on the hedenbergite-ferrosilite join thus serves as a probable (mectastable) terminus of
the two-pyroxene field of the pyroxene quadrilateral.

4. The cessation of crystallization of Ca-poor pyroxenes and the concomitant
minimum in the Ca/(Ca {- Mg - Fe) ratio of the coexisting Ca-rich pyroxenes in the
Bushveld and Skaergaard intrusions probably is a function of the silica activity in each
magma. The absence of quartz as a primary phase during the intermediate stages of
fractionation in these bodies precludes the alternative interpretation that these features
reflect a reaction: clinopyroxene | orthopyroxene - liquid = clinopyroxene - olivine
-+ quartz 4 liquid.

5. A previously reported stability field of clinoferrosilite below 800°C is now shown
to be shear-sensitive; in the absence of shearing stresses (under hydrothermal condi-
tions) at 20 kb orthoferrosilite appears to be the only stable polymorph of FeSiO,
below about 1100°C. Hydrothermal experiments at 100 bars show that orthoferrosilite
inverts to clinoferrosilite at temperatures of 900°C and above, even while both poly-
morphs are breaking down to the stable assemblage fayalite 4 tridymite. This result,
although unconfirmed by reversed reaction, provides a probable upper temperature
limit for the iron-rich end of the hypersthene-pigeonite transition loop.

INTRODUCTION

The compositions of pyroxenes from a large number of igneous
rocks can be plotted for the most part in the “pyroxene quadrilateral”,
the reciprocal system diopside (Ca, ;Mg 5,510, Di)-hedenbergite
(Ca, 5oFe, 5,510, Hd)-enstatite (MgSiO,, En)-ferrosilite (FeSiO, Fs).
The phase relations of pyroxenes within this system can therefore provide
a great deal of information on the crystallization histories of those rocks.
No man has done more than J. Frank Schairer to elucidate these phase
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relations, and in the knowledge that his many contributions have made
this paper possible we gratefully dedicate it to him.

Because the pyroxenes of many volcanic rocks may have crystallized
out of equilibrium, they will not be considered in this discussion. In
hypabyssal and plutonic igenous rocks there are three main groups of
pyroxenes with compositions that can be plotted in the pyroxene quadri-
lateral: (1) a complete series of clinopyroxenes with space group C 2/c
ranging in composition from diopside through augite to hedenbergite;
(2) a series of orthopyroxenes with space group Pbca and with composi-
itons lying close to the enstatite-ferrosilite join; and (8) a series of clino-
pyroxenes (pigeonites) with space group P 2,/c whose compositions
(plotted according to the method of Hess, 1949) lie on a trend-line par-
allel to the enstatite-ferrosilite join but which contain about 9 mole
percent CaSiO;. Some orthopyroxenes containing exsolved lamellae of
augite have the bulk compositions of pigeonites and are believed to have
inverted from pigeonites. In this paper, orthopyroxenes and pigeonites
will be classed together as Ca-poor pyroxenes, and the diopside-augite—
hedenbergite series will be referred to as Ca-rich pyroxenes. Many plu-
tonic and hypabyssal pyroxenes contain exsolution lamellae; the discus-
sion here will deal with the bulk compositions of these intergrowths,
since presumably they crystallized as single phases.

The pyroxenes of strongly differentiated gabbroic bodies commonly
show a wide range of compositions, the Fe/Mg ratios of both Ca-poor and
Ca-rich varieties increasing during fractionation (and hence with de-
creasing temperature of the magma). The trends of pyroxene composi-
tions for the Bushveld and Skaergaard intrusions are shown in figure 1.
Several features of these trends are germane to this paper: (1) In the
earlier crystallization stages of each body Ca-rich and Ca-poor pyroxenes
co-precipitated; but with advanced fractionation, Ca-poor pyroxenes
ceased to crystallize. (2) The Ca-rich trends tend to converge toward the
Ca-poor trends with increasing Fe/Mg ratio (and hence with falling tem-
perature of the differentiating magma). (3) The Ca-rich pyroxenes form
continuous trends from near the Di-En join to the Hd-Fs join, trends for
both bodies ending at virtually identical compositions. (4) In each body
the Carich trend passes through a minimum in calcium content with
increasing Fe/Mg ratio. Each calcium minimum, which lies at a different
Fe/Mg ratio on each trend-line, is shown by that Ca-rich pyroxene in
equilibrium with the last Ca-poor pyroxene to crystallize. The Ca-rich
trends are nearly coincident at either end; they diverge significantly only
in the vicinity of the calcium minimum in the Bushveld trend.

Much experimental work on the pyroxene quadrilateral has been
directed at explaining relations of natural pyroxenes. In their study of
melting relations in the pyroxene quadrilateral, Yoder, Tilley, and
Schairer (1963, 1964) discovered many of the principles that govern the
crystallization of pyroxenes from a fractionating liquid. Because of the
abundance of additional components (Al,O;, Fe,O,, Na,O, et cetera) in
magmas, however, natural liquids will generally precipitate a pyroxene
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Fig. 1. Trends of pyroxene compositions for the Skaergaard and Bushveld in-
trusions. Skaergaard: solid circles, compositions of analyzed pyroxenes; open circle, com-
position of analyzed inverted ferriferous wollastonite; heavy solid lines, trends of Ca-
rich and Ca-poor pyroxenes; light solid lines, tic lines between coexisting pyroxenes
(Brown, 1957; Brown and Vincent, 1963). Dots along Fs-En join give Fe/Mg ratios of
olivines coexisting with similarly-numbered Ca-rich pyroxenes from the Skaergaard in-
trusion. Bushveld: crosses, analyzed pyroxenes; triangle, composition of latest cumulus
Ca-poor pyroxene (optical determination); heavy dash-dot lines, trends of Ca-rich
and Ca-poor pyroxenes; light dash-dot lines, tie lines between coexisting pyroxenes
(Atkins, quoted in Wager and Brown, 1968). Dashed lines, compositional breaks be-
tween orthopyroxenes and pigeonites. Arrows show direction of progressive crystalliza-
tion.

of a given Fe/Mg ratio at a lower temperature than is found for bulk
compositions lying essentially in the pyroxene quadrilateral. (The addi-
tional components will also enter the pyroxene, of course, but in much
smaller proportions than in the coexisting liquid.) Thus while the results
of Yoder, Tilley, and Schairer provide important insights into the
mechanisms of pyroxene crystallization, they should be applied to
magmas with some caution.

An alternative approach to the study of pyroxene relations—an
approach that must ultimately be complementary to and consistent with
that of Yoder, Tilley, and Schairer—is to assume that the subsolidus re-
lations in the pyroxene quadrilateral are not significantly changed by
small differences in the tenor of minor constitutents. (Analyzed pyroxenes
from the Skaergaard intrusion contain at least 91 percent CaSiO; 4
MgSiO, 4 FeSiO, (Brown, 1957; Brown and Vincent, 1963).) To the
extent that this assumption is valid, the subsolidus relations of synthetic
pyroxenes should be closely similar to those of natural pyroxenes. Thus
if we knew the subsolidus relations of the pyroxenes, we could view dif-
ferent magmas as intersecting those relations over different temperature
intervals characteristic of those magmas. For example, if we knew the
width of a two-pyroxene field as a function of temperature, we might
determine which of two magmas attained a given stage of fractionation
at the lower temperature. We have adopted this approach, using data
on synthetic systems for the subsolidus relations on the bounding joins
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and using the compositions of analyzed natural pyroxenes to extrapolate
into the quadrilateral. Eventually, of course, our extrapolation must be
checked by direct experimental determination of subsolidus relations of
natural and synthetic pyroxenes lying within the quadrilateral. A draw-
back of our approach is that it provides no direct information on liquid
lines of descent; however, it does provide limitations on the compositions
of natural pyroxenes that are largely independent of the presence of
other phases and of the composition of the magma. For example, Atlas
(1952) and Boyd and Schairer (1964) demonstrated the existence of a
two-pyroxene field in the join Di-En. The two-pyroxene fields observed
for the Skaergaard and Bushveld intrusions (fig. 1) result from the inter-
section of a two-pyroxene volume in the quadrilateral with the tempera-
ture range of differentiating magma.

Few igneous pyroxenes attain compositions lying on the join
hedenbergite-ferrosilite; nevertheless we have investigated that join under
a variety of conditions in an attempt to elucidate the subsolidus relations
in the Mg-poor portions of the pyroxene quadrilateral.

Previous work on the join Hd-Fs.—The report on the system CaO-
FeO-Si0, by Bowen, Schairer, and Posnjak (1933) was a landmark in the
study of synthetic pyroxenes. Among their important discoveries along
the join Hd-Fs (fig. 2) were: (1) Hedenbergitic pyroxenes (henceforth ab-
breviated as Hd) invert to ferriferous wollastonite solid solutions
(Wo,) upon heating to temperatures well below the solidus. Certain
hedenbergites in the Skaergaard intrusion are interpreted as having in-
verted from Woy on cooling (Wager and Deer, 1939, p. 111; Brown and
Vincent, 1963). (2) The assemblage fayalite 4 tridymite is stable rela-
tive to ferrosilite at 1 atm, thus explaining the absence or rarity of
FeSiO,rich pyroxenes.

Bowen, Schairer, and Posnjak reported that the compositions of Hd,,
in equilibrium with the assemblage fayalite - tridymite lie approximate-
ly midway between Ca, s Fe,;,Si0; and FeSiO,, or approximately at
Fs;;Wo,5 (mole percent). In contrast Hdy, which coexists with fayalite
-+ quartz in the Skaergaard and Bushveld intrusions falls much closer
to hedenbergite: Wo,, ;En, Fs;,, (Skaergaard) and Wo,, En, Fs; s
(Bushveld) (see fig. 1).

Ernst (1966, p. 48) found that Hd,, synthesized hydrothermally at
440° to 687°C and 500 to 3000 bars together with fayalite, and quartz
had compositions that are inconsistent with both the Bowen-Schairer-
Posnjak results and the compositions of the natural hedenbergites. Ernst
emphasized that his synthesis experiments might not reflect stable equi-
librium.

Redetermination of subsolidus relations for the join Hd-Fs at low
pressures.—Limitations on the control of temperature and the inert
atmosphere in the apparatus employed by Bowen, Schairer, and Posnjak
precluded experiments of more than 48 hours’ duration. We have re-
determined subsolidus relations for the join Hd-Fs using run durations
of up to 40 days for dry experiments above 1000°C and using water as a
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Fig.2. The join hedenbergite-ferrosilite at 1 atm, after Bowen, Schairer, and
Posnjak (1933, fig. 8). The liquids contain a small amount of Fe,O,. All phases are in
equilibrium with metallic iron. Note the minimum in the inversion loop for Hd,,-Wo,,.
Curves (1) and (2) are discussed in the text. Liq, liquid; trid, tridymite; Fay, Fe,SiO,-
rich olivine; Wo,,, Fe-wollastonite solid solutions; Hd,,, hedenbergite solid solutions.

flux at lower temperatures. Our results (table 1) indicate that their
subsolidus experiments did not reach equilibrium in 48 hours.
The compositions of Hdg, and Wo,, each in equilibrium with fayalite

-+ SiO, (tridymite or quartz) are controlled by the reactions:

Fs-rich Hd,, = Fs-poor Hd,, + fayalite + SiO, (N

Fs-rich Wo,, = Fs-poor Wo,, + fayalite - SiO, (2)
Curves giving the compositions of Hd,, and Wo,, as controlled by these
reactions are labelled (1) and (2) in figure 2. These reactions do not
involve redox reactions and are independent of oxygen fugacity (fO,)
within the range of fO, where the individual phases remain stable. In
essence this range is bounded by the breakdown of fayalite:

Fe,Si0, = 2Fe + SiO, 4+ O,
and
3Fe,Si0, 4+ O, = 2Fe,0, 4 3Si0,

These are respectively the fayalite-iron-quartz (FIQ) and fayalite-
magnetite—quartz (FMQ) buffers (Eugster and Wones, 1962, p. 87-91).
Experiments in equilibrium with metallic iron—such as those of Bowen,
Schairer, and Posnjak, and our evacuated, silica-tube experiments—are
essentially conducted at the FIQ buffer’. Most of our hydrothermal ex-

1The fO, of the FIQ buffer is attained in a system in which the activities of
fayalite, iron, and silica are all unity. The activity of iron is unity by design of the
experiment, and the activities of fayalite and tridymite are unity or nearly so over
much of the Hd-Fs join.
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periments employed the FMQ buffer. However, we would emphasize
that there should be no effect on reactions (1) and (2) due to the different
oxygen fugacities in these sets of experiments. Reactions (1) and (2) are
indifferent to the presence of metallic iron or of magnetite so long as
the assemblage fayalite - SiO, is present. Ernst (1966, p. 45-48) found no
differences between Hd synthesized at iron-magetite, wiistite-magnetite,
and fayalite-magnetite-quartz buffers, but Hdy synthesized at the nickel—
nickel oxide buffer (which lies outside the fayalite stability field) did
vary significantly from those compositions. In the latter case, reaction (1)
must be replaced by a redox reaction. We have used buffers in our hydro-
thermal experiments at and below 2 kb, not because oxygen takes part
in reactions (1) and (2), but because in standard hydrothermal apparatus
it is otherwise impossible to prevent oxidation of the sample. The equil-
ibria of reactions (1) and (2) are independent of the presence of an
aqueous vapor phase unless one of the solid phases dissolves completely
in the vapor or H,O enters one of the solid phases; neither of these con-
ditions occurs in our experiments. The water in our hydrothermal experi-
ments serves only as a pressure medium and as a catalyst to increase
reaction rates. Reactions (1) and (2) are pressure-sensitive (compare,
Lindsley, 1967), but we found no detectable effect at pressures ranging
from 200 to 2000 bars.

For the most part we have used as starting materials only those
phases that take part in the reaction being studied, so that our results
reflect reversed equilibrium, evidently stable equilibrium, rather than
synthesis. An exception to this rule is silica: we have found that silica
polymorphs invert in much shorter time than is required for Hd to
change composition, so that it is immaterial in determining reactions
(1) and (2) what polymorph of silica is used. Details on experimental
techniques and the preparation of starting materials are given in the
Appendix. All compositions of synthetic Ca-Fe pyroxenes and pyroxenoids
are given in mole percent FeSiO; (Fs) and CaSiO, (Wo).

Results of experiments that determine the compositions of Hdy, and
Wo,, in equilibrium with fayalite 4- quartz are given in table 1 and
summarized in figure 3A. Data on Hdy were obtained at temperatures
from 600° to 940°C and at water pressures from 400 to 2000 bars. Data
on Wo,, were obtained at 140 to 500 bars water pressure below 1000°C
and in vacuo at and above 1000°C.

Curves (1) and (2) of figure 2 given by Bowen, Schairer, and Posnjak
lie well within the three-phase fields defined by reversed reaction in our
experiments. Note that our revised curve (fig. 3A) for reaction (1) very
nearly intersects the minimum in the Hd-Wo,, inversion loop given by
Bowen, Schairer, and Posnjak. Our data fit the Hd-rich half of that loop
almost perfectly: in experiments at 950°C and 500 bars on the composi-
tion Fs;,Wo,,, Hd,, reacts to Hd,, + Woy, and Wo,, also reacts to Hd,,
- Wo; this locates a peint in the Wo,, 4 Hd,, field. We have drawn
the inversion loop using the Bowen-Schairer-Posnjak temperature for the
inversion of Ca, s Fe, 5,510;.
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The compositions of Hd at 940°C given by our experiments—
Fsgo.oWoy0.,—are in agreement with the compositions of the latest
hedenbergites to crystallize in the Skaergaard and Bushveld intrusions
(fig. 1). The composition of Wo, in equilibrium with fayalite 4- quartz
is about 2 percent richer in FeSiO,, consistent with the composition of
the green, mosaic-textured hedenbergite from EG4471 in the Skaergaard
intrusion which is believed to have inverted from a wollastonite solid
solution (Brown and Vincent, 1963, p. 177, 181, 186-190).

The discrepancy between our results and those of Bowen, Schairer,
and Posnjak on the compositions of Hdy and of Wog, in equilibrium
with fayalite 4 silica cannot be explained on the basis of different
oxygen fugacities (there is no redox reaction) or pressures (the higher
pressures in some of our experiments should bias our results, if at all,
toward compositions richer rather than poorer in FeSiO,; compare,
Lindsley, 1967). The presence of water can affect the reaction only if
water enters one or more of the solid phases. However, we have found
no difference in the X-ray patterns of hedenbergite solid solutions syn-
thesized dry and hydrothermally as would be expected if water entered
the pyroxene structure. (For a counter-example, however, see Sclar, Car-
rison, and Stewart, 1968.) We can only conclude that the subsolidus re-
sults of Bowen, Schairer, and Posnjak reflect incomplete reaction or
metastable equilibrium, probably as a result of the short-run durations
required by their apparatus. A revised diagram for the join Hd-Fs, in-
corporating our subsolidus data with the melting relations of Bowen,
Schairer, and Posnjak, is given in figure 3B.

Subsolidus relations for the join Hd-Fs at 20 kb.—Curve (1) in figure
3 marks the limit of stable solid solution of FeSiO; in hedenbergite at low
pressures. Bulk compositions lying to the right of curve (1) will crystallize
at equilibrium to Hd,, -+ Fay 4 SiO, or to Fay 4 SiO,. Lindsley (1967,
p- 234) showed that curve (1) is shifted toward FeSiO, (that is, the Hd
field becomes wider) with increasing pressure and concluded (p. 232) that
at 1000°C there is complete solid solution between clinoferrosilite and
hedenbergite at 20 kb. This interpretation can be schematically illus-
trated by use of free energy-composition plots (fig. 4, A-C). The free energy
for the assemblage Ca-Fe olivine -} SiO, (l:1 mole ratio) increases rel-
ative to that for Ca-Fe Cpx with increasing pressure; as the free-energy
curve for Cpx is everywhere convex downward, the field of Cpx widens
continuously with increasing pressure.

At lower temperatures (say, 750°C) it is possible that a miscibility
gap occurs in the Cpx series. At low pressures this miscibility gap would
be masked by the stable assemblage Hd,, + Fay -} SiO, (fig. 4D). Note
that the Hd,, (composition x in fig. 4D) in stable equilibrium with Fay
-+ SiO, must always be poorer in FeSiO; than the Hd, (composition y) in
metastable equilibrium with Fs, (composition z). (We suggest that Ernst’s
(1966) synthesis data may give metastable values of y.) Thus curve (1) in
figure 3 cannot be one boundary of a miscibility gap, but it is impossible
to tell from figure 3 whether there might be a metastable miscibility
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gap lying entirely within the stable Hd,, 4 Fay -+ SiO, field (note the
identical sets of assemblages in figs. 4A and D). At 20 kb, however,
clinopyroxenes are stable relative to Hd,, + Fay 4 SiO, (fig. 4F), and
if a miscibility gap exists, it should appear in a 20 kb temperature-com-
position diagram. This miscibility gap could be extrapolated to low pres-
sures to provide a metastable terminus for the two-pyroxene field in the
pyroxene quadrilateral. (To simplify the free-energy diagrams, we have
ignored the possible stability of orthopyroxene in this discussion.)

We have discovered a two-pyroxene field on the join Hd-Fs (fig. 5A;
table 2) by employing hydrothermal experiments at 20 kb, a pressure
at which ferrosilite is stable (compare, Lindsley, MacGregor, and Davis,
1964). The coexisting pyroxenes are an orthopyroxene (OFs,) with the
approximate composition Fs,;Wo, and a clinopyroxene (Cpx) whose
composition varies from about Fsgi,Wo,, at 800°C to Fsy,Wog at 950°C.
The wide range of Cpx compositions above 950°C is consistent with
the previous data obtained in dry experiments at high pressures (Lind-
sley, 1967).

Three kinds of starting materials were employed for the 20 kb
hydrothermal experiments. They are (A) single-phase clinopyroxene of
bulk compositions Fs.;Wo,;, Fsg;Wo,;, FsgWo,,, and Fs,;Wo,; (B) two-
phase mixtures of hedenbergite and ortho-ferrosilite with bulk composi-
tions Fs.;Wo,;, FsyoWo,,, and Fs,;Wo;; and (C) two-phase mixtures of
the clinopyroxenes Fs;,Wo,, and Fs,;\Wo,, with bulk compositions
Fs;;Wo,, and Fss,Wo,,. By use of appropriate starting materials, the
boundaries of the two-pyroxene field have been bracketed by reversed
reaction. The curve giving the composition of clinopyroxene in equi-
librium with OFs is very temperature-sensitive in the range 750° to
900°C (fig. 5A). Near 900°C there is a dramatic increase in the slope
of that curve. This change in slope could represent either the presence
of an additional pyroxene phase (implying that three pyroxenes—Hd,,,
“ferropigeonite,” and ortho-ferrosilite—would coexist at the tempera-
ture corresponding to the change in slope; fig. 5B) or the interference of
two different elements of two-pyroxene equilibria (a miscibility gap in

Fig. 3. The join hedenbergite-ferrosilite at low pressures (at and below 2 kb).
Liq, liguid (containing a small amount of Fe,O,); Wo,., Fe-wollastonite solid solutions;
Hd,,, clinopyroxene solid solutions close to Ca, sFe, 55i0; but extending toward FeSiOg;
Cpx, clinopyroxenes with compositions between Ca, sFe, 5510, and FeSiO,; Fay, olivine
close in composition to Fe,SiO,; 8iO,, quartz or tridymite, depending on pressure and
temperature. Curves (1) and (2) are discussed in the text.

A. Compositions of Hd,, and Wo,, in equilibrium with fayalite 4 SiO,, de-
termined at pressures from nearly zero (evacuated tube experiments) to 2 kb water
pressure. The uncertainty in temperature and composition for each experiment is
represented by an imaginary rectangle circumscribing each triangle. Compositions of
fayalites have not been bracketed by reversed reaction and may not represent equili-
brium compositions. Temperature of Hd-Wo,, inversion for Ca,sFe,0; composition
from Bowen, Schairer, and Posnjak (1933). Curve labelled Ernst (1966) is for synthesis
of Hd,, coexisting with fayalite |- quartz.

B. Revised diagram for the join hedenbergite-ferrosilite. Sub-solidus data from
figure 3A. Data above solidus from Bowen, Schairer, and Posnjak (1938), calculated as
mole percent; see figure 2, this paper.
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Fig 4. Schematic free energy-composition diagrams plotted as a function of 3
pressures for temperatures of 1000°C and 750°C. Dash-dot lines: free energy for clino-
pyroxene solid solutions; dotted lines: free energy for equimolar olivine 4 SiO,
mixtures. Polymorphism in ferrosilite is not considered. Solid tangent lines connect
coexisting stable phases, and dashed tangent line (y-z in D) connects two coexisting
metastable clinopyroxenes. The high temperature sections (A-C) show the effect of
pressure on increasing the solubility of FeSiO, in Ca,sFe,S8i0;; at 20 kb there is
complete solid solution along the join. At lower temperatures (D-F) a miscibility gap
in the clinopyroxene series is assumed to exist. This miscibility gap is metastable at
low pressures (D, E) but becomes stable at high pressures (F). From (D) it is obvious
that at low pressures the metastable miscibility gap (y-z) must always be to the right
of the stable curve defining the composition (x) of Hd, in equilibrium with Fay 4
SiO,. Note that it is impossible to demonstrate the existence of a metastable miscibility
gap at low pressures inasmuch as the stable assemblages shown in A and D are identical.

the clinopyroxenes and an orthopyroxene-clinopyroxene transition loop;
fig. 5C).

These alternative interpretations correspond to those advanced by
Kushiro (1969) for the diopside-enstatite join at 20 kb and by Davis and
Boyd (1966, p. 8578) for the same join at 30 kb. In the latter interpreta-
tion, a clinopyroxene miscibility gap has penetrated the lower boundary
of the Opx-Cpx transition loop and has deformed but not penetrated
the upper boundary (fig. 5C). In the former interpretation (fig. 5B) the
miscibility gap has penetrated both the lower and upper boundaries of
the transition loop.

In view of Kushiro’s evidence for the existence of a two-clino-
pyroxene field on the Di-En join at 20 kb, we have searched carefully for
a similar field on the Hd-Fs join but have not found one. Consequently
we have adopted the interpretation shown in figure 5C. (We cannot,
however, categorically eliminate the possibility that a narrow (< 10 mole
percent wide) two-clinopyroxene field might exist on the Hd-Fs join at
20 kb.) At some different pressure the clinopyroxene miscibility gap might
well penetrate through the upper boundary of the Opx-Cpx transition
loop, yielding a diagram similar to figure 5B.



TABLE 2

Determinative experiments at 20 kb on the join hedenbergite-ferrosilite

it comporitiony Tk
Days Hours
Cpx (Fsy5Wopg)** 785 + 15 27 1 Cpx (Fsgy) + Opx (Fsgg?)
Hd + Fs (FsygWogg)* 785 + 15 27 1 Cpx (Fsg)) + Opx (Fsg 1)
Hd + Fs (FsygHopg)¥* 760 %g 27 1 Cpx (Fssg) + Opx (Fsggt)
Cpx (FsogWopg)h* 705 + gg 27 1 Cox (Fsgy) + Opx (Fsgyh)
Cpx (Fsy5Wopg) 810 12 20 Cpx (Fsyg) + Opx + (Fay)
Hd + Fs (FsygWops) 885 9 19 Cpx (Fs73) + Opx + (Fay)
Cpx (Fsy5Woys) 885 319 Cpx (Fsys)
Hd + Fs III 885 3 19 Cpx (Fs77) + Opx + (Fay)
2Cpx FsggWoyg + FsgoWosg (Fsy5Wops) ** 895 6 S Cpx (Fsy4)
Cpx (Fs75W025)** 910 4 Cpx (Fs7s)
Hd + Fs (Fsj5Wops) 910 3 23 Cpx (Fsys5)
2Cpx: FsggWoig + FsggWosg (FsysWopg) % 975 1 20 Cpx (Fsys)
2Cpx: FsggWojg + FsggWosg (FsgaWoyg) ** 975 5 19 Cpx (Fsgat)
20px:  FsggWoyy + FsggWosg (FsgaWoyg) ** 910 13 17 Cpx (Fsgp)
Cpx (FsggWopg)%* 835 13 21 Cpx (Fsgg) + Opx (Fsgst)
Cpx  (FsggWopg)** 885 7 0 Cpx (Fsg2) + Opx
Cpx + Wog o (FsggWoys) 910 4 22 Cpx (Fsgy, Fsgst) + Opx
(Fsg51) + (Fay)
Hd + Fs (FsggWojg)** 935 3 19 Cpx (Fsgz?) + Opx (Fsggt)
Hd + Fs (FsggWoyq)** 985 3 18 Cpx (Fsgpt) + Opx (Fsggt)
Hd + Fs (FsggWoyg)** 1010 16 Cpx (F590)
Cpx (FsgstS)** 910 1 21 Cpx + Opx (Fsgst)
Cpx (Fs95wO5)** 985 1 19 Opx crystals with clino over-
growths
Cpx (Fsgsts)** 1010 16 Opx with clino overgrowths +
trace free clino
Cpx (FsgsWog) Tt 1110 24 Cpx + Wogg

Parentheses indicate compositions of Cpx determined by X-ray methods.

*Temperature i10°c unless otherwise noted. The first four experiments in this table were run
simultaneously. The capsules were distributed axially in the same furnace cell. The boundary
between the first and second capsule coincided with the broad thermal maximum, and thus their
temperature is rather well kmown. The third and fourth capsules were situated on the continuously
steepening end of the thermal gradient, and thus their temperatures are less well known. A map
of the thermal gradient for this particular experiment was made with a series of replicate thermal
probes., The distances between three junctions of triple-headed thermocouples were designed to
correspond to the distances between centers of capsules in the "piggyback' run.

**Bulk compositions contained up to 5 percent excess $i0) to saturate the gas phase with
respect to silica; quartz is not reported as a run product in these cases,

ftCompositions determined by electron probe,

ttA "dry" experiment in an iron capsule; all other runs are hydrothermal.
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Inherent in our interpretation of the 20 kb results is the assump-
tion that there is no first-order transition between Ca-rich and Ca-poor
pyroxenes at high temperatures. Natural pigeonites rarely contain more
than about 9 percent CaSiO,; however, Burnham (personal commun.,
1968) has shown by single-crystal analysis that one of our synthetic clino-
pyroxenes containing 15 percent CaSiO, (FsgxWo,;) has the pigeonite
structure. Single-crystal studies on still more Ca-rich clinopyroxenes will
further test this assumption.

ORTHO-PYROXENE-CLINO-PYROXENE INVERSION IN FeSiO,

OFsg is the only polymorph of ferrosilite observed in all our 20 kb
hydrothermal experiments on the Hd-Fs join, including those at tempera-
tures below 800°C (fig. 5A; table 2). Lindsley (1965) described a reversible
transition clinoferrosilite (ClFs) = orthoferrosilite (OFs) at around
800°C. CIFs was reported as the low-temperature form, and, because of
the very small AV .ction, the inversion is almost insensitive to pressure.
However, shearing is known to extend the stability field of monoclinic
enstatite (Riecker and Rooney, 1967; Munoz, 1968). Analogously, we
have converted OFs to ClFs in an opposed-anvil shearing squeezer (de-
scribed by Bell and England, 1967) at 900°C and a nominal pressure of
10 kb. By contrast, in the shear-free, hydrothermal environment of our
run capsules, we have converted ClIFs to OFs at 650°C, or 150°C below
the “equilibrium” curve determined under dry conditions (table 3).

Munoz (1968) has demonstrated that a dry sample in piston-and-
cylinder apparatus is subjected to somewhat shearing rather than truly
hydrostatic conditions. The discrepancy between the data for ferrosilite
obtained under dry and under hydrothermal conditions can be explained
only if either shearing stress or water (entering the structure of OFs)

Fig. 5. A. Phase relations for the join hedenbergite-ferrosilite at 20 kb. The blunt,
vertical edge of each triangle shows the direction from which equilibrium was ap-
proached, and the position of each triangle represents the final composition of py-
roxene obtained. The size of an imaginary rectangle enclosing each triangle would rep-
resent the estimated uncertainties both in temperature and in determination of py-
roxene composition. Open triangles within the two-pyroxene field represent single-
phase Cpx that broke down to two pyroxenes. Shaded triangles outside the two-
pytoxene field show reaction of a two-phase mixture of Hd 4 Fs. Squares show
compositions of homogenized mixtures of two clinopyroxenes, FsuWo,, -+ FsgaWo0y,.
Fs, FeSiOy; Hd, Ca, sFeo8i0;; Cpx, clinopyroxene; Opx, orthopyroxene.

B, C. Schematic interpretations of the two-pyroxene field found at 20 kb on the
join Hd-Fs (fig. 5A). Cpx, clinopyroxene with either C2/¢ or P2,/c space group;
C2/c, P2,/c, clinopyroxene with a specific space group. Opx, orthoferrosilite solid
solutions. Heavy lines, experimentally determined boundaries of two-pyroxene field.
Light curves, elements of equilibrium that might yield the observed diagram.

B. Intersection of three two-phase regions along an isothermal, three-phase line.
We have not observed a two-clinopyroxene field (C2/c 4 P2,/c), but if the field were
narrower than shown, its existence might escape detection by X-ray powder diffraction.
Our experimental data are probably sufficiently good to preclude the three-phase
isothermal element shown.

C. Interference of two elements of two-phase equilibria: a miscibility gap in the
clinopyroxene series and a Cpx-Opx transition loop. This interpretation assumes a
continuous shift from €2/c (Ca-rich) to P2,/c (Ca-poor) clinopyroxenes at temperatures
above about 900°C. Tc is the critical temperature (870°C) of the assumed miscibility
gap. This is our preferred interpretation.
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can displace the equilibrium boundary. Although we cannot disprove
the latter possibility, we see no optical or X-ray evidence that OFs
produced under hydrothermal conditions differs from that produced dry.
We therefore suggest that ClFs cannot form at low temperatures in a
shear-free environment.

The Cpx 4 Opx field on the Hd-Fs join at 20 kb (fig. 5A) is ter-
minated in hydrothermal experiments by the appearance of liquid at
temperatures above 1010°C and in dry experiments by the appearance
of a pyroxenoid at temperatures above 1085° -+ 15°C. We anticipate
that, if it were not for the advent of these superposing reactions at in-
creasing temperature, the Cpx-Opx transition loop would ultimately
terminate at a Cpx-Opx inversion temperature for pure FeSiO; Cpx
being stable at higher and Opx being stable at lower temperatures. The
portion of our Cpx-Opx tranisition loop above about 950°C (fig. 5A)
probably corresponds to the pigeonite-hypersthene transition in natural
(Mg-bearing) pyroxenes.

Extrapolation of high-pressure, high-temperature data for the
Cpx-Opx inversion of FeSiO, indicates that there may be a metastable
inversion at approximately 900°C at low pressures. This extrapolation
has been confirmed in part by unreversed hydrothermal experiments at
100 bars in which OFs inverts to CIFs (in the stability field of fayalite
-+ tridymite) at and above 900°C (table 3).

TABLE 3

Experiments for ferrosilite bulk composition

Starting material Pressure, Temp., Apparatus and Time, Results
(FeSi03) bars °c remarks® hours
OFs + ClFs 20,000 760 + 10  Wet, p. and c. 21 All OFs
OFs + ClFs 20,000 650 + 10 Wet, p. and c. 92 OFs >> ClFs
OFs + ClFs 20,000 650 + 10  Dry, p. and c. 92 ClFs
OFs 100 950 + 5 FMQ, T.p. 0.5 OFs + ClFs + Fay + SiOp
OFs 100 925 + 5 FMQ, T.p. 0.8 OFs + minor ClFs + Fay
- + quartz
OFs 10,000 900 + 15 Dry, s.s. 0.2 ClFs + magnetite + quartz

*Wet: hydrothermal experiment performed in a sealed silver capsule with 5 percent excess
$i07 added to saturate the gas with respect to Si0,. FMQ: standard hydrothermal buffer experi-
ment using fayalite + magnetite + quartz buffer; sample was contained in a sealed AgggPd2g
alloy capsule, p. and c.: piston-and-cylinder device. T.p. Tuttle press (Tuttle, 1948).

s.s.: opposed anvil shearing squeezer (Bell and England, 1967). The sample in the dry piston-
and-cylinder experiment was dried in vacuo and was contained in an iron capsule with a tightly
fitting lid.

EXTRAPOLATION OF 20 KB RESULTS TO LOW PRESSURES
The experiments delimiting the two-pyroxene field shown in figure
5A were conducted at 20 kb so that the FeSiOgrich pyroxene would be
stable, but in order to apply the results to crustal rocks it is necessary to
extrapolate them to lower pressures. In this way we can obtain an estimate
of the position of the metastable two-pyroxene field at, say, 1 atm. Most
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natural orthopyroxenes contain a fairly constant CaSiO, content of
about 8 percent. Our orthoferrosilites in equilibrium with Cpx at
20 kb contain about 5 percent CaSiQO;, so it seems likely that any pres-
sure correction for orthoferrosilite will be small. The correction for the
effect of pressure on the composition of the coexisting Cpx depends
on the following assumptions: (1) the curve for Cpx in figure 5A repre-
sents the mutual interference of a Cpx miscibility gap and a Cpx-Opx
transition loop; (2) the Cpx miscibility gap is symmetrical about the
critical temperature T, (fig. 5C); (3) the Cpx solid solution is a regular
solution. From figure 5A, we have taken T, — 870°C at 20 kb, for a com-
position of approximately Fs;;Wo,; (corresponding to an equimolar mix-
ture of Ca, ;. Fe, ;,510; and FeSiO,). We obtain the excess molar volume
of mixing, 1.4 &= 0.5 A3, from the data of Lindsley, Munoz, and Finger
(1969). Following the reasoning of Bell and Davis (1969) we have cal-
culated the pressure effect on this critical temperature. The critical tem-
perature at 1 atm is approximately 820°C.

This result can be combined with the estimated temperature of the
Cpx-Opx inversion in FeSiO, at 1 atm (900°C) to yield the probable
form of the metastable two-pyroxene relations on the join Hd-Fs at low
pressures.

The inversion temperature decreases much more rapidly with de-
creasing pressure than does the critical temperature, so that the critical
temperature is not more than 80°C below the FeSiO; inversion tem-
perature at low pressures (fig. 6). For this reason it seems likely that the
miscibility gap will penetrate through the inversion loop, resulting in
a two-Cpx field over a restricted temperature range as shown in figure 6.
These relations are metastable and are based largely on extrapolation
over a wide pressure range, but we suggest that they provide an approxi-
mate metastable terminus for the two-pyroxene field in the pyroxene
quadrilateral: above 820°C there is a broad field of Cpx; just below
820°C there is a field of two clinopyroxenes (corresponding to Hd +
“ferropigeonite”); at still lower temperatures there is a field of Opx -
Cpx (hypersthene 4 Hd,,). In contrast to these metastable relations (fig.
6) is curve 1 from figure 3, which marks the limit of stable solubility of
FeSiO, in Hd.

APPLICATION OF EXPERIMENTAL RESULTS

Our new experimental data on the join Hd-Fs can now be combined
with experimental data for other bounding joins and analytical data
for natural pyroxenes to provide some insights into subsolidus relations
in the pyroxene quadrilateral. These relations can in turn provide in-
formation on the crystallization of pyroxenes from magmas. This dis-
cussion will ignore the effects of pressure (which are probably small in
crustal rocks) and of minor constituents in the pyroxenes (only those
pyroxenes for which CaSiO, 4+ MgSiO, 4 FeSiO; total 90 percent or
more will be considered).
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Fig. 6. Suggested hypothetical metastable phase relations for the join Hd-Fs at
low pressures (dashed lines) contrasted with a portion of the experimentally deter-
mined stable phase relations (solid line). (1): Curve defining the compositions of
Hd,, in stable equilibrium with Fay  SiO, (fig. 3A); (2): metastable inversion tem-
perature of OFs — CIFs. Unreversed experiments suggest that this inversion lies be-
low 900°C at low pressures; Tc: critical temperature (820°C) of the metastable miscibil-
ity gap extrapolated from 20 kb experiments; (3); metastable 3-phase element €2/c
Cpx + P2/c Cpx 4 OFs, (equivalent to the Mg-bearing assemblage augite
pigeonite - hypersthene). In this interpretation, the miscibility gap has penetrated
both limbs of the inversion loop (fig. 5B), and thus there is a three-phase element
with a two-Cpx field above it.

At 20 kb the two-pyroxene field evidently extends completely across
the quadrilateral at temperatures below 870°C. At low pressures® the
two-pyroxene field on the Hd-Fs join becomes metastable with respect
to the assemblage Hd,, + Fay -} SiO,, so the two-pyroxene field in the
quadrilateral must be terminated before the Hd-Fs join is reached. We
can estimate the maximum extent of the two-pyroxene field from natural
occurrences. Philpotts (1966, p. 28-29) has reported a quartz mangerite
that contains an inverted pigeonite with an Fe/Mg ratio (estimated from
ng) of Fe;;Mg.. and a “Carich” clinopyroxene of composition
Wo,; En,, ,Fs;. .. This pair of pyroxenes, whose compositions are plotted
in figure 7, represents the most iron-rich two-pyroxene assemblage from
plutonic igneous rocks known to us, but the two-pyroxene field may in
tact extend to still more iron-rich compositions. A fascinating assemblage
from an adamellite (Wheeler, 1965) may represent the ultimate limit of
the two-pyroxene field in crustal rocks. The adamellite contains a clino-
pyroxene, Wo, EngFs;; (optical determination) as well as complex inter-
growths of fayalite (Fag, by X-ray), quartz, orthopyroxene (Fsg, by optical
determination), and lamellae of clinopyroxene. Wheeler interprets
these intergrowths as representing initial ferriferous pigeonite which in-
verted at least in part to orthopyroxene while exsolving lamellae of Ca-
rich pyroxene. Subsequently the remaining pigeonite (if any) and much

*“Low pressures” in this discussion will refer to pressures of about 2 kb or less.
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Fig. 7. Suggested polythermal reiations in the pyroxene quadrilateral, together
with the compositions of some natural pyroxenes. Stippled area: approximate position
of “forbidden zone,” a three-phase field of the quadrilateral in which no pyroxene is
stable at low pressures (from data of Bowen and Schairer, 1935; and this report). The
exact boundary of the zone within the quadrilateral is not known but is a function of
temperature. For a fixed temperature, the area of the “forbidden zone” will decrease
with increasing pressure. Curve a-b: schematic trend of Ca-rich pyroxene compositions
in equilibrium with Fay 4 SiO.. Solid lines, Skaergaard pyroxene trends; dash-dot
lines, Bushveld pyroxene trends. Tie lines link last pairs of Ca-rich and Ca-poor
pyroxenes to coexist in each intrusion. Arrows show direction of decreasing tempecra-
ture. Shaded areas, possible polythermal houndaries of two-pyroxene field for Fe-rich
silica-saturated rocks, based on interpoldtion between the Skaergaard Bushveld data
and our results for the Hd-Fs join. Based on data for the Hd-Fs join, the position of
the Ca-rich boundary of this field will be very sensitive to temperature below 820°C.
Triangles, pyroxenes from quartz-bearing plutonic rocks. P, coexisting pyroxenes from
quartz mangerite, Greenville township, Quebec (Philpotts, 1966, p. 28-29). W (triangle),
clinopyroxene from adamellite coexisting with complex intergrowths of fayalite, quartz,
orthopyroxene, and lamellae of clinopyroxene; (rectangle), probable bulk composition
of the mtergrowths If the Ca-poor intergrowths are interpreted as having crystallized
as pigeonite, this represents the most Fe-rich natural two-pyroxene assemblage yet
reported (Wheeler, 1965). The width of the two-pyroxene field for this assemblage
suggests crystallization at relatively low temperatures. A, clinopyroxene from grano-
phyre, Skye (Anwar, 1955). B, clinopyroxene from another granophyre, Skve (Bell,
1959, cited in Brown and Vincent, 1963). Both A and B coexist with fayalite - quartz.
Open symbols, compositions from chemical analysis; closed symbols, compositions from
optical data.

of the orthopyroxene decomposed to fayalite 4 quartz. Evidently this
assemblage crystallized at the boundary of a Cpx 4 Fay 4- quartz field
and entered that field upon cooling. The three-phase field Cpx |+ Fay
4- SiO, (approximately shown by coarse stippling in fig. 7) is the
ultimate terminus for the two-pyroxene field at low pressures. To em-
phasize the fact that no pyroxene is stable within this three-phase field
at low pressures, we have termed it the “forbidden zone” of the pyroxene
quadrilateral. The extent of this zone along the Hd-Fs join (fig. 3) is from
the Fs apex approximately to Fs;sWo,,, and its extent along the En-Fs
join can be obtained from the data of Bowen and Schairer (1935, p. 164):
from the Fs apex approximately to En,,Fsy; (mole percent) at 950°C
and approximately to En,Fs;, at 1200°C. A portion of the boundary



314 D. H. Lindsley and J. L. Munoz

within the quadrilateral is given by that tie line between the Ca-rich
and Ca-poor pyroxenes that coexist with fayalite 4 quartz; this too
will vary with temperature. We have drawn an estimated boundary
(fig. 7) for some temperatures in the range 800° to 950°C. This tempera-
ture range probably lies below the solidus for bulk compositions within
the quadrilateral (Yoder, Tilley, and Schairer, 1964, p. 129) but may
represent crystallization temperatures for some ferriferous magmas.

Points a and b in figure 7 show the compositions of Hdy in equili-
brium with fayalite 4 quartz in two granophyres from Skye (Anwar,
1955; Bell, 1959, cited in Brown and Vincent, 1963). The bulk composi-
tions of these assemblages lie within the ‘“forbidden zone”. The as-
semblages are similar to those found in the late-stage, quartz-bearing
rocks of the Skaergaard and Bushveld intrusions, but the Skye grano-
phyres are believed to have formed, not by fractional crystallization of
basaltic magma, but from low-temperature crustal melts (Brown, 1963).

The intersection of the two-pyroxene field with the “forbidden
zone” in the presence of liquid corresponds to reaction point “D” at
which Cpx, Opx, olivine, tridymite, and liquid coexist (Yoder, Tilley, and
Schairer, 1963, p. 87) for bulk compositions lying in the pyroxene quad-
rilateral. The presence of additional components in magmas will, of
course, lower the temperature and therefore also alter the compositions
of the phases at which the reaction takes place.

It is clear from figure 7 that the two-pyroxene fields of the Skaer-
gaard and Bushveld trends are terminated well before the “forbidden
zone” is reached: Ca-poor pyroxenes cease to crystallize when they have
attained Fe/Fe 4- Mg ratios between 0.50 and 0.58; concomitantly the
Ca-rich pyroxenes attain a minimum calcium content, and olivine re-
joins the crystallization sequence (fig. 1).

The sequence of crystallization of mafic silicates and quartz as
primary (cumulus) minerals in the Skaergaard intrusion is as follows
(Wager and Brown, 1968):

IV. Hd (or Wo,,) 4 fayalite + quartz (Upper Zone c).
III. Carich pyroxene - olivine, both with high Fe/Mg ratios
(Upper Zone, a, b).
II. Ca-rich + Ca-poor pyroxenes, both with intermediate Fe/Mg
ratios (Middle Zone).
I. Carich + Ca-poor pyroxenes - olivine, all with low Fe/Mg
ratios (Lower Zone).

Although quartz occurs throughout much of the Skaergaard intrusion,
it is clearly an intercumulus mineral except in the latest stages of Up-
per Zone c (Wager and Brown, 1968, p. 52-54).

Relations of the mafic silicates and quartz in the Bushveld intrusion
are not so well known, especially in the later differentiates, but they ap-
pear to be grossly comparable with the sequence outlined above for the
Skaergaard intrusion. Quartz becomes a primary phase only in the very
late-stage ferrodiorites and syenodiorites of the Bushveld intrusion
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{(Wager and Brown, 1968; G. M. Brown, personal commun., 1968). As in
the Skaergaard intrusion, olivine precipitated early, then ceased to crys-
tallize, and finally reappeared concomitantly with the disappearance of
Ca-poor pyroxene.

Of vital importance in the discussion that follows is the assumption
that the disappearance of primary Ca-poor pyroxene and the concomitant
reappearance of primary olivine in the Skaergaard and Bushveld intru-
sions was not accompanied by the precipitation of primary quartz. The
evidence in favor of this assumption is good in the case of the Skaergaard
intrusion but only fair for the Bushveld intrusion. It is conceivable that
the crystallization of primary quartz did accompany the reappearance of
olivine, but that the quartz floated and is therefore absent in all but the
uppermost parts of the layered series. In the absence of positive evidence
to support this hypothesis, however, we shall assume that the primary
precipitation of quartz did not accompany the disappearance of Ca-poor
pyroxene and the reappearance of olivine in either the Skaergaard or
Bushveld intrusions.

So far as the solid phases are concerned, the assemblages Ca-rich
pyroxene - Ca-poor pyroxene - liquid and Ca-rich pyroxene - olivine
+ quartz + liquid are degenerate: the variance of each solid assemblage
is indifferent to the presence of liquid. At any given stage in the crys-
tallization of a magma the assemblage Ca-rich pyroxene - Ca-poor
pyroxene defines the activities (or chemical potentials) of CaSiO,,
MgSiO;, and FeSiO; and restricts the activities of CaO, MgO, FeO, and
SiO, within fixed but as yet unknown limits; that two-pyroxene as-
semblage plus olivine or quartz, or the assemblage Ca-rich pyroxene -}
olivine + quartz, defines the latter activities as well. Obviously, the
liquid itself provides the primary control of these parameters; we are
only saying that these solid assemblages can potentially provide informa-
tion that does not require previous knowledge regarding the liquid.

If a magma that is precipitating Ca-poor pyroxene (or olivine -
quartz) also precipitates Ca-rich pyroxene of a given Fe/Mg ratio, the
calcium content of the latter pyroxene is a function only of temperature
(at a given pressure). If, on the other hand, Ca-rich pyroxene is precipi-
tated in the absence of Ca-poor pyroxene (or olivine - quartz), its
calcium content can vary at a fixed temperature as a function of certain
intensive chemical parameters (listed above) in the liquid. We will show
that the activity of silica is a useful and adequate, although by no
means unique, expression of these parameters.

It is important to note that the disappearance of Ca-poor pyroxenes
in the Skaergaard and Bushveld intrusions is accompanied by reappear-
ance of olivine without primary quartz and therefore cannot be caused
by a reaction such as

Ca-poor pyroxene -+ liquid = Olivine 4 quartz

Evidently the activity of silica (asip,) in these magmas was too low to
permit primary precipitation of quartz at this stage of fractionation.
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(That the magmas were nearly saturated with respect to SiO, is indicated
by the crystallization of quartz as an intercumulus mineral.) According-
ly, we can write a reaction that relates the disappearance of Ca-poor
pyroxene to the silica activity in the magma rather than to the precipita-
tion of quartz. Because it is the FeSiO; component that leads to the in-
stability of Ca-poor pyroxene, we may write the reaction thus:

(Fe,Si,04)¢ = (Fe,Si0,), + (5i0,)
in pyroxene in olivine in melt (3)

The effect of silica activity in controlling whether an olivine or a Ca-
poor pyroxene will crystallize from a magma can be seen from the equi-
librium condition:
ape,sio,-4sio,
K, =
Ape,si,0,

It is clear that at equilibrium a decrease in the activity of SiO, must
entail a decrease in the activity of Fe,Si,0; or an increase in the activity
of Fe,S10,, or both. The maximum stability of FeSiO,-rich pyroxene will
obtain when agio, = 1; that is, when the liquid is saturated with re-

spect to SiO, and quartz is a primary phase. This corresponds to the in-
tersection of the Ca-poor trend line with the “forbidden zone”. At lower
values of agio, however, FeSiO,rich pyroxene will be less stable, and

reaction (3) will take place earlier in the differentiation sequence, be-
fore the trend-line for Ca-poor pyroxenes reaches the “forbidden zone”.

We suggest, therefore, that the disappearance of Ca-poor pyroxene
and reappearance of olivine during crystallization of the Skaergaard and
Bushveld intrusions are controlled by reaction (8), with agio, < 1. We

further suggest that the different Fe/Mg ratios of the last Ca-poor
pyroxenes in each body reflect—at least in part—a slightly higher value of
asio, during the intermediate stages of crystallization in the Bushveld

intrusion than during the equivalent stages of the Skaergaard intrusion.
Three points are worth emphasizing here: First, the values of agio, in

both intrusions were only slightly below unity (quartz was an inter-
cumulus phase during much of the crystallization sequence and was a
primary phase in the latest differentiates), and the difference in ag;q, be-
tween the intermediate stages of each intrusion was probably small.
Second, the disappearance of Ca-poor pyroxene does not necessarily
require that either the percentage or activity of silica actually decreased
during fractionation of the Skaergaard and Bushveld intrusions; it is
only necessary that ag;o, failed to increase sufficiently to stabilize Ca-
poor pyroxenes with high Fe/Mg ratios. Third, the activity of silica is
likely to change during fractionation of any magma, and it is strictly

3The use of the double formula for the ferrosilite component here serves to
emphasize the fact that the Fe** occupies two energetically different sites in the
pyroxene structure.
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correct to speak of the ag;o, of the magma only at a restricted place and
time. Where necessary, we shall use terms such as “range of ag;o,” to em-
phasize this fact.

That the foregoing treatment is not trivial can be seen from the
following considerations. It will eventually be possible to evaluate the
equilibrium constant, K,, for a variety of temperatures by determining
the compositions of Ca-poor pyroxene and of olivine that are in mutual
equilibrium with quartz. Under these conditions, ag, = 1, and
ape,81,0, and ape,si0, MAY be estimated from mole fractions (ultimately
this estimate can be improved by the use of appropriate activity coef-
ficients). The evaluation of K; in this way is independent of the presence
of liquid. If an estimate of crystallization temperature can be made, it
will then be possible to determine the range of agio, at which Ca-poor
pyroxenes ceased to crystallize in these two intrusions.

We can now present an alternative explanation to that of Yoder,
Tilley, and Schairer (1963, p. 87; 1965, p. 121) for the calcium minima
in the trend-lines for Ca-rich pyroxenes from the Skaergaard and Bush-
veld intrusions (figs. 1, 7). Those workers indicated that the calcium
minima—and the concomitant disappearance of Ca-poor pyroxene—
might mark an invariant reaction point at which Ca-rich pyroxene, Ca-
poor pyroxene, olivine, SiO, (as quartz or tridymite), and liquid coexist
(point “D”, 1963, p. 87). According to this interpretation, crystallization
took place along a univariant curve such as Cpx 4 Opx -+ SiO, +
liquid before the reaction point was reached and along the curve Cpx
-+ Ol 4 SiO, + liquid thereafter. (In magmas these assemblages are not
strictly invariant and univariant, but it is convenient and useful to
relate them to a simple model—the pyroxene quadrilateral—where the
variance is rigorously correct.) But this reaction point interpretation
requires the presence of a primary silica phase, which appears not to be
the case in the appropriate portions of the Bushveld and Skaergaard intru-
sions. Crystallization in the absence of quartz would take place along the
equivalent of divariant surfaces Cpx ++ Opx + liquid before the Ca-rich
minimum was reached and Cpx -4 Ol -+ liquid thereafter. The crys-
tallization trend must therefore have crossed the univariant curve Cpx
+ Opx 4 Ol 4 liquid. Normally, crystallization would be expected to
follow along this univariant curve, with the olivine and both pyroxenes
becoming increasingly iron-rich, until the liquid reached reaction point
“D".

However, it has already been shown that the disappearance of Ca-
poor pyroxenes is a function of ag,o, in the Skaergaard and Bushveld
intrusions. We suggest that the different minima in the trend-lines for
Ca-rich pyroxenes (fig. 7) likewise reflect the different values of agio,
in these intrusions at which the crystallization path was forced off the
Cpx +4 Opx + Ol + liquid curve. Clearly the point at which the liquid
leaves that curve (and therefore the Fe/Fe -4 Mg ratios of the phases)
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depends on the value of the silica activity. Consider two extreme cases:
(1) If agio, is high—say, quartz is a primary phase—throughout the crys-
tallization history of some hypothetical magma, then the trend-line for
Ca-poor pyroxenes can extend to the boundary of the “forbidden zone”.
Simultaneously, the trend-line for Ca-rich pyroxene will be constrained
to the boundary of the two-pyroxene field until it too intersects the
boundary of the “forbidden zone”; thereafter the composition of the
Ca-rich pyroxene will move along the boundary of that three-phase field
(curve a-b in fig. 7, if the possible appearance of Wog, is neglected), as
fayalite and quartz precipitate in place of Ca-poor pyroxene. This is
the case that was considered by Yoder, Tilley, and Schairer. (2) If, on
the other hand, the range ol ag;o, is low, as in a critically under-
saturated magma, Ca-poor pyroxenes will be absent throughout the
primary crystallization history. The trend-line for Ca-rich pyroxenes,
therefore, will be nowhere constrained to the boundary of the two-
pyroxene field but will lie between that boundary and the Di-Hd join,
probably at an approximately constant calcium content.

Magmas with ranges of ag;o, values intermediate between these two

extremes will have intermediate trend-lines for Ca-rich pyroxenes. Early
in the crystallization histories of such magmas, Ca-poor pyroxenes will
precipitate, and for that same crystallization interval the trend-line for
Ca-rich pyroxene will be constrained to the boundary of the two-pyroxene
field. But, when crystallization of Ca-poor pyroxene ceases, the composi-
tion of Ca-rich pyroxenes must move away from that boundary. It is at
this stage that the calcium minimum in the Ca-rich trend-line occurs: the
compositions of the Ca-rich pyroxenes must move away from the En-Fs
join (because Ca-poor pyroxenes are no longer stable) and toward greater
Fe/Mg ratios (because the Fe/Mg ratio of the magma increases with
fractionation). The resultant direction of the Ca-rich trend-line is ap-
proximately toward Hd. Because the Fe/Mg ratio of the last Ca-poor
pyroxene is a function of asio, the Fe/Mg ratio of the calcium minimum
likewise depends on that parameter. Thus while the early (Mg-rich)
portions of the Ca-rich trend-lines tend to coincide (figs. 1, 7), there will
be a family of calcium minima and of the subsequent portions of the
Ca-rich trend-lines, depending on the range of asio, in each parental
magma. The intermediate portions of the trend-lines for Ca-rich py-
roxenes from the Skaergaard and Bushveld intrusions are two established
members of this theoretical family of curves. Other factors being equal,
the lower the value of ag;o, in a magma, the lower will be the Fe/Mg
ratio at which the trend-line for Ca-poor pyroxene moves away from the
boundary of the two-pyroxene field.

The trend-lines for Ca-rich pyroxenes from the Skaergaard and
Bushveld intrusions again coincide at high Fe/Mg ratios (figs. 1, 7). Ac-
cording to the analysis presented here, it appears that the values for ag;o,
were similar during the later crystallization stages of both intrusions.
This conclusion is not inconsistent with the argument (p. 316) that the
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agio, values during the intermediate stages of the Skaergaard intrusion

were slightly lower than those in the equivalent interval of the Bushveld
intrusion. During that crystallization interval when the residual liquids
of each intrusion precipitated Ca-rich pyroxenes with Fe/(Fe 4 Mg)
ratios of 0.43 to 0.53, (that is, in the interval between the tie lines in
fig. 7) the Skaergaard liquid precipitated olivine and the Bushveld liquid
precipitated Ca-poor pyroxene (fig. 1). Thus, to the extent that the pro-
portions of other phases were similar, the residual liquid of the Skaer-
gaard would have gained silica relative to that of the Bushveld during
this crystallization interval. An independent indication that the values
of agio, became similar with increasing fractionation is the fact that

quartz was a primary phase during the very late crystallization stages of
both intrusions.
In this discussion we have been treating agio, as an independent

and fundamental parameter. It is, in fact, only a useful and convenient
expression of related chemical parameters in the magma that are equally
significant: agq, amgsio, €t cetera. The activity of silica becomes an

especially convenient parameter when applied to magmas that have
precipitated quartz. It is worth remembering that asio, is proportional
to the percentage of silica in the melt times an activity coefficient that is
a complex function of the bulk chemistry and structure of the magma.
Any technique that provides a measure of ag;o, in a liquid may there-
fore provide information on the activity coefficient as well.

Two basic assumptions have underlain this discussion: that the
effects of pressure and of minor constituents in the pyroxenes can be
ignored. But pressures of about 15 to 17 kb stabilize ferrosilite, and
therefore at a given temperature the area of the “forbidden zone” will
decrease with increasing pressure. The Labrador adamellite (Wheeler,
1965) and the Skye granophyre (Bell, 1959, cited in Brown and Vincent,
1963) both precipitated Ca-rich pyroxenes of similar compositions (fig. 7);
but the adamellite initially precipitated Ca-poor pyroxene as well, where-
as the granophyre precipitated fayalite 4+ quartz. It is possible that this
difference reflects crystallization of the adamellite under more deep-
seated conditions. If so, this may be a rare case where pressure has sig-
nificantly affected the metasilicate assemblage in crustal rocks. The as-
sumption that the effects of minor constituents on the subsolidus rela-
tions of pyroxenes can be ignored must, of course, be subjected to further
testing. It is our opinion, however, that temperature and ag;o, were
the dominant controls in the differences and similarities between py-
roxenes of the Skaergaard and Bushveld intrusions, rather than pressure
or minor constituents.

In summary, in the Skaergaard and Bushveld intrusions, the early
assemblage Ca-rich pyroxene - Ca-poor pyroxene and the very late
assemblage Ca-rich pyroxene -} fayalite -+ quartz were each effectively
divariant: given a bulk Fe/Mg ratio, the composition of each phase was
fixed by temperature. During intermediate stages of crystallization, when
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Ca-rich pyroxene was precipitated in the absence of either Ca-poor
pyroxene or quartz, the calcium content of Ca-rich pyroxene with a
given Fe/Mg ratio can vary at a fixed temperature, depending on cer-
tain chemical parameters of the magma. The activity of silica is a con-
venient—although by no means unique—expression of those parameters.
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APPENDIX
Starting Materials

The starting phases were synthesized from 99.999 percent iron sponge (United
Mineral and Chemical Supply Co., lot #16848); Fisher’s “Certified” Fe,O,, lot #764442;
Bakers Analyzed CaCO, lot #10641; quartz from Lisbon, Md. (assay 99.97 per-
cent Si0,); and Corning 7940 Silica glass (0.000X Fe, 0.0018 Al, 0.0012 Mg, and
0.0022 Ca). Equimolar amounts of CaCO, and SiO, were fired in air to drive off CO.;
CaO could then be weighed as CaSiO,. Since iron-bearing starting phases were syn-
thesized in containers closed to oxygen, it was essential that iron be added as the bulk
composition FeO. Wiistite (Fe,.,0) is non-stoichiometric and therefore unsatisfactory.
The following technique gave good results: Iron sponge, stored in an evacuated
desiccator for more than a year, is observed to attain an ecssentially constant oxygen
content of about 2 wt percent. This oxygen content is calculated as Fe,O; then suf-
ficient ¥Fe,O; is added to yield a bulk composition of FeO. This mixture can then be
added to other constituents (SiO,, CaSiO;) and thoroughly mixed by grinding in an
agate mortar under alcohol without appreciable oxidation.

Mixes of FeSiO, bulk composition, wrapped in silver foil, were crystallized in
sealed, evacuated silica-glass tubes at about 900°C to yield equimolar mixtures of
fayalite + tridymite, or they were sealed in silver capsules with water aad crystallized
at 1 kb and 800°C to an equimolar fayalite 4 quartz assemblage.

Mixes for Ca-Fe metasilicates were packed into cylindrical 99.95 percent iron
capsules, 6.35 mm outer diameter and 12.7 mm long; the capsules were sealed with
tightly-fitting lids. For bulk compositions close to Ca, ,Fe,.5S510; the loaded capsules
were then sealed in evacuated silica-glass tubes and held for 10 minutes at about
1350°C (well above the liquidus temperatures determined by Bowen, Schairer, and
Posnjak, 1933, p. 213).

Although the silica-glass tubes devitrified rapidly under this treatment and com-
monly cracked upon cooling, the iron capsules remained bright and unoxidized, in-
dicating that the charges had been isolated effectively from atmospheric oxygen. The
glasses formed by this technique, still in the iron capsules and sealed anew in cvacuated
silica-glass tubes, were then crystallized by holding them for several days at tempera-
tures of 1000° to 1050°C (to form Wo,,) or 900° to 940°C (to form Hd,,).

Compositions richer in FeSiO, than ahout Fs;Wo.s required a different treatment.
The liquidus temperature increases rapidly toward FeSiO,, and it is not feasible to
make glasses by the method outlined above. Furthermore, metasilicate phases in the
range Fs,;Woy; to Fs,,, are not stable at 1 atm. These phases were therefore synthesized
by solid-solid reactions at pressures of 20 to 22 kb and temperatures of 1100° to 1200°C
in a large-volume piston-and-cylinder solid-media device designed to take the 6.35
mm x 12.7 mm capsules. The synthesis reaction proceeds slowly, and as limitations of
the apparatus preclude runs of more than 3 to 4 hours in this pressure and tempera-
ture range, it was necessary to take each sample through several cycles at the desired
pressure and temperature. The sample was ground under alcohol in an agate mortar for
14 to 1 hour between each cycle.

During the synthesis process outlined above, the samples gained oxygen rather
frequently, apparently from water released by the dehydration of the talc pressure-
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medium at pressure and temperature. The oxygen reacted with the iron crucible to
vield FeO and thereby drove the composition of the sample off the metasilicate ratio,
the excess FeO reacting with FeSiO, to form fayalite. As Bowen, Schairer, and Posnjak
(1933, p. 213-214) pointed out, the appearance of a small excess of fayalite is a sensitive
indicator of contamination of the sample by oxidation. We rejected a disheartening
number of samples as starting materials because they contained only metasilicate and
fayalite. (The presence of fayalite plus quartz, on the other hand, only indicated that
the synthesis reaction had failed to go to completion.)

A metasilicate sample was accepted as a single-phase starting material if it con-
tained less than about I percent fayalite |- quartz by visual estimate. We succeeded in
synthesizing suitable single-phase starting materials with the compositions Fs;Wos,
(hedenbergite), Fs;Wo, FsaWou, Fs:;Wou, FsoWo,, FsgWo,;, FsoWo,, Fs,W, and
Fs.0. For most of the compositions both the clinopyroxene and pyroxenoid polymorphs
were made. These phases, taken singly or combined with each other or with an
equimolar fayalite 4 tridymite or fayalite 4 quartz mixture, served as starting mater-
ials for the equilibrium experiments.

Experimental techniques

For experiments in vacuo, 10 to 20 mg of starting material was packed into a
99.95 percent iron capsule (2.39 mm outer diameter and 3.56 mm long, with tightly-
fitting lid) which was then sealed in an evacuated silica-glass tube. The evacuated
tube was placed in the hot spot of a platinum-wound resistance furnace, the tempera-
ture being measured by a Pt-Pt,Rh,, thermocouple adjacent to the sample. The pres-
sure of each experiment was of course the sum of the partial pressures of the species
in the system CaO-Fe-FeO-8$i0,, very much less than 1 atm at the temperatures em-
ployed.

For hydrothermal experiments at pressurcs from 200 to 2C00 bars, 40 to 8) mg
of sample together with 2 to 15 mg of water was sealed in Agy,Pds, tubes 3 mm in
diameter and 6 to 15 mm long. Each tube was sealed with water and an appropriate
redox buffer (Eugster and Wones, 1962, p. 87-91) in a gold tube 5 mm in diameter
and 25 to 35 mm long. At temperatures up to 800°C we used standard cold-seal pres-
sure vessels (Tuttle, 1949); at higher temperatures we employed a Tuttle press (“hot
seal” pressure vessel, Tuttle, 1948) because the smaller pressure vessels are cheaper and
apparently stronger. Water was the pressure medium in both types of apparatus; tem-
peratures were indicated by sheathed chromel-alumel thermocouples.

Samples for our initial hydrothermal experiments at 20 kb utilized the two-tube
technique described for buffered experiments at lower pressures, except that the outer
gold capsule was designed to finish as a cylinder 6.35 mm in diameter and 12.7 mm
long. The assembly was then placed in the large-volume piston-and-cylinder apparatus.
The buffer started as nearly pure fayalite; it oxidized slowly to a fayalite 4+ magnetite
+ ferrosilite assemblage, the pair fayalite 4 quartz being unstable at 20 kb. The fO,
of this buffer must be close to that of the fayalite-magnetite-quartz assemblage at lower
pressures. Although we made several successful experiments with this technique the
double capsules were difficult to prepare to the precise dimensions required to fit the
large-volume piston-and-cylinder apparatus. Moreover, in this apparatus the thermal
gradient of the furnace cell results in a temperature difference of 20° to 30°C between
the middle and ends of the outer capsule. A much smaller gradient is found across
the sample capsule in the standard piston-and-cylinder apparatus (Boyd and England,
1963, p. 313; Boyd, 1962, p. 152-153). We found that pure silver capsules (2.39 mm
diameter and 3.56 mm long, with tightly-fitting lids) permitted the experiments to be
performed successfully in the smaller apparatus. Because the reactions we investigated
are not redox reactions, an external buffer is unnecessary if the sample plus water can
be maintained as a closed system. No magnetite was detected in most samples, in-
dicating that oxidation did not take place.

The success of these 20 kb experiments depended critically on the preservation of
the water (preferably as a separate vapor phase) in the capsule to facilitate reaction
rates. Water was detected in each capsule after the experiment, and the presence of
a vapor phase at pressure and temperature is inferred from the presence of minute,
colorless balls of glass and of radial crystals with low refractive index and low bire-
fringence in most samples. The identification of this material as silica deposited from
a vapor phase upon quenching was strengthened by the observation of small amounts
of fayalite dispersed within the charge in experiments where the starting material had
been initially of metasilicate ratio. We prevented dissociation of the metasilicate by
adding 3 to 5 percent excess silica to each charge, an amount that vielded assemblages
bearing a small amount of free quartz but no fayalite. Inasmuch as the reactions
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studied are independent of the presence of excess quartz, this technique assured that
the pyroxenes formed were not driven off composition by loss of silica to the vapor
hase.

P The quoted pressure of 20 kb is nominal (that is, the product of the pressure on
the ram times the areal ratio of the ram to the piston) and is uncorrected for the ef-
fects of friction or of strength of the pressure medium (compare Green, Ringwood,
and Major, 1966; Richardson, Bell, and Gilbert, 1968, p. 394). However, the high pres-
sure serves only to ensure that all FeSiO,-bearing pyroxenes will be stable relative to
fayalite -+ quartz, and that the actual value of the pressure is relatively unimportant.
Temperature was measured with a Pt-Pt,Ph,, thermocouple 0.020 in. away from the
capsule and was not corrected for the effect of pressure on the thermocouple.

Properties and compositions of phases: determinative methods

Hedenbergite solid solutions (Hd,,) form faintly greenish, equant to slightly
elongate, subhedral grains; wollastonite solid solution (Woy,) are similar in appearance
but are colorless and, for a given composition, have lower indices of refraction than
Hd,,. Fayalite forms subhedral to euhedral grains of high refractive index; its color
is usually a deeper green than that of the Hd,,. Both quartz and tridymite form sub-
hedral to euhedral grains; they can be distinguished by refractive index as well as
morphology.

In 20 kb hydrothermal experiments, orthopyroxene forms prismatic crystals up to
50 x4 in size; in the larger crystals, the pink-green pleochroism of hypersthene is com-
mon. Certain orthopyroxenes from high-temperature (above 900°C) experiments show
very thin, prismatic overgrowths of clinopyroxene, although no internal lamellae of a
sccond pyroxene phase were ever observed. Clinopyroxene is distinguished from ortho-
pyroxene by its inclined extinction and generally smaller and more equant habit.
Polsynthetic twinning in clinopyroxene is not uncommon, especially from higher tem-
perature experiments. Because of these significant differences in optical properties,
detection of the two-pyroxene assemblage by optical examination is an easy matter.

We determined compositions of clinopyroxenes in the range Fs;;Wo,; to Fs<Wo,;
to a precision of + 1 percent by measuring (1) the 221, 310, and 311 reflections relative
to the 111 peak of silicon, and (2) the differences (2050 — 262) and (26 — 26310) for
copper Kq radiation. Inasmuch as 2g,, varies with composition in a direction opposite
from that of 2., and 263, measurement of these differences yields two estimates of com-
position without need for an added standard. Cell dimensions of the clinopyroxenes
synthesized for this study are given by Lindsley, Munoz, and Finger (1969).

We measured the Ca/Fe ratios of orthopyroxenes with a MAC electron microprobe
using pyroxenes of known composition (Fs,,Wo,, and Fs,;Wo;) as standards. Calculation
of atomic number, fluorescence, stopping power, and backscatter effects for the standards
showed that it was unnecessary to apply these corrections to the Ca and Fe values
obtained for the unknowns. We did not always correct for background, but the near
identity in composition of the Fs;;Wo; standard and the orthopyroxene unknowns (table
2) made this correction unnecessary. Certain clinopyroxenes whose compositions had
been previously measured using our X-ray determinative curves were checked against
our probe standards; in all cases the agreement with the X-ray compositions was with-
in + 1 mole percent CaSiO,.

We determined compositions of Wo,, by observing the shifts in position of three
peaks (as yet unindexed) in the range 29.7° to 31.4° 2¢, copper Kq radiation.

The calcium content of olivine (expressed as mole percent larnite, Ca,SiO,, La)
was estimated by comparing the position of dy against d,- for synthetic Fa,la; and
for Fa,, (Yoder and Sahama, 1957), assuming a straight-line relationship over this
narrow range.
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