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Abstract

The solvi bounding the diopside-orthoenstatite two-phase region in the system CaMgSi:Os—
Mg.S5i:0s are determined over the temperature range 900°—1300°C at 2, 5, and 10 kbar. An
obvious break along the diopside limb occurs above 1100°C at 2 kbar, and is attributed to either
(1) non-equilibrium of runs below 1100°C, or (2) a narrow region of two-phase unmixing.
Detailed X-ray study with a focussing Guinier-de Wolff camera, supplemented by electron
probe microanalyses, fail to provide a definitive resolution of this problem. The experimental
data above 1100°C are analyzed in terms of least-squares fitting to a two-constant (We1, Wez)
Margules equation (Thompson, 1967) in order to derive analytic expressions for the solvus
boundary. The simplest, best representation of the data is given by the equations

Wer = 12, 189 + 864 — 2, 419 & 581 X T(°K)/1000 4 36.6 + 10.4 X P(kbar), s, = 204.5
Wes = 24,032 £ 1, 697 — 12, 215 & 1, 153 X T(°K)/1000, s, = 408.9

A 30 kbar solvus calculated from these equations is in good agreement with the 30 kbar solvus
determined experimentally by Davis and Boyd (1966).

The amount of MgSi:Os dissolved in diopside may be used to estimate temperatures of
equilibration for mineral assemblages characterized by the coexistence of diopsidic clino-
pyroxene and enstatitic orthopyroxene. Application to coexisting pyroxenes from peridotite
nodules in kimberlites (analyses reported by Davis and Boyd, 1966; Boyd, 1969, 1970b) gives
two populations of equilibration temperatures for these assemblages, with cluster points near
1025°C (calcic diopsides) and 1350°C (subcalcic diopsides).

I

Introduction

The join CaMgSi>-0—Mg,Si, Oy is one of the more
important “simple” systems relevant to the petro-
genesis of mafic and ultramafic rocks. Subsolidus
equilibria in this system are governed by partial im-
miscibility between the Ca-rich and Ca-poor end-
member phases (Atlas, 1952; Boyd and Schairer,
1964; Davis and Boyd, 1966). Polymorphism in the
Ca-poor region of the join considerably complicates
the subsolidus phase relations (Atlas, 1952; Boyd
and Schairer, 1964; Kushiro, 1969; Smith, 1969).

Principal emphasis in the present study is directed
toward delimitation of the diopside-orthoenstatite
two-phase region as a function of temperature and
pressure. The complications introduced because of
polymorphism are of concern here only insofar as
the stability interval of the diopside-orthoenstatite
two-phase coexistence is affected. Through numeri-

-cal analysis of the experimental data, an analytic
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representation for the solvus bounding the two-phase
region may be obtained (Thompson and Waldbaum,
1969; Luth and Fenn, 1973). Such a representation
may permit extrapolation of the boundary to condi-
tions of pressure and temperature beyond the range
of experimental observation. The results may be
applied to natural assemblages containing coexisting
Ca-rich clinopyroxene and Ca-poor orthopyroxene
phases in order to obtain estimates of equilibration
temperatures, provided the compositions involved
correspond to the binary system CaMgSi,Os—
MgzsiQOG.

Previous Work

Atlas (1952) studied subsolidus equilibria along
the join CaMgSi-O¢—Mg,Si;Os at 1 bar and demon-
strated that the dominant feature is the existence of
a region of immiscibility separating the fields of Ca-
rich and Ca-poor pyroxene. According to Atlas’s re-
sults, the solvus does not intersect the solidus, but
crests at a temperature (about 1375°C) slightly below
the solidus. From his study of the polymorphism of
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MgSiO;, Atlas suggested that orthoenstatite coexists
with diopside at temperatures up to 1100°C; this is
succeeded at higher temperatures by the two-phase
coexistences, namely, protoenstatite-diopside (1100°
C < T < 1250°C) and clinoenstatite-diopside (T
> 1250°C).

Boyd and Schairer (1964) further studied this
join at 1 bar and, hydrothermally, at pressures up to
1000 bars. Their results indicated less extensive
crystalline solution than Atlas’s determinations, and
showed that the solvus intersects the solidus over a
composition interval of nearly 35 mole percent.
Again, the upper limit of the diopside-orthoenstatite
coexistence at 1 bar was found to be 1100°C.

Davis and Boyd (1966) mapped the diopside-
orthoenstatite two-phase region at a pressure of 30
kbar and encountered no polymorphic inversions to
solidus temperatures. Kushiro (1969) has since
shown that their results above 1400°C are probably
incorrect, inasmuch as he has demonstrated a high
temperature stability field for “iron-free” pigeonite
on the CaMgSi»n0s—Mg,SisOg join at 20 kbar. The
appearance of a high-temperature pigeonite field
imposes an upper limit on the diopside-orthoenstatite
two-phase region. Kushiro and Yoder (1970) inves-
tigated the lower stability limit of iron-free pigeonite
and suggested that its stability field extends to low
pressures, possibly even to 1 bar. Warner (1971),
Yang and Foster (1972), and Kushiro (1972) have
independently concluded that pigeonite is stable on
the join CaMgSi»Qs-Mg:Siz O at 1 bar. Presumably
this phase is equivalent to that designated as clino-
enstatite solid solution by Atlas (1952).

Experimental Results

Starting materials

Compositions at intervals of 5 wt percent along
the join CaMgSi>Os-MgoSisOy were prepared as me-
chanical mixtures of crystalline diopside and clino-
enstatite, which had previously been synthesized
from the oxides (method described in Warner and
Luth, 1973). Also prepared in this manner were
compositions along the joins CaMgSiOs—SiO,, Ca
MgSi.0s—Mg,Si0y, CaMgSi>04—-CaMgSiO,, CaMgSi,
0¢-Mg:Si:0s + S wt percent SiO», and CaMgSi,
0s—Mg:Si-0¢ + 5 wt percent Mg»SiOy. In addition
to these mechanical mixtures of crystalline end-mem-
ber phases, a series of homogeneous glass composi-
tions, which had been made by Dr. J. F. Schairer
at the Geophysical Laboratory and given to one of

us (WCL), were also used for starting materials, but
only in a small number of experiments (appropri-
ately indicated in our run tables).

Unit cell dimensions of synthetic pyroxenes

Synthesis of single-phase pyroxenes along the join
CaMgSi,0,Mg,Si,0, (apparatus and experimental
procedure described in Warner and Luth, 1973) was
undertaken for the primary purpose of establishing
X-ray determinative curves for rapid measurement of
pyroxene compositions (Fig. 2). Conditions of
synthesis and the resultant phase products are given
in Table 1. Microscopic examination of the run
products, using oil immersion grain mounts, was
supplemented by X-ray powder diffraction analysis
with a focussing camera (Nonius Guinier-de Wolff)
set for CuKa radiation. Spinel (U.S. Bureau of Mines,
Norris, Tennessee; @ = 8.0833 A at 25°C) was used as
an internal standard. Unit cell dimensions for single-
phase pyroxenes were derived through the use of a
least squares cell refinement computer program de-
veloped by Evans, Appleman, and Handwerker
(1963), and modified to run on an IBM 360/67 com-
puter. Results of least squares cell refinements are
given in Table 2. As expected, substitution of Mg for
Ca results in a fairly regular decrease in g, b, c, and
unit cell volume, with the effect being largest for @ and
smallest for ¢. The B angle for diopsidic (C2/c)
pyroxenes increases substantially with Mg for Ca
substitution.

Unit cell refinements for a series of clinopyroxenes
(dizens—dizenys)” synthesized at 1350°C and 1 bar
produced a marked hiatus in cell parameters between
di,.eng, and disengs. Close examination of the X-ray
film patterns for di,.en,, and disen,y; revealed splitting
of the 002 and 202 peaks, and weak protoenstatite
lines were discerned. Although the entire series of
runs was made in the field labeled Pr,, by Boyd and
Schairer (1964, Fig. 1), the interpretation was made
(Warner, 1971, p. 99) that a field of P2,/c clino-
pyroxene is stable on the join CaMgSi,0s~Mg,Si;Os
at 1 bar, and that this field is separated from the
(more Mg-rich) Pr,, field by a narrow two-phase
region (Warner, 1971, Fig. 15a). This interpretation
is consistent with the polymorphic relations originally
deduced by Atlas (1952), and with the high pressure
results obtained by Kushiro (1969), if it is assumed
that the stability field for “iron-free” pigeonite
extends to 1 bar. Kushiro (1972) and Yang and Foster

2 di,en,, composition given in wt percent.
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TaBLE 1. Pyroxene Synthesis Data

Starting rf:a?srial# (%) (rs) Results## Starting lfmtarial# Wt, percent P(bers) T(°C)  t(hrs) Results##
composition composition H20
a) 1 ber deta b} hydrothermal date
'diloo (glass) 1350 24 Di *diloo 2,5 1000 1280 21 Diss+-E
'digsens 1350 108 Dlss ‘d1956n5 2,3 i " L Di s+£
"digoenlo L} L D:'l.ss *digoanlo 4.4 » L " Diss-&-k
’d1859n15 o = DiSS ‘diasenl5 2,6 t* * & DiSS+E
*diaoenzo 1350 121 Diss *disoenzo 2,9 . " L Diss+-L-
di759n25 Ll u Diss+Bss 'd:'|.7591125 2.3 i « » D:'LSS+E
dig0%m50 ! ! iRl
d:'195en5 3.0 2000 1150 72 D:'I.s +V
*dizoenao 1350 1586 Pigss+c_r' d192.5an7.5 5,0 " o & Di_ 4V
*di158n85 " " Pigss+0_r“ digoanlo 5,8 = : = DLSS+V
dilOanO Z - Pigsst&ss‘w—rl diB7.55n12.5 5.2 1 n DiSS+V
di55n95 " L Pigss+_P_rss+C_r‘ dilesenl5 4,5 L bi +§ESS+V
digp,5%M7,5 g2 ' - % DI gtin gtV
digea, (glass) 1350 168 Di_ 4L diggeny, 10 i X n Di_ +En_ 4V
diggen, + 5 wt, % a Ul ¥ Di_ +L+Cr
di&58n10q5 (glass) L " DiSS+Cr' d'1159n85 18 2000 1150 86 Enss+Diss+V
dieoen15q5 (glass) L DiSS+Cr' diloengo 20 z " " Enss+Ess+V
di,75an20q5 {glass) " " DiSS+Cx~' di5sn95 . 20 ] [0 " EnSS+Censs+V
diggen g (Diss') 12,2 2000 12¢0 17 Diss+v
diggeng + 5 wh, 9 fo 1350 168 Diss+Ess diggen, o (Diss) 9.5 Z u [ Diss+V
digoenlo + 5 wt, 1 fo e " Diss+Ess di85sn10q5 {glass) 12,9 Q " g Diss+£:+v
d1859n15 + 5 wt, 4 fo n i Diss+ﬁSS
di75an25 + 5 wt, % fo " - Diss+Ess+F—°ss *anloo 1% 5000 1002 o1 En+V
clilssh85 20 5000 1200 32 EnSS+Diss+_F_oSS+V
'dig5mo5 1350 168 Diss diloen90 18 o i o EnSG+ESS+V
diQOmolO " " Diss+&ss+fgss "d:i.sen95 17 0 " " Enss-HI
*digﬁfos [ P D:'LSS d1955n5 20 5000 1203 4 D:'LSS+V
diQOfolO Z 2 Diss+Foss *digoenlo 20 U ¥ i Dissi—y\f
*diaﬁen15 20 o " " Diss+_F_oss+I_.n\-V
*di809n2o 1375 86 DiSS diaoenzo 20 L & " DiSS+ESS+£n\-V
“dip5ongs ! ! Dios
*digqengo § u u i *en) og 13 10,000 1000 70 En+V
*digoenlo (Diss)l LJ " DiSS *diloo 13 10,000 1050 67 DiSS+V
*diggen, o (Diss) L u Di_ . *di2.59n97'5 18 " " P B +V
*diBSSrLls 33 10,000 11209 24 Diss+Ess+v
diSSBnISS 1375 e Diss+Bss "(:1:'1.85enl5 25 L) ] Iy Diss+Ess+v
di 50°M40 Ll ] Diss+Pigss *d1855n15 14,5 " " " Diss+Ess+V
“ai, on, " " rig *digen , 4.8 " Y T DL v
*digoenao " " Pigss *digoanlo (Diss); 18 " ] " DiSS+V
*diggenge " " Pig_ *diggen o (Diss) 13.5 " " " Di_ +V
#Unlass otherwise noted, sterting materiel used was a mechanical mixture of the orystalline end-member phases, GComponent designations: di = CaMgSi,0,;
en = Mg,Si,0.; q = 810,; fo = Mg,S8i0,; mo = CaMgSi0 B8
277276 2 2 4 4
##Phase dosignations: Di = diopside; En = orthoenstatite; Cen = clinoenstatite; Pr = protoenstatite; Pig = pigeonite; Cr = cristobalite; Fo = forsterite;

Ak = akermanite; L = silicate liquid; V = hydrous vapor,
volume percent; ' = presence of phase thought to be metastable,

* = least squeres ¢ell refinement performed on pyroxene (Table 2)
1DiSS synthesized hydrothermally at 1250°C and 5 kbar

ZDiSS synthesized at 1350°C and 1 bar

Other designations:

ss = solid solution; = amount of phase present estimeted at less then 5

(1972) have independently confirmed the phase
relations suggested by Warner (1971). The range of
stable pigeonite crystalline solutions encompasses
the approximate composition interval diysen,s—di;seng;
at 1375°C and 1 bar. Unit cell dimensions for synthetic
iron-free pigeonite are given in Table 2d.

A series of hydrothermal syntheses at 1200°C

and 5 kbar, spanning the composition range digsens—
digeensy, yielded what are considered to be anoma-
lously large cell dimensions for the respective diop-
side crystalline solutions. Trace amounts of forsterite
were detected in some of the products, which sug-
gests that the bulk crystalline assemblages lie in the
region CaMgSi>xO¢—-MgsSi;O¢—Mg.SiO;. The presence
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of small amounts of forsterite in hydrothermal crys-
tallizations of the composition MgSiO; has previ-
ously been noted by Kushiro, Yoder, and Nishikawa
(1968); they concluded that the vapor phase had a
higher proportion of SiO,:MgO than the pyroxene.
In order to ascertain whether the anomalous cell
dimensions are the result of silica-leaching by the
vapor phase, the following experiments were per-
formed.

(i) A series of syntheses were made at 1190°C
and 10 kbar, using the anhydrous composition digs
en;s and varying the water content of the samples. A
regular increase in the unit cell dimensions is ob-
served with increasing water content (Table 2b),
and there is a corresponding increase in the amount
of forsterite present. No forsterite was detected in

TaBLE 2. Unit Cell Dimensions of Synthetic Pyroxenes

W, 1 o B ° o3
Ho Yen oM v(a) o) B V&) n/m
a} Diopside crystalline solutions
0 0,000 9,7506(8) 8.9204(7) 5,2518(4) 105 53,9{4) 439,76(4) 32/33
2.5 " 9.7501(10) 8,9288(9) 5.2507(5) 105 52.7(5) 439,67(5) 32/32
13 . 9,7498(20) 8,9283(13) 5,2635(6) 105 49,6(9)  439,98(9) 19/20
0 0,054 9.7469(12) 8.9303(11) 5,2512(6) 105 58,3(6)  439,43(6) 32/32
2,3 v 9,7468(14) 8,9280(11) 5.2504(5) 105 56,8(6)  439,31(6) =8/28
6 0,107 9,7428(9) 8.9266(8) 5.2504(5) 106 06,8(5) 438,69(5) 27/27
4,4 v 9.7464(12) 8,9258(10) 5.2497(5) 106 05,6(5) 438,80(6) 28/28
0 0,160 9.7381(13) 8.9232(10) 5,2495(6) 106 15,9(6)  437,90(6) 32/32
2.6 9,7373(7) 8,9211(6) 5.2477(3) 106 14,7(4) 437,65(4) 31/51
0o 0,212 9,7351(15) 8.9202(11) 5,2490(7) 106 28,9(8)  437,09(8) 22/23
0 " 9,7364(18) 8,9198(12) 5.2470(7) 106 25,2(1,0) 437,17(8) 25/25
2.9 o 9,7371(11) 8,9217(10) 5,2473(6) 106 22,5(6)  437,34(6) 30/30
0 0,264 9,7288(20) 8,9138(13) 5,2456(7) 106 32,3(1,0) 436.08(9) 25/25
2.7 " 9.7318(13) 8,9140(8) 5,2469(5) 106 30,4(7) 436.40(8) 23/23
o] 0,316 9,7273(23) 8,9099(11) 5,2460(7) 106 45,2(1,1) 435,36(9) =20/22
b) Runs with variable wt, percent HEO
18 0.107 9.7477(20) 8,9287(15) 5.2506(7) 106 00,7(1,0) 439.25(9) 19/19
20 @ 9.7469(34) 8,9264(12) 5,2522(6) 106 01,5(7)  439,21(7) 25/25
o] . 9,7424(14) 8,9240(11) 5,2484(5) 106 03,0(7)  438,52(7) 20/20
19,6 0.160 9.7445(16) 8,9230(12) 5,2401(5) 106 05,2(7) 438,54(7) 22/22
20 n 9.7442(9) 8.9254(9) 5.,2506(4) 106 09,5(5) 438,62(5) 26/26
0 " 9,7371(50) 8,9225(16) 5.2490(9) 106 15,3(1,7) 437.79(14) 16/16
33 0,160 9,7487(8) 8.9278(6) 5.2507(3) 106 00,1(3)  439,29(4) 23/23
25 n 9.7434(8) 8.9267(7) 5.2491(3) 106 02,6(3)  438.77(4) 27/28
14,5 ¢ 9.7413(12) 8,9255(6) 5,2484(4) 106 10,3(5) 438,17(5) 23/23
4,8 e 9,7388(8) 8,9228(6) 5.,2479(3) 106 .3,9(4) 437.85(4) 25/25
¢) Ternery diopside crystalline solutions
0 diggmo 9,7522(9) 8.9276(9) 5.2525(4) 105 52,4(4) 439.87(5) 28/28
0 dij.fo, 9.7499(8) 8,9250(7) 5.2509(4) 105 57,7(4)  439,31(4) =29/29
d) Pigeonite orystalline solutions
0 0,764 9.65679(30) 8.8572(16) 5.2145(7) 198 20,9(1,3) 423,82(12) 18/20
o 0,812 9.6600(22) 8,8513(9) 5,2075(5) 108 20,7(8) 422,65(8) 22/28
o u 9,6602(13) 8,8508(7) 5.2086(5) 108 21,2(6) 422,69(6) 25/32
o] 0.859 9.6475(21) 8,8456(11) 5,1999(5) 108 23.2(9) 421,10(8) 16/20
0 z 9,6528(15) 8.8452(9) 5.2030({5) 108 22,4(7) 421,59(7) 22/28
e) Orthoenstatiie crystalline solutions
17 0,953 18,2483(32) 8,8306(15) 5,1882(8) 836.15(17) 22/27
18 0,977 18,2427(33) 8,8277(27) 5,1848(9) 834,97(22) 21/23
19 1,000 18,2180(33) 8,8159(20) 5,1784(7) 831,68(18) 19/23
13 " 18,2296(19) 8,8182(9) 5,1777(4) 832,43(10) 33/40

n/m = number of lines used in refinement/number of input diffraction lines

lumbers in {) represent errors in final figures at the unit weight
standard error level

q V) S0,
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1190°C en
10Kb fo

.8 WT. % Hy0

di 14.5 WT. % H0

25 WT. % H,0 ~Foy

33 WT. % Hz0

Foy

WEIGHT %

mo

Fic. 1. Schematic interpretation of results for runs with
variable wt percent H:O at 1190°C and 10 kbar. Closed
circles represent composition of Dis, (coexisting with Fo.,
and vapor) as determined from 2. (Fig. 2). The observed
variation in unit cell parameters with increased H-O content
for the anhydrous composition disen;s can be accounted
for by supposing that the composition, V, of the silicate
material dissolved in the water-rich vapor phase is signif-
jcantly more silica-rich than disems. With increasing H.O
content, the bulk crystalline composition is driven across
Di..—Fo.s tie lines toward the limiting Dix—Fox tie line of the
Diss + Fo.s + V three-phase volume (Diy—Foy is the other
limiting tie line of this volume). Phase and component
designations as in Table 1.

the sample which contained only 4.8 wt percent HzO.
The results are schematically illustrated in Figure 1,
where (V) is a hypothetical composition for the
solid silicate material dissolved in the water-rich
vapor phase. The effect of vapor-phase leaching is
to drive the crystalline assémblages across Dig—Fog
tie lines, thus producing a more diopside-rich pyrox-
ene (i.e., a pyroxene with larger cell dimensions). It
is apparent that the observed shift in cell dimensions
can be satisfactorily accounted for by supposing a
high proportion of silica in the vapor phase.

(ii) Two of the compositions that were hydrother-
mally synthesized at 1200°C, 5 kbar (N, = 0.107,
20 wt percent HyO; New = 0.160, 20 wt percent
H.0) were rerun at 1350° and 1 bar. In both cases,
measurable decreases in the cell parameters were
observed (for example, from 439.21 to 438.52 As,
and 438.62 to 437.79 A®, respectively, for unit cell
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volume). Also, two compositions previously synthe-
sized at 1350°C, 1 bar, were rerun at 1190°C, 10
kbar (Ne, = 0.107, 18 wt percent H.O; N, =
0.160, 19.5 wt percent H,O). Here, the cell volumes
were found to increase proportionately (from 438.69
to 439.25 A3, and 437.90 to 438.54 A3, respec-
tively). These results are also consistent with the
vapor-phase-leaching hypothesis.

The possibility of non-stoichiometry of diopside
crystalline solutions, as discovered at 1 bar by Ku-
shiro (1972), must also be entertained. By electron
probe analysis of synthetic crystals, Kushiro (1972)
showed that at near liquidus temperatures pyroxenes
of the CaMgSiOs—MgSiO; series that are slightly
deficient in SiO; crystallize. However, crystalline so-
lution up to 5 wt percent toward CaMgSiO,4 and Mg,
SiOy does not greatly change the unit cell parameters
of diopside (Table 2¢). Thus, although limited (<K
5 wt percent) non-stoichiometry toward the SiO.-
deficient region is a possible factor at 1200°C and 5
kbar, it is unlikely to cause the observed magnitude
of shift in cell dimensions.

Results of two-phase determinations

The solvi bounding the diopside-orthoenstatite
two-phase region were mapped as a function of tem-
perature at 2, 5, and 10 kbar. The starting materials
used were mechanical mixtures of diopside and clino-
enstatite which had been previously synthesized
from the oxides. However, the bulk compositions
used lay well within the two-phase region (i.e., digo
enyo—digeng ). In this manner, the solvus boundary

41200 T T T FTT T 36.100
o 1ATM 4
41100L & HYDROTHERMAL SEnED
=36.000
ﬁ n
= >
g 3
/ 135.950
/
/
!
J 35900
!
{
}f
‘10.?00’ 1 - 1 1 1 L.y 1
0 01 02 03 04 09 1.35 i

an

Fi16. 2. The observed variation with N., of 26.:. (diopside
crystalline solution) and 26x. (orthoenstatite crystalline
solution) for CuKe radiation. Symbols: open circles, 1 atm
syntheses; open triangles, hydrothermal syntheses.

was approached from outside the two-phase region
(i.e., by homogenization). To enhance equilibration,
all experiments were carried out under hydrothermal
conditions.

X-ray films of the run products were taken with a
Nonius Guinier-de Wolff focussing powder camera
using spinel (a = 8.0833 A at 25°C) as an internal
standard. Diopside compositions were then obtained
by measuring 26,:»; compositions of orthoenstatites
were determined by measuring 26.9.. The observed
variation with mole fraction Mg,SioOs (N,,) for
these peaks is indicated in Figure 2. The diopside
determinative curve flattens in the range 0 < N, <
0.05; all other compositional parameters appear to
behave similarly (¢f Boyd and Schairer, 1964 ). The
compositional range over which the 112 peak can
be used is restricted to between 0 < N,, < 0.40
because of interference from the 022 peak of diop-
side at the more MgsSi»Og-rich compositions. This
did not prove a problem in the P, T range studied.
The estimated precision obtained through use of the
curves in Figure 2 is about *=0.015 N, for ortho-
enstatite determinations, and +=0.02 N,, for diopside
determinations, except for the range 0 < N, <
0.05, where the estimated precision is about +0.03
Nen.

Homogenization experiments were carried out at
approximately S0°C intervals from 800°-1300°C at
2, 5, and 10 kbar. In the temperature range 900°—
1300°C, orthoenstatite coexisted with diopside at
each isobar studied. At temperatures below 900°C,
clinoenstatite (800°C at 2 and at 5 kbar), or a mix-
ture of clinoenstatite and orthoenstatite (850°C at
2 and at 5 kbar; 800°C at 10 kbar), was found to
coexist with diopside. Exceptions to this occurred in
two runs at 850°C, 2 kbar and two at 850°C, 10
kbar, where orthoenstatite was the only polymorphic
form of Ca-poor pyroxene present. The non-conver-
sion or only partial conversion of clinoenstatite to
orthoenstatite encountered in some of these results
is attributed to sluggish reaction rates at these lower
temperatures.

Atlas (1952) and Boyd and Schairer (1964)
placed the upper termination of the diopside-ortho-
enstatite two-phase region near 1100°C at 1 bar.
This termination corresponds to the inversion of Mg-
rich orthoenstatite, saturated with CaMgSi»Os, to
protoenstatite, according to the reaction Eng =
Pry + Dig. The stability of the diopside-orthoensta-
tite two-phase coexistence to a temperature of at
least 1300°C at 2 kbar found in our study, requires



THE DIOPSIDE-ORTHOENSTATITE TWO-PHASE REGION 103

the above reaction to possess a very steep, positive
aT/dP slope. Such a steep slope would be consistent
with that determined for the orthoenstatite = proto-
enstatite inversion curve in the unary system, MgSiOs;
(dT/dP = 84° = 10°C/kbar, Boyd, Schairer, and
Davis, 1964).

Our experimentally derived data for the diopside-
orthoenstatite two-phase region are given in Table 3.
Determinations involving starting compositions con-
taining 5~10 wt percent excess silica are included in
Table 3, since pyroxenes of the CaMgSi;Os—Mg:
Si,O4 series show no solution toward SiO, (Kushiro
and Schairer, 1963; Kushiro, 1972). In Table 3 we
have included only data in the temperature range
1150°-1300°C at 2 kbar and 1100°-1300°C at 5
and 10 kbar. We have found our experimental re-

TaBLE 3. Diopside-Orthoenstatite Two-Phase Data

o A B
T(°C) t(hrs) 2801, 28000 Noy Nop r

a) 2 kber dete (homogenization)
1150 72 40,869 35,969 0,139 0,944 0,083
1150 86 ~40,897 385,949 0,160 0,933 0,093
1200 45 40,931 35,930 0,187 0,923 0,110
tl e 40,911 35,946 0,171 0,931 0,102
. 2 40,958 35,915 0,208 0,914 0,122
1235 20 40,943 35,923 0,196 0,919 0,115
1250 72 43,006 35,918 0,246 0,916 c,1l62
1300 17 41,157 35,892 0.365 0,902 0,267
b) 2 kbar data (reversal)
1200 17 40,941 35,915 0,195 0,914 0,109
L ") 40,954 35,930 0,205 0,923 0,128
" " 40,962 35,908 0,211 0,910 0,121
" 40,953 35,918 0,204 0.916 0,120
¢) 5 kbar deta
1100 66 40,848 35,983 0.122 0,952 0,074
i S 40,836 35,977 0.112 0,949 0,061
1155 36 40,871 35,967 0,140 0,943 0,083
i 2 40,874 35,968 0,142 0,944 0,086
1200 32 40,893 35,968 0,157 0,944 0,101
1240 23 41,072 35,924 0,298 0,919 0,217
u b 41,046 35,930 Q0,277 0,922 0,199
1250 24 40,960 35,925 0,209 0,920 0.129
1300 18 41,128 35,896 0,341 0,904 0,245
d) 10 kbar data

1100 90 40,829 35,988 0,107 0,955 0,062
" & 40,849 35,993 0,123 0,958 0,081
1105 62 40,835 35,980 0,112 0,950 0,062
1150 19 40,860 35,968 0,131 0,944 0,075
1150 35 40,840 35,986 0,116 0,954 0,070
u % 40,855 35,970 0,127 0,945 0,072
1190 24 40,886 35,963 0,152 0,941 0,093
" ) 40,916 35,942 0,175 0,929 0,104
1230 19 40,999 35,930 0,240 0,923 0,163
1300 12 41,097 35,901 0,317 0,906 0,223
" " 41,085 35,911 0,307 0,912 0,219
1300 16 41,111 35,877 0,328 0,893 0,221
26% = observed value of 28 (Cu K, radiation) for diopside crystalline

112 : 112 a

solution

29202 = observed value of 28202 for orthoenstatite crystalline solution
NEA = mole fraction MgZSiZOG in diopside crystalline solution
NZE = mole fraction Mggsizo6 in orthoenstatite crystelline solution

r= NZA =3 NZB -1

All starting material compositions used were mixtures of the orystalline
end-member phases, with the exception of the solvus reversel runs (see text)
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FiG. 3. Isobarbic, temperature-composition section of the
diopside-orthoenstatite two-phase region at 2 kbar. The open
circles indicate experimental determinations of the com-
positions of coexisting two-phase pairs. The solid curves
represent boundaries for the two-phase region calculated
from a two-constant (We, We:) Margules equation, where
Wa = A + BT + DP and We. = A + BT (polynomial
coefficients given in Table 5). Coexistence limits of the
diopside 4 orthoenstatite assemblage are not shown, but the
appearance of a stability field for pigeonite requires an
upper temperature limit near 1330°C (Kushiro and Yoder,
1970, Fig. 18).

sults from 900°-1100°C (all pressures) to be of
questionable interpretation as regards the diopside
limb of the solvi (see following section) and have
consequently eliminated them from inclusion in Table
3. Table 3 therefore represents the complete input
data for our subsequent numerical analysis.

Reversals of the solvus boundary were attempted
using (a) samples previously crystallized for a week
at 1350°C and 1 bar, and (b) homogeneous glass
compositions (digensrsqz5 and diszenssq,) as start-
ing materials. Very satisfactory reversals for both
limbs were obtained at 1200°C, 2 kbar; at 900°C,
2 kbar, however, it was not possible to reverse the
diopside limb, although the orthoenstatite limb proved
reversible (Figure 3). Again, this indicates probable
non-equilibrium in our lower temperature runs which
have thus been excluded from our two-phase data
(Table 3).



104

Discussion of the two-phase data

Examination of our 2 kbar data reveals an obvious
break in slope along the diopside limb between 1100°
and 1150°C as shown in Figure 3, which includes
data from 900°-1100°C not given in Table 3. A
similar, though much less obvious, break occurs be-
tween 1050° and 1100°C at 5 and 10 kbar. X-ray
film patterns of the 1150°C, 2 kbar runs exhibit
splitting of the 311, 112, and 202 diopside reflec-
tions. These particular reflections are noteworthy in
that all show a large shift in position as a function of
composition, relative to other diopside reflections.
This feature (i.e., splitting or broadening of these
diopside reflections) is also observed in a number of
runs at 5 and 10 kbar, but is always restricted to the
temperature interval 1100°-1250°C. (In passing,
we hasten to add that the splitting of X-ray reflec-
tions is a feature not unknown from other investiga-
tions of “simple” pyroxene systems, as noted by Bell
and Davis, 1969).

To investigate the cause of this behavior, a series
of compositions across the range digsens—digeensy
were heated for 3 days at 1150°C and 2 kbar (Table
1). X-ray films of the products showed that the com-
positions digsens and dige sen; 5 crystallized to single-
phase material with no indication of peak splitting.
However, for each of the compositions digeen; o, disr, s
enyo 5, digsens, and digyseniqs, the 311, 112, and
202 peaks of diopside were unquestionably split;
the composition digsensy showed only faint evidence
of peak splitting. Trace amounts of orthoenstatite
were present in the products corresponding to com-

TaBLE 4. Results of Electron Probe Microanalyses of
Diopside Crystalline Solutions

Composition *Nen(g]ass) **Ne"(crystals) #ZOIIZ/Nen
DE 2.5 0.028 0.046 (0.015 - 0.069) 40.742/0.016
DE 5 0.055 0.043 (0.024 - 0.060)
DE 7.5 0.072 0.065 (0.020 - 0.132) 40.801/0,083
DE 10 0.094 0.040 (0.021 - 0.062)
DE 12.5 0.129 0.082 (0.049 - 0,145) °40.888/0.154
DE 15 0.153 0.047 (0.011 - 0.131)
DE 17.5 0.170 0.040 (0.026 - 0.051) °40.899/0.162

Electron probe microanalyses obtained by means of computer program written
by Doan and Schmadebeck (1972) after the methad of Bence and Albee (1968).

*GSFC No. 37 diopside (Hess, 1949, analysis No. 35: (a0, 24.90; Mg0, 17.19;
$i0z, 54.51) used as standard for glass analyses. Neop represents average of
5 points.

**Glass DE 10 (Ca0, 23.87; Mg0, 20.73; Si0p, 56.80) used as standard for
crystal analyses. Range of individual analyses given in (); Nep represents
average of 5 or more grains,

Fou k, radiation

°Diopside 112 reflection split: only higher 20 peak measurable.
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positions more Mg,Si;Og-rich than digsen;s, which
is consistent with the limit of solubility of Mg,Si>Os
in diopside as shown in Figure 3.

A possible explanation for these results is that
there exists a narrow two-phase region between the
compositions dige sen; 5 and digsen;s at 1150°C, 2
kbar. To investigate this possibility further, two sam-
ples of single-phase clinopyroxene (digoen;o and digs
eny;), previously synthesized at 1350°C and 1 bar,
and one sample of a homogeneous glass of composi-
tion digsenoqs were heated (hydrothermally) for 17
hours at 1200°C and 2 kbar. X-ray films showed no
evidence of unmixing (i.e., peak splitting) for any of
the samples. If a narrow region of two-phase unmix-
ing does exist, then these samples would be expected
to show at least incipient unmixing.

As the above results are not definitive, a series of
runs were undertaken to supplement the X-ray
Guinier data with electron probe microanalysis. A
new set of compositions was prepared (on a mole
percent basis) as mechanical mixtures of crystalline
diopside and clinoenstatite. A split of each composi-
tion was heated to 1420°C at 1 bar for approxi-
mately 30 minutes and then quenched, in order to
obtain a series of reference homogeneous glasses.
Electron probe microanalyses (20 kV and 0.04 mi-
croamps) of the glasses were made (Table 4) using
Gsrc #37 diopside (Hess, 1949, p. 662, analysis
no. 35: Ca0, 24.90 wt percent; MgO, 17.19; SiOa,
54.51) as a standard. From the other splits, hydro-
thermal crystallizations were carried out at 1150°C,
2 kbar, 3 days. Electron probe microanalyses, recast
in terms of mole fraction Mg-Si,Os (Ne,), are given
in Table 4, together with supplemental X-ray data.
No orthoenstatite crystals were encountered in the
course of microanalysis, nor were any orthoenstatite
reflections observed in the X-ray film patterns. The
probe analyses therefore present a problem in that
many are significantly more CaMgSi»Os-rich than the
corresponding starting material compositions (par-
ticularly DE 10-DE 17.5). We believe that this skew-
ing of compositions toward diopside reflects in large
part the problems involved in analyzing 5-10 p size
particles by means of the electron microprobe. Only
relatively large diopside crystals were analyzed, as the
bulk of the sample was of a grain size too small for
analysis. These large particles may be expected to
undergo less chemical change in the equilibrium di-
rection than the smaller particles, if a diffusion con-
trol is assumed. Since the starting materials were
mixtures of crystalline CaMgSiOs and Mg,Si>Og,
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the analyses indicating compositions more CaMgSis
Og-rich than the respective bulk compositions are
not surprising. Out of 33 individual grains analyzed
for the compositions DE 7.5-DE 17.5, only five
showed N, > 0.073 and, of these, three had N, >
0.131 (the other two were N, = 0.082 and 0.097).
Thus the electron microprobe results show some indi-
cation of a composition hiatus 0.07 < N, < 0.13
similar to that suggested by the pronounced peak
splitting observed on the Guinier films.

In summary, the experimental data indicate an
obvious break in the diopside limb at 2 kbar (the
break is less pronounced at higher pressure). This
break may be attributed either to (1) non-equi-
librium in runs below 1100°C or (2) a narrow re-
gion of two-phase unmixing. Non-equilibrium, al-
though strongly suggested by lack of reversibility of
the diopside limb at 900°C, 2 kbar (Fig. 3), is
difficult to accept conclusively since the orthoenstatite
limb proved reversible. Results of detailed X-ray
work generally support the alternative possibility of
two-phase unmixing, although supplemental micro-
probe analyses are clearly not definitive (Table 4).
Unfortunately, this alternative raises further un-
answered questions with regard to possible poly-
morphism of diopside crystalline solutions. At pres-
ent we know of no satisfactory explanation in terms
of either the diopside structure or the physical chem-
istry of the system for the apparent inflection, or
discontinuity, in the diopside limb.

Numerical Analysis of the Two-Phase Data

Preliminary statement

In our study of the binary join CaMgSiOy—Mgs
SiO; (Warner and Luth, 1973), we derived an
equation of state for monticellite-forsterite crystal-
line solutions through the application of a simple
Margules-type solution model to experimental two-
phase data for this system. The CaMgSi:Os—Mgs
Si,0¢ pyroxene join differs from the olivine system
in that the coexisting solvus phases need not obey
the same thermodynamic equation of state. Diop-
side crystallizes as a monoclinic phase with C2/c
structure, whereas orthoenstatite exhibits ortho-
rhombic symmetry and belongs to space group Pbca.
This difference in the end-member structures re-
quires a careful definition of the standard state to
which the crystalline solution series is referred, since
the Gibbs function is presumably not continuous
across the join. In this particular system, the problem

is further complicated by the fact that CaMgSi»Og
with orthoenstatite structure is unknown (Saxena,
personal communication). Hence, the methods pre-
viously applied to the CaMgSiOs—Mg,SiO, system
to obtain information on thermodynamic mixing
functions for that crystalline solution series are not
applicable to the system CaMgSizOs—Mg8ix0s. [In-
stead of treating mixing parameters for the crystals
as a whole, it may be preferable to consider Ca/Mg
mixing in the M2 site and the calculation of “par-
tial” thermodynamic functions of mixing (Saxena,
personal communication).]

However, the two-phase data can be used to de-
rive analytic expressions for the solvus boundary
(Thompson and Waldbaum, 1969). An analytic
representation of the data is more useful than the
conventional isobaric temperature-composition sec-
tion in that it affords greater ease of manipulation
and may be used to interpolate or extrapolate to P,
T conditions not investigated. Numerical analysis of
the two-phase data may be undertaken on the basis
of an empirical parametric formulation, such as the
so-called r—s’ method of Thompson and Waldbaum
(1969), or in terms of a Margules-type formulation
(Thompson, 1967). For our present purposes, we
have chosen to adopt the two-constant Margules
equation (Thompson, 1967). We stress that in using
a Margules representation, we are interested only in
mathematical quantities in an analytic, curve-fitting
sense, and not in assigning thermodynamic signifi-
cance to them.

Treatment of data and results of numerical analysis

Since the form of the solvus boundary is demon-
strably asymmetric (Fig. 3), at least two parameters
are necessary for adequate representation of the two-
phase data. For each observed pair of coexisting
phases (Table 3), values for the Margules parameters
Wg1 and Wg. (Thompson, 1967) were computed
(1 and 2 refer to the components CaMgSi,O¢ and
Mg,SiOs, respectively). In order to derive expres-
sions for these parameters as simple functions of the
variables P and T, the resulting sets of values were
subjected to analysis by the method of least squares.
Standard deviation of the dependent variable, sy,
and standard errors of the least squares coeflicients,
e;, were computed from the equations (Deming,
1943):

n 1/2
sy = (Z_: (v:(obs) — yi(calc))’/(n — p)) 1)



106 R. D. WARNER AND W. C. LUTH

e; = S8y |cij|l/2- 2)

where n represents the number of data points, p indi-
cates the number of adjustable parameters in the
fitted polynomial, and c¢;; are diagonal terms of the
inverse normal equations matrix.

Results of least-squares fits to Wg; and W, are
given in Table 5. According to sy, the best equation
representing Wq, ( P, T') is of the form

Ws: = A+ BT + DP 3)
For Wgo (P, T), the smallest standard deviation
(sy = 356.0) is obtained with an equation contain-
ing a T* term and a PT cross-term. However, the
standard errors of the coefficients exceed the values

TABLE 5. Results of Least Squares Fits to Wea (P,T) and
Wa: (P,T)
& B ¢ 5] B ¥ s
¥y
a) W, (pP,T)
12,763 -2,666 238,9
+991 +674
33,535 ~30,901 9,578 239,4
:21,984 +29,859 t10,126
8,605 41,9 252,97
ipS +12,8
5,752 64,4 555,9
ilzs +27,8
12,189 -2,419 36,6 204,5
1864 +581 t}0,4
10,512 -1,282 268,6 -157,5 205,5
+2,168 +1,467 +274,9 +186,5
2,199 9,975 -3,809 273,5 -159,5 208,6
+21,268 +28,685 +9,694 +279,3 +189,3
43,866 -46,337 15,194 -5,976 8,295 -2,855 208,7
+47,430 +64,075 +21,629 +6,364 +8,603 +2,904
b) Wy, (P,T)
24,032 -12,215 408,9
:},697 +1,153
-79,986 129,180 ~47,963 360,5
t33,112 +44,974 +15,252
5,918 27,9 873,3
t?95 +44.2
3,889 56,1 1,099,6
+250 +55,1
24,011 -12,206 1,3 415,7
+1,756 +1,181 +21,2
26,639 -13,987 -362,1 246,7 419,8
+4,428 +2,996 +561,5 +380,9
-100,110 157,650 -58,081 -286,7 215.2 356,0
t36,300 +48,959 t}6,545 +476,6 +323,1

-163,620
+81,246

243,490
+109,760

-87,047
+37,050

9,240
+10,901

-12,671
+14,736

4,351
+4,974

357,5

sy = estimated standard error of dependent variable

o= A+ B(T/1000) + C(T/1000)2 + DP + EP(T/1000) + FP(T/lOOO)z
T, °K; P, kbar; Wer cal/mole

Vg 5106

units:

1: CaMgsi0, 2

of the coefficients themselves for both pressure-
dependent terms in this equation. In fact, coefficients
for all pressure-dependent terms in all fits to Wge
(P, T') are not statistically meaningful, and we there-
fore conclude that Wg. is pressure independent. On
the basis of significant improvement in sy, the reten-
tion of a 72 term would seem justifiable. Tempera-
ture-composition diagrams calculated using a quad-
ratic equation for Wg. (see following section) yield
physically improbable results when extrapolated to
temperatures both above and below the range of
experimental data (1100°-1300°C). On the other
hand, a simple, linear T dependence provides a
wholly satisfactory representation over the range
1100°-1300°C and also proves versatile as an ex-
trapolation function. We therefore conclude that the
most appropriate representation for Wg. (P, T) is
obtained with an equation of the form

‘Rl(}z = A '+‘ BT (1;)

Calculated temperature-composition diagrams

The equations Wg, (P,T) and Wge (P,T) may
be resolved by iterative techniques to obtain values
for Noy and Ngp at any desired pressure and tem-
perature (Thompson and Waldbaum, 1969). A more
direct method of computing values for No, and Nag
involves formulation of an explicit expression for the
activity function in terms of Wg, and Wge (ie.,
Thompson, 1967, p. 349) and utilizes the condition
of equivalence of chemical potentials for the isobaric-
isothermal coexistence of the two phases as defined
in terms of relative activities (Scatchard, 1940; Luth
and Fenn, 1973). (Although activity-composition
relations for the system CaMgSioOs—Mg,SizOg are
poorly defined because of differences in crystal struc-
ture between the end-member phases, the use here
of the activity function to compute N, and Nop is
strictly numerical and implies no thermodynamic
validity to the quantities employed.)

In Figure 3 an isobaric temperature-composition
section (solid curves) calculated at 2 kbar (pro-
cedure described in Luth and Fenn, 1973) is shown
for comparison with the experimental two-phase
data. The appearance of a stability field for “iron-
free” pigeonite on the join CaMgSioOs—MgSioOs
(Kushiro, 1969, 1972; Kushiro and Yoder, 1970;
Warner, 1971; Yang and Foster, 1972) provides
an upper stability limit for the diopside-orthoensta-
tite two-phase coexistence. Although not indicated
in Figure 3, this upper limit is probably reached at a
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temperature near 1330°C at 2 kbar, well below the
calculated critical temperature of 1525°C.

The analytic expressions for Wg; and Wge permit
extrapolation of the solvus boundary to higher pres-
sures. In Figure 4 the solvus calculated for P = 30
kbar is compared with the 30 kbar solvus determined
experimentally by Davis and Boyd (1966). The
agreement between the two solvi is quite good : be-
tween 900° and 1425°C the maximum discrepancy
between the calculated and observed solvus on the
diopside side is about 0.03 N,,. Our calculated ortho-
enstatite limb below 1400°C is several mole percent
more Mg,SioQe-rich than that reported by Davis and
Boyd (1966). However, more recent data obtained
by means of electron probe microanalysis indicate
that their original determinations of the maximum
solubility of CaMgSi»Os in orthoenstatite are con-
sistently several mole percent too MgsSi,Og-poor
(Boyd, personal communication).

Petrologic Application

Various aspects of the chemistry and mineralogy
of pyroxenes have been used to estimate physical
conditions of crystallization or equilibration of nat-
ural pyroxene-bearing mineral assemblages. The co-
existence of the two phases, clinopyroxene and
orthopyroxene, is characteristic of many mafic and
ultramafic rocks, and the Ca distribution between
these two phases potentially provides a useful geo-
thermometer. The variation in Ca content of ortho-
pyroxene saturated with clinopyroxene is much less
sensitive to temperature than is the variation in Ca
content of clinopyroxene saturated with orthopy-
roxene; for this reason, the latter is a more useful
parameter.

Application of the results from the join CaMg
SiaQs—MgsSizO5 to natural occurrences involves sev-
eral inherent assumptions and limitations. One as-
sumption is that the composition of diopside coexist-
ing with orthoenstatite is, for any given temperature,
largely pressure insensitive (e.g., Davis and Boyd,
1966). The experimental data obtained in the present
study indicate that this assumption is a fairly good
one. Within the limits of statistical uncertainty, Wegs
was found to be independent of pressure. As a result,
the position of the diopside limb of the solvus
changes little as a function of pressure. For example,
using equations (3) and (4) for Wg, and W, the
composition of diopside coexisting with orthoen-
statite at 1200°C is computed to be N, = 0.201 at
2 kbar and N, = 0.177 at 30 kbar, which is a dif-
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Fic. 4. Comparison of calculated and observed solvus
boundaries of the diopside-orthoenstatite two-phase region at
30 kbar. Calculated boundary (solid curve) obtained from
extrapolation to 30 kbar of polybaric expressions for We:
and We.. Dashed curve represents solvus boundary deter-
mined by Davis and Boyd (1966) at 30 kbar.

ference only slightly greater than the uncertainty in
the solvus boundary.

A second assumption is that presence of other
components in minor amounts does not significantly
modify the diopside-orthenstatite solvus boundary.
Recent experimental data outlining the extent of
pyroxene crystalline solution in the system CaSiO3z—
MgSiO5—AlO; at 1200°C and 30 kbar (Boyd,
1970a; 1970b) suggest that the results for the join
CaMgSi,04-Mg,Si»Os may be reasonably applied to
pyroxenes containing up to 3 to 4 wt percent AlOs.
Experimental data pertaining to the effect of other
components are notably lacking. In a qualitative
sense, the trend lines for pyroxenes crystallizing from
layered intrusives imply that the solvus shrinks
rapidly with enrichment in FeSiO;. Thus application
of the results for the iron-free system to pyroxenes
containing more than a few wt percent FeSiOj is
hazardous.

The third, and most important assumption, is that
the temperatures obtained have any real petrologic
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significance. To verify this, careful petrographic
study is required to demonstrate that subsequent
events during the cooling history of a particular two-
pyroxene assemblage, for example, unmixing of the
pyroxene phases, have not obscured the metamor-
phic or igneous episode under consideration.

Figure 5 summarizes the results from this study
on a P-T grid. Plotted in this figure are isocomposi-
tional curves indicating maximum solubility of
MgsSi»O¢ in diopside (in mole percent). These
curves are based on the least-squares equations W,
(P,T) and Wgs (P,T) (polynomial coefficients given
in Table 5). Also shown in Figure 5 are the P-T
curves outlining the lower stability limit of pigeonite
on the CaMgSi»Os—~Mg,Si;0¢ join (from Kushiro
and Yoder, 1970, Fig. 18) and the reaction Eng =
Dig + Pry, for which there is little experimental
control (Warner, 1971).

Using Figure 5, temperatures of equilibration or
crystallization for natural two-pyroxene assemblages
may be estimated by simply measuring the molar
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Fi16. 5. Maximum solubility of Mg.Si;Os in Diss (in mole
percent) as a function of pressure and temperature. Also
shown are curves representing the lower stability limit of
pigeonite on the CaMgSi:0~Mg.Si:Os join (Kushiro and
Yoder, 1970, Fig. 18) and the low pressure breakdown of
En,, to Diss and Pr... The intersection of these curves (at
A, position uncertain) is an invariant point in the binary
system. Abbreviations: Di,s, diopside solid solution; En.s,
orthoenstatite solid solution; Pr.., protoenstatite solid solu-
tion; Pig, pigeonite.
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Ca/(Ca + Mg) ratio of diopsidic clinopyroxene co-
existing with enstatitic orthopyroxene. Analyses of
diopside inclusions from peridotite nodules in kim-
berlites show that compositions of these pyroxenes
lie near the binary join CaMgSi>Os—Mg.Si, O (Davis
and Boyd, 1966; Boyd, 1969) and hence are amen-
able to consideration in terms of Figure 5. The
available analyses show a bimodal distribution for
the molar Ca/(Ca + Mg) ratios, with a lack of
intermediate compositions (Boyd, 1969, 1970b).
(This may be an effect of sampling, as more recent
analyses (Boyd, 1972) indicate that there are some
intermediate diopsides.) Consequently, two distinct
populations are obtained in terms of estimated equili-
bration temperatures. The cluster of calcic diopsides
(Boyd, 1970b) yield equilibration temperatures near
1025°C (range 900°-1125°C), while the subcalcic
diopsides appear to have formed between 1325°C
and 1400°C.

In summary, the experimental results for the
diopside-orthoenstatite two-phase region may be ap-
plied to natural pyroxenes whose compositions per-
mit approximation as phases in the system CaMg
Sio06—MgsSiaO6. The polybaric Margules representa-
tion of the two-phase region verifies that the diopside
solvus boundary is largely pressure insensitive. An
advantage of the polybaric formulation is that the
pressure dependence may be quantified (Fig. 5);
this may improve the estimated equilibration tem-
peratures for specific applications.
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