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Abstract

Compositions of coexisting orthopyroxenes and clinopyroxenes in the simple systems
CaO-MgG-SiOr(CMS) and CaO-MgO-AlrO.-SiOr(CMAS) were investigated at 9.5-15
kbar pressure and 90G-1200oC, using gel, glass and crystalline starting materials. Both Al and
Ca contents of coexisting pyroxenes were reversed using Al-, Ca-oversaturated and undersa-
turated starting mixes. PbO flux was used in all runs, except two, 14.5 kbar, 900"C and 15
kbar, 1(X)0'C, in which HrO flux was used. Run duration varied between 6 hrs. and I week. A
melt phase was present in all the charges, and large (- 100 pm) crystals were grown. Chemical
etching with NH4HF, and polished thin section of the run products revealed the presence of
pyroxene crystals of three morphologic types: (l) coarse, euhedral-subhedral (5G-100 Wri,Q)
finer, equant (1-20 pm) and (3) lath-shaped quench crystals (variable size) in glass. Type (2) is
generally the predominant type, and exhibits minimum compositional variation in a run. It is
also closest to equilibrium composition, as inferred from reversal paired runs.

In reversal paired runs on the system CMAS, variable degrees of overlap in composition of
each pyroxene from the "upward" and "downward" runs were observed. The present study
indicates that within the spinel peridotite field (1) (Al2O3)"e, and (AlrO.)*, isopleths are
strongly dependent on T and insensitive to P, (2) Well's (1977) thermometer, based on an
ideal solution model, should be most useful for estimation of temperature of equilibration of
natural spinel peridotites.

Introduction

Thermal and compositional structure of the earth's
upper mantle has been a subject of major interest in recent
years. Spinel peridotite constitutes a large part of the up-
permost upper mantle beneath oceanic areas, as well as in
some continental areas (Ringwood, 1975). This rock type
occurs commonly as inclusions in alkaline lavas and also
as large bodies in ophiolites. Spinel peridotite has also been
dredged from the ocean floor (Banatti and Hamlyn, 1980).
Various attempts have been made to deduce the temper-
ature (Tlpressure(P) equilibration of these spinel peri-
dotites in the mantle, using experimentally derived
pressure(Pftemperatur{}composition(X) relations of
simple system analogs (for example MacGregor and Basu,
1976; Sen, 1983).

Early synthesis experiments on the system MAS
(MgO-AlrO.-SiOr) by MacGregor (1974) indicated that
(AlrO.)i!;P"' (i.e., AlrO. content of orthopyroxene in spinel
peridotite) is sensitive to both P and T conditions ofequili-
bration. The results of his study were later found to be
inconsistent with geologic observations (Wilshire and Jack-

1 Present address: Department of Geology, Florida Interna-
tional University, Tamiami Campus, Miami, Florida 33199.

son, 1975), thermodynamic criteria (e.g., Obata, 1976), and
with the results of a subsequent, well-reversed study by
Danckwerth and Newton (1978). It now appears, on the
basis of the studies on the system MAS by various workers
(e.g., Obata, 1976; Fujii, 1976; Danckwerth and Newton,
1978; Lane and Ganguly, 1980), that (Al2o3):eef*' is insen-
sitive to P conditions ofequilibration.

A recent experimental study by Dixon (1980) on the
system CMAS (CaO-MAS) suggested that (AlrO.)i!'.P"
isopleths may show considerable negative slope (in contrast
to the slightly positive isopleths of Danckwerth and
Newton), raising the hopes for a possible (Al2O.)ien;j"'' ge-
obarometer. Two major problems with relevant studies
(e.g., Fujii, 1977; Herzberg and Chapman, 1976) in the
CMAS system in the spinel peridotite field are (l) no clear-
cut demonstrations of equilibrium with 'reversal' type ex-
periments and (2) absence of actual analyses of the pyrox-
enes. The purpose of the present study was to determine if
compositional parameters of pyroxenes in spinel peridotites
can be used as P,? indicators.

A major problem in studying subsolidus equilibria is
slow diffusion rates which inhibit equilibration and grain
growth. In order to circumvent this problem, HrO flux was
used for the runs at 9fi)'C, 14.5 kbar, and lfiD'C, 15 kbar,
and PbO flux was used in all other runs. The addition of
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fluxes caused partial melting, which promoted equili-
bration and grain growth.

The CMAS system was chosen because it contains the
four components which comprise about ninety percent by
weight of a natural spinel peridotite. Thus, this system is
good approximation of the natural multicomponent
system. The present study clearly shows the dfficulty in
obtaining equilibration in the system, even in long-
duration runs in the presence of a melt phase. Several ex-
periments were repeated, and even then the scatter in
coexisting pyroxene compositions at any experimental P,T
condition could not be completely minimized to unique
compositions. Experiments with gel, glass, and crystalline
starting materials were carried out in order to qualitatively
document the degree of diffrculty in obtaining equilibration
with various starting materials. Polished sections and
doubly-polished thin sections of the run products were
made, and a special effort was made to correlate crystal
morphology vs. composition of pyroxenes in the experi-
mental runs.

The experimental approach

Demonstration of equilibrium compositions of coexisting
pyroxenes in the system CMAS is vbry diflicult inasmuch
as both the clinopyroxene and orthopyroxene are solutions
of CaMgSirOu-MgrSirO6-CaAlAlSiO6-MgAlAlSiOu. The
present approach can be explained with reference to Figure
1, which schematically shows the pyroxene solvus in T-X
space (P assumed to be constant) as it would be depicted in
the plane CaTs-MgTs-Di-En. Note that clinopyroxene
dissolves more En and CaTs components with higher tem-
peratures in the spinel peridotite field. Similarly, a temper-
ature increase results in greater dissolution of Di and
MgTs components in opx"". Therefore, compositions of
aluminous clinopyroxene solid solution and aluminous or-
thopyroxene solid solution would fall along some curved
lines like Cr{, and Or-O, respectively. The equilibrium
compositions of coexisting pyroxenes at any given P,T will
have to be reversed with respect to two components for
each pyroxene: CaTs and En in cpx", and MgTs and Di in
opxrr. Let us suppose that at a temperature I the
coexisting clino- and orthopyroxenes in equilibrium with
Fo * Sp are represented by l, and I, respectively. The
compositions of l, and I, could be determined in four
ways: (a) using Di + En + Sp as a starting mix, which will
transform into the assemblage lr-lr-Fo, (b) using a mix
that contains Fo + Sp and Al-oversaturated clino- and or-
thopyroxenes which are also undersaturated and over-
saturated, respectively, with respect to Ca. In this approach
the plane C2-O2-Fo ( + Sp, for Al-saturation at a temper-
ature higher than T) transforms into the plane lr-lr-Sp
(+leftover Fo). The reactions (c) and (d) below are simple
tie-line rotations: (c) starting mix Cr-Or-Sp (+Fo) should
give at [, lr-lr-Sp (+Fo) by simply progressively enrich-
ing the cpx"" Cr in En and CaTs; (d) starting mix
Or{r-Sp (+Fo) will do just the reverse. Thus, combi-
nation of (a) and (b) or (c) and (d) will essentially reverse
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Fig. l. A schematic T-X isobaric section through the tetra-
hedron CMAS (see Fig. 5a) showing possible aluminous
pyroxenes compositions. CrC, and OrO, represent subsolidus
cpx"" and opx"" compositions, respectively. The equilibrium
coexisting pyroxenes at a given temperature ?i are reprcsented by
l, and lr, which can be produced by using four different combi-
nations of Al- and Ca-oversaturated and undersaturated starting
mixes: (a) Di-En-Sp(+Fo), (b) Cr-Or-Fo(+Sp), (c) Ct-Or-
Sp( + Fo), and (d) Ot{r-Sp( + Fo). In all experiments of the pres-
ent study the combinations of (a) and (b) starting mixes were used.
Only two runs with (c) and (d) were performed to confirm the
results obtained from (a) and (b). See text for further discussion.

the position of l, and 12 (+Sp for Al-saturation). Products
of each of these four starting mixes should show these reac-
tions: in (a) both cpx"" and opxo should show dissolution
reaction; (b) both cpxo and opx* should show exsolution
reactions (c) cpx* and opx"" should show dissolution and
exsolution reactions, respectively, and (d) cp\s and opxs
should show exsolution and dissolution reactions, respec-
tively.

In actual experiments, reaction kinetics, grain size and
grain intergrowth cause serious problems. Also, none of the
"exsolution" data described here are truly exsolution inas-
much as there is also dissolution and reprecipitation of
pyroxenes (quench) from the melt phase (since a flux was
used to cause melting). Experimental diffrculties are dis-
cussed later. In the present study, (a) and (b) coupled runs
were carried out at 9-15 kbar and 900-12il)"C; and two (c)
and (d) coupled runs were carried oat at I2.5 kbar, 950 and
1050'C. Data on the run products of (c) and (d) mixes are
given in Appendix IV. All the results appear to be internal-
ly consistent.

Experimental methods
Crystals of orthoenstatite and diopside were prepared from gel

at I atm. and 800'C for 48 hours with several intermediate crush-
ings. All the gcls (15 g each) were prepared from Mg-metal, Al-
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E n s t e t i t e

5 3  7 r  I . 5 2

5 1  2 0  2 0  5 6

5 9 . 8 5

5 5 . 4 9  2 5 . 9 0

g e l  ( s e e  t e x t )

Table 1 Composition of the starting materials used in synthesis
and reversal runs

presence or absenoe of quartz does not seem to have any profound
effect on the pyroxene compositions, as long as spinel is present
(cf. Howells and O'Hara, 1975; Lindsley and Dixon, 1976).

Ternperature was measured with Ptroo-PtnoRhroo thermo-
coupl€s. A Eurotherm controller was used to control the temper-
ature within 4'C. All runs were of hot piston-out typ€, i.e., they
were overpressurized by 1.5 to 3 kbar, brought up to desired
temperaturq and then the excess pressure was reduced. For the
first few hours of each experiment, the pressure continuously in-
creased by thermal expansion of the assembly, and had to be
reduced. Pressure-calibration was done against the reaction albite
: jadeite + quartz as suggested by Johannes et al. (1971). The
pressures quoted in Table 2 are nominal values ( I 0.25kbar) with-
out any friction-correction added to them.

The run products were examined and analyzed with a micro-
scope and an automated microprobe (ARL model EMX). Analyti-
cal conditions include 15 kV accelerating potential, 30 nA beam
current, I pm beam diameter. Standards used were MgrAlrSirO'
glass, and a wollastonite. Initial qualitative determination was
done with Energy Dispersive Spectrometry. All quantitative
wavelengthdispersive spectrometric analyses were carried out
using a Tracor-Northern (NS-880) automation system. Repro-
ducibility was periodically checked by analyzing these standards
and a synthetic diopside.

Much of the subtle microstructures in thc run products became
clear upon etching with dil. NH4HF2. In the present study, the
finer grained charges were etched with dil. NH4HF2 (2% solution)
for 10 min. at 22'C. After etching they were washed with distilled
HrO, dipped in NarCO, solution for 5 min., and rinsed with
H2O, citric acid, and ethyl alcohol, following the method of
Wegner et al. (1978). Microprobe analysis was carried out several
times on each charge: first on a polished section of the charge,
then on the etched sample, followed by another set of analyses on
the doubly polished thin section. Repeated analyses ensured that
etching had no effect on compositions of the pyroxenes, but it
dissolved some of the PbO-rich silicate glass. Also, energy disper-
sive spectra of the various mineral phases did not show the pres-
ence of Pb in any of them. It must, however, be mentioned that no
wave-length dispersive analysis was done with respect to Pb.

Experiments in the CaGMgO-SiOz

Three "dissolution"-type runs (e.9., Warner and Luth,
1974; Lindsley and Dixon, 1976)in the CMS system were
made to characterize crystal morphology--composition
relations, so that such relations could be utilized to identify
equilibrium composition of coexisting ortho- and clinopy-
roxenes in the more complex CMAS system. The subsol-
idus pyroxene phase relations of the CMS system have
been well documented by previous workers (e.g., Liodsley
and Dixon, 1976), and also, this system is compositionally
close to the system of the present study. Therefore, the
study of the CMS system using PbO flux was carried out
before using the same technique for experimenting on the
CMAS system.

The three CMS runs were carried out at 10 kbar,
1(n0'C, 15 kbar, 1200"C, and at 15 kbar, lfi["C (Table 2).
In each of these three runs three morphologic types of
pyroxene occur: (1) euhedral, phenocrystic (Fig. ?a), (2)
small, abundant, groundmass-type (Fig. 2a) and (3) fea-
thery, elongated, partly radial, quench crystals embedded
in glass (Fig. 2b). Types (1) and (2) show fairly uniform
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4 0 . 1 5

t 8  6 1
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c r y s t a l l l n e  D a c e r i a l s

N o t e :  A l l  v a l u e s  a r e  i n  q t  
P e i c e n t

metal, CaCO, and tetraethylorthosilicate (for SiOr) following the
method outlined by Hamilton and Henderson (1968). Spinel was
partially crystallized from gel at 1800'C for 30 min. in a radio-
frequency induction furnace; some dehydrated gel remained.
Aluminous orthopyroxene and aluminous clinopyroxene (compo-
sitions given in Table 1) crystals were separatcly prepared from
gels of respective compositions at 1250"C, 15 kbar in the presence
of HrO in welded Pt-capsules in a piston-cylinder apparatus. One
intermediate crushing and 48 hours of total run duration yielded
aluminous pyroxenes with fairly well developed X-ray powder dif-
fraction patterns.

10 g of the glass starting material CMAS-IY (Table l) was
made in a radio-frequency induction furnace, with intermediate
grinding and rernixing. All runs were made in a 2.54-cm-diameter
piston-cylinder apparatus with talc as the pressure medium. The
experimental set-up is similar to that described by Boettcher (Jo-
hannes et al., l97l). Each reversal run was made with two graphite
capsules, sealed inside a Pt-capsule: one graphite capsule con-
tained a nearly equimolar proportion of enstatite, diopsidg and
spinel along with 6 to 23 wt.% PbO (or a trace to I wt.% H2O)
and 1 to 7 wt.oh quartz The other graphite capsule contained
spinel, the aluminous cpx and aluminous opx shown in Table l,
and similar amounts of PbO (or HrO) and quartz. Graphite was
used as capsule material because PbO was found to react with Pt.
Many synthesis runs with gels were also made (Tablc 2). The
reconnaissance-type runs with PbO indicated that the PbO-rich
melt dissolves SiO, at significantly higher amounts than the other
components at any given P,7 (Table 3). This caused total disap-
p€arance of orthopyroxene from the run products at times. A
slight excess of SiO, was added to partially compensate for this
effect such that both orthopyroxene and forsterite occurred. How-
ever, in a few of the coupled reversal runs, quartz, instead of
forsterite, was present in the run products. Separate synthesis runs
with forsterite at similar conditions yielded pyroxenes with com-
positions overlapping the corresponding runs with quartz. Thus,
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Table 2. Experimental conditions

68r

Run No. P(kb) r ("c) Duratlon(h) PbO(wtz) HrO(wtz) Renarks

CMS Ia-I

cMS la-2

CMS Ia-3

CMAS-I

CMAS-5

cl,rAs-2x. ̂
cttAs-2v) z'

olAS-2X\,
CMAS-2Y',-

cltAs-2x. ̂
CMAS-2Y ) 

JA

cl.rAs-2x. ^.
CMAS-2Y, JO

CMAS-lX, ̂
c}.rAs- rY ) '"

cl,rAs- 1xr ?
cltAs- rY'-

CMAS-HI. ,
CMAS-H2'+

cltAs-lx. ^
cMAs- Iv/'

CMAS-HI. -
cl,rAs-n2) )

CMAS-HIy
cl.tAs-H2'-

CMAS-lX\ r
cl.{As-2Y"

CMAS-IXv,
CMAS-2Y"

c}tAs-tx-Rl

o,tAs-lx-R2

I Ot 5

I O

12.5

12.5

1 4  , 5

t4 .5

L4.5

I 5

15

12.5

I )

t2.5

15

12.5

t3

t0

1000

1200

1000

I000

r000

900

900

900

900

1200

900

900

I000

r000

r000

1200

I I50

I  100

1000

900

1000

2 l

24

25

L 2

24

52

22

43

24

96

47

35

6

24

48

6

t68

168

A11 three norphologic types (see text)  present;

grains upto 40/rn.

Grains upEo LOo l+n.

Gralns upto 40f,n.

Spinel occurr ing ln clusters; nel t  inhorcgeneously

distr lbuted.

Anorthl te (contalnlng 2 utz PbO) present.

Both capsule have nelt ,  euhedral  splnel,  and pyrox-

enes of three morphologlc types. The Cl ' lAS-2Y part

was crushed and terun(below). (Znelt  = l0).  cMAs-2x

and a s@11 plece of CMAS-2Y were analyzed.

one capsule contalned the product of CMAS-2Y above,

and the other had new CMAS-2x start ins nater ial .
(%aelt = 12)

Product of CMAS-2Y start ing nater ial  was ground

and rerun (below) .

One capsule contained the product above and the
other contalned new Cl, lAS-2X start lng reter ial .  Both
contain grains upto 50^s. l5Z nelt  present in each,

The double capsule was not taken out '  but the T

was dropped to 900oc (below).

The glass start lng mater ial  (cMAS-fY) gave very

f ine crystal  intergrowths --  no decent probe analysls

obtalned. CMAS-IX gave 6012u crystals,

Fair ly large crystals (5Ol]n) in both capsules,

Garnet waa sought for but could not be found.

CITAS-lY (glas€ start lng mter lal)  agaln gave too
f lne crystals --  could not probe,

Crystal l lne start lng reter ials ln both capsules
gave 6OV n gralns. Melt  present.

Fair ly large gralns were obtained wlth CMS-lt2
start ing @terlal .  Too nuch [e1t and absence of
cpx ln capsule wlth C!, !AS-HI start lng @terlal .

Fair ly large euhedral  crystals of en6tat i te and
smaller equant dlopside crystals present.  Euhedral
spinel cEystals are general ly conf lned to glass-r lch
areas 1n both capsules.

Sini lar to above,

The run was held at this T,P for 6 hrs, and then the
T,P were dropped to the condlt lone below without
taktng the capaule out.

Fair ly large coarse-gralned run product.  Overal l
graln size and Eorphologlc var iat lona slnl lar to other
runs. the longer durat lon dld not help graln growth
or equl l ibrat ion signl f  lcant ly.

Ihe lun was held at thls P,T lor 24 hrs, and then
wae rerun below after gr indlng.

Run products slnl lar 1n texture to other coarse
grained run products,

1 0

IO

T2

I )

I O

I O

I 2

25

9 . 5

10

extinction, but type (3) always exhibits radial (nonuniform)
extinction. While orthopyroxene formed all three types,
clinopyroxene rarely crystallized as type (3). Glass in-
clusions are abundant in types (2) and (3) and less so in
type (1).

Doubly-polished thin sections of the charges showed
common presence of twinning in type (1) pyroxenes. In
terms of relative abundance, tyW Q) is the most abundant
type; abundance of the other two types is directly pro-
portional to the abundance of glass. Glass occurs mostly in
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CMS-3

cms-1x-3

CMAS-1X-R2

CMS-1X-RI

CMSIa-2

9  1 0 0 0

1 4 . 5  9 0 0

L 2 . O 7  2 9 . 2 6

1 3 . 4 3  1 9 . 8 5

19 - 98 20. t-9

1 0 . 1 5  2 5 . 3 0

1 8 . 0 3  1 9 . 8 1

Table 3. Composition of some PbO-rich silicate glasses in the
runs

run i l  P(kb) r("c) SiO2 CaO AIZO3 YgO pboo

run, but it is rather broad for the other two runs (Fig. 3).
Modal compositions of the pyroxene phases in each run
are controlled by the most abundant grains with type (2)
morphology. In each of the 15 kbar runs, the most abun-
dant composition also seems to correspond very well with
the inferred equilibrium composition of Lindsley and
Dixon (1976). The coarse type (1) grains often have a vir-
tually unreacted core and a quench overgrown rim. Com-
monly, the inferred equilibrium composition was shown
not by the rim but by a zone intermediate between rim and
core of a type (1) grain. Type (3) grains always gave vari-
able compositions.

The two-pyroxene miscibility gap in the system CMS at
15 kbar is well defined with the experiments of Lindsley
and Dixon (1976). Such well-reversed data do not exist for
10 kbar CMS pyroxenes. Lindsley and Dixon presented
microprobe analyses of coexisting pyroxenes in an
"exsolution"-ty'pe run at 10 kbar/llfi)'C. Mori and Green
(1975) presented reversed data at l0 kbar, 900'C and mi-
croprobe analytical data on an "exsolution'Ltype run at 10
kbar, 1200'C. Combining the "exsolution" runs of these
workers and "dissolution" runs of Warner and Luth (1974)
and the present study, the 10 kbar two-pyroxene miscibility
gap up to 1300"C has been constructed (Fig. 3). The in-

1 0

1 2 . 5

l5

r000

r000

t200

2 8 . 4 7  1 2 . 7 3  I 7 . 0 1

4 1 . 3 1  1 0 . 1 0  1 5 . 3 2

3 6 . 3 1  9 . 4 6  1 4 . 0 0

3 0  8 9  1 3 . 4 2  2 0 . 2 5

4 8 . 6 3  L 4 . 5 3

d =  esr ina led  Pbo =  (100.00  -  ox ide  sum)  wt7

scattered pools, studded with quench crystals. Any micro-
probe analysis, which did not show an oxide sum : 1001 1
and a good structural formula (i.e., for 6 oxygens: Si:
2.00010.005, and Ca + Mg:2.00+0.004), was discarded.
A Pb-peak was not detected in any of the mineral EDS
spectra. Also, the WDS analyses of the minerals showed
good totals (100.0+ 1); therefore, it appears that Pb did not
enter in significant amounts into the mineral phases.

Compositionally, a spread in Cal(Ca * Mg) ratios of
both clinopyroxenes and orthopyroxenes was observed in a
single run. The spread is very tight for the 15 kbar, 1200"C

Fig. 2. Photomicrograph of polished thin sections. (a) run product of CMS 1a-2 (between crossed nicols). Note the twinned euhedral
cpx phenocryst (-100 pm) in the middle. Subhedral, type (2) grains (see text) are in abundance. The dark areas are mostly Slass and
some graphite patches. The dark area at the top is the wall of the graphite capsule. Long dimension : 0.4 mm. (b) run product showing
quench crystals of opx in glass (between crossed nicols). Long dimension : 0.73 mm.
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Fig. 3. En-Di miscibility gap at 10 and 15 kbar. The diopside

and enstatite limbs at 15 kbar are from Lindsley and Dixon
(1976). Length of the arrows in the 15 kbar diagram indicates
compositional spread of each pyroxene phase at a given T. The l0
kbar diopside and enstatite limbs are drawn on the basis of data
provided by previous studies and this study (see text for details).
The small arrow of the present study represents 3 analyses and the
big arrow represents 8 analyses on the diopside limb.

ferred 10 kbar miscibility gap compares very well with the
Lindsley-Dixon 15 kbar miscibility gap up to 1200'C;
above this temperature the miscibility gap is only partly
constrained by the Warner-Luth data at 10 kbar. As ob-
served by many previous workers, there is very little pres-
sure effect on the miscibility gap in the CMS system. The
P-eflect was quantified by Lindsley et al. (1981). They have
also estimated the 10 kbar miscibility gap on the basis of a
compilation of all available reversed data and a very suc-
cessful solution model. The 10 kbar miscibility gap of
Figure 3 matches well with that of Lindsley et al. up to
1200'c.

CMAS experiments

A series of experiments of equal duration with various
starting materials was carried out initially, in order to
make a careful selection of starting materials which will
grow large crystals and equilibrate rapidly. Glass, gel
(with/without seed crystals), and crystalline materials crys-
tallized form gel were all used. At 10 kbar, 1(X)0'C, and for
a duration of 25 hours, glass gave the poorest results: the
grains were too fine and intergrown, so that a very wide
spread in composition of pyroxenes with mostly inferior
structural formulae was obtained. Better results were ob-
tained with crystalline starting materials, and particularly if
they were ground intermittently and run again at a given
P,7 condition. All the reversal runs were made with crvs-
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talline starting materials as double capsule runs outlined in
the section on experimental methods.

Noticeable petrographic similarity between the CMS
and CMAS run products exists. In the CMAS run products
also, three morphologic types were found; euhedral, large
crystals (phenocrystic, Figs. 4a and b); small, equant grains
(groundmass); and skeletal crystals floating in the glass
pool areas. Composition-texture relations are also similar
to those observed in the CMS runs, but with a few differ-
ences: (1) the larger orthopyroxene grains are relatively
more abundant; (2) early spinel, clinopyroxene (and oli-
vine), and especially glass, occur very commonly and com-
pletely enclosed inside large orthopyroxene grains (Fig. a);
and (3) zoning and interferen@ are much more complicated
in the CMAS pyroxenes. It appears that the large ortho-
pyroxenes (type (1)) initially grew as "hopper" crystals (e.g.,
Lofgren, 1980), and then the growth was more continuous.
Occasionally these large grains have a 3 pm quench rim.
Complex zoning features are exhibited by these large
grains. The smaller, equant gxains, on the other hand, gave
a lesser spread in composition. The skeletal crystals
(quench) were also analyzed but were not considered while
inferring the "equilibrium" composition from a paired run.
These crystals gave extremely variable compositions (part
of which may represent analytical interference from spinel
or olivine, or adjacent/overlapping pyroxene gains).

Ideally, at equilibrium, one should expect the compo-
sitions of each of the clinopyroxenes or orthopyroxenes in
a paired run (exsolution and dissolution couples) to con-
verge to one point. However, because of the extremely slow
diffusion rates involved, a continuous compositional spread
for both pyroxenes in each ofthe paired runs was observed
in the present experimental study (Appendices II and III;
Fig. 5b). In general, in any given paired run, the AlrO.
content of clinopyroxene grains showed a much tighter
grouping than the orthopyroxenes. On the other hand, or-
thopyroxenes showed a very tight grouping in Cal
(Ca + Mg) ratio.

Variable degrees of overlap in composition of pyroxenes
were observed between individuals of a paired run, a phe-
nomenon which is known as "path looping" (Lane and
Ganguly, 1980; Perkins and Newton, 1980). These overlaps
were large in some cases----€.9., 15 kbar, 1000"C-
orthopyroxenes (Fig. 5b), and very tight in the best case--
e.g., l0 kbar, 900"C. An intermediate case is that of the 14.5
kbar, 900'C paired run: both pyroxenes show compo-
sitional spread with a tendency to converge. The 10 kbar,
900"C and 12.5 kbar,900"C paired runs were ground under
acetone once after 24 h ofrun duration, then dried and run
again. In some cases of a partial overlap, individual ortho-
pyroxenes (and clinopyroxenes) in a paired run sometimes
gave a narrow compositional range (within analytical un-
certainty). However, in cases in which this region is slightly
larger than permissible analytical uncertainties (e.9., 12.5
kbar, 900'C run), the equilibrium composition is chosen to
be the one that lies in this overlap region and represents
the mode, assuming that the reaction kinetics were such
that the mode represents equilibrium composition. The in-
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Fig. a. (a) Photomicrograph (reflected light) of polished section of the run products of CMAS-2X-3. Note the presence of both type (1)
and (2) grains. The large euhedral grains near the cent€r field of view are opx. These type (1) opx grains have abundant cpx, glass, and
spinel inclusions in their cores, but the outer rims (-l-l pm) are generally inclusion-free. (The black patchy materials are graphite.
There is a large pool of glass in the middle. (Long dimensioh : 0.73 mm.) O) Photomicrograph of a thin section of the run products of
CMAS-1X-Rl. Note the euhedral, twinned type (1) diopside crystal in the center of field of view. Type (2) crystals are abundant. (Crossed
nicols. Long dimension : 0.73 mm).

ferred equilibrium compositions obtained from these re-
versed experiments are given in Table 4.

It should be pointed out that, even with a dissolution
run and a paired run, the equilibrium composition of or-

Al2o3

mole Percent
Fig. 5a. The compositional tetrahedron CaO-Mgg-

AlrOr-SiOr; and the aluminous pyroxenes of the present study
are represented along the stippled plane diopside
@i{aMgSirO6F€nstatite (En-MgSiO.fCa-Tschermak's com-
ponent (CaTs{aAlrSiO"lMg-Tschermak's component
(MgTs-MgAl,SiOj in (b).

thopyroxene at 15 kbar, 1000'C could not be well defined
(Fig. 5b). Thus, the inferred equilibrium pyroxene compo-
sitions at 15 kbar, 1000'C Qable 4) were not used in deriv-
ing thermodynamic parameters (discussed below), even
though these compositions are thermodynamically consis-
tent with the other runs. The inference regarding equilibri-
um compositions at this P,T is based on good analyses and
modal morphologic (i.e., compositions of most small,
equant grains) criteria.

Discussion and conclusions

The overall features of the polybaric two-pyroxene misci-
bility gap are best seen in Figure 6, in which the CMAS
data at lO, 12.5 and 15 kbar are projected from AlrOr onto
the join CaMgSirOu-MgSiO3, and compared with the
CMS miscibility gap at 10 and 15 kbar. Figure 6 demon-
strates that the presence of AltO. diminishes the apparent
solubility of MgSiO, in cpx*. Although natural spinel lher-
zolite spinels are not close to being pure MgAlrOo, it is
clear that any temperature estimated from the Cal
(Ca + Mg) ratio of cpxs8, may be much lower than the
actual temperature of equilibration of natural spinel lher-
zolites. Interestingly, AlrO, does not seem to affect the
enstatitelimb at all. Part of these differential eflects of
AlrO, on the two limbs of the miscibility gap must be
attributed to the projection scheme adopted here, i.e., pro-
jection from AlrOr. Because (1) the cpx*Jimb shows
stronger curvature at higher temperatures than the
opx""-limb, and (2) the AlrO. (corner from which the
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the coexisting CMAS pyroxenes at 15 kbar, 1200'C and 15
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plane AlrOr-CaSiOr-MgSiO3. Also shown are Al-free
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Fig. 5b. Representative pyroxene compositions of the CMAS runs of present study. Squarcs---cxsolution, circles-dissolution. cr-
crystallization from a gel starting material, interpreted to be mostly exsolution-type, q-luinch crystals, qr-quench rim on a type (l)
crystal. q(?!-no definite quench crystal morphology was apparent.
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Table 4. Inferred equilibrium compositions ofpyroxenes
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Fig. 6. 10, 12.5, and 15 kbar two-pyroxene miscibility gap in
the system CMAS of present study (dark lines) is compared with
that in the system CMS at 15 kbar (Lindsley and Dixon (L-D),
1976) and at 10 kbar (as inferred in this study). The brackets
represent compositional spread, and the dots represent modal
values. Note that all aluminous pyroxene compositions are pro-
jected from AlrO. onto the join Di-En. This figure clearly shows
that temperatures of mantle lherzolites estimated from Ca/
(Ca + Mg) ratio of cpx (which is, in effect, a projection from
AlrO3, Cr2O3, TiOr, NarO, MnO, ...), using the CMS miscibility
gap of Lindsley and Dixon (1976), will result in a substantially
lower temp€rature than the actual temperature of equilibration of
those rocks. This difference is believed to be purely an artifact of
the projection scheme (i.e., from AlrO.). (See Fig. 7 and text for
further discussion.)

CMS pyroxenes at 15 kbar,900"C (XtYt) and at 15 kbar,

1200'C (XzYr). Points A', C',8',D' represent the CMAS
pyroxene compositions A, C, B, and D, respectively' as
projected from AlrO3 onto the join CaSiO.-MgSiO3. Such
a projection is equivalent to recasting the CMAS pyroxene

aompositions in terms of Ca and Mg. It is clear from this

onto the join CaSiOr-MgSiOr: this projected point is p'.

Note that p' lies almost on Xr, which is the CMS 15 kbar'
1200"C cpx*.

Figure 8 shows possible (Al3o3)oe' and (AlrOr)oo' iso-
pleths derived from the inferred equilibrium compositions.
The 900 and 1000'C isopleths are fairly well defined, even
though the uncertainties are large. It is clear that
Al2Or-content of these pyroxenes in a four-compon€nt
spinel peridotite should bc very sensitive to temperature,
and not pressure, condition of its formation. Figure 8 also

brings out the general parallelism between the (AlrOr).o'

isopleths of the CMAS and MAS systems. However, tem-
perature of equilibration of a natutal spinel peridotite esti-

mated from the MAS system (AlrOr)oo, isopleths should be
-75"C higher than that estimated using similar isopleths

in the system CMAS.
A point of interest is Presnall's (1976) experiment at 11

kbar on the CMAS spinel peridotite solidus which gave an
apparently equilibrium opx"" with 8%Al2O3. This analysis
has been repeated more recently by J. Hoover (1984' pers.

comm.) and aPpears to be correct. On the basis of the

composition of this opx"", Presnall (1976) suggestsd that the
(Al2o3):?'.P*'-isopleths in the CMAS system must have

mole 7o Wo
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Fig. 7. Mole percent diagram AlrOr(AlfCaSiOr(CafMgSiOr(Mg) showing effect of projection of the CMAS pyroxenes from AlrO,
onto the join CaSiO.-MgSiO.. The tieJines AB and CD represent 15 kbar, 1200"C and 15 kbar, 900'C coexisting CMAS pyto**"r,
respectively. C', A',8', D'represent compositions C, A, B, D as projected from AlrO. onto the join CaSiOr-MgSiO..XrY, and Xry.
represent 900'C and 1200"C, 15 kbar coexisting CMS pyroxenes. P' is the projected composition of A from an arbitrary project ion
point (CaSiO.)33(Al2O3)67). Details are discussed in the text.

negative dTldP slopes. Although the CMAS pyroxene the CMAS solidus three aluminous pyroxene phases are
phase relations at the solidus have not been clearly worked present: orthopyroxene*, pigeoniterr, ofld cpx"". Also, it
out, it is possible, based on our knowledge about the CMS seems possible that various inverjion reactio;s on the
system (e.g., Huebner, 1980; Lindsley et al., 1981), that near CMAS opx*Jimb occur at near-solidus temperatures.

Fig. 8. Wt.% (Al2O3).e, and (AlrOt)"o.-isopleths in the CMAS system of present study. Continuous lines--my datd on CMAS;
dashed lines-{AlrOr)oo,-isopleths in the system MAS, as inferred by Lane and Ganguly (1980). The lmO'C (Al2OJ.e, numbers in my
study ofthe CMAS system do not provide any tighter constraints to warrant precise "equilibrium" values (see textloi-discussion| and
hence they are shown in dashed circles.
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Thus, because of the inherent differences in phase relations
between solidus and subsolidus pyroxenes, compositional
differences between solidus and subsolidus opxrs should
probably be expected. Therefore, Presnall's inferred E%
(Al2O3).or-isopleth is not likely to be correct.

The following reactions determine pyroxene compo-
sitions in the presence of Fo in the CMAS system:

MgrSirOie' : MgzSizOEP' (At)

CaMgSi2Oie' : CaMgSizOF

MgrSirOiP'+ MgAlrOie

(Az)

: MeAlAlSioie'+ MgrSioS (B)

caMgSitofl'+ MsAl'zoiP 

,olsio'e'+ Mg'1Sio (c)

Lindsley et al. (1981) and Grover (1980) have extensively
discussed the thermodynamic implications of various pub-

lished solution models for reactions (At) and (Ar), and pre-

sented a new model that employs an asymmetric Margules
formulation for the cpx"" and symmetric Margules formu-
lations for the opx"r.

Since Lindsley et al.'s (1981) model correctly reproduces
the phase relations (especially the pigeonite stability field)
and all existing well reversed experimental data on pyrox-

enes in the system CMS, it is useful to compare the pres-

ently obtained data with their model. Their temperature
equations for reactions (At) and (Ar) (given as A and B
respectively in Lindsley et al., 1981) are used to comPare
the presently obtained CMAS data with the CMS data
(Table 5). Table 5 also shows a comparison of temperature
estimates based on Well's (1977) equation 4 for the CMAS
runs. While Lindsley et al.'s pyroxene thermometers are
based on the most complex solution model, Wells's equa-
tion is based on the simplest ideal-solution model; hence,
the above comparison brings out the relative practical use-
fulness of these variably complicated thermometers. From
Table 5 it is clear that Lindsley et al.'s thermometers
cannot reproduce the CMAS data at all, whereas the

simple ideal solution-based thermometer of Wells correctly
reproduces the experimental CMAS data. Such a strang€
result was not expected and is not fully understood. It
seems possible that the "excess" parameters (which are, in
reality, curve-fitting parameters), derived by Lindsley et al.
from the CMS data, add cumulative errors to the estimated
temperatures for the CMAS runs.

In order to facilitate comparison of the CMAS data with
the well-reversed 20 kbar data of Danckwerth and Newton
on the system MAS, Al2O3 in enstatite is approximated by
the reaction (B) above. For this reaction,

x": -4'oiitJ'- (l)
aurst on'42f,'

Since in the CMAS system spinel and forsterite are nearly
pure phases, 4r - affir'2o+ - 1.0. Assuming an ideal solu-
tion model for Al, Mg exchange, Ks can be simply related
to mole fractions, following a Wood and Banno (1973)
approach:

Figure 9 shows a lnKu vs. llT type plot of the CMAS data
obtained in the present study; experimental data on CMAS
and MAS systems by some previous workers are also com-
pared. An optimum linear fit (fitted by eye) to the best set
of reversed data obtained in the present study gives the
equation

Ts(K) : 3666/(0.8808 - lnKs) (3)

As pointed out earlier, Al in enstatite in the spinel periodo-

tite field seems to be virtually independent of P in the MAS

and CMAS syst€ms. Therefore ff L-V dP for reaction (B)

must be very small (i.e., LV - 0) and can be neglected. AII'

and AS'calculated for reaction (B) from the relation

rnK": -#.+ (4)
arc7.284 kcal mol-r and 1.75 cal mol-lK-1, respectively.

(2)

Table 5. Comparison of thermometric estimates
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Fig. 9. -lnK" vs temp€rature (in K) relationship for the data
of present study are compared with those of Fujii (f976), Danck_
w€rth and Newton (1978), _and Dixon (1980). K" : (XXl/XM).o,.
The line is eye-fitted to the b€sr set ofdata obtained in t[e presi'ni
study.

The AII' value estimated is within uncertainty of the calo-
rimetrically mensured value of LH":8.53+1.92 kcal
mol- 1 of Charlu et al. (1975). This correspondence is excel-
lent, considering all the simplistic assumptions made above.

Figure 9 and Table 5 show that the presently obtained
CMAS data correspond well with the MAS data of Danck-
werth and Newton (1979) and Fujii (1976). However, the
CMAS data points of Dixon (1980) in the spinel peridotite
field all lie above the best-fit line.

Table 5 shows that the uncertainty in the estimated tem-
perature from equation (3) is high ( + 70'C). Uncertainties
arise from (1) microprobe analysis (+ 5% of the absolute
value of Al2O3) (2) the width of the overlap region from
which the equilibrium composition was inferred, and (3)
P(+O.25 kbar) and f(+4'C) measurements. Also, these
errors propgate in a manner shown by Powell (1978). At
lower temperatures the uncertainties are higher than at
higher temperatures. At about 900'C and 12.5 kbar a cu-
mulative uncertainty in the measured value of (AlrO.),o, is
about 16%, whereas it is about 7o/o at 12ffi"C and at sime
pressure.

Ganguly and Ghose (1979) argued that AlrO. in en-
statite can be approximated as an ideal solution if treated
as MgrAlrSi.O' component. In the present study, such a
treatment was also carried out (not shown here) however,
no significant improvement in T-estimates for the CMAS
runs was achieved. Also, the close correspondence of AIf"
values using the ideal-solution model with the calorimetri-
cally measured value suggests that the treatment of the
aluminous opx "end-member" as MgrAlrSi.Or2 may be
unnecessary (see also Danckwerth and Newton, 1979).

In conclusion, it appears that Wells'(1927) thermometer,
in spite of its simplicity and somewhat erroneous assump-
tions (i.e., ideality of pyroxene solid solutions), can repro-
duce both CMS and CMAS data within experimental and
analytical uncertainty. Rigorous solution models, such as
those of Lindsley et al. (1981), do not reproduce the CMAS
data well. The thermometer presented above, based on the
AlrO. in opx"", has relatively high uncertainty. Considering
these facts, Wells'(1977) thermometer appears to be most
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suitable for the estimation of temperature of equilibration
of natural spinel peridotites.
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Appendix I. Abbreviations used in the text.

Abbrev ia t ions  used in  Ehe Eext :

oPx - -  o r thopyrorene

cpx -- cllnoPyroxene

ensta t i te  (us2Si206)

d t  - -  d iops ide  (caMss i2o6)

. l  - -  a c t i v i t y  o I  c o m P o n e n t  i  i n  P h a s e  j .

s tandard  s ta te  en tha lPy  change o f  a  reac l ion  a t  a

reacc ion  aE lbar ,  T

s tandard  s ta te  en t roPy change o f  a  reacEion

V - -  chanse in  mo1a1 vo lune ln  a  reac t ion

KE - -  equ i t ib r iun  cons tan t  (=d is t r lbu t ion  coef f i c len t  assuned

"  1n  present  s tudy)  o f  reac t ion  B.

TS - -  tenpera ture  es t inaEed f rom equat ion  1

- -  change in  heaE caPac i ty

- -  un iversa l  g€s  consEant

- -  caA l2s io6

- -  UPAI^S lO.

- -  o r thopyroxene so l ld  so lu t ion

- -  c l inopyroxene 5o1 id  so lu t ion

c ;

R

CaTs

UgTs
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Appendix II. Representative analyses of clinopyroxenes.
RePresenta t lve  ana lydes  o f  c l inopyroxenes (d  =  d isso lu r lon ,  e  -  exso tu t lon  lun)

Run # SiO2 Ar2o3 sl il8

691

T ( o C ) P ( k b )

CMAS-H1-4

clrAs -lx-3

5 1 . 0 0

5 1 ,  7 1

5 1 . 2 8

5 2 . 7 6

5 1 .  5 4

5 2 . 2 2

CMAS-H2-4 55.39

54 -39

d  5 4 .  9 8

5 4 . 6 7

5 4 . 2 4

2 2 . 3 4  1 8 . 0 5

2 3 . 5 0  r 8 . 1 7

2 2 . 8 5  1 8 . 3 8

2 3 . 2 5  1 8 . 8 1

2 3 . 2 6  1 8 . 1 9

2 3 . L 0  L 8 . 7 2

2 3 . 6 2  2 0 . 8 2

2 4 - 2 0  1 9 . 1 4

2 4 . 1 7  1 9 . 5 4

2 3 . 4 2  2 0 . 0 9

2 4 . 7 2  1 8 . 7 1

8 . 5 5  r , A 2 2

6 . 1 3  1 . 6 6 3

7 . 0 3  1 . 8 4 4

4 . 8 1  1 . 8 9 5

7  . 5 2  r . 8 3 8

6 . 4 7  1 . 8 5 9

1 . 0 1  r . 9 6 8

3 . 5 7  7 . 9 2 5

2 . 4 6  1 . 9 1 8

2  7 7  r . 9 3 8

1 . 7 3  r . 9 6 2

0 . 8 5 5  0 . 9 6 r

0 , 9 0 7  0 . 9 7 6

0 . 8 8 1  0 .  9 8 5

0 . 8 9 5  1 . 0 0 7

0 , 8 8  i  0 . 9 5 5

0 ,  d 8 l  0 .  9 9 3

0 . 8 9 9  I .  I 0 2

0 .  9 1 8  1 .  0 r 0

0 . 9 1 8  ) . . 0 3 2

0 . 8 9 0  1 . 0 6 1

0 , 9 5 E  1  , 0 0 8

0 . 3 { t 0

c . 2 r t 0

0 . 2 9 8

o.206

0 .  3 1 5

0 . 2 7  2

900

0 . 0 4 2

0 . 1 4 9

0 . 1 0 3

0 , 1 1 6

o . o 7 4

C{AS-2X-3 52,19

5 2  . 4 4

d  5 2 . 3 3

5 3 . 4 5

2 4  - 0 2  t 7  . 9 0  6 ,  0 5

2 3 - 7 0  1 1 . 9 0  5 . 5 2

2 L . 4 6  1 5 . 6 5  5 . 4 5

2 3 . 7  6  L 7  . 8 6  4 . 7 9

2 2 . 3 4  1 8 . 9 5  6 , 6 5

2 3  5 6  L 7  5 3  6 . 4 5

2 3 . 3 r  t a . 2 7  4 . 9 0

1  8 7 0  0 , 9 2 2

1 . 8 8 7  0 . 9 1 4

' L . a 7 4  
0 . 9 3 9

L  9 1 5  0 . 9 1 2

r - . 8 6 2  0 . 8 5 2

1 . 8 8 I  0 . 8 9 9

r .  9 0 5  0 .  9 0 1

0 , 9 5 6  0 . 2 5 5

0 . 9 6 0  0 . 2 3 4

0 . 9 4 2  0 . 2 4 7

0 . 9 5 4  0 . 2 0 2

1 . 0 0 5  0 . 2 7 9

0 . 9 3 1  0 . 2 7 I

0 . 9 5 7  0 . 2 0 4

clas-2 Y-3

e (RecycIed)

5 2 . 3 0

5 2 . 8 0

5 3 , 6 9

m s - u - 2  5 4 , 2 6  2 3 . 5 3  1 8 . 1 1  4 . 8 5

d  5 3 , 5 9  2 4 . 3 3  1 8  4 1  4 . 4 8

5 4 . 8 r  2 4 , 2 7  1 8 . 8 5  5 . 3 6

L - 9 2 3  0 . 8 9 1  0 . 9 5 6  0 . 2 0 3

1 . 9 0 3  0 . 9 2 4  0 . 9 7 7  0 . 1 8 3

t . 8 8 6  0 . 9 r 1  0 . 9 8 5  0 . 3 2 2

cMAS-2Y-2

Run #

Very  s iD i la r  to  the  above range

s1o2 CaO HBO A1 r ( ' c )  P ( k b )

1000 12.5

c h s - l x - R l  5 1 . 5 5  2 3 . 2 I  I E . 7 0

e  5 1 . 2 s  2 3 . 1 r  1 8 . 1 . 4

5 0 . 8 5  2 r . 9 7  1 9 . 3 3

5  5 2  1 . 8 4 8

6 . 3 1  1 . 8 5 7

7 . 6 6  I . 8 2 1

0 . 8 9 1  0 , 9 9 9

o . 4 9 7  0 . 9 8 0

0 . 8 4 3  L . O 3 2

o . 2 7  6

o . 2 7  2

0 . 3 2 3

C!.{AS-1 5 1 . 3 4

5 3 . 5 0

5 1 .  t 3

cuAs-1x-R2 52,20

d 52 .11

5 I . 8 4

2 3 . 1 3  1 7 . 4 6

2 2 . E r  1 8 . 5 9

2 2 . 3 6  1 7 . 8 5

2 2 . 5 8  1 8 . 5 5

2 4 . 0 2  1 9 - 2 4

2 3 . 4 2  1 8 . 9 2

7  . 9 9  1 . 8 3 5  0 . 8 8 6

6 . 0 9  1 . 8 8 8  0 . 8 6 2

7 . 3 5  1 . 8 4 6  0 . 8 6 5

6 . s l  r . 8 6 7  0 , 8 6 5

5 . 6 4  1 . 8 6 3  0 . 9 0 9

5 . 1 8  1 . 8 7 2  0 . 9 0 6

0 . 9 3 0  0 . 3 3 7

o . 9 7 7  0 - 2 5 3

0 . 9 5 0  0 . 3 1 3

0 . 9 8 9  0 , 2 7 4

1 , 0 1 3  0 . 2 3 5

1 . 0 1 9  0 . 2 2 0

1000 10

CMAS-5 7  - 1 5

6 . 7 5

7 . O 1

1 . 8 3 5

r . 8 5 7

1 . 8 4 4

5 2 . 3 4  2 2 . 9 6  1 8 . 9 1

5 L 8 6  2 3 , 4 0  1 8 . 0 2

5 1 . 8 5  2 3 . r 3  1 8 . 6 3

0 . 9 8 8  0 . 3 2 0

0 . 9 5 9  0 , 2 8 5  1 0 0 0  9 . 5

0 . 9 8 8  0 . 2 9 5

0 . a 6 2

0.898

0 . 8 8 2

CMAS-3 5 0 . 9 9  2 3 , 7 2  1 7 . 8 0  6 . 3 3

4 9 . 8 5  2 2 , 9 9  ! 7 . 5 7  7 . 9 2

5 1 , 6 0  2 2 . 9 7  1 8 . 3 0  8 . 9 3

1 . 8 5 3  0 . 9 2 4  0 . 9 6 4  0 . 2 7 1

1 . 8 1 8  0 . 8 9 E  0 . 9 5 5  0 . 3 4 1  l o O O  9

r . 8 1 2  0 . 6 8 4  0 , 9 5 7  0 . 3 6 9

5 2 . 7 3  2 3 . 0 2

c M s - I x - 2  5 2 , 1 3  2 2 . 7 9

d  ( q )  5 3 . 8 1  2 0 . 0 s

cMs-2Y-2 49.78 22.76

e  5 I .  1 3  2 2 . 1 1

6 . 4 1  r . 8 5 4  0 . 8 6 7  1  - 0 2 6

7 . 8 5  1 . 8 4 0  0 . 8 5 2  0 . 9 8 5

6 . 8 5  1 . A 5 7  0 . 7 4 2  L  I 2 5

9 . 0 9  1 . 8 0 2  0 , 8 6 0  0 . 9 5 3

8 . 6 6  r , 8 0 7  0 . 8 6 5  0 . 9 5 8

o . 2 6 6

o . 3 2 3

0 . 2 7 9

1 1 5 0  1 2 . 5

0 . 3 8 8

0 . 3 6 1

1 9 . 5 8

l E . 9 4

2 1 . 8 8

l 7 , 6 5

1 8 . 3 8
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APPEMIX-II  (CON.t)

5 2 . 7 1  2 2 . 5 9  1 8 . 8 0  7 . 8 0  1 . 8 4 0  0 ' 8 4 E

c M A S - 2 Y - t  5 0 . 2 5  2 2 . 9 5  L A . 2 1  9 . 6 7  r . 7 8 0  0 . 8 7 1

e  4 9 ' 7 6  2 2 . L 6  1 7 . 6 5  9 . 0 9  1 ' 8 0 2  0 ' 8 6 0

4 9 . 7 9  2 2 ' 4 6  1 8 . 3 4  9 . 5 6  1 . 7 7 9  0 ' 8 5 0

5 2 . 8 4  2 2 . 9 4  1 9 . 0 4  E . 0 8  ] . 8 3 4  0 ' 8 s 3

Run # SiO, CaO n8O droq St Ca

0 . 9 7 8  0 . 3 2 0

0 . 9 6 4  0 . 4 0 4

0 . 9 5 3  0 . 3 8 0

0 . 4 7 7  0 . 4 0 3
1200

0 . 9 8 4  0 . 3 3 0

n8 Ar r('c)

c u s - l x - I  5 2 . 0 1  2 2 , 7 A  1 8 . 4 1  8 . 7 2  1 . 8 2 2  8 . 5 5

d 52.57 22,aO L9.29 6.45 1.859 0.864

0.961 0 .360
1200

1.016 0 .269
I 5

cuAs-6 5 0 . 6 E

5 1 . 0 9

20.54 21.34 1.45

2 3 . 2 7  1 9 . 7 7  6 . 1 5

r . 8 1 6  0 . 7 E 5  1 . 1 3 4  0 . 3 0 3
900

1.844 0 .8E3 1 '043 0 .256

cMs-H2-5 53.05

5 2 . 7 2

d  5 5 . 2 5

c m s - H l - 5  5 2 . 1 1

5 2 . 2 4

5 2 . 5 6

CMAS-1X-2 52.02

52.91

d  5 r . 4 9

5 2 . 0 3

5 2 . 2 L

5 1 .  1 9

5 2 . 0 6

1 7 .  t 0  2 3 . 6 3

24.23 18.22

22.95 20.72

2 3 . 9 9  1 6 . 9 5

2 4 , 6 4  1 8 . 4 8

2 4 . 3 0  1 8 . 3 r

2 3 . 6 A  1 8 . 5 6

2 3 , 9 4  1 8 . 4 3

2 3 . 9 3  1 7 . 7 2

2 2 . 4 7  1 7 . 9 2

2 7 . a 7  1 7 . 3 8

23.9L LE.47

2 3 , 4 1  1 7 . 0 8

22.50 18.1.5

2 3 . 3 4  1 8 . 0 0

6 . 3 9  1 . 8 6 2  0 . 6 4 3

5 . 5 9  r . E 7 8  0 , 9 2 5

2 . a 2  1 . 9 3 9  0 .  E 6 3

7 , 2 9  1 . 8 4 4  0 . 9 r 0

3 . 0 E  1 , 9 2 7  0 . 9 5 4

5 . 2 r  1 . 8 7 7  0 . 9 3 s

6 . 8 0  r . 8 6 2  0 . 8 8 7

5 . 4 0  1 . 8 8 0  0 . 9 1 7

5 . 9 6  1 . A 7 3  0 . 9 2 4

5 . 7 4  1 . 8 7 7  0 . 8 E 7

7 . O 4  1 . 8 5 1  0 . 9 1 9

4 . 8 9  1 . 8 9 1  0 . 9 0 3

6 . 6 9  1 . 8 5 r  0 . 9 2 5

6 . 2 4  1 . 8 6 5  0 . 8 7 9

5 . 6 2  1 .  E 8 3  0 . 9 0 4

L . 2 3 6  0 . 2 6 5

0 . 9 5 6  0 . 2 3 6

1 . 0 8 4  0 . 1 1 5

0 . 9 4 6  0 . 3 0 4

0 . 9 9 5  0 . 1 3 1

0 . 9 8 0  0 . 2 2 1
1000

0 . 9 6 8  0 . 2 8 0

o.9a2 0.228

0 . 9 5 1  0 . 2 5 3

o . 9 8 4  0 . 2 4 9

0 . 9 3 1  0 . 2 9 8

1 . 0 0 0  0 . 2 0 9

0 . 9 3 8  0 . 2 9 1

0 . 9 E 6  0 . 2 6 8

0 . 9 7 0  0 . 2 3 9

CMAS-H2-2 52.A9 22.33 L9'62 5-86

5 2 . 2 4  2 3 . 5 9  1 7 . 8 3  5 . 3 4

5 3 . 1 4  2 4 . L 4  1 E . 3 3  5 .  1 5

d  5 2 . 6 3  2 3 . 7 3  1 8 . 6 2  5 . 3 8

6 2 .  0 6  2 3 . 6 1  1 8 . 0 7  5 . 7 9

e i  lhese are  run  Ptoduc ts  f roD 8eI  s ta r t ing  Mter la l '  fh€  cmpos i t ion

range exh ib i ted  by  each o f  th is  run '  ln  cmPar lson to  i t6  cor respond ing

d is6o lu t ion  run '  suggests  the t  they  ere  Dost ly  
rexso lu t ionr  (see  a lso

d iscuss loo  o f  le rne l  and l 'u th '  1974;  L inds ley  and D lxon '  1976) '

l losevet ,  l t  i s  Poss ib le  tha t  a  fes  nuc le l  o f  c rys ta ls  (as  shom by

x- ray  d i f f lac t ion)  sere  present ,  and the te fo te t  6oEe c rys ta ls  oay

ac tua l l y  exh ib l !  
rd isso lu t ionr  reac t lon

o Quench c rYs ta ls .

r . 8 7 4  0 . 8 4 8  1 . 0 3 6  0 . 2 4 5

1 . 8 9 1  0 . 9 r 5  0 , 9 6 2  0 . 2 2 E

1 . 8 9 4  0 . 9 1 8  0 . 9 7 0  0 . 2 1 s
1000 L2'5

1 . 8 8 0  0 . 9 0 8  0 . 9 9 2  0 . 2 2 6

1 . 8 ? 4  0 . 9 1 3  0 . 9 7 0  0 . 2 4 6
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Appendix IlI. Representative analyses of orthopyroxenes.
Representa t ive  ana lyses  o f  o t thopyroxenes

Run tt SiO2 Cao MCO Af2O3 Ms A1 T(oc) P(kb)

693

5 5 . 8 5  0 , 8 9  3 6 , 9 4

c u s - H 1 - 4  5 5  . 5 5  r ,  1 5  3 6 , 9 5

GAS-1X-3 55.52 0-92 36.79

e  5 5 . 7 2  1 . 2 5  3 7 . 2 6

5 6 . 4 7  1 . 3 1  3 7 . 3 8

5 4 . 2 7  0 . 9 9  3 5 . 0 8

r . 8 3 5  0 . 0 3 1  r . 8 0 9

1 . 8 9 4  0 . O 4 2  1 . 8 7 8

t . 8 2 7  0 . 0 3 2  1 . 8 0 5

L 8 5 5  0 . 0 4 5  1 . 8 4 9

r . 3 5 2  0 . 0 4 6  t . 8 2 7

1 . 3 3 1  0 . 0 3 0  r . 8 1 4

o - 3 2 6

0.  t95

0 . 3 3 9

o -264

o.282

0 . 3 2 6
900 t4.5

8 . L 2

4 8 5

8 . 7  3

5 . 1 2

7  . 3 0

8 .  r 8

5 8 . 3 1  1 . 0 6

CMAS-U2-4 56.85 0.93

5 6 . 7 8  0 . 9 7

d  5 7 . 9 2  1 . 0 7

3 8 . 3 8  3 . 4 6

3 7  - 8 2  5 . 0 6

3 7  . 6 8  4 . 4 0

I . 9 3 2  0 . 0 3 8  1 , e 9 5  0 . I 3 5

r . 8 9 5  0 . 0 3 3  L , 8 7 9  0 . 1 9 9

1 . 9 0 8  0 , 0 3 5  1 . 5 8 7  0 . 7 7 4

1 . 9 2 4  0 . 0 3 8  1 . 9 0 4  0 . 1 4 0

m s - 2 x - 3  5 6 . 9 7  0 . 7 4

5 7 . 5 7  0 . 8 9

d  5 6 . 4 8  1 . 0 4

5 7 . 1 0  0 . a 2

5 1 . 7 5  0 . 7 6

( q )  5 3 . 3 0  o . 3 0

cltAs-2 Y-3 (q) 53.89 0.56

e  5 6 . 7 9  0 . 7 3

5 6 . 1 2  0 . 7 2

( c )  5 5 . 1 8  0 . 5 9

5 6 . 5 8  0 . E 0

Run { SlO2 CaO

3 7  . 6 7  5 . 8 6

3 7 . 8 5  5 . 0 4

3 7 . r 4  5 . 2 6

3 7 . 4 8  5 . 3 1

3 7 . 7 7  6 . 0 4

3 5 . 0 3  9 . 9 4

3 5 .  E I  1 0 .  1 4

3 7  . 6 9  6 . 7 3

3 6 . 7 2  4 . 9 2

3 6 . 4 4  9 .  L 3

3 7  . 4 9  4 . 3 4

UgO A1203

t . 8 8 6  0 . 0 2 6

1 . 9 0 4  0 . 0 3 1

1 . 8 9 6  0 . 0 3 7

1 , 9 0 0  0 . o 2 9

1 .  E 8 4  0 . O 2 7

r . 7 9 6  0 . 0 1 1

I . 8 0 0  0 . 0 2 0

1 . E 6 E  0 . 0 2 6

I . 9 0 8  0 . 0 2 6

r . 8 2 5  0 , 0 2 1

7 . 9 I 2  0 . O 2 9

Sl Ca

r . 8 5 9  0 . 2 2 9

1 . 8 6 6  0 - 7 9 7

1 . E 5 8  0 . 2 0 8

1 . 8 5 9  0 . 2 0 8

r . 8 5 3  0 . 2 3 5
900 12.5

1 . 8 0 5  0 . 3 9 4

I . 7 4 2  0 . 3 9 9

1 . E 4 7  0 . 2 6 r

1 . 8 6 1  0 . 1 1 5

r . 7 9 6  0 . 3 5 5

1 . 8 8 8  0 . 1 6 5

M8 Al r(oc) P(kb)

C M S - 2 X - 2  5 7 . 4 1  0 . 7 1  3 1 , 9 3  3 . 3 1

5 6 . 5 4  0 .  5 7  3 1  . a 6  5  ,  I 0

5 7 . 0 8  0 . 5 7  3 7 . 9 7  5 . 5 9

5 6 - 1 0  0 . 6 1  3 8 . 3 5  4 , 5 6

CMAS-2Y-2 56.48

e  5 6 . 7 7

5 5  1 9

r . 9 3 7  0 . 0 2 8  1 . 9 0 2  0 . 1 3 r

1 . 8 9 4  0  0 2 1  1 . 8 9 0  0 . 2 0 2

1 . 8 9 0  0 . 0 2 0  1 . 8 7 3  0 . 2 1 6

1 . 8 9 8  0  0 2 2  1 . 9 1 3  0 . 1 8 0

3 7 . 0 6  7 . 3 r  1 . 8 6 5  0 . 0 1 8  r . 8 2 4  0 . 1 8 5

3 7 . 6 0  4 . 9 4  r . 9 0 3  0 . 0 2 3  1 . 8 7 8  0 . r 9 5

3 6 . 3 6  1  - 2 7  1 . 8 5 8  0  0 2 6  r . 8 2 4  0 . 2 8 9

0 . 6 4

o . 7  2

C r u S - H 2 - 5  5 4 . 7 9  0 . 8 5  3 5 . 8 8  7 , S O

d  5 6 . 1 2  0 . 9 8  3 7 . 1 3  4 . 5 4

5 4  8 8  r , 2 2  3 6  3 t  5 .  3 1

I . 8 5 5  0 . 0 3 1  1 . 8 1 0  0 . 3 0 0

1 . 9 0 6  0 . 0 3 o  1 . 8 8 0  0 . r 8 2

1 . 8 8 6  0 . 0 4 5  r . 8 6 0  0 . 2 1 5

3 7 . r i  t . I t !  1 . 8 5 6  0 , 0 3 0  I . 8 3 8  0 - 2 7 9

f 5 . 4 5  r O  4 7  1 . 7 8 6  0 . 0 4 r  r  1 6 7  0 , 4 1 3

3 7  . 4 8  5 . 6 4  r . 8 7 8  0  0 3 9  I  .  8 7 0  0 . 2 2 3

3 7 . 4 5  0 . 7 8  r , 9 8 5  0 . 0 7 3  1 . 9 1 0  0 . 0 3 1

3 5  0 3  6 . 5 0  r . A 7 4  0 . O 5 2  1 . 8 0 3  0 , 2 6 5

3 6 . 1 2  7 . 7 7  1 . 8 4 6  0 . 0 2 8  1 . 8 1 6  0  3 0 9

I 0 0 0 L5

ct ' iAs-H1-5 55.95 0.86

e  ( q )  5 3 . 3 9  I  1 5

5 6 . 1 0  1 . 0 9

5 8 . 0 0  1 . 9 8

c u s - ] x - 2  5 1 , 2 A  L L O

d  5 4 - 7 2  0 . 7 8

5 6 . 2 9  1 . 1 6

c M s - H 2 - 2  5 5 . 6 1  1 . 8 4

d  5 6 . 0 9  0  8 0

5 4 . 8 6  1 . 1 3

3 6 . 9 3  6 . 7 9  L r i 6 8  0 . 0 3 8  L a 2 1  0 . 2 6 6

3 6 . 2 7  6  5 6  1 . 8 6 6  0 . 0 6 6  r . 8 1 3  0  2 5 9

3 6 - 9 4  7  3 0  1 , 8 5 9  0 . 0 3 8  1 , 8 2 s  0 . 2 8 5

3 6 . 1 0  7 , 8 8  r  a 4 2  0 . 0 4 1  1 . 8 0 7  0 . 1 1 2
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CHAS-1X-RI 53.7t l . r0

5 4 . 4 3  1 . 0 4

s 5 . 7 9  0 . 7 9

Run / Sio2 Cao

3 6 . 5 6  8 . 2 7  1 . 8 r 4  0 . 0 4 0

3 6 . 6 1  a . 4 9  1 . 8 1 9  0 , 0 3 7

1 7 . r 9  5 , 0 r  r . 8 9 5  0 . 0 2 7

M8O AI2o3 Si Ca

l.d39 n-329

r . 8 2 3  0 . 3 1 )

1 . 8 8 2  0 . 2 0 0

H g  A t  r ( o c )  P ( k b )

stAS- 1 5 4 . 8 3  r . 4 2  3 6 . 0 7  7 . 6 7  r . 8 4 2  0  0 5 1  1 . 3 0 6  0 . 3 0 4

5 5 . 0 1  0 . 5 8  3 7 . 1 6  8 . 0 1  1 . 8 3 1  0 . 0 2 4  .  r . 6 4 3  u  3 1 4

cl lAs-1x-R2 56.r7 1.03

5 6 . 1 9  0 . 9 5

5 5 - 7 5  0 . 9 0

d  5 5 . 5 9  0 . 8 6

5 5 . 1 2  0 . 8 9

3 8 . t 4  6 . 7 6

3 8 . 5 6  5 . 7 7

3 1 . 6 6  6 . 3 7

3 7 . 5 3  5 . r 5

3 7  . 6 0  6 . 0 3

r , 8 5 5  0 , 0 3 6

1 . 8 7 0  0 , 0 3 3

1 . 8 6 0  0 , 0 3 2

1 . 8 6 6  0 . 0 3 1

1 . 8 6 7  0 . O 3 2

I  . 8 b 3  C .  : 6 0

1 . 8 9 1  O  2 4 2

r . a 7 2  0 , 2 5 0

r  , a 7 !  0 . 2 4 3

L . 6 7 1  0 . 2 3 8

cltAs- 5 5 L . 7 0

5 6 . 1 8

5 5 . 1 0

r . o 5  3 6 . 6 4  6 . 8 5  r . 8 5 2  0 . 0 3 8  1 . 8 4 9  0 - 2 7 3

r . 3 o  3 7 , r L  5 . 8 8  1 . 8 7 E  O . O 4 l  1 . 8 5 0  0 . 2 3 2

L . 1 6  3 6 , 2 2  6 . 3 3  1 . 8 7 2  0 . 0 4 2  1 ' 8 3 4  0 . 2 5 4

I00c

1 . 7 4  1 . 1 7

c M s - 3  5 5  . 4 7  l ,  5 r

e *  5 4 , 7  5  0 . 9 8

( c )  5 3 ; 6 7  0 . 8 1

3 4 , 2 r  4 . 0 9

3 5 . 5 9  5 . 4 0

3 7 . 3 0  5 , 8 3

3 6 . 4 1  E - 6 7

3 5 . 6 7  7  . 7 3

1 6 . 7 3  7  . O 5

3 6 .  1 8  6 . 7  6

3 6 , 2 9  7 . 5 0

1  9 1 5  0 . 0 4 1

1 . 8 8 4  0 ,  C 5 5

1 . 8 6 2  0 . 0 3 6

1 . 8 r 1  0 . 0 2 9

1 . 8 8 8  0 . 1 6 0

r . a 5 2  0 . 2 1 6

1  8 9 0  0 . 2 3 4

1 . 8 3 1  0 . 3 4 5

1 . 8 4 7  0 . C 5 8  r . 7 A 9  0 . 3 0 7

1 . 8 4 7  0 . 0 5 5  r , 8 3 3  0 . 2 7 8

1 . 8 5 3  0 . 0 4 6  7 . 8 2 3  0 . 2 7 0

1 . 8 4 8  O , O 1 2  1 . 8 1 6  0 . 2 9 7

cMAS-lX-2'  54.86'

d  5 5 . 1 5

5 5 . 0 E

5 5 . 0 5

c M s - 2 Y - 2 r  5 4 . 5 9

5 4 . 7 7

e  5 4 . 5 9

Run # Sto?

r  150

1 . 3 9  3 6 . 5 s

1 . 2 4  3 6 . 4 0

t . 2 4  3 5 . 9 5

Cao MeO

8 . 0 5  r . 8 2 5  0 . 0 s 0

8.08  1 .832 0 .044

a . 2 7  r . E 3 3  0 . 0 4 4

d2o3 Si Ca

r . a 2 4  0 . 3 1 8

1 815 0 ,31  9

r . 1 9 9  0 . 3 2 8

Ms Ar r("c) ?(kb)

crfAs-lx-l 56.12

55-22

d  5 4 . 1 1

5 4 . 4 3

CMAS-2Y-I 5J.7f

e  5 5 . 8 8

5 4 . 2 r

L . 2 4  3 6 . 9 8

r .48  16 .17

r .  17  36 .36

t .52  34 .87

1.  r0  36 .84

1.59  36 .43

5 . 2 0  1 . 8 9 3  0 . 0 4 5

8 . 7 4  r . 8 2 6  0 . 0 5 2

8 . 5 7  1 . 8 0 7  0 . 0 5 7

8 . 5 1  r . 8 2 r  O . O 4 2

9 . 8 9  1 . 8 0 5  0 . 0 5 5

9 . r 2  r , 8 2 2  0 . 0 3 9

8 . 0 4  r . 8 2 1  0 . 0 5 7

r .859 0 .208

1 . 7 8 3  0 . 3 4 1

1 . 8 2 3  0 . 3 3 7

1.813 0 .335
1200 15

r ,747 0 .392

1.79r -  0 .351

1 . 8 2 4  0 . 3 1 8
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Appendix IV. Analyses of pyroxcnes in two "tie-Iine rotationr oxpcrimeotg.

tm * (rDgs:l. AxDs-I) # I

12 .  s  kb /950.c 1 2 . 5  k b / 1 0 5 0 " C

cPx opx cpx opx*

s 1 o 2  5 3 , 9 7 ( 1 . 5 0 ) 5 8 . 1 6 ( . 4 0 )  5 2 . 0 7 ( . 5 )  5 5 . 9 7 ( . 5 )

c a o  2 3 . 4 6 ( . 4 6 )  0 . 9 2 ( . 2 0 )  2 3 . 0 3 ( . j ,  1 . 0 9 ( . 4 )

M s o  1 9 . 0 6 ( . 3 )  3 8 . 1 0 ( . s )  1 8 . 8 8 ( . 6 )  3 7 . 8 1 ( . 8 )

[ 2 o l  5 . 3 5 ( . 4 )  4 . 9 3 ( . 8 )  6 . 8 4 ( . 3 )  7 . 2 5 ( r . r )
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s i  1 . 8 9 4  1 . 9 0 9

c a  0 . 8 8 3  0 . 0 3 2

l. lg 0.997 1.863

A 1  0 . 2 2 7  0 . 1 9 1

1 . 8 4 8  1 . 8 4 2

0 . 8 7 5  0 . 0 3 9

0 . 9 9 9  1 . 8 5 5

0 . 2 8 6  0 . 2 8 1

*Craiai toq tull, dor too @ny Bood enelys€s

ltre above sre two runs usla8 (c) aaii (d) r*ersal
conblnatian (se the Bectlon on experlnental approacb).
Cooposltlon6 of the starting Alminou6 OFx atrd CFx
are the sare es ln tsble I  of  the text.  

ss sg


