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Ansrucr

Melting experiments on pyrope have been performed from 7 to l6 GPa using the mul-
tianvil press. The results show that the melting curve of pyrope is unusual relative to those
for pyroxene and forsterite because either it is linear in T-P space or it has a break in the
slope at around l0 GPa. At 3-10 GPa the melting curve appears to be normal in that it
can be calculated from reasonable thermodynamic and elastic parameters using the meth-
od of minimizing the Gibbs free energy of melting. However, at pressures > 10 GPa, the
observed melting temperatures are higher than predicted. This can be explained either by
cation disordering in crystalline pyrope or by a stiffening of liquid MgrAlrSirO,, associated
with pressure-induced coordination changes involving Al3*. In either case, pyrope is sta-
bilized relative to liquid, and the slope dZldP of the melting curve is higher than that for
enstatite and forsterite at pressures in excess of l0 GPa. The effect ofpressure is, therefore,
to increase the thermal stability of pyrope at the expense of olivine and to place garnet on
the liquidus for komatiite, peridotite, and chondrite compositions.

Ir.rrnonucrroN

The liquidus phase for komatite, peridotite, and chon-
drite compositions changes from olivine to garnet at high
pressures (Herzberg, 1983; Takahashi, 1986; Ohtani et
al., I 986; Ito and Takahashi, 1987;- Herzberg et al., I 990;
Zhangand Herzberg, 1993), which increases opportuni-
ties for garnet fractionation to occur in nature. Garnet
fractionation has been demonstrated to be important in
understanding the geochemistry of some komatiites
(Herzberg, 1992), and it may have occurred during an
early diflerentiation event in the Earth (Ohtani and Sa-
wamoto, 1987; Herzberg and Gasparik, l99l). The melt-
ing temperatures of pyrope, MgrAlrSirO,r, at high pres-
sure are therefore important for understanding the stability
of garnet in multicomponent systems.

Early studies have shown that pyrope melts incongru-
ently to liquid + spinel or liquid + aluminous enstatite
up to 3.5 GPa (Boyd and England, 1962), and it melts
congruently at higher pressures (Boyd and England, 1962;
Ohtani et al., 1981; Irifune and Ohtani, 1986). Of partic-
ular interest in these studies is the slope of the pyrope
melting curve, which was reported to change from about
82 "C/GPa at 3.5 GPa to 0 'ClGPa at pressures above l0
GPa (Irifune and Ohtani, 1986). This differs from the
melting curve of forsterite, which maintains a positive
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slope at all pressures (Ohtani and Kumazawa, 1981; Pres-
nall and Walter, 1993). The effect of pressure inferred
from these end-member systems is to increase the stabil-
ity of olivine at the expense of garnet, just the opposite
of what is observed in multicomponent systems. A major
objective ofthis work is to resolve this contradiction by
reinvestigating the melting curve of pyrope.

Exprnrprnx'rAt, METHoDS AND RESULTS

All experiments were carried out using the 2000-t split-
sphere multianvil apparatus (USSA-2000) located at Stony
Brook. A detailed description of the press, the sample
assembly, and the techniques has been given in numerous
papers (Gasparik, 1989, 1990; Herzberg et al., 1990; Lie-
bermann and Wang, 1992) arrd is not repeated here.

Two types of starting material were used. One was crys-
talline pyrope synthesized from a stoichiometric mixture
of MgO, Al,O., and SiO, at 5 GPa and 1300 "C for 5 h;
optical examination and X-ray diffraction showed that
the recovered starting material consisted largely of py-
rope but contained minor amounts of unreacted oxides.
The second type of starting material was a pyrope-free
mixture of oxides, and this was used to examine how the
experimental results might be afected by the nature of
the starting material.

The starting materials were loaded into Re containers,
and assemblies of 10 mm were used. These were then
fired at 1000 "C in an Ar atmosphere for I h prior to the
experiment to expel all HrO. The time to reach the target
temperature was l5-30 min, and experiment durations
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Trale 1. Experimental results on the melting of pyrope

P(GPa)
Starting Expt

f fC) t (min) materials products

mixture
mixture
mixture
mixture
mixture
mixture
mixture
pyrope
pyrope
pyrope
mixture
pyrope
pyrope
pyrope
pyrope
pyrope
mixture
mixture
pyrope
pyrope
pyrope
pyrope

'Py : pyrope.
'. L: liquid quenched to glass + extremely fine-grained (<1 pm) inter-

growth of crystalline phases

at the target temperatures were typically 3 min before the
experiments were terminated by shutting off the power.
A reversal experiment involving garnet at 2185 'C and
l4 GPa demonstrated that equilibrium was reached with-
in 3 min in the presence of a melt phase (Herzberg et al.,
1990). The experiment products were prepared as thin
sections for optical examination and electron probe anal-
ysis (Table 1).

The temperatures given in Table I are those recorded
by the thermocouple, which was located 0.5 + 0.2 mm
from the hot spot (Fig. l) and which reads 50 "C lower
than the hot-spot temperature of 1200 "C (Gasparik,
1989). The temperature gradient varies as a function of
distance along the heater, being flat near the hot spot and
steep at the cold end, and is approximately symmetrical
on each side of the hot spot. The temperature difference
between the hot spot and the cold end of the capsule is
200 "C in the range 1400-1700'C (Gasparik, 1989) and
about 300 "C in the range 2000-2200 "C (Presnall and
Gasparik, 1990). In those experiments for which a quench
liquid phase is reported in Table l, the interface with
crystalline pyrope is sharp (Fig. l). The temperature of
this interface is the melting temperature of pyrope, and
its disposition in all experiments is within 0.7 mm of the
hot spot; this results in a thermocouple temperature that
is very similar to the melting temperature of pyrope.

Precision in the measurement of temperature is typi-
cally +30 'C (Gasparik, 1990; Presnall and Gasparik,
1990). Temperature accuracy is more problematical be-
cause the effect of pressure on thermocouple emf has not
been determined and is not included in Table l. How-
ever, it has been estimated to be about - 5 'ClGPa (Zhang
and Herzberg, 1993), on the basis of the melting temper-
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Fig. l. Sketch of an experiment at l3 GPa and 2300 'C show-
ing the distribution ofpyrope, liquid, and unreacted oxides.

ature of MgSiO, perovskite determined by a diamond cell
heated by a CO, laser (2727 + 50 'C at 22 GPa: Zen and
Boehler, 1993), compared with a multianvil estimation
(2600 'C and 22.5 GPa: Gasparik, I 990). If this pressure
effect on thermocouple emf is realistic, then the temper-
atures given in Table I are too low by 35 "C at 7 GPa
and by 80 .C at 16 GPa. Uncertainties stemming from
precision and accuracy should therefore be within +50'C.

Irifune and Ohtani (1986) reported that the liquid phase
quenches to glass and aluminous enstatite at pressures
less than about 7 GPa, and to garnet at higher pressures.
The liquid phase in the experiments reported here
quenched to an extremely fine intergrowth of glass and
quench crystalline phases that were too small to identify
by electron probe analysis. In experiments like these, the
liquid phase is separated from crystalline pyrope down
the temperature gradient by an interface that is invariably
sharp (Fig. l). Pyrope grows with two kinds of morphol-
ogy, depending on the distance away from the liquid.
Within a narrow band 50-100 pm in width next to the
liquid (Fig. l), which translates to about 20 "C down the
temperature gradient, the pyrope crystals are the largest
in size (10-20 pm), euhedral, and inclusion free. Farther
down the temperature gradient, the pyrope crystals are
smaller and contain inclusions of corundum. Inclusions
of unreacted oxides of SiO2, Al2Or, and MgO occupy the
coldest portions of all experimental samples for both types
of starting material, crystalline pyrope and mixed oxides,
but are completely absent where a liquid phase existed
(Fig. l). Only those parts of the samples that contain in-
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clusion-free pyrope bands next to liquid can be consid-
ered as stable because a liquid phase is invariably re-
quired as a fluxing agent for equilibrium to occur
(Gasparik, 1989).

The experimental results listed in Table I are shown
in Figure 2. Pyrope is interpreted to melt congruently
between 7 and 16 GPa, and this is consistent with pre-
vious studies between 3.5 and l0 GPa (Boyd and En-
gland, 1962; Irifune and Ohtani, 1986). There are many
observations in support ofthis conclusion. Pyrope is the
only crystalline phase that is found together with liquid,
and the two phases are separated by a very sharp interface
(Fig. l). Electron microprobe analyses of inclusion-free
pyrope crystals and rastor microbeam analyses of the ad-
jacent liquid yielded stoichiometric pyrope within ana-
lytical error. No other components, including Re from
the container, are contained in pyrope. The bands, 10-
20 pm in width, of inclusion-free pyrope next to liquid
are not an artifact of incongruent melting, but rather they
are most reasonably interpreted as arising from the crys-
tallization and melting that occurred from a temperature
fluctuation of about + l0 'C, which is typical of multian-
vil experiments in the 2000 'C range.

Although we have not explored in detail the effect of
starting material preparation on the experimental results
by conducting duplicate Z-P experiments on both the
mixed oxides and the crystalline pyrope, the melting curve
shown in Figure 2 describes the results for both starting
materials equally well. Similarly, our experimental results
at 7-8 GPa using mixed oxides as a starting material are
in excellent agreement with the results of Irifune and Oh-
tani (1986), who used crystalline pyrope. The major dif-
ference is in the abundance of mixed oxides that are pre-
served. In experiments using mixed oxides, large and
inclusion-free pyrope crystals invariably grow in bands
50-100 pm wide adjacent to liquid, but the crystals con-
tain a much greater abundance ofunreacted oxides in the
melt-free cold parts of the charges.

Shown in Figure 2 are out melting temperatures com-
pared with those reported by Irifune and Ohtani (1986).
At 7 and 8 GPa there is excellent agreement, but at 9 and
10 GPa our melting temperatures are about 50'C higher.
This difference may be due to ambiguities arising from
the rapid transformation of the graphite heaters to dia-
mond in the experiments reported by Irifune and Ohtani
(1986) above at 2000 'C and 9-10 GPa. At pressures
above 10 GPa, our melting temperatures are 100-350'C
higher than the Kraut-Kennedy extrapolated curve of Iri-
fune and Ohtani (1986). But this extrapolated curve is
problematical because it is heavily weighted by their am-
biguous measurements at 9-10 GPa.

DrscussroN

The simplest way of describing the experimental data
is with a melting curve that is actually linear in 7"-P space,
and this is shown in Figure 2. The experimental data can
be described by:
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Frg. 2. The experimental results and a linear melting curve
for pyrope. Circles : Irifune and Ohtani (1986); squares : this
study. Open symbols - solid; solid symbols : quench liquid.
The dash-dotted curve is the data oflrifune and Ohtani (1986)
fitted by them to a Kraut-Kennedy equation.

Z-  ( 'C) :  1555 + 58.4P(GPa) ( l )

to within +40 "C, which is about the magnitude of the
error in the measurement of temperature. But from a
thermodynamic point of view, a fusion curve that is lin-
ear is difficult to understand because melting involves
important changes in volume, and this is usually manifest
in melting curves that are indeed curved in I-P space.
An attempt was made to model the melting of pyrope by
minimizing the Gibbs free energy of melting (Fei et al.,
1990), and the results are shown in Figures 3 and 4. Al-
though the data are not of sufficient accuracy to deter-
mine whether the melting of pyrope is linear or curved,
the calculations that follow are useful for the purpose of
developing an understanding of our experimental obser-
vatrons.

The Gibbs free energy of melting has been minimized
using standard thermodynamic equations for Gibbs en-
ergy, enthalpy, and entropy (e.g., Fei et al., 1990). The
heat capacity in these equations, given by Cr: a 1- bT
-t c/72 -r e/73 + g/T (e.g., Fei et al., 1990), and the
coefficients in Table 2 arc a description of calorimetric
measurements (T6qui et al., 1991; Richet and Bottinga,
1984). The volume change of melting [i.e., AZ(I,P)]has
been calculated using a third-order Birch-Murnaghan
equation of state with several modifications. Although it
is common to treat the bulk modulus (Kr) as a linear
function of temperature [e.g., K, : Krn" + dK/dT(I' -

298): Fei et al., 19901, we used Kr: l/(Po + ltT + P2T2
+ 0rT'), where B, are the coemcients of compressibility.
This results in better internal consistency among heat ca-
pacity, thermal expansion, and the bulk modulus for data
systemization with the thermodynamic constraint C" :

Cv + IPKTVT (Saxena, 1988; Saxena and Zhang, 1989
Saxena and Shen, 1992). The term V(1,298)/V(P,298) tr
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TABLE 2. Thermodynamic properties of Mg"AlrSi"O,, pyrope and
liquid

Parameters Pyrope Liquid

p zsoo
I
5
6

o
CL
E
p zooo

Heat capacity C" U/(mol K)l : a + bT + clT' + elT3 + glT
a 519.70 630.00

-5697713
1005.5

-5456713
1 159.6

136.50

0.565

5.4054

6 5 (3-10 GPa)

d  ( K  1 )  :  a o  t  a , T  I  a " l T 2

a6 (10 n) 0.2428

0.0139 0.035
-0 .5161
-0.5074
-0.4194
1 13.37

0.2578
-o 4421
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Fig. 3. The experimental results and calculated melting curves
for pyrope. Melting curves were calculated for completely or-
dered pyrope using the thermodynamic and elastic parameters
listed in Table 2. The three melting curves show how changes in
the pressure derivative of the bulk modulus K', for the liquid
can afect the results. Note that higher values of K'. stabilize
pyrope relative to liquid. The symbols are as for Fig. 2.

the original Birch-Murnaghan equation has been replaced
by V(l,T)/ V(P, 7), where

v(t,r): o,,[.-r(J: " .4]
Zr* is the molar volume at 298.15 K and I atm, and a
is the coefficient of isobaric thermal expansion as given
by o : ao * a,T * ar/72. Heat capacity, thermal expan-
sion, and bulk modulus data are listed in Table 2. The
high-temperature bulk modulus of pyrope calculated from
the Co - Cu relation is in good agreement with the data
of Anderson et al. (1991) within the temperature range
of their measurements.

The molar volume of MgrAlrSirO,, liquid from Lange
and Carmichael (1987) yields a calculated melting curve
for pyrope that is 100-250 "C higher than what we ob-
serve in the range 3-10 GPa. A more successful simula-
tion is obtained with a molar volume that is 3.4olo lower
(Table 2), and the results are shown in Figure 3. At pres-
sures <10 GPa, we calculate a melting curve that is in
excellent agreement with our experimental data for the
following MgrAlrSi.O,, liquid parameters: tr/!n, : 136.5
+  4 .0  cm3 /mo l ,  K . :  18 .5  +  1 .0  GPa ,  andK ' r : 6 .5  +
1.5, where Z!n, is the molar volume at 298 K, K, is the
isothermal bulk modulus, and Ki is the pressure deriv-
ative of the bulk modulus. The errors associated with
these estimates are based on errors reported for the en-
tropy and enthalpy of melting (T6qui et al., l99l), un-
certainties in temperature (above), and uncertainties in
the molar volume of crystalline pyrope (Skinner, 1956).
But at pressures > l0 GPa, our preferred volume param-
eters yield melting temperatures that are too low. By in-
creasing K', from 6.5 to 10, it is possible to calculate a
melting temperature at l6 GPa that matches our exper-

K,(GPa) :1l,i fl: (Po + PjT + A2T2 + fuTsl
0o (10 u)

B,  (10 ,o)

A , (0 - ' o )
0 . ( 1 0 ' u )

K',

0.5501
0.8643
0.4798
0.1398

4.93

Notei pyrope: AH?5?0, Charlu et al. (1975) and T6qui et al. (1991);
AS?s,0, Haselton and Westrum (1980) and Tequi et al. (1991); C", Tequi
et al. (1991); %,s, Robie et al. (1978); a, Skinner (1966); B, O'Neill et al.
(1991); ,(',, Webb (1989). Liquid: AH!.,0 and AS?s7o, T6qui et al. (1991);
Cp, Richet and Bottinga (1984); o and P, Lange and Carmichael (1987);
V2saand K',, this study; AH957o and AS9u,o: the standard enthalpy and
entropy at 1570 K; G: heat capacity; y3e€ : molar volume at 298 K; c
: thermal expansion; Kr and P : isothermal bulk modulus and compress-
ibility, respectively; K'r: pressure derivative of the bulk modulus.

imental observations, but it yields melting temperatures
that are too high in the range 3-10 GPa (Fie.3). We
cannot produce a melting curve from a single set of elastic
constants that fits the entire data base in the range 3-16
GPa.

Another possible way of describing the melting curve
is shown in Figure 4. It has a slope that gradually de-
creases from 82'ClGPa at 3.5 GPa to 35 "C/GPa at 9-
l0 GPa (Boyd and England, 1962; Irifune and Ohtani,
1986); at pressures above l0 GPa, our data require a
slope that is about 65 "C/GPa, indicating the possible
existence of a breaking in the slope of the melting curve.
The increased stabilization of pyrope relative to liquid in
the range 10-16 GPa indicates the occurrence of struc-
tural changes in either pyrope or liquid. The most obvi-
ous possibility is a phase transformation in crystalline
pyrope. To test this idea, a synthesis experiment was con-
ducted aI 14.5 GPa and 2200"C for 5 h. X-ray diffraction
of the recovered sample yielded a standard JCPDS py-
rope pattern, with minor peaks attributed to unreacted
corundum, indicating that the garnet is somewhat defi-
cient in AlrOr. As discussed above, equilibrium was
probably not reached because of the absence of a liquid
phase in this experiment. However, the results suggest
that no phase transformation occurred in crystalline py-
ropic garnet, unless it is fundamentally nonquenchable in
nature.

If cation disordering occulred in the crystallographic
sites of pyrope, the configurational entropy would lower
its Gibbs energy, pyrope would become stabilized relative
to liquid, and this could change the T-P slope of the melt-
ing curve. In addition, some disordering in pyrope may
be anticipated because disordering of Mg and Si has been



ZHANG AND HERZBERG: MELTING OF PYROPE 501

observed in the octahedral sites in MgSiO, majorite gar-
net synthesized at 2000'C (Phil l ips et al., 1992). From
the thermodynamic parameters in Table 2, we calculate
that only 9.8 and 21.3 J/(mol.K) are needed to raise the
melting temperatures from a completely ordered pyrope
melting curve (see Fig. 3; K'r: 6.5) to temperatures we
determined at l3 and 16 GPa, respectively.

Pyrope, with a structural formula tsll\{g.lel[lrt+1$irQ,r,
has Si in tetrahedral sites, Al in octahedral sites, and Mg
in dodecahedral sites in its completely ordered state. The
spectroscopic studies of McMillan et al. (1989) on pyrope
synthesized at 900-1000'C showed no disordering, but
the site occupancies of interest here are those above 2 1 00
"C. The configurational entropy of cation disordering is
calculated from the relation S. : -nR[> Xlln X1], where
n is the number of 7 sites per formula unit, R is the gas
constant, and Xji the cation site occupancy of an i atom
(l : Mg, Al, Si) on a 7 crystallographic site (7 : the do-
decahedral site preferred by Mg, the octahedral site pre-
ferred by Al, and the tetrahedral site preferred by Si). As
no crystallographic or spectroscopic information on high-
temperature pyrope exists, we consider a few possible
cases. For the total mixing of Al and Si in two octahedral
sites and three tetrahedral sites, the configurational en-
tropy is 28 J/(mol'K). In the unlikely event that Al should
mix with Mg in the unusual dodecahedral site, the total
mixing of Mg and Al in three dodecahedral sites and two
octahedral sites is also 28 J/(mol.K). The maximum pos-
sible configurational entropy is 37.4 J/(mol'K) from the
mixing of Mg and AI in three dodecahedral sites and one
octahedral site, in addition to the mixing of Al and Si in
one octahedral site and three tetrahedral sites. Whatever
the case may be, these configurational entropy values are
significantly higher than the 9.8 ard 21.3 J/(mol.K) of
extra entropy that are needed to raise the melting tem-
perature of ordered pyrope to the temperatures that we
experimentally observed at l3 and l6 GPa, respectively,
indicating that disorder may be partial and temperature
dependent. Another source ofextra entropy in pyrope is
from positional disorder of the small Mg cation at high
temperatures if thermal expansion is accommodated by
a substantial increase in the size ofthe large dodecahedral
site. In any case, it is concluded that cation disordering
in pyrope at temperatures above 2100 'C is a possible
way of explaining our experimental data and may explain
why the melting curve has the break in slope at l0 GPa
(Fig. a).

We conclude this analysis with an examination of pos-
sible changes in the properties of pyrope liquid. The most
obvious consideration involves possible Al3+ coordina-
tion changes in the liquid from fourfold to sixfold coor-
dination at around l0 GPa, where there may be a break
in the melting slope. The evidence for coordination in-
creases in Al3* at about this pressure was from'z?Al solid-
state NMR measurements on silicate glasses (Ohtani et
al., 1985; Xue et a1., 1991), molecular dynamics simu-
lations (Angell et al., 1982, 1987), and the observation of
garnet quenched from liquid pyrope at pressures >7 GPa
(Irifune and Ohtani, 1986). The essential question in-
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Fig. 4. The experimental results and a melting curve for py-
rope. The curve from 3 ro 10 GPa was calculated with a pressure
derivative of the bulk modulus K;: 6.5, from Fig. 3. At l0-
l6 GPa the curve is empirical. The dash-dotted curve is the data
oflrifune and Ohtani (1986) fitted by them to a Kraut-Kennedy
equation. The broken curve indicates the pressure range where
a break in the melting curve is possible. The symbols are as for
Fig.2.

volves how these structural changes aflect the volume of
pyrope liquid.

For pyrope that is assumed to remain fully ordered at
all conditions, the only way that melting temperatures
can be raised is by increasing K', for MgrAlrSi.O,, liquid
from 6.5 at P < l0 GPa to about 10 at 16 GPa, as in-
dicated in Figure 3. The effect this has on the molar vol-
ume of Mg.AlrSi,O'' liquid is shown in Figure 5 and is
calculated from the melting curve (Fig. 4) using thermo-
chemical parameters for a fully ordered pyrope (Table 2).
It is demonstrated that there is a tendency for
Mg.Al,Si,O,, liquid to stiffen at > 10 GPa and 2000 'C,

an arbitrarily selected temperature. Rigden et al. (1988)

also observed this kind ofbehavior from shock-wave ex-
periments on molten Ano,uDio uo, a composition that con-
tains 15.4olo AlrOr. The volume in their experiments was
observed to change gradually over the pressure interval
from I atm to 25 GPa, but negligibly at higher pressures.
Rigden et al. (1988) interpreted their results to indicate a
gradual transformation of Al and Si from dominantly tet-
rahedral to octahedral coordination in the range I atm to
25 GPa; at higher pressures they suggested that these
transformations may be essentially complete, and there
may be a similarity in the compressibilities of the liquid

and an increase in the melting slope of MgSiO. perovskite

at around 60 GPa, but this break has not been verified

by Zen and Boehler (1993). This interpretation, however,
is ambiguous because P-V breaks were not observed in
shock-wave experiments for molten anorthite (36.60/o
AlrOr: Rigden et al., 1989) and for molten komatiite (8.20lo

AlrO.: Miller et al., l99l) over a comparable pressure

range. Furthermore, the melting curve of jadeite (Na-

AlSi,O6) from2.4 to 16.5 GPa shows no I-Pbreaks (Fig.
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2500 'C could be important in constraining these
possibilities.

Figure 6 summarizes the melting curve of pyrope in
relation to the melting curves of enstatite (Boyd et al.,
1964; Presnall and Gasparik, 1990), forsterite (Davis and
England, 1964; Ohtani and Kumazawa, l98l; Presnall
and Walter, 1993), and jadeite (Litvin and Gasparik,
1993). The very high melting temperatures observed for
pyrope at around l5 GPa show that pressure stabilizes
garnet at the expense of forsterite, in agreement with phase
equilibrium studies in multicomponent systems (Taka-
hashi, I 986; Ohtani et al., I 986; Ito and Takahashi, 1 987;
Herzberg et al., 1990; Zhang and Herzberg, 1993). We
emphasize that the experimental method utilized in this
study is identical to that used for the enstatite and for-
sterite fusion curves (Presnall and Gasparik , 19901, Herz-
berg et al., 1990; Presnall and Walter, 1993), and it is
also identical to the method used in calibrating the soli-
dus curve in peridotite systems (Herzberg et al., 1990).
Therefore, the results presented here cannot be an artifact
of the experimental method.
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