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Abstract

Phase relation between pyrope Mg;Al,Si;0,, and knorringite Mg;Cr,Si;0;, is determined experimentally
under high pressure and temperature condition. The solubility limit of the knorringite molecule expands with
increasing pressure, and knorringite end member is stable at pressures higher than 105 kbar at 1200°C. A low
pressure phase assemblage of garnet ss. + pyroxene ss. + spinel ss. + quartz (coesite) appears on the
pyrope-rich side, while this assemblage is replaced by that of garnet s5. + pyroxene ss + corundum s, on
the knorringite-rich side at the pressures above ca. 67 kbar at 1200°C. Measurement of chemical composi-
tions of these phases is carried out, and the distribution of Cr3 among the coexisting phases is determined.
As a result, it is confirmed that the Cr content of the garnet, as well as that of the spinel, is a useful indicator
of the equilibrium pressure between spinel and garnet lherzolites.

Melting experiment is made for the pyrope end member and also for the garnet solid solution between
pyrope and knorringite at high pressures. It is observed that Cr3* strongly prefers the garnet to the melt at
relatively low pressures. However, such a preference is almost absent at the higher pressures around 90 kbar.
On the other hand, an anomalous change of the quenched phase from the garnet melt is observed at pressures
around 70 kbar; the quench crystal changes from aluminous pyroxene with garnet stoichiometry to garnet at
these pressures, Further, notable decrease in slope of the melting curve is observed for the pyrope end
member at around this pressure. It is strongly suggested that these changes would be caused by a pressure-
induced structural change, from pyroxene-like structure with tetrahedrally coordinated Al to garnet-like one
in which every Al is in an octahedral site, in the pyrope melt at the pressures about 70 kbar. This interpreta-
tion is confirmed by the X-ray emission spectroscopic measurement, which shows structural similarity bet-
ween pyrope glass and the quench crystal.

Origin of Cr-rich pyrope and distribution of Cr in the upper mantle are discussed on the basis of the pre-
sent experimental results. The Cr-rich pyrope, which commonly occurs as an inclusion in diamond, is
estimated to be formed as a residual crystal caused by partial melting of the mantle material at pressures cor-
responding to 120-240 km in depth. It is also suggested that the garnet would be almost a unique phase which
accommodates Cr®* in the upper mantle from ca. 600 km to ca. 100 km depth, above which Cr3* would be ac-
commodated mainly in spinel and pyroxene. However, the notably high concentration of Cr3* observed in the
garnet inclusions (Cr/Cr+ Al=0.2-0.5) is considered to be a local phenomenon limited in the shallower
horizons above ca. 240 km.

Introduction

Pyrope-rich garnet is an important constituent of ultramafic xenoliths, and it has
been considered to be a major mineral of the upper mantle together with olivine and
pyroxene. Recent studies of the garnet inclusions, both in natural diamonds and in
xenoliths from kimberlites, show that they usually contain considerable amounts of
Cr,0, (Nixon and Hornung, 1968; Sobolev, 1974; Tsai et al., 1980); the maximum
value of the Cr,O; content is about 0.5 in terms of Cr/Cr+ Al. Thus knorringite
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Mg;Cr,Si;0,; would be an important end member of the garnet of mantle origin, and
its effect on the stability condition of the garnet should be clarified for detailed discus-
sion of the mineral composition of the mantle.

Ringwood (1977) synthesized the garnets with several compositions between pyrope
and knorringite, and confirmed that they formed a complete solid solution series at
high pressure. Irifune et al. (1982) determined the stability field of the knorringite end
member and that of the garnet solid solution, and showed that the solubility of the
knorringite molecule in pyrope depended largely on the pressure. However, some am-
biguity remained on the mineral assemblage of the lower pressure phase of the garnet
solid solution and also on the compositions of these minerals in the low pressure phase.

The enrichment of Cr3* in the pyrope-rich garnet has been a subject of discussion in
relation to the mechanism of formation of natural diamonds and the chemical com-
position of the upper mantle (Sobolev, 1974; Ringwood, 1977; Harte et al., 1980).
Mineral inclusions in natural diamonds usually have high values of Mg/Mg+ Ca + Fe
and Cr/Cr+ Al compared with those in ultramafic xenoliths, and such refractory
features of the inclusions are considered to suggest participation of partial melting in
the formation of the diamonds (Harte et al., 1980). The enrichment of the knorringite
molecule is also thought to be caused by the repeated fractional melting in the upper
mantle (Irifune et al., 1982). However, there were scarecely data on the partitioning of
Cr3* between crystals and melts, except for those obtained at quite low pressures
(Barmina et al., 1974; McKay and Weill, 1976; Huebner et al., 1976; Ringwood et al.,
1976). In particular, at the high pressures under which the diamond crystallizes, there
were essentially no data because of technical difficulty in both generation and measure-
ment of high temperature under such pressures.

Recent pioneering works of Ohtani and his co-workers enabled to perform a
melting experiment under the conditions up to 200 kbar and 2500°C. They clarified the
melting relations of several mantle-constituting minerals such as fayalite Fe,SiOy,
forsterite Mg,SiO,, ferrosilite FeSiO,, and those in some binary systems relating to
these components (Ohtani, 1979; Ohtani et al., 1982; Ohtani and Kumazawa, 1982).
As one of the series of these investigations, the author and his co-workers have carried
out a melting experiment of pyrope, and reported a preliminary result in Ohtani et al.
(1981). Although the experimental data were insufficient at that time, they observed an
anomalous change of the quench phase and the associated change in the slope of the
melting curve, and pointed out a possibility of occurrence of a pressure-induced coor-
dination change of Al in the pyrope melt.

According to the X-ray studies of silicate melt (glass), cations are coordinated with
several oxygen ions in the melt just as in a crystalline phase, and the melt maintains a
local arrangement of the ions in short range order (e.g., Stanworth, 1950). Thus the
coordination number of oxygen around a cation can be defined and measured even in
the silicate melts. Accordingly, the pressure-induced coordination change, which is
generally observed for the crystalline phases at high pressures, is also expected to occur
in the silicate melt as pointed out by Waff (1975). Although Kushiro (1976) suggested
the occurrence of such a coordination change for aluminum in jadeite melt around
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10 kbar, the possibility is discarded by recent Raman spectroscopic studies at least at
the pressures up to 40 kbar (Sharma et al., 1979; Mysen et al., 1980). However, such a
structural change of the silicate melt may occur at the pressures higher than 40 kbar.

The author reports here the results of the following experimental studies;

1) determination of the phase relation and the distribution of Cr among the coex-
isting phases in pyrope-knorringite system at high pressure,

2) determination of the melting relation of pyrope and that of the garnet solid solu-
tion between pyrope and knorringite at high pressure,

3) characterization of the quenched phases from the garnet melt and exploration of
the structure of the melt under high pressure.

The author discusses origin of the Cr-rich pyrope and distribution of Cr in the up-
per mantle on the basis of these experimental data. Implications of mineral inclusions
in natural diamonds are also discussed in the present paper.

Experimental technique
High pressure and temperature generation

Piston-cylinder apparatus

Tow types of high pressure apparatus were used properly according to the aimed
pressure range. A piston-cylinder apparatus with a working dimension of 1.25 cm in
diameter and 5.0 cm in length was used in experimental runs at the pressures below
40 kbar. Constitution of the high pressure cell was essentially the same as that of
Hariya and Kennedy (1968). An improvement of the cell assembly was made to
generate higher temperatures than those of previous studies; a thinner and smaller
graphite heater used in the present study enabled to perform melting experiment up to
2000°C under high pressures.

Each experimental run was carried out using piston-in technique with a correction
of minus 10% for the nominal pressure. The pressure value under high temperature
was checked by the equilibrium pressure between quartz and coesite at 1200°C (Boyd,
1964). Temperature was measured by a Pt-Pt13%Rh thermocouple in a subsolidus
run. A W-W26%Re thermocouple, instead of the Pt-Pt13%Rh one, was used for the
melting experiment at higher temperatures. No correction was made for the pressure
dependence of the e.m.f. of each thermocouple.

MAS apparatus

The MAS type apparatus was used in the runs above 40 kbar. It possessed eight
cubic anvils each of which had a truncated edge of 8 mm, and was driven by a uniaxial
press through the RH3 type guide blocks; the principle of pressure generation and the
method of the practical operation were explained in detail in Kawai and Endo (1970)
and Kumazawa et al. (1972). Semi-sintered MgO was used as a pressure medium, and
pyrophyllite was used as a gasket that laterally supported the anvils.

Pressure was calibrated by the resistance changes associated with the transitions of
Bi (I-11, 25.5; II1-V, 77 kbar; Lloyd, 1971) and Ba (I-1I, 55; II-11I, 126 kbar; Akimoto
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et al., 1975). The error of the generated pressure is believed to be within 5% of the
nominal value based on the calibration as shown in Ohtani (1979). However, a certain
degree of pressure decrease, which probably depends on both run duration and
temperature, is suggested to occur during the run as discussed in Irifune and Hariya
(1983).

Specifically pure graphite was used as a heating element under high pressure; the
graphite heater concurrently served as a container of the sample. A rapid transition of
the graphite to diamond, however, occurred at the pressures above 95 kbar at around
2000°C, and it hindered stable generation of high temperature. Although Ohtani
(1979) confirmed usefulness of LaCrO; as the heating element at the higher pressures
than 100 kbar, it sometimes showed an erratic behavior in high temperature genera-
tion. Therefore, the author limited the experimental pressure below 100 kbar at present
and aimed at determining of the melting curve and the phase relation as accurately as
possible. Temperature was measured by the W-W26%Re thermocouple, and
monitored by a digital recording system equipped with a microcomputer.

Run temperature was corrected for the temperature increase at the truncated edges
of a couple of opposed anvils; both ends of the thermocouple were connected to the
truncated edges. Because temperature was raised quickly (~3500°C/min.) to avoid
contamination by the furnace and the thermocouple to the sample, the whole cell
system did not attain to thermal equilibration during a run. Therefore, the temperature
of the anvil edges increased gradually through a run as a function of the duration, even
if the electric power was held constant at the desired temperature. The temperature of
the ““cold junction *’ sometimes went over 300°C in a few minutes for the runs around
2000°C. In order to subtract the effect of such a temperature increase at the cold junc-
tion of a thermocouple, the e.m.f.’s for both the sample and the anvil edge were
monitored simultaneously, and the run temperature was evaluated by the sum of these
two values. However, some degrees of the systematic error of the temperature would
have remained, because we could not remove the effects of pressure on the e.m.f. of
the thermocouple and also because there was usually a large temperature gradient in
the furnace of the MAS type apparatus. On the other hand, the apparent observational
error caused by the fluctuation of the temperature was usually within 1% of the
nominal value (see, Table 2).

Experimental methods

Experimental procedure

The synthetic pyrope and the garnet solid solutions between pyrope and knorringite
were used as starting materials of the melting experiment. In order to remove influence
of absorbed water on the melting, the starting material was heated in an oven at 150°C
for a day immediately before the run.

Quenching method was employed to recover stable phases under the experimental
conditions. Pressure was applied first, and then temperature was raised quickly to an
aimed value. Run duration was usually a few hours for the subsolidus experiment ex-
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cept for that at 1000°C; the longer duration up to 10 days was taken to promote the
reaction at this temperature. On the other hand, the duration was limited within a few
minutes for the melting experiment at the temperatures near and above 2000°C,
because the reaction would be accomplished in such short time under these extremely
high temperatures. The short duration is also favorable to avoid contamination by the
capsule and the thermocouple. After being held at constant temperature for the desired
duration, sample was quenched isobarically by turning off the electric power. The
quench rates in the present high pressure apparatus were very large, and the sample was
quenched to the temperatures around the room condition within a few seconds.

Identification of phases

There was usually a large temperature gradient in the furnace of the MAS type ap-
paratus. Therefore, the run product only around the hot junction of a thermocouple
was picked up carefully under the microscope. The product was identified by the
microscopic observation and also by an X-ray powder diffraction method. Thin sec-
tions were prepared for the products of some critical runs, and EPMA analysis was
made together with the microscopic observation. Detection of a molten phase could be
readily made by the texture of the run product under the microscope; when a sample
was melted, glass and/or dendritic quench crystals appeared as the product. These
quench phases were well distinguished from the recrystallized granular crystals without
melting.

Measurement of X-ray emission band

In order to clarify the aluminum coordination of the garnet melt, an X-ray emission
band was measured for the synthetic crystals and the quenched phases from the melt. It
was carried out by utilizing a commercially available EPMA equipped with a PET
crystal as a monochromator; the Rowlands circle of the crystal had a radius of
125 mm. The Al Kg band was selected for the measurement because of its high sen-
sitivity to immediate environment of the aluminum atom. The operating voltage was
fixed to 10 keV and the width of the receiving slit in front of the detector was 0.3 mm;
these conditions brought about wavelength resolution and peak intensity high enough
for the present purpose. Electron beam was defocused to 50um in diameter, which is
somewhat larger than that usually employed in ordinary compositional analysis, to
avoid contamination on the surface of the sample during measurement. A thin section
of the sample, which was coated by carbon after polish, was prepared for the measure-
ment.

A step scanning method with an interval of 0.001 A in wave length was employed in
the measurement of the X-ray band. Intensity of the emitted X-ray was measured three
times for 20 seconds at a wave length, and the averaged value was taken as the real in-
tensity at each wave length. In order to calibrate the wave length, the peak position of
Kp for aluminum metal (7.960 A; Bearden, 1967) was measured immediately before
and after the measurement of each sample. The observational error of the wave length



422 T. Irifune

was estimated to be within a half of the interval of step scanning as shown in the
previous evaluatin for the same method (Maruno and Fujii, 1970).

Subsolidus phase relation in the system
Mg;AlLSi; 0,,-Mg;Cr,Si;0,, at high pressures

Phase relation

Experimental study on the phase relationships in the pyrope-knorringite system has
been made by the author, and the results are already published in Irifune et al. (1982),
Hariya et al. (1982), and Irifune and Hariya (1983). A summary of these results is
presented below.

Text-fig. 1 shows the stability field of knorringite end member at high pressure.
Details of the experimental conditions and results are listed in Irifune et al. (1982). As
shown in Text-fig. 1, knorringite is stable only at higher pressures than ca. 100 kbar,
and an assemblage of enstatite + eskolaite appears at the lower pressures. The boundary
between garnet and the low pressure phase has a positive and steep slope of about
8°C/kbar.

A phase diagram of the pyrope-knorringite system at 1200°C is illustrated in Text-
fig. 2, which is equivalent to Fig. 1 of Irifune and Hariya (1983). The equilibrium
pressure between the garnet solid solution and the low pressure phases almost agrees
with that calculated by Irifune et al. (1982), and it depends largely on content of Cr in
the garnet. Text-fig. 2 shows that the low pressure phase assemblage of the garnet solid
solution consisted of garnet, pyroxene, and corundum solid solutions for the composi-
tions with larger values than 0.4 in terms of Cr/Cr + Al. In contrast with this result, the
garnet decomposed to an assemblage of garnet ss. + pyroxene s.s. + spinel s s, + quartz
(coesite) at the pressures below ca. 67 kbar on the pyrope-rich side.

Irifune and Hariya (1983) studied temperature dependency of the phase boundary
between the garnet and the low pressure phases. They showed that the phase boundary
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was raised to higher pressures with increasing temperature in the compositional range
of the present study; this agrees with the temperature dependence of the phase bound-
aries for both pyrope and knorringite end members (Boyd and England, 1964; Irifune
et al., 1982). However, the effect of temperature was not very large, and the slope of
the phase boundary was in the order of 0.03 kbar/°C at each composition. Thus the
solubility of the knorringite molecule in pyrope is dependent almost only on pressure,
and it would become an indicator of the equilibrium pressure of natural garnet inclu-
sions as discussed later.

Chemical compositions of crystalline phases

Compositional analysis was made by EPMA for the garnet solid solutions and the
other crystalline phases which coexisted with the garnet under various pressures. Parts
of the results are shown in Text-fig. 3 in terms of Cr/Cr+ Al. Crystals of the spinel
solid solutions were usually too minute to analyze accurately by EPMA. Therefore, the
author determined chemical compositions of the spinel solid solutions by linear inter-
polation of lattice parameters of the end members following to the method by O’Neill
(1981). One result of the EPMA analysis of a few exceptionally large spinel crystals ob-
tained at 35 kbar showed the average composition of 0.63 in terms of Cr/Cr+ Al
which almost agrees with the value (0.65) calculated from the lattice parameter. This
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Text-fig. 3 Compositions of coexisting garnet and low pressure phases at 1200°C
as a function of pressure. Circles and squares are results of EPMA analysis,
and triangles are those based on lattice parameters. @, garnet solid solution;
[1, orthopyroxene solid solution; B, V¥, spinel solid solution; 4\, corundum
solid solution.

suggests validity of the determination based on the lattice parameter.

The synthetic crystals obtained by the MAR type apparatus showed considerable
degrees of chemical inhomogeneity. In particular, orthopyroxene showed markedly
large variation in Cr/Cr+ Alamong the crystals synthesized in a run (see, Text-fig. 3).
Therefore, the determination of its chemical composition with sufficient accuracy for a
partitioning study of Cr3* could not be made at present. Such a wide variation of
Cr/Cr+ Al would be partly caused by analytical errors, because the contents of both
Al,O5 and Cr,0; in the pyroxene were extremely low under the pressures of the present
study. The corundum solid solutions showed also erratic compositions and some of
which were identified to be pure eskolaite by EPMA. Therefore, the average composi-
tions for the corundum solid solutions were determined also by their lattice parameters.

Table 1 shows mole fractions of the Cr-components of the coexisting phases at
various pressures at 1200°C. The additional data at 1000° and 1400°C and the ap-
parent partition coefficient K, ., between two major Cr-rich phases, spinel and
garnet, are also shown in Table 1. Although these data are somewhat poor in quality at
present, the order of partitioning of Cr3* among the crystalline phases can be estimated
from Text-fig. 3 and Table 1. The oxides such as corundum and spinel solid solutions
have quite high Cr3* preference rather than the silicates such as pyroxene and garnet
solid solutions. Between the silicates, the orthopyroxene seems to have somewhat
higher proportion of the Cr-component than that of the garnet solid solution, although
the difference is not very large and is ambiguous especially at higher pressures. Similarly,
the corundum solid solution has somewhat higher values of Cr/Cr+ Al than that of the



THE SYSTEM Mg;ALSiz01-Mg;CrySis0y, 425

Table 1 Chemical compostions of the crystals in the
assemblages of garnet ss. + low pressure phases

Temp. Press. ga sp pX cor sp-ga
°C) (kbar) Cr Xer Xer Xer Keral
1000 25 0.08 0.41 0.10 — 8.0
30 0.12 0.59 0.14 — 10.6
35 0.16 0.66 * — 10.2
40 0.20 0.75 * — 12.0

1200 25 0.07 0.32 0.07 - 6.3
30 0.12 0.53 0.15 - 8.3
35 0.13 0.65 0.16 — 12.4
40 0.16 0.69 0.18 11.7
45 0.18 0.70 0.19 —_ 10.6
55 0.25 0.78 * — 10.6
65 0.31 0.84 * 0.95 11.7
80 0.52 — * 0.98
95 0.71 - * 0.99

1400 30 0.07 0.43 0.06 - 10.0
35 0.11 0.61 0.18 — 12.7
50 0.19 0.67 * — 8.7
60 0.25 0.76 * -_ 9.9

—, phase absent; *, Accurate determination could not be made.
X, mole fraction of Cr-component; K, apparent partition coefficient of Cr and Al.
Abbreviations: ga=garnet; sp=spinel; px=pyroxene; cor = corundum,

coexisting spinel solid slution as shown in Text-fig. 3 (d).

Melting relations in the system Mg;Al;Si;0,,-Mg;Cr,Si;0,,
at high pressures

Melting of pyrope at high pressures

Melting relation

Experimental conditions and the results of the melting of pyrope are summarized in
Table 2 and Text-fig. 4. Pyrope melted congruently in the present pressure range bet-
ween 35 and 95 kbar as shown in Text-fig. 4. The following changes of the quench
phases were observed as a function of pressre: 1J At the pressures up to 55 kbar, glass
of pyrope composition appeared together with quench crystals of aluminous enstatite,
2) the aluminous enstatite alone appeared as the quench phase in the pressure range
between 55 and 70 kbar, 3) the quench crystal changed from the aluminous enstatite to
pyrope at the pressures around 70 kbar, and the pyrope was the unique quench phase
at the pressures beyond this. The apparent ‘‘phase boundary’’ between the these two
quench crystals had a positive and very steep slope (dT/dP =35°C/kbar) as shown by
the dashed line in Text-fig. 4.

The slope of the melting curve of pyrope notably decreased at the pressures around
70 kbar, which corresponds to the pressure at which the quench crystal changed from
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Table 2 Experimental conditions and results on melting of pyrope

Press. Temp. Time )

Rur No. (kbar) e (min.) Apparatus Results?
Pl 35 1700 ( 10)®) 5 PC S
P2 35 1730 ( 5) 5 PC S
P3 35 1750 ( 10) 1.5 PC S+L (Gl, Q-En)
P4 35 1750 ( 20) 1.5 MA L(GI)+S
P5 35 1775 ( 10) 5 PC L (Gl, Q-En)+ 8
P6 35 1800 ( 15) 3 MA L (Gl, Q-En)
P7 50 1800 ( 15) 2 MA S
P8 50 1850 ( 15) 2 MA L (Gl, Q-En)+1tr. S
P9 50 1875( 35) 3 MA L (Gl, Q-En)
P10 50 1900 ( 30) 1.5 MA L (Gl, Q-En)
P11l 55 1850 ( 5) 2 MA s
P12 55 1900 ( 10) 2 MA L (Gl, Q-En)+S
P13 55 1930 ( 10) 2.5 MA L (Gl, Q-En)
P14 62.5 1900 ( 10) 2 MA S
P15 62.5 1950 ( 25) 1.5 MA L (Q-En)+S
Pl6 62.5 1975 ( 10) 2 MA L (Q-En, tr. GI)
P17 62.5 €)2100 — MA L (Q-En, tr. G1)
P18 65 2050 ( 50) 0.1 MA L (Q-En, tr. GI)
P19 70 1950 ( 10) 2 MA S
P20 70 1975 ( 5) 25 MA L (Q-En)
P21 70 2000 ( 10) 2 MA L (Q-En)
P22 70 2100 ( 50) 0.1 MA L (Q-En)
P23 70 €) 2250 — MA L (Q-En)
P24 70 €)2350 — MA L (Q-En)
P25 75 1950 ( 20) 3 MA S
P26 75 2000 ( 10) 2.5 MA L (Q-Py, tr. Q-En)
P27 75 2100 ( 15) 2.5 MA L (Q-Py)
P28 75 2200 ( 15) 25 MA L (Q-En)
P29 80 1950 ( 1) 2 MA S
P30 80 2000 ( 10) 2 MA S+ L (Q-Py)
P31 80 2050 ( 10) 2 MA L (Q-Py)
P32 80 2150 ( 50) 0.1 MA L (Q-Py)
P33 80 2250 ( 25) 2.5 MA L (Q-Py)
P34 80 2350 ( 15) 1.5 MA L ( Q-En, tr. Q-Py)
P35 85 1960 ( 5) 3 MA S
P36 85 2000 ( 10) 2 MA L (Q-Py)+5S
P37 90 2000 ( 20) 2.5 MA S
P38 90 2030 ( 15) 2 MA L (Q-Py)+S
P39 90 2050 ( 15) 2 MA L (Q-Py)
P40 90 2200 ( 30) 0.1 MA L (Q-Py)
P4l 95 2010 ( 15) 1.5 MA S
Paz 95 2040 ( 10) 2 MA L(Q-Py)+5S
P43 95 2075 ( 35) 1 MA L (Q-Py)
P44 95 2250 (100) 0.2 MA L (Q-Py)
P45 100 2075 ( 20) 0.5 MA L (Q-Py)
P46 100 2150 ( 70y 0.1 MA L (Q-Py)

a
b

temperature.
©): Sample was heated instantancously, and the temperature was cstimated from the

supplied electric power,
Abbreviations: PC = piston-cylinder apparatus; MA = MAS type apparatus; S = recrystallized
pyrope without melting; L = phase recognized as being melted; G = glass; Q-En = quench
aluminous enstatite; Q-Py = quench pyrope; tr.= trace.

: Sequence of the phases lollows their gross proportion in a run product.
Numeric values in parentheses in this column denote the observational error of
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Text-fig. 4 Melting relation of pyrope up to 100 kbar. The dashed line indicates
the apparent boundary between two quench crystals, aluminous enstatite and
pyrope. The chain line is an extrapolated melting curve by the Kraut-Kennedy
equation (see, text). Circles are the results of the present study, and squares are
those by Boyd and England (1964).

aluminous enstatite to pyrope. The result of a detailed analysis of the melting curve is
given in the next subsection.

Effect of pressure on the melting temperature

In the pressure range where pyrope melted congruently, the melting curve had a in-
itial slope of about 8.2°C/kbar. However, the slope changed notably around 70 kbar
as shown in Text-fig. 4. Such a bend of the melting curve was never observed in the
previous experiments performed by essentially the same apparatus for other minerals
such as fayalite and forsterite (Ohtani, 1979; Ohtani and Kumazawa, 1982), and the
possibility that such a bend might be caused by inadequate estimation of the ex-
perimental pressure and/or temperature would be ruled out.

Slope of the melting curve of a solid usually decreases with increasing pressure, and
such a tendency is well expressed by some empirical equations such as Kraut-Kennedy
equation:

Tm=Tm, (1+C (Vo-V)/Vy) ... (1)

or Tm=Tmg+C’ (Ve-V)/Ve . (1)
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where Tm and V are the milting temperature and the molar volume at pressure P, and
Tmy and V, are those at the atmospheric pressue. C (C’) is a material-dependent cons-
tant which is determined by fitting the equation to the experimental data. The molar
volume change at each pressure is evaluated by the third order Birch-Murnaghan equa-
tion of state;

P=3/2Ky ((V/ Vo) 3= (V/Vg)57?) [143/4 (K’p—4)
X (V/Vo23-11 )

where K, is a bulk modulus at the atmospheric pressure, and K’, is its pressure
derivative. Because pyrope is not stable at the atmospheric pressure, T, is not given ex-
perimentally.

Text-fig. 5 shows a relationship between the melting temperature and the molar
volume change 1—Vy/V of pyrope. The solid straight line was illustrated on the basis
of a least squares fitting of the Kraut-Kennedy equation (1) to the experimental data
at the pressures less than 70 kbar. The experimental data used and the parameters thus
obtained are shown in Table 3. The experimental data at the low pressures were best fit-
ted to the equation Tm=1781 (1+7.2 (1-V,/V)). However, the deviation of the ex-
perimental data from the solid line became very large at the larger values of
(Vo—V)/V, than 0.038 which corresponds to the volume change of pyrope at 70 kbar;
these data are well described by the equation Tm= 2027 (1 +2.7 (1—V,/V)) shown by
the dashed line in Text-fig. 5.

T T
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Text-fig. 5 Relation between the melting temperature and the volume change of
pyrope. The solid line is illustrated by linear squares fitting of the present data
below 70 kbar, and the dashed line is obtained by the fitting of the data at
higher pressures.
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Table 3 Experimental data used in the least squares fitting
of Kraut-Kennedy equation and resultant parameters

Press. Tm Tm,
(kbar) CK) gl (°K) =
35 2023 0.019 17810 i)
36 2048 0.020
40 2063 0.022
43 2088 0.022
¢lg7 2113 0.026
50 2123 0.027
55 2173 0.030
62.5 2223 0.034
70 2238 0.038 2027% 2:7
75 2248 0.041
80 2273 0.044
85 2273 0.046
90 2298 0.049
95 2313 0.052

a): Ky=1.71 Mbar and K,' =1.8 (Sato et al, 1978) were used in the
calculation.

b): These values are tentative ones,. because pyrope is not stable at the
atmospheric pressure.

¢): Boyd and England (1962).

The melting curve obtained by using (1) and (2) is shown by the chain line in Text-
fig. 4. It is shown that the change in the melting curve of pyrope can not be explained
by the usual decrease in the slope of a melting curve at high pressure.

Melting of garnet solid solutions in pyrope-knorringite system at high pressures

Melting relation

Melting experiment of the garnet solid solutions in pyrope-knorringite system was
carried out at the pressures 35, 62.5, and 90 kbar. The experimental conditions and
results are summarized in Table 4. The experimental runs at 35 kbar were performed
by the piston-cylinder apparatus, and those at higher pressures were made by the MAS
type apparatus. Chemical compositions of the garnets were limited to the pyrope-rich
side in the present study. The results, however, would provide substantial information
for the present purpose, because the natural garnets usually have the compositions
20-40% of the knorringite molecule and those with higher Cr contents than 40 mol %
are extremely rare.

Text-fig. 6(a) shows the phase relation at 35 kbar. The garnet solid solution was
stable in the compositional range of ca. 10% of Cr;O; content. A small field of garnet
s.s. + liquid existed near the pyrope end, which is shown by the region I in Text-fig.
6(a). Although this field was limited to the compositions below ca. 8% of the knor-
ringite molecule and the accurate determination of the phase boundary could not be
made, the shape of the field was estimated to be *‘fat’’ because of the high Cr/Cr+ Al
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Table 4 Experimental conditions and results on melting of garnet
solid solutions between pyrope and knorringite

P =135 kbar
Rur No, Composition Temp. Time Apparatus Results®)
. (°C) (min.)
PKI P95K35 1600 (10)» 30 PC Ga
PK2 P95SKS 1700 ( ) 10 PC Ga
PK3 P95KS5 1750 ( 5) 10 BC Ga
PK4 P95KS 1800 ( 5) 10 PC Ga+ L (Gl, tr.Q-Px)
PKS P95K5 1850 (15) 5 PC L (Gl) + Sp + Px+ tr.Ga
PK6 P95KS 1900 (10) 2 PC L (G, tr.Q-Px)
PK7 P90OK 10 1600 ( 5) 15 RPC Ga+Sp+Px
PK8 P90K10 1805 (15) 2 PC Ga+Sp+Px+1r.L (GL)
P=62.5 kbar
Y - emp Time :
Rur No. Composition =) (min) Apparatus Results®
PK9 P90OK 10 1600 (15)b! 30 MA Ga
PK10 P90K 10 1900 (10) 2 MA Ga
PKI1 PYOKI0 1940 (10) 2 MA Ga +(Q-Px)
PKI12 P90K10 1975 (10) 5 MA L (Q-Px) +1tr.Ga
PK13 POOK10 2015 (10) 2 MA L (Q-Px)
PK14 P80K20 1400 (10) 30 MA Ga
PK15 P80K20 1600 (10) 25 MA Ga
PK16 P80K20 1900 (15) 2 MA Ga
PK17 P8OK20 2000 (10) 2 MA L (Q-Px) +1r. (Ga, Sp)
PKI18 P8OK20 2095 (10) 1.5 MA L (Q-Px)
PK19 P70K30 1400 (10) 60 MA Ga+Sp+Px
PK20 P70K30 1600 (25) 20 MA Ga+Sp+Px
P =90 kbar
Rur No. Composition e, Timig Apparatus Resulis®
: (°C) (min.)
PK21 P95K5 2000 (10) 2 MA Ga
PK22 P95K5 2050 ( 5) 1.5 MA L (Q-Ga)
PK23 P9OK10 2000 (10) 2.5 MA Ga
PK24 P90OKI10 2050 (10) 2.5 MA Ga + L (Q-Ga)
PK25 P9OK10 2100 (15) 2 MA L (Q-Ga)
PK26 P90K10 2200 (25) 1.5 MA L (Q-Ga)
PK27 P8OK20 2050 (20) 1.5 MA Ga
PK28 P8OK20 2120 (15) 2 MA L (Q-Ga)+ Ga
PK29 P8OK20 2200 (20) 2 MA L (Q-Ga)
PK30 P70K30 1900 ( 5) 15 MA Ga
PK31 P70K30 2100 ( 5) 3 MA Ga + L (Q-Ga)
PK32 P70K30 2160 (15) 2 MA L (Q-Ga, Q-Px)
PK33 P70K30 2250 (30) 1.5 MA L (Q-Ga, Q-Px)
PK34 P70K30 2400 (25) | MA L (Q-Px, Q-Ga)
PK35 P60K40 2100 (15) 2 MA Ga +tr. (Px, Cor, Sp)
PK36 P60K40 2260 (20) 2 MA L (Q-Px)
PK37 P50K50 1600 (20) 20 MA Ga + tr, (Px, Cor)
PK38 P50K50 1800 (15) 20 MA Ga+ Px+ Cor

4. b): the same nolations as in Tabel 2.

Abbreviations; P = pyrope; K = knorringite; Ga = garnel solid solution; Px = pyroxene solid
solution; Cor = corundum solid solution; Sp = spinel solid solution; Q- = quenched crystal
from melt; other abbreviations are the same as those in Table 2.
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Text-fig. 6 Melting relation of garnet solid solution between pyrope and knorringite at (a)
35 kbar, (b) 62.5 kbar, and (c) 90 kbar. “I'* indicates the field of garnet solid solu-
tion + liquid. L, liquid; ga, garnet solid solution; L.P.P., low pressure phases.

value of the garnet compared with that of the melt (see next section). The melt was
quenched to the glass with a trace of quench crystals of orthopyroxene at this pressure.
The liquidus and the solidus at the compositions of higher Cr/Cr + Al values are not
determined at present, because they would be located at the extremely high temper-
atures beyond the potential of temperature generation of the present piston-cylinder
apparatus and also because it is not the scope of the present study to clarify the parti-
tioning of Cr3* between melt and other phases except for garnet.

At 62.5 kbar, the stability field of the garnet solid solution expanded to the com-
positions up to ca. 30% of the knorringite molecule as shown in Text-fig. 6(b). The
region of garnet s;s, + liquid also showed the fat shape suggesting that Cr3* has still
high preference for the garnet at 62.5 kbar. The quenched phase from the melt was
always orthopyroxene with some amounts of Al,O, and Cr,0,.

Further expansion of the stability field of the garnet solid solution was observed at
90 kbar as shown in Text-fig. 6(c). The field of garnet 5.5, + liquid (region I) also ex-
panded up to the composition with ca. 50% of the knorringite molecule. However, the
compositional range of this region at a fixed temperature was considerably narrower
than those of the regions at lower pressures. This indicates absence of the high concen-
tration of Cr?* in the garnet at the pressures around 90 kbar. The quenched phase from
the melt was the garnet with a lamellar texture at the compositions within 20% of the
knorringite molecule. However, the quench orthopyroxene coexisted with the quench
garnet at the compositions with larger knorringite molecules.
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Partition of Cr¥ between garnet and melt

EPMA analysis was made for the garnet and the glass (quench crystal) which coex-
isted in a run product at each pressure. The rsult is shown in Table 5. The author
analyzed only one or two products for the starting compositions near the middle of the
region I at each pressure, because the region of garnet s.s. + liquid was limited in a very
narrow compositional range. Moreover, the products sometimes showed very large
chemical inhomogeneity in terms of Cr/Cr+ Al, and the average composition for
several analytical points is shown for each sample in Table 5. The apparent partition
coefficient Kgf,t, was calculated on the basis of the chemical analysis. The distribution
coefficient of Cr* (Dcr=wt% Cr in garnet/wt% Cr in melt), which is usually defined

Table 5 Chemical data of coexisting liquids and garnet solid
solutions in pyrope-knorringite system

P =35 kbar (PK4) P=62.5 kbar (PK11)

garnet liquid? garnet liquidb
Si0o, 43.84 43.91 43.74 44 .81
Al O, 23.06 24.03 21.41 23.52
Cr,0,4 2.09 0.54 4.34 1.63
MgO 29.61 29.25 29.52 28.99
Total 98.60 97.73 99.01 98.95
Si 3.006 3.019 2.995 3.084
Al 1.862 1.914 1.768 1.926
Cr 0.114 0.030 0.238 0.089
Mg 3.025 2.998 3.054 2.974
Cr/Cr+Al 0.058 0.015 0.119 0.044

Ga-Lg
K Cr-Al 4.0 2.9
D Cr 3.9 2T
P =90 kbar (PK24) P =90 kbar (PK28)

garnet liquid¢ garnet liquid¢
Sio, 43.21 44,11 43.87 44.24
Al O 21.66 22.65 19.29 20.57
Cr,04 3.97 3.48 7.38 5.56
MgO 28.69 28.18 27.99 28.49
Total 97.63 98.42 98.42 98.87
Si 2.988 3.059 3.007 3.052
Al 1.766 1.849 1.586 1.673
Cr 0.217 0.191 0.408 0.313
Mg 2.964 2.907 2.910 2.931
Cr/Cr+Al 0.109 0.094 0.205 0.158

Ga-Lg

KCr« Al 1.2 1.4
DCr j ;| 1:3

aglass; Pquench pyroxene; ¢quench garnet.
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for minor elements, was also calculated. The results of the calculation were also shown
in Table 5.

At 35 kbar, a partially melted product was obtained at 1700°C and at the starting
composition of PygsKng; the recrystallized garnet coexisted with the glass in this prod-
uct. A trace of quench pyroxene was also observed in the product, but its proportion
was extremely small. Therefore, its effect on the composition of the melt was ignored.
The recrystallized garnet was rich in Cr,0; compared with the glass; the apparent par-
tition coefficient and the distribution coefficient were K?fkl =4.0 and Dc¢r=3.9,
respectively.

The run product at 1940°C at the starting composition of PygKn;, was analyzed
for the partitioning study at 62.5 kbar. Quenched pyroxene coexisted with the
recrystallized garnet, but is showed quite large chemical variations in terms of Cr/
Cr+ Al. The average compositions of these phases brought about KS?,&, =2.9 and
Decr=2.7. Although these values are somewhat small compared with those at 35 kbar,
the high concentration of Cr is also observed in the garnet relative to the melt at this
pressure.

It was difficult to identify the recrystallized garnet which coexisted with the melt at
90 kbar, because there was no glass and the garnet was the major quenched crystal
from the melt. The run products for the starting compositions of PygKn,, and
PygoKn,, were analyzed, becuase they showed a textural feature of partial melting;
both garnets with the granular and the lamellar textures coexisted in the product,
although the coexistence was observed in a limited part. There was little difference in
Cr/Cr+ Al values between the two garnets, but a little enrichment of Cr3* was observ-
ed in the recrystallized garnet compared with the quenched one. Consequently, both
the values of the apparent partition coefficient and the distribution coefficient of Cr3*
were evaluated to be 1.1-1.4 at 90 kbar, which are considerably lower than those at 35
and 62.5 kbar. This agrees with the feature of the phase diagram at 90 kbar; the field
of garnet + liquid exhibits a slender shape at 90 kbar as shown by I in Text-fig. 6(c).
The author discusses later the reason for the notable decrease in the partition coeffi-
cient of Cr3* between the garnet and the melt at the pressures around 90 kbar.

Analyses of quenched phases from garnet melt
Characterization of quench crystals

The quench crystal from the pyrope melt was identified by microscopic observation
and X-ray diffraction method as aluminous enstatite at the pressures below ca.
70 kbar. SEM image of this quench enstatite is shown in Text-fig. 7(a). The results of
precise characterization of the aluminous enstatite are reported in Fujino et al. (1983)
and Irifune and Ohtani (1984). A summary of the results is as follows: The quench
aluminous enstatite contains about 25 mol % of Al,O;, which just corresponds to the
value of pyrope itself. It was reported that the upper limit of the Al,O, content in or-
thoenstatite was about 16 mol % (Boyd and England, 1964). Therefore, the aluminous
enstatite with the pyrope composition is most Al-rich one among those so far reported,
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100 um

Text-fig. 7 SEM images of quench crystals from pyrope melt. (a) aluminous enstatite: The
elongated direction of the lamellae disagrees with any axes; the included angle is
69.3°+0.5°. (b) pyrope: The crystal elongates in parallel with the a-axis.

although it might be a metastable phase.

At the higher pressures above 70 kbar, pyrope appeared as quench crystals from the
melt. The chemical composition and the lattice parameter of the quench pyrope agreed
with those of the synthetic one which was used as a starting material of the present ex-
perimental run. However, the quench pyrope exhibited a peculiar pillar shape as shown
in Tex-fig. 7(b).

The variation of the quench crystal, from aluminous pyroxene to garnet with in-
creasing pressure, was also observed in the melting experiment of the garnet solid solu-
tions between pyrope and knorringite (see, next section) and of almandine Fe;ALSi,04,
(Irifune, unpublished data). However, the “‘phase boundary’’ between the quench
aluminous pyroxene and the quench garnet was raised to higher pressure with increas-
ing knorringite molecule, and it shifted to a low pressure side for almandine compared
with that of pyrope.

It is one of the subjects of the present investigation to clarify the reason why such a
variation of the quench crystal occurs at high pressure. A reasonable explanation is
that this variation is ascribed to a pressure-induced structural change in the garnet
melt; if the garnet melt has a pyroxene-like structure with some of Al in a tetrahedral
site at low pressures and a garnet-like structure with all Al in an octahedral site at
higher pressures, the quench crystal from the melt would change according to the struc-
tural change of the melt. In order to examine this idea, the aluminum coordination in
the pyrope melt was estimated on the basis of X-ray emission spectroscopic measure-
ment.
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Measurement of X-ray emission band for synthetic and quench phases

Principle and method of measurement

It is difficult to perform in-situ measurement of the structure of a silicate melt at
high pressure. Recent study by a Raman spectroscopic method, however, shows that
there is a similarity between a melt and the glass quenched from it (Seifert et al., 1981).
It is also shown that the structure of a silicate melt at high pressure would be frozen by
guenching. Therefore, analysis of the glass formed at high pressure will provide
substantial information on the structure of a melt under compression.

There are several methods to analyze the structure of a glass as reviewed in
Morikawa and Okuno (1983). The author selected an X-ray emission spectroscopic
method, because it has the potential which directly clarifies the coordination of catins
and also because it enables us to analyze such minute samples as are available in the
high pressure experiment.

White and Gibbs (1969) studied the structural and the chemical effects on the X-ray
emissioin bands for some aluminosilicates and oxides using a commercial EPMA. They
found that the Al Kg band shifted as much as 8 x 10-3 A and that the shift depended on
both the coordination number of Al and the Al-O distance. Dodd and Glen (1970) and
Maruno (1971) measured the Al K of various glasses which were obtained from the
silicate melts under the atmospheric pressuré. Both of them found that the position of
the Kg band of a glass shifted to the high energy side compared with that of the cor-
responding cyrstal, which means that the strength of the M-O band in the crystal was
weakened by the melting. However, they reported that there was no distinction bet-
ween crystal and its melt (glass) in the coordination of cations; this agrees with the
conclusions of the recent studies by several different methods (e.g.: Sharma et al.,
1979; Okuno and Marumo, 1982). On the other hand, the measurement has never been
made for the glass obtained at high pressure except for Velde and Kushiro (1978); their
measurement seems quite poor in wave-length resolution of the X-ray band. Further-
more, little attention has been paid on the shift of the fine structure of the X-ray band
in spite of its substantial importance in clarifying the coordination change.

In the present study, the Al Kg emission bands of synthetic aluminous enstatite,
pyrope, and the quenched phases from the pyrope melt were measured by the method
stated in the earlier section. The position and the full width at half peak height of the
Al Kg were determined for each sample. Fine structure of the Kz was also analyzed by
least squares curve fitting to evaluate the shift of the peak profile. The aluminum coor-
dination numbers of the pyrope melt (glass) and the quench crystals were estimated by
referring to these results for the synthetic aluminous enstatite and the synthetic pyrope,
whose crystal structures have already been clarified.

Sample preparation
Measurement of the Al Kg band was made for the crystals and the glasses with
pyrope composition. Synthetic conditions of the samples are shown in Table 6.
Aluminous enstatite with 10 mol % of Al,0O; was also synthesized at high pressure to
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Table 6 Synthetic conditions of samples with pyrope composition
and results of measurement of Al Ky

Run Sample Press. Temp. ALKz (A)

No. name (kbar) (°C) position FWH
PX1 S-PYR 30 1300 7.9774 0.0282
P31 Q-PYR 80 2050 7.9772 0.0286
PX2 *S-EN 30 1400 7.9749 0.0260
P22 Q-EN 70 2100 7.9753 0.0264
P6 GL-a 35 1800 7.9748 0.0263
P13 GL-b 55 1930 7.9755 0.0266

*Composition: MgSi0;-0.1AL,0;.

Abbreviations: FWH=full width at half maximum of the peak; S-PYR=synthetic pyrope;
Q-PYR =quench pyrope; S-EN=synthetic aluminous enstatite; Q-EN=quench aluminous enstatite;
GL =glass.

compare with the quenched aluminous enstatite with the pyrope composition.

Glasses were prepared at 35 and 55 kbar. Although a small quantity of the quench
aluminous enstatite was observed in the peripheral part of the latter sample, the central
part of the sample was confirmed to be sure glass by the microscopic observation. At
the pressures above ca. 70 kbar, however, glass was unavailable in the present study; a
trace of the glass was obtained up to 65 kbar by the extremely short period heating in-
cluding an instantaneous one, but no glass was available at pressures higher than
65 kbar. Therefore, no information was obtained on the structure of the pyrope melt at
the higher pressures where the quench pyrope crystallized from the melt.

Thin sections of the samples were prepared for the X-ray band measurement by
EPMA. The thickness of the thin section was adjusted to the same order as that of the
radius of the electron beam (50 pm).

Experimental results

The results of measurement of the peak position and the peak width of Al Kg are
shown in Table 6. A least squares fitting by several gaussian curves was carried out for
the normalized X-ray intensity of the Al Kg peak. In the present curve fitting, the
author referred to the methods which were used in the Raman spectroscopic study by
Mysen et al. (1982) and the Mossbauer spectroscopic study by Shinno and Maeda
(1981). The number of the gaussian peaks was increased till the addition of a new peak
resulted in no significant improvement in terms of x? test; only two or three gaussian
peaks brought about sufficient result in the present study. The result of the deconvolu-
tion for each sample is shown in Text-fig. 8(a-f) and summarized in Table 7.

Al Kg of the synthetic pyrope was well expressed by a super-position of three gaus-
sian peaks as shown in Text-fig. 8(a). The largest peak at about 7.979 A would be
assigned to the transition 3p (¢) — 1s in the octahedrally coordinated aluminum in the
pyrope. The associated small peak at the high energy side would be assigned to a transi-
tion which reflects the covalent character peculiar to those atoms with 6-fold coordina-
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Text-fig. 8 Results of deconvolution for Al Kg bands of synthetic and quench phases. (a) synthetic
pyrope; (b) quench pyrope; (c) Synthetic aluminous enstatite; (d) quench aluminous enstatite;
(e) pyrope glass obtained at 35 kbar; (f) pyrope glass obtained at 55 kbar.
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Table 7 Fine structure of the Al Kg band

PEAK 1* PEAK 2 PEAK 3

Sample = - - - = .

PA) F(A) I P(A)  F(A) 1 P(A)  F(A) I
S-PYR 7.9794 0.0257 93 7.9618 0.0095 19 7.9842 0.0062 14
Q-PYR 7.9786 0.0272 98 7.9623 0.0105 11 7.9854 0.0045 10
S-EN 7.9798 0.0205 79 7.9676 0.0157 56
Q-EN 7.9794 0.0227 80 7.9679 0.0168 43
GL-a 7.9783 0.0219 90 7.9660 0.0156 38
GL-b 7.9803 0.0214 85 7.9674 0.0162 48

*Peak number is assigned according to the normalized intensity of each elemental peak.
Abbreviations: P = position; F = full width at half maximum; I =normalized intensity.

tion; probably 3p (#*) — ls, according to an interpretation based on a molecular or-
bital theory (Glen and Dodd, 1968). As for the third minor peak around the main one,
the assignment can not be made at present. It might reflect a 3s — 1s forbidden transi-
tion which is suggested to occur also in those atoms with 4-fold coordination (Dodd
and Glen, 1968).

The Al Kg of the quench pyrope is shown in Text-fig. 8(b). There is no significant
distinction of Al Kg in both the position and the profile between the synthetic pyrope
and the quench one as noticed from Tables 6 and 7 and Text-fig. 8(a and b). Therefore,
all of the aluminum atoms of the quench pyrope are considered to be in the octahedral
site similar to those of the synthetic pyrope.

Text-fig. 8(c) shows the result for the synthetic aluminous enstatite with 10% of
Al,O0;. The Al Kpg was decomposed to two gaussian peaks with similar intensity each
other, and was very different from those of the synthetic and the quench pyropes in the
peak position and the profile. According to the recent crystallographic study of syn-
thetic and natural aluminous enstatites (Ganguly and Ghose, 1972), half of aluminum
atoms occupy the tetrahedral B site and the remaining ones are accommodated in the
octahedral sites, M1 and M2, with a preference for the M1 site. Therefore, the two
elemental peaks of the Al Kg of the present synthetic enstatite are considered to be
assigned to the electronic transitions in two kinds of the aluminum atoms with different
coordination numbers. Since there is a tendency that the aluminum atom with a larger
coordination number causes a shift of the Kg toward higher energy side (White and
Gibbs, 1969), the two gaussian peaks around at 7.968 and 7.980 A will be assigned to
the transitions in octahedrally and tetrahedrally coordinated aluminum atoms, respec-
tively. On the other hand, if these two peaks are assigned to those transitions, other
minor peaks such as associated with the main peak of the Kg for pyrope Text-fig. 8(a
and b) are expected to exist. However, the height of such peaks would be rather small
(probably in the order of 10% of that of the main peak) according to the result for
pyrope, and their presence was not confirmed in the present least squares analysis.

A similar result was obtained for the quench aluminous enstatite as shown in Text-
fig. 8(d). Although the intensity of the high energy peak was somewhat weak com-
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pared with that of the synthetic enstatite, the peak position and the profile of Al Kg of
these enstatites almost agreed with each other. Thus the quench aluminous enstatite
with pyrope composition is considered to be similar to the synthetic one in aluminum
coordination; part of the Al would be in a tetrahedral site in these enstatites.

Text-fig. 8(e and f) shows the results for the glasses with pyrope composition ob-
tained at 35 and 55 kbar, respectively. There was no significant distinction of Al Kg
between these glasses, although the energy position of the Al Kg of the former glass
was somewhat higher than that of the latter one. The Al Kg band of the glass shifted
toward the high energy side compared with that of the crystalline pyrope, which implies
that the Al-O bond strength was weakened by the melting. The profile of the Al Kg of
the glass was also very different from that of the pyrope; only two gaussian peaks
brought about a satisfactory result of the least squares fitting for the Kg of the glass.
However, it is noteworthy that the position and the profile of the Al Kg of the pyrope
glass almost agree with those of the quench aluminous enstatite as recognized from
Table 6 and Text-fig. 8(c-f). The similarity between the glass and the aluminous
enstatite is also confirmed by Text-fig. 9. Thus, at the pressures 35 and 55 kbar, pyrope
melt is estimated to have the same aluminum coordination as that of the aluminous
enstatite. Consequently, the occurrence of aluminous enstatite as the quench crystal is
considered to reflect that the pyrope melt has the pyroxene-like structure, in which at
least parts of the Al are tetrahedrally coordinated by oxygen atoms, at the low
pressures below ca. 70 kbar.
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Discussion
Effect of Cr on the transition pressure between spinel and garnet lherzolies

It is widely accepted that aluminous lherzolite constitutes a large part of the upper
mantle, and many experimental studies have been carried out on the phase equilibrium
between spinel and garnet lherzolites at high pressures (e.g.: MacGregor, 1975;
O’Hara et al., 1971; Jenkins and Newton, 1979). As a result, the univariant phase
boundary between two high pressure forms of the aluminous lherzolite was well deter-
mined for a simple model system of CaO-Ma0O-Al,0,-8i0, (abbreviated CMAS).

O’Neill (1981) discussed the effect of Cr,0; on the phase transition of lherzolite on
the basis of a high pressure experiment of the CMAS-Cr,0; system up to 40 kbar. He
showed that the addition of Cr,0; to the CMAS system considerably raised the stability
field of spinel lherzolite to higher pressures as shown by the chain line in Text-fig. 10,
and found that the pressure at which an assemblage of five phases olivine+ or-
thopyroxene + clinopyroxene + garnet + spinel appeared could be evaluated by the
equation;

—cxsSP
P=CXo tPo (3)

60

kbar
w
o

PRESSURE,
s

Text-fig. 10 Chemical compositions of coex-

isting spinel and garnet solid solutions at
E various pressures at 1200°C. Open circles
are the results for the spinel, and closed
ones are those for the garnet. The solid lines
are to guide the reader’s eye. The chain line
: : : - - is illustrated on the basis of the results for
the spinel in CMAS-Cr,0; system by
CreAl O’ Neill (1981).
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where Po is the equilibrium pressure of the univariant phase boundary between the
spinel and the garnet lherzolites in the Cr,O;-free system, C is a constant with a value
of 27.9 kbar, and Xc; is the mole fraction of Cr in spinel. He applied this to several
natural lherzolites and confirmed validity of its use as a geobarometer. However, as he
mentioned in his paper, the linear equation (3) is merely empirical one which holds only
in the pressure range covered by his experiment.

Text-fig. 10 also shows the result of the present chemical analysis of the spinel coex-
isting with the garnet in pyrope-knorringite system as a function of pressure (Table 1).
It is shown that the pressure dependence of Cr contents in spinel is also well described
by eq. (3) at the pressures less than 40 kbar, although the tentative value of Po
(=16 kbar; obtained by regression of three data below 35 kbr at 1200°C) is somewhat
lower than that obtained for the CMAS system (Po/0 kbar). The systematic and small
deviation of the present data from those for the CMAS-Cr,0O; system at the low
pressure may be ascribed to some chemical effects which can not be evaluated at pre-
sent. The present data, however, markedly deviated from the extrapolated values by
eq. (3) with increasing pressure above 40 kbar. These results for the simple system bet-
ween pyrope and knorringite indicate that the linear equation (3) may not be adequate
for the relationship between the equilibrium pressure and the Cr content of spinel in the
CMAS-Cr,0, system at pressures higher than 40 kbar.

On the other hand, the author determined the composition of garnet solid solution
in the assemblage of garnet+ low pressure phases (spinel, pyroxene, and coesite) as
shown in Text-fig. 10. It is noted that the Cr content of the garnet is also largely depen-
dent on the pressure and that it changes almost linearly with increasing pressure in the
pressure range up to about 70 kbar where the garnet coexisted with the spinel. Regres-
sion of the present data according to the linear equation (3) yields C = 150.0. This value
is considerably larger than that for the spinel (C=27.9), which suggests that the Cr
content of garnet can be used as a geobarometer probably with greater potentiality
than that of the “‘spinel geobarometer’’ at least in the ragne of relatively low pressure.

Text-fig. 11 shows the result of the application of present experimental data to
several pairs of natural garnet and spinel from kimberlites. The equilibrium pressure
for each sample was determined on the basis of Text-fig. 10. Temperature was assumed
to be 1200°C, because the equilibrium temperatures of mantle xenoliths are usually in
the range of 1100°-1300°C and the temperature effect on the Cr contents of garnet and
spinel is not so large (Irifune and Hariya, 1983). As shown in Text-fig. 11, the correla-
tion between the two pressure values for each pair is fairly good, although the pressure
values obtained by the ‘‘spinel geobarometer’ are generally somewhat larger than
those by the ‘‘garnet geobarometer’. Thus the Cr content of the garnet as well as that
of the spinel in lherzolite is a useful indicator of the equilibrium pressure. However, it
should be noted that these pressure values might not be exact ones, because the
presence of other phases and components would somewhat affect the equilibrium
pressures. Neverthless, such effects may not be very large as discussed later. It is
noteworthy that Cr raises the equilibrium pressure between spinel and garnet lher-
zolites to extremely high pressures, and some lherzolites consist of the assemblages with
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coexisting spinel and garnet even at the high pressures around 70-80 kbar.
Chemical compositions of garnet inclusions from kimberlites are shown in terms of
Fe/Fe+ Mg and Ca/Ca+ Mg versus Cr/Cr + Al in Text-fig. 12 on the basis of the re-
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cent analyses by several authors (Sobolev, 1974; Tsai et al., 1979; Gurney et al., 1979).
It is shown that most garnets of the peridotitic suite, especially those included in
natural diamonds, have a compositional characteristic of extremely high Mg and Cr
contents, and they are almost regarded as the solid solutions in the pyrope-knorringite
system. Therefore, the lower limit of the equilibrium pressure of such a garnet can be
estimated on the basis of the present experimental result on the stability field of the
garnet solid solution.

As shown in Text-fig. 12, most garnet inclusions of the peridotitic suite have com-
positions of 0.15-0.5 in terms of Cr/Cr+ Al with a strong concentration in the range
0.2-0.4. Such garnets are stable only at the pressure above ca. 40 kbar according to
Text-fig. 2, and they are considered to be surely formed almost within the stability field
of diamond. The maximum value of Cr/Cr+ Al of the garnet inclusion is about 0.5 as
shown in Text-fig. 12, which implies that it was formed at the pressures above ca.
80 kbar or at the depths below 240 km in the upper mantle (see, Tex-fig. 2). The depth
is comparable to that of the peridotitic xenolith of the deepest origin in the upper
mantle (Mercier and Carter, 1975).

Formation of mineral inclusions in natural diamonds

Recent vigorous studies on the mineral inclusions in natural diamond from various
kimberlites have revealed their peculiarities in paragenesis and composition in com-
parison with those of xenoliths from the kimberlites. Since diamond crystallizes at the
pressures corresponding to the depths below ca. 130 km and the effect of contamina-
tion or reaction by the wall rock and/or magma on the inclusion can be ignored in its
ascending process, such an inclusion in the diamond is considered to provide us impor-
tant information on the mineral assemblage and the composition of the upper mantle.

The mineral inclusions in natural diamonds can be classified into two types,
peridotitic and eclogitic suites, according to their assemblages and chemical composi-
tions (Sobolev, 1974). The peridotitic inclusions are usually predominant over the
eclogitic ones, and they consist mainly of olivine, orthopyroxene and garnet. As shown
in the previous section, most of the garnets in diamonds have peculiar compositions
with notably high concentrations of Mg and Cr compared with the inclusions in or-
dinary peridotitic xenoliths. Other mineral inclusions in the diamonds also have refrac-
tory compositions with high Mg and Cr and low Ca, Fe, and Al contents. These com-
positional features of the mineral inclusions would hold the key to solve the problem of
the formation of natural diamond and the inclusions themselves. Although it is not a
scope of the present study to consider the process of the crystallization of a diamond
itself, it is possible to estimate the environments under which the diamond crystallized
together with these inclusions on the basis of the present experimental data.

The present experimental results on the melting of the garnet solid solutions bet-
ween pyrope and knorringite showed a notably high preference of Cr** for the garnet
rather than its melt at the pressures 35 and 62.5 kbar; the apparent partition coefficient
between the garnet and the melt was in the order of 3-4. Therefore, effective concentra-
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tion of Cr®* in garnet is expected to be caused by partial melting of the mantle material.
Moreover, the compositional features of the other mineral inclusions, such as olivine
and pyroxene, also suggest the participation of the partial melting in their formations
{Harte et al., 1980). On the other hand, there are several lines of evidence which in-
dicate that natural diamonds crystallized in equilibrium with magmatic liquid (e.g.,
Fesq et al., 1975). Consequently, it is considered that the natural diamond would have
nucleated in the melt, in which residual solid phases of Cr-pyrope, enstatite and olivine
with extremely refractory compositions coexisted. Such residual minerals would have
been incorporated into the diamond during its growth. Since the natural diamonds are
commonly included in eclogitic xenolith, the melt in which they grew might be an
eclogitic one, which is expected to be derived by partial melting of the upper mantle
(Ringwood, 1958).

The peridotitic suite inclusions in diamonds are usually more refractory than those
in ordinary peridotitic xenoliths, as shown above. This implies the occurrence of high
degrees of partial melting in the upper mantle, although it might be a local
phenomenon.

Distribution of Cr in the upper mantle

Text-fig. 13 shows distribution features of Cr and Al between garnet and other
coexisting phases observed in the present experiment. It is roughly seen from Text-fig.
13 that the order of partitioning of Cr in these phases is corundum > spinel > pyrox-
ene=garnet > melt. On the other hand, the partitioning of Cr as a minor element at
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low oxygen fugacity shows the following order; pyroxene = Ca-poor pyroxene > melt
> olivine (Huebner et al., 1976). Moreover, the estimation based on the stabilization
energies derived from crystal field spectra suggests the following sequence; spinel >
garnet > pyroxene = olivine (Burns, 1975). Being taken these results into considera-
tion, the order of partitioning of trivalent chromium among major mantle-constituting
minerals would be spinel > pyroxenes =garnet > melt > olivine, although some am-
biguity remains on the partitioning between pyroxene and garnet.

Spinel and pyroxenes would be the major phases which accommodate Cr3* at the
shallower horizons of the upper mantle as expected from the above order. Indeed, the
spinel from natural lherzolite is usually rich in the chromite molecule and pyroxenes
have also a considerable quantity of Cr,0;. At the pressures around 30 kbar, however,
spinel lherzolite with an ordinary amount of Cr;O; (Cr/Cr+ Al=0.07; Maaloe and
Aoki, 1977) transforms to garnet lherzolite, and the garnet would be one of the major
phases with high Cr,Q, contents at higher pressures than this. Although the pyroxenes
have the same orders of Cr-components as that of the garnet, solubility of the
traivalent cations in the pyroxenes is greatly limited by the pressure; the content of
Cr,05 is usually below 1 wt% for Ca-poor pyroxene which is the major phase of the
pyroxene in garnet lherzolite. Further, the pyroxene with trivalent cations transforms
to the garnet solid solution with a complex chemical composition (Ringwood, 1967;
Akaogi and Akimoto, 1977). Therefore, garnet is considered to be almost unique phase
which accommodates Cr® in the upper mantle below ca. 100 km depth. Such a situa-
tion would be held up to the depths around 600 km, below which the garnet transforms
to pyroxenes with a perovskite-like structure through an ilmenite-like one (Liu, 1974,
1975). Since the trivalent cations would enter into the octahedral sites in the pyroxenes
with the ilmenite-like and the perovskite-like structures, Cr3* is expected to be incor-
porated into such pyroxenes at the depths below 600 km in the upper mantle.

The notable enrichment of Cr,0; in garnet is considered to have been caused by the
partial melting of mantle material as discussed in the previous section. However, such
enrichment would not occur at the pressures above ca. 70-80 kbar, because the parti-
tion coefficient between the garnet and the magmatic liquid is expected to come close to
unity on the analogy of the result for the garnet in the present study. As shown in Text-
fig. 12, most garnets of the peridotitic suite have chemical compositions of the range
Cr/Cr+ Al=0.2-0.4, and the garnet with larger proportion of Cr than 0.4 is very rare.
In addition, there have been no reports of Cr-rich pyrope with more than 50% of the
knorringite molecule, which is stable only at the pressures above 80 kbar (see, Text-fig.
2). These compositional limits observed in the natural garnet inclusions are well ex-
plained by the change in the partitioning of Cr3* between the garnet and the melt
around 70-80 kbar, which is probably caused by the pressure-induced structural change
in the melt. Thus the notable enrichment of knorringite molecule would be a local
phenomenon limited in the depths above ca. 240 km, and the Cr-rich pyrope with more
than 50% of the knorringite molecule may not be formed at any localities in the upper
mantle.
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Possibility of a pressure-induced structural change in garnet melt

It was confirmed on the basis of the X-ray emission band measurement that the
pyrope melt (glass) obtained at the pressures 35 and 55 kbar is similar to the quench
aluminous enstatite in the coordination of Al. The quench crystal changed into pyrope
at the pressures above 70 kbar, and it seems reasonable to consider that such a change
of the quench crystal was caused by a structural change of the pyrope melt, from
pyroxene-like to garnet-like one, at high pressure. There is a body of additional
evidence which supports this idea as discussed below.

The bend of the melting curve of pyrope around 70 kbar, which was shown in the
previous section, indicates the presence of some structural changes in the crystalline
pyrope and/or its melt. A pressure derivative of the melting temperature at pressure P
is expressed by the Clausius-Clapeyron equation;

dTm/dP=AV/AS ... (4)

where AV and AS are differences of volume and entropy between a melt and a solid
phase, and both values are usually positive if the values of volume and entropy of the
solid are taken as standard ones. When an ordinary pressure-induced phase transition
occurs in the solid phase, the slope of the melting curve changes abruptly at the
pressure where the phase boundary encounters the liquidus. The slope of the melting
curve usually increases discontinuously on the higher pressure side of the phase boun-
dary, because the change of the volume difference in the phase transition of a solid is
considerably larger than that of the entropy difference. Consequently, a sudden in-
crease of dTm/dP occurs around the phase boundary, as is obviously seen from the eq.
(4). However, the melting curve of pyrope shows the opposite shift of the slope,
becoming smaller on the high pressure side beyond ca. 70 kbar. This suggests the oc-
currence of a “‘phase transition’’ on the very melt side.

On the other hand, the apparent ‘‘phase boundary’’ between the quench aluminous
enstatite and the quench pyrope has a positive slope in the P-T diagram as shown in
Text-fig. 4. Therefore, the value of entropy of the ‘‘high pressure phase’’ of the garnet
melt would be lower than that of the ‘‘lower pressure phase’’ on the analogy of the en-
tropy change associated with an ordinary first-order phase transition of a solid. This
accords with the consideration that the pyrope melt would have pyroxene-like structure
with both tetrahedrally and octahedrally coordinated Al at low pressures and garnet-
like one with all Al in the octahedral site at the pressures above ca. 70 kbar.

Further, such a pressure-induced coordination change also explains the notable
decrease in the partition coefficient of Cr3 between the garnet solid solution and its
melt as follows. Cr3* usually prefers for an octahedral site to the tetrahedral one,
because of high CFSE in the former site (Burns, 1975). This is the reason why the Cr3*
highly prefers for crystalline phases with octahedral sites relative to silicate melts in
which most of the trivalent cations are considered to be tetrahedrally coordinated by
oxygen atoms. In fact, the apparent partitioin coefficient of Cr3* between the garnet
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and its melt was very large (K =3-4) at the pressures 35 and 62.5 kbar. However, the
partition coefficient was evaluated as K=1.3 at 90 kbar, which implies that the
trivalent Cr is also octahedrally coordinated by oxygen atoms in the garnet melt as in
the crystalline garnet under such a pressure. Thus the pressure-induced coordination
change of trivalent cations in the garnet melt is also suggested to occur somewhere in
the pressure range between 26.5 and 90 kbar.

All of these results obtained in the present experiment imply occurrence of the
structural change of garnet melt at the pressures around 70 kbar. In order to positively
conclude this, it is necessary to clarify the structure of the garnet melt (glass) obtained
at the pressures above 70 kbar. Unfortunately, however, the glass has been unavailable
at these pressures owing to rapid crystal growth in the garnet melt. The rapid crystal
growth at such high pressures, being taken it the other way round, might be also caused
by the structural change of the melt; the coordination change of Al would bring about
depolymerization of the Si network of the melt, and it would cause certain degrees of
viscosity decrease of the melt, which must promote crystallization of the quench phase.

Sharma et al. (1979) showed that there was no sign of occurrence of the pressure-
induced structural change which was accompanied by a coordination change of cations
in the melt at least at the pressures up to 40 kbar, although it has been suggested to
occur on the analogy of the phase transition of a solid (Waff, 1976) and also on the
basis of the measurement of physical properties of the melt (Kushiro, 1976; Velde and
Kushiro, 1978). However, it is expected to occur at rather higher pressures around
70 kbar from the present experimental results. As the basaltic melts contain con-
siderable amounts of Al,O;, such a structural change would have serious influence on
physicochemical properties of the melts and, thereby, also on differentiation processes
in the mantle.

Concluding remarks

It is shown that the stability field of Cr-rich pyrope expands to knorringite-rich side
with increasing pressure, and the knorringite end member is stable at remarkably high
pressures beyond 100 kbar. Compositional analysis of coexisting spinel and garnet in
the pyrope-knorringite system yields a geobarometer which evaluates a pressure under
which the Cr-rich pyrope equilibrated with low pressure phases. An estimation based
on this barometer shown in Text-fig. 10 suggests that the peridotitic xenolith of deepest
origin comes from ca. 240 km depth of the upper mantle. However, it-should be noted
that further study on partitioning of Cr between garnet and other phases to establish
such a geobarometer with sufficient accuracy.

Present chemical analysis of coexisting garnet and melt indicates that Cr is strongly
partitioned into the garnet relative to the melt. Thus pyrope-rich garnet with con-
siderable amount of knorringite molecule must be a residual phase caused by partial
melting of upper mantle material. The Cr preference for garnet is, however, not
observered under the pressure of 90 kbar. Therefore, the notable enrichment of Cr in
pyrope-rich garnet as a residual crystal must be limited within the uppermost horizons
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(probably above ca. 240 km depth) of the mantle. Garnet, on the other hand, may be
almost only phase that accommodates trivalent Cr above the seismic transition zone in
the upper mantle, because there are essentially no other minerals which can accom-
modate this element in such a pressure range.

The present measurement of X-ry emission spectra for pyrope glasses shows that
pyrope melt has a pyroxene-like structure in Al coordination at the pressures below
70 kbar. This yeilds aluminous enstatite as a quenched crystal from the pyrope melt at
these pressures as observed in the present study. The change of the quench crystal,
from aluminous pyroxene to garnet at ca. 70 kbar, is interpreted in terms of a pressure-
induced Al coordination change of pyrope melt. Associated changes in the melting
curve of pyrope and the partition coefficient of Cr between garnet and melt at around
this pressure also favor the occurrence of the pressure-induced coordination change of
cations in garnet melt. The pressure-induced cationic coordination change may also
occur in magmatic liquids derived by partial melting of upper mantle. This must have
serious influence on some physical properties of the melt such as density and viscosity,
and also on partitioning of some minor elements between the melts and residual
crystals.
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