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Abstract: The phase 1elations 1n the system of Mg-rich garnet composition
(P1p7sAlmas) were investigated using a piston cylinder appaiatus at 11-23 kb
and 1000-1300°C  The following mineral assemblages weie obtained with
decieasing pressure at  12000C  garnet, gainet—+oithopyrosene+ sapphirine+
quartz. orthopyroxene+sapphirine+quartz At 11 kbar the assemblage of
orthopy1oxene+sapphiiine+ quaitz changed to that of orthopyroxene+ sapphii-
ine + quattz+sillimanite at a certain temperatute between 1000 and 1100°C

The Fe-Mg distribution coefficients of coexisting gainet and orthopyioxene

Kp=(Xu/ X, )™ (X, J X))

was experimentally determined  The new gainet-oithopyroxene geothermometel
has been obtained as

1(°C)=(2387%146)/[InKp-+(120£010)] —273

We estimated the retrogiade metamoiphic temperatures of UHT metamorphic
1ocks from Enderby Land East Antaictica as §812-1010°C Our estimations
matched with previous estimations based on Fe-Mg exchange and were about
200-300"C lower than those of previous estimations based on feldspai thei-
mometry

key words P-T diagiam of the Mg-rich garnet system, Fe-Mg paititioning,
geothermometer ultrahigh-temperature metamoiphism

1. Introduction

It 1s important to determine the phase relations of Mg-rich garnet and its low-pressure
phases in the pyrope (Mg;Al:S1;0,-)-almandine (Fe;Al.S1:012) system  Phase relations of
end member garnets have been determined for pyrope (Boyd and England, 1959), and for
almandine (Schairer and Yagi, 1952, Hsu, 1968, Keesman et al , 1971) systems, respective-
ly  Boyd and England’s experiments in the pressure range 15-47 kbar showed that pyrope
garnet decomposed directly to orthopyroxene—+sapphirine--sillimanite through the uni-
variant reaction
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3Mg3AIZSI30)2 = 7MgSIO3+ Mg2A14SIO|0+ AlelO5 ( l)
Grt Opx Spr Sil

Keesman et al (1971) investigated the melting relation of almandine garnet in the pressure
range of 10-26 kbar and estimated the locations of the invariant points using the experi-
mental data obtained by Schairer and Yagi (1952) at 1 atm, and by Hsu (1968) at pressures
up to 2 kbar In their experiments, almandine garnet decomposed directly into fayalite+
hercynite solid solution+quartz or fayalite+ hercynite solid solution+ferrocordierite
Hsu and Burnham (1969) carried out experiments on the Mg;Al,S1;0),-Fe;Al,S1;0,,-H>O
system at 2 kbar, and reported the stability phases (orthopyroxene+cordierite+ spinel 4
liquid 1n high-T side, olivine+ cordierite+ spinel + liquid 1n low-T side) at low-pressure
Although these two end members were experimentally investigated, the high-pressure and
high-temperature phase relations of the intermediate composition have never been clarified
The Fe-Mg exchange reaction between garnet and orthopyroxene

FeS10;+ 1/3Mg;Al:S1;01, « MgS105+ 1 /3Fe; ALS1;01, (2)
Opx Grt Opx Grt

has been investigated by many authors (e.g. Kawasaki and Matsui, 1983, Harley, 1984)
Harley (1984) carried out experiments in the FeO-MgO-Al,0:-S10, and CaO-FeO-MgO-
Al Os-S10, systems, and the geothermometer was proposed Harley used glasses of Xy,
<07 1n bulk as starting materials, moreover, 1ron capsules were used 1n some experiments
So the bulk compositions shifted to the Fe-rich side by the addition of Fe from a capsule
in Harley’s experiment  As Kawasaki and Matsui (1983) pointed out, the distribution
coefficient decreases with Fe/(Fe+Mg) of the system The decrease in the distribution
coefficient with Fe/(Fe4+Mg) was not incorporated in Harley’s Fe-Mg geothermometery
(Kawasaki and Motoyoshi, 2000) Kawasaki and Motoyoshi (2000) carried out experi-
ments using glasses of Xy,=075 1n bulk as starting materials Graphite capsules were
used 1 Kawasaki and Motoyoshr’s experiments They proposed a new garnet-
orthopyroxene geothermometer Kawasaki and Motoyoshi adapted the new geother-
mometer to the natural sample from an orthopyroxene granulite from MclIntyre Island,
Napier Complex, East Antarctica On the other hand, an experimental study in the
synthetic system and Xy,=075 1n bulk composition has never been carried out

In this paper, we present new data on the high-pressure and high-temperature phase
relations for composition of Prp;sAlm,s and on the Fe-Mg distribution between garnet and
orthopyroxene  Abbreviations of minerals are after Kretz (1983)

2. Experimental procedures

2.1. Starting materials

High-pressure and high-temperature phase relations were 1nvestigated 1n the FeO-
MgO-AlOs-S10; system  In the present experiment, we mainly used a glass as the starting
material, the bulk of 1t 1s Prp;sAlmys (Table 1)  The following starting materials were
prepared (1) glass with Prp;sAlm,s composition, (2) 90 wt% glass with Prp;sAlm,s com-
position plus 10 wt% seed mineral aggregation of garnet, orthopyroxene, spinel, olivine,
cordierite and quartz, and (3) 95 wt% glass with Prp;sAlm,s composition plus 5 wt%
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Table 1 Chemical compositions of starting material

Ideal value Glass** Glass 95 + Sil 5**

Si0, 4224 42 81 4252
AlLO, 23 89 23 87 2583
FeO* 12 62 1179 1120
MgO 2125 20 80 1976
Total 100 00 99 27 99 31
Number of cations for N oxygens

N=12 N=12 N=12
Si 3 000 3045 2 891
Al 2 000 2 001 2070
Fe 0750 0702 0637
Mg 2250 2 206 2003
Total 8 000 7954 7 601
X 0750 0759 0759

* Total Fe as FeO
** Analyzed by defocused electron beam

sillimanite

The glass with Prp;sAlmys composition was prepared as follows — First, MgO gel,
magnetite (Fe;O,), AlLO; gel and S10, gel were weighted to meet Prp;sAlmss composition,
pulverized for one hour under ethyl alcohol in an agate mortar and pressed into a tablet
in a die  This tablet was put into the Pt wire basket, hung in the electric furnace and
heated under controlled oxygen fugacity by the mixing gas technique (CO,/H,=08/02
[m//min]) This gas flow ratio realized the iron-wustite buffer at 1150°C It was made
to react for 25 hours  The run product was orthopyroxene+ spinel+ olivine+ cordierite+
quartz (run no 990728)  Quartz persisted as a metastable phase  Therefore, after grind-
ing and mixing this assemblage, repeated experiments were carried out at 1150°C under
atmospheric pressure for 75 hours 1n the electric furnace (run no 990809) As a result, a

Fig 1 Photomicrograph of back-scattered electron 1mage (BSEI) of run products under
atmospheric pressure at 1150°C for 75 hours (run no 990809)
The spinel + olivine + cordierite assemblage was synthesized in a Pt wire basket from
the 1ecycled run using an electiic furnace  The black area is a cavern — Bar, 10 um



Phase relations in the system of Mg-rich garnet composition 69

spinel+ olivine+cordierite assemblage was obtained (Fig 1) In this run, cordierite 1s
found around olivine and spinel The mineral mixture of spinel, olivine and cordierite
was ground again 1n an agate mortar to pulverize to 10-20 ym The powdered sample
was put into a graphite capsule The glass was obtained by quenching after a melting
experiment at 10 kbar and 1600°C for 2 minutes using a piston cylinder apparatus  X-ray
microprobe analyses showed that the glass was chemically homogeneous The glass was
slightly S10,-rich, FeO-poor, MgO-poor and enriched in X\, compared with the relevant
composition of what (see Table 1)

The crystalline mixture of garnet, orthopyroxene, spinel, olivine, cordierite and quartz
was prepared as a seed mineral mixture Chemical compositions of seed minerals are
given 1n Table2 The powdered spinel, olivine and cordierite, synthesized at 1150°C
under atmospheric pressure (run no 990809), was reacted 1n a graphite capsule at 25 kbar
and 1300°C for 3 hours to produce the assemblage of garnet+ orthopyroxene+ quartz—

Table 2 Average compositions of seed munerals

Grt* Opx** Spl** Or** Crd**
S10, 40 42 4507 027 37175 5023
AlO, 2396 10 57 6701 036 3379
FeO 10 87 15 64 15 06 22 80 510
MgO 1981 27 83 17 10 38 05 972
Total 95 06 9911 99 44 98 96 98 84
X ve 0 765 0760 0 669 0748 0772

* Garnet was obtained at 25 kbar and 1300 °C for 3 hours (run no 990917) In this run,
small amounts of orthopyroxene, quartz and liquid were found (Fig 2A)

** A mineral assemblage of orthopyroxene, spinel, olivine and cordierite was obtained at
25 kbar and 1200 °C for 24 hours (run no 991026) These minerals were metastably

crystallized Olivine never contacts cordierite, being moated by orthopyroxene and spinel
(Fig 2B)

Photomicrograph of BSEI of seed munerals
A Run no 990917 The assemblage of garnet, orthopyroxene, quartz and hquid
was metastably synthesized in a graphite capsule at 25 kbar and 1300°C for 3 hours
from a mixture of spinel, olvine and cordierite  This photograph shows a hqud-rich
domain  Bar, 10 ym  Lig, hquid phase

B Run no 991026 The orthopyroxene + spinel + olivine + cordierite assemblage was
metastably synthesized n a graphite capsule at 25 kbar and [200°C for 24 hours
from a nuneral mixture of spinel, olvine and cordierite

Fig 2
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liquid (run no 990917) A photomicrograph of the run products 1s shown in Fig 2A
In this run, orthopyroxene, quartz and liquid were included within the garnet  Moreover,
orthopyroxene and liquid were found around the garnet This garnet accompanied by
orthopyroxene+ quartz+ liquid 1s available to use as the seed mineral for the high-pressure
assemblage

The metastable assemblage of orthopyroxene—+spinel+olivine+cordierite  was
obtained n a graphite capsule at 25 kbar and 1200°C for 24 hours (run no 991026) A
photomicrograph of back-scattered electron 1mage (BSEI) of this run product 1s shown in
Fig 2B Olivine never contacts cordierite directly, as 1t 1s moated by orthopyroxene and
spinel  Spinel 1s found between orthopyroxene and cordierite  This indicates that at
least the olivine-cordierite join 1s unstable The assemblage of orthopyroxene, spinel,
olivine and cordierite 1s unstable at 25 kbar and 1200°C, where garnet 1s a stable phase as
1s discussed 1n the latter section  This indicates that the garnet formation reaction 1s very
sluggish  Therefore we didn’t use the crystalline mixture for a starting matertal The
metastable assemblage of orthopyroxene, spinel, olivine and cordierite was used as a
low-pressure seed The high- and low-pressure seeds were mixed in equal weights, and
added to glass  The weight ratio of glass and seeds 1s 90 10

Sillimanite from Rundvagshetta, Lutzow-Holm Bay, East Antarctica (RVHIS-SIL,
Kawasaki et al , 1993) was also used for the seed mineral ~ Sillimanite was ground n an
agate mortar, and then added into the glass Addition of 5 wt% sillimanite to glass slightly
changes the bulk (see Table I)

22  Experimental technigques

High-pressure and high-temperature experiments were carried out using a 160 mm
piston cylinder apparatus at Ehime University  Graphite was used as a heater ~ Tempera-
ture was controlled using PtRh or WRe thermocouples Pressure was monitored by
reading an o1l pressure gauge During each experiment, the fluctuations of temperature
and pressure were less than £1% Room temperature was kept at 25°C  Starting
materials were ground using an agate mortar (grain size, 10-20 g¢m), then the powdered

thermocouple (WRe or PtRh)

thermocouple insulator tale pyrex glass graphite
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stainless steel

pyrophyllite

Pb foil + MoS2 grease
sample (in Gr or AgPd or Mo-Pt double capsule

Fig 3 The cell assembly used wn the present expertment
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sample was put 1nto a graphite, AgPd or Mo-Pt capsule The sectional view of a cell 1s
shown 1n Fig 3

The experiments were conducted under the anhydrous condition at 11-23 kbar and
900-1300°C~ The run time depended on the run temperature 1300°C, 7-48 hours,
1200°C, 96-261 hours, 1100°C, 330-506 hours, 1050°C, 507 hours, 1000°C, 455-767 hours,
900°C, 1005 hours After maintaining the pressure and temperature for the desired
duration, the electric power supply was turned off, and a sample was quenched

All products were mounted 1n the epoxy resin and polished for the X-ray microprobe
examination Chemical analyses of all run products were carried out using an electron
microprobe analyzer JEOL model JXA-8800 Superprobe with the ZAF correction method
at Ehime University  The instrumental conditions were as follows Accelerating voltage
was 15 kv Electron beam current was 5 10 A° Beam diameter was 1-2 xm, estimated
from the size of contamination spots formed by chemical analysis

3. Run products

The present high-pressure and high-temperature experiments revealed that mineral
assemblages changed as pressure decreased at 1200°C as follows garnet, garnet+ orthopy-
roxene+ quartztsapphirine, garnet+ orthopyroxene+ sapphirine+ quartz, orthopyrox-
ene+sapphirine+quartz At 11 kbar, the assemblage of orthopyroxene+ sapphirine+
quartz changed to orthopyroxene+ sapphirine+ quartz+sillimanite at 10000C ~ The run

Table 3 Run details

Run No P T Time Capsule  Starting Run Product
(kbar)  (°C) (hours) Matenal
000526A 23 1200 96 Gr Gls Grt
000821D 19 1200 167 Gr Gls+Sil  Grt
010713D 20 1100 330 AgPd Gls Grt
991122C 19 1300 48 Gr Gls+CM  Grt+Opx + Qtz+ Spr?
000907A 17 1200 261 Gr Gls + 811 Grt+ Opx + Qtz = Spr? (+Sil)

001030C 16 1000 767 AgPd Gls+Sil  Grt+ Opx + Qtz £ Spr? (+S1l)
010803C 16 1300 40  Mo-Pt* Gls Grt + Opx + Spr + Qtz

000107D 14 1200 96 Gr Gls+CM Grt + Opx + Spr + Qtz
011203C 12 1100 506 AgPd Gls Grt + Opx + Spr + Qtz
010628C 13 1100 362 AgPd Gls Grt + Opx + Spr + Qtz
011001C 12 1050 507 AgPd Gls Grt + Opx + Spr + Qtz
991208B 13 1000 455 Gr Gls+CM N I (Grt appear)
000109D 12 900 1005  AgPd Gls N I (Grt appear)
010928C 13 1300 7 Mo-Pt* Gls Opx + Spr +Qtz * Gls
000515A 12 1200 96 Gr Gls  Opx+Spr+ Qtz

000828A 11 1200 237 Gr Gls + 811 Opx + Spr+ Qtz
000918B 11 1100 341 AgPd Gls + 811 Opx + Spr + Qtz (+Sil)

001201D 11 1000 573 AgPd Gls Opx + Spr + Qtz + Sil

N I We cannot identify the phases because the obtained crystals were too small to analyze with the
electron microprobe analyzer But garnet was clearly recognized from 1ts shape and high back scattered
1mage

* An inner sample container of molybdenum foil was put into the outer capsule of the Pt tube
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Fig 4 Photomucrograph of BSEI of run products
A This run (no 0009074) was carred out n a graphite capsule at 17 kbar and
1200°C for 261 hours using a mixture of 95 wi% glass plus 5 wi% sillimanite as
starting materials ~ Sillimanite persisted Reverse zoning as to Fe and Mg 1s observed
in garnet  Bar, 10 um
B The run product of no 010803C was derved from glass in the Mo-Pt double
capsule at 16 kbar and 1300°C for 40 hours  Reverse zoning is observed in gainet
and orthopyroxene
C Run no 0008284  Orthopyroxene, sapphine and quartz crystallized in a graph-
ite capsule at 11 kbar and 1200°C for 237 hours from the mixture of 95 wt% glass
plus 5 wt% sillimamite  Iron droplets are observed — Seed sillimanites disappear
D Run no 001201D  Orthopyroxene, sapphinne, quartz and silimanite crystallized
m a AgPd capsule at 11 kbar and 1000°C for 573 hours from glass In this run,
sillimanite appears

details are given in Table3 Figure 4 shows photomicrographs of the run products
Descriptions of run products are given below

31 Grt+ Opx—+ Qiz+ Spr

Figuer 4A shows BSEI of the mineral assemblage synthesized from 95 wt% glass plus
S wt% sillimanite at 17 kbar and 1200°C for 261 hours (run no 000907A) Garnet has
inclusions of orthopyroxene, quartz and sillimanite ~ Sizes of these inclusions are 1-5 ;m
The original size of the seed sillimanite was about 20 m  This indicates that sillimanite
has been consumed to produce garnet and quartz as the reaction
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3(Mg,Fe)S10;+ ALLS10s — (Mg,Fe);ALS1;0,,+ S10; (3)
Opx Sil Grt Qtz

Sillimanite 1s also surrounded by quartz and orthopyroxene 1n the space between garnets
This reaction texture indicates the following reaction

(Mg,Fe)S10;+ ALS10s — (Mg,Fe)ALS106+ S10, 4)
Opx Sil Opx Qtz

Although sapphirine was not found 1n this run product, 1t 1s considered that sapphirine
exists from the bulk composition It 1s good to check by XRD  We considered that
sillimanite 1s unstable and the stable phase assemblage was garnet+ orthopyroxene—+
quartz-tsapphirine at 17 kbar and 1200°C

As 1s seen 1n Fig 4A, reverse zoning was observed to form the Fe-rich core and
Mg-rich rirm  In this run, we used the graphite capsule  The reduction of ferrous to metal
ron in the charge would form reverse zoning Nucleation kinetics was discussed by
Kawasaki and Motoyosh1 (2000) garnet precipitates first from glass, then the bulk compo-
sition excluding garnet composition shifts toward the Mg-rich side, and so the later garnet
should become magnesian Harley (1984) also reported reverse zoning in run products

3.2  Grt+ Opx+ Spr+ Qtz

Figure 4B indicates the run product of no 010803C synthesized from glass in a Mo-Pt
double capsule at 16 kbar and 1300°C for 40hours We confirm the stable assemblage 1s
garnet+ orthopyroxene+sapphirine+quartz ~ Inclusions 1n garnet are orthopyroxene,
quartz and needle sapphirine Orthopyroxene, sapphirine and quartz are found at the
grain boundary Reverse zoning 1s also found 1n both garnet and orthopyroxene

3.3. Opx+ Spr+ Qtz

In run no 000828A, a mixture of 95 wt% glass plus 5 wt% sillimanite was used as the
starting material ~ Assemblage of orthopyroxene+ sapphirine+ quartz was generated at 11
kbar and 1200°C for 237 hours (Fi1g 4C)  Sillimanite disappeared completely as explained
by the following reaction

2(Mg,Fe)S10,42A1,S10s—(Mg,Fe), AlsS10,0+ 3510, (5)
Opx Sil Spr Qtz

Needle sapphirine and anhedral quartz crystallized around orthopyroxene Metal 1rons
are found as spots, due to reduction by using a graphite capsule

34. Opx+ Spr+ Quz+ Sil

In the run product of no 001201D, orthopyroxene, sapphirine, quartz and sillimanite
crystallized from glass at 11kbar and 1000°C for 573 hours (Fig 4D) Although
sillimanite was not added to the starting material, sillimanite crystallized in this run
Therefore, the stable mineral assemblage at this pressure-temperature condition 1s orthopy-
roxene+sapphirine+quartz+ sillimanite  Although the exact boundary can not be
determined, we confirm the high-temperature assemblage of orthopyroxene+sapphirine+
quartz converted to a low-temperatute one of orthopyroxene+sapphirine+ quartz+-sil-
limanite at a certain temperature between 1000°C and 1100°C  Shightly reverse zoning was
found 1n large orthopyroxene
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4. Experimental results

41 P-T diagram of the Mg-rch garnet system

Run details are given 1n Table 3 The experimental P-7 diagram i1s shown in Fig 5
We find that garnet does not convert directly to i1ts low-pressure assemblage  The interme-
diate stability field of garnet+ orthopyroxene+ sapphirine+ quartz 1s confirmed between
the fields of garnet and orthopyroxene+sapphirine+quartz  The amounts of garnet
decrease with decreasing pressure in the field of garnet+ orthopyroxene-+sapphirine+
quartz  Garnet was consumed completely at a certain pressure between 12 kbar and 14
kbar at 1200°C by the following reaction

2(Mg,Fe);Al:S1,0,, — 4(Mg,Fe)S10;+ (Mg,Fe)-AlLS10,0+ S10, (6)
Grt Opx Spr Qtz
We find the assemblage of orthopyroxene+ sapphirine+ quartz-+sillimanite at 11 kbar and
1000°C, converting from orthopyroxene+ sapphirine 4 quartz assemblage by the following
reaction
(Mg,Fe)gAl4S|O,()+ 38103 — 2( Mg,Fe)SIO;+ 2AljSlO-; (7)
Spr Qtz Opx Sil

The exact boundary between the field of orthopyroxene+ sapphirine+ quaitz and ortho-

25 ——— T T T u
Starting materials; -
Circies, Gls o B

Squares, Gls 90 + Seed mixture 10
Diamond, Gls 95 + Sii 5§

Run product; =

20 Filled, Grt @ —

Half-filled, Grt + low-P minerals o & 017 u
Opened, Grt disappeared

Number, Grt XMB Gfﬁt & 019 :

- & 071 8%,

Pressure (kbar)
vy

10 = Opx+Spr Opx + Spr + Qtz
i +Qtz +Sil ,

] ] | ] i

5
800 900 1000 1100 1200 1300 1400

Temperature (°C)
Fig 5 Experimental P-T diagram for the system of Mg-rich garnet composition (Prp,Alm-.)
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pyroxene+sapphirine+ quartz+sillimanite 1s unclear, but 1s at a temperature between
1000°C and 1100°C at 11 kbar

Boyd and England (1959) reported the breakdown reaction of the pyrope garnet by
the univariant reaction (1) Here, the pyrope garnet directly decomposed to the low-
pressure phase assemblage of orthopyroxene-+sapphirine+sillimanite  The present study
indicates the possibility of the direct breakdown of pyrope to orthopyroxene, sapphirine
and quartz as eq (6) Taylor (1973) reported the coexistence of aluminous enstatite,
sapphirine and quartz at 15 kbar and 1400°C 1n the MgO-AL,Os-S10; system indicating the
univariant reaction (6)

Almandine garnet decomposes directly into a low-pressure phase assemblage of
olhivine, spinel and quartz or olivine, cordierite and spinel (Schairer and Yagi, 1952, Hsu,
1968, Keesman et al, 1971) The present study shows that the Mg-rich garnet
(Prp;sAlmys) converts to the assemblages of garnet+ orthopyroxene+ sapphirine+ quartz
at high temperatures, the assemblage of which changes to orthopyroxene+sapphirine+
quartz+sillimanite at lower temperatures  This suggests that the appearance of sillimanite
would be limited to below 1000°C with orthopyroxene, sapphirine and quartz

4.2 Fe-Mg partitioning between garnet and orthopyroxene

As has been mentioned, reverse zoning was found 1n both garnet and orthopyroxene
Mg-rich garnet and orthopyroxene indicate the last stage products and represent equi-
librium compositions of those phases  Figure 6 shows an example (run no 991122C) of
chemical analyses of run products The mean of 19 Mg-rich garnet analyses of rim and
mean of 26 orthopyroxene analyses are given in Table 4

The Fe-Mg distribution coefficient between garnet and orthopyroxene

Kop=(Xmg/ Xre)°™ (X ke/ Xmp) ™, (8)

1s also given 1n Table4 Kawasaki and Motoyoshr’s (2000) distribution coefficient data
were combined to the present results The logarithms of Fe-Mg distribution coefficients
are plotted versus 1/7 1n Fig 7  As 1s seen this figure, the Fe-Mg partitioning depends
on the experimental temperature The pressure dependence is negligible because the
pressure effect 1s small 1n the present pressure range of 11-23 kbar the difference in K 1s
015at 1200°C  The relation between distribution coefficient and temperature was approx-

<Grt> Rim (Mg-rich) Core (Fe-rich)

— —_—
_Ar: mao L
0.78 0.77 0.76 0.75 0.74

XM%
<Opx> I
0.82 0.81
XME

Fig 6  Histograms of X\, of garnet and orthopyroxene synthesized at 19 kbar and 1300°C
for 48 hours (run no 991122C)
In this run, reverse zoning is observed n garnet, but not in orthopyroxene
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Table 4 Xwme and the distribution coefficients of coexisung garnet and

orthopyroxene

P T XMg .
Run No (kabr) (“C) Mg-rich Grt Mg-rich Opx Ko
001030C 16 1000 0714 0836 204
011001C 12 1050 0683 0787 171
011203C 12 1100 0682 0783 1 69
010628C 13 1100 0679 0780 1 67
000107D 14 1200 0693 0777 I 55
000907A 17 1200 0785 0 848 153
010803C 16 1300 0762 0816 I 39
991122C 19 1300 0773 0818 I 32

*The distribution coefficient 1s defined as
Kp=( X\I«:’/ Xre)()p\(/\/h/ XMg)Q”

T (O
1300 1200 1100 1000 900
100 T T Y T T
e
090
080 p
070
060
9
0.50
£
040
030
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010 F O; Kawasaki and Motoyoshi’s (2000) data
000 - i ] i L 10
6 00 650 7.00 750 . 800 850 900
1/T X10 " (K)

Fig 7 Relation between the Fe-Mg distribution coefficient (K,) and temperature (T)
The present and Kawasaki and Motoyoshi’'s (2000) distribution coefficient data were
combined  Present run pressures are 12-19 kbar  Kawasak: and Motoyoshi's run

pressuies are 9-20 kbar

s approxumated by
T(°C)=(2387=146)/[InKp + (1 202010)] — 273

The Fe-Mg distnibution coefficient

K= X/ X1 )Xt/ X))o

imated with the following equation
T("C)=(2387+146)/ [InKp+ (1 20+010)] — 273 9)

This equation was approximately a straight line
negligible as stated by Kawasaki and Motoyoshi (2000)
A comparison of the present experiment and previous geothermometers (Harley. 1984,

So non-ideality of the solid solution 1s
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Ganguly et al, 1996) 1s given in Fig 8 The difference of temperature between Harley’s
geothermometer and present experimental temperature was not so large at 1050-1200°C
However, the difference will become large at 1000 or lower temperatures, and 1300 or
higher temperatures ~ Although temperatures by Ganguly et a/ ’s thermometer were higher
than present experimental temperatures, they will match experimental temperatures at low
temperature Metamorphic temperatures of granulites from the Napier Complex and
Lutzow-Holm Complex, East Antarctica, are estimated using garnet-orthopyroxene geo-
thermometers A comparison of present and previous estimations 1s given in Table 5

300 T T T T
200 o) .
- 5
o
< 100 r o) o (@) @ T
Y s o] o
- o
[-.- 0 = 3 © &
- e ° -
: 00
-1 3 -
|
-200 @ ;Harley (1984) ]
X O Ganguly et al. (1996)
-300 : : : :
900 1000 1100 1200 1300 1400
Texp. (°C)

Fig 8  The comparison of the present experiment and previous geothermometers

Table 5 Comparison of estimated temperatures of ultra-high temperature granulites

Tw* Te* Tkm*  Toen™*

Area (Sample No ) Ko C) ¢C) C) ¢C) Source of data of Kp

<Tonagh Island >

A98012902D 246 797 856 906 864  Hokada et a/ (1999)
A98021106A 271 750 799 859 812  Hokada et al (1999)
<Mt Ruser-Larsen>

3423 238 810 875 921 880  Harley (1998)
<Mclntyre Island >

4518 226 850 907 948 909  Harley (1998)

49607 220 865 927 963 926  Harley (1998)
<Rundvégshetta>

920111021 235 828 887 928 891  Kawasaki er al (1993)
93010601 X 193 962 1023 1038 1010 Motoyosht and Ishikawa (1997)
< Forefinger Point>

2220 195 953 1015 1031 1003 Harley (1998)

4652 201 933 992 1014 983  Harley et al (1990)

*Tw, Harley (1984), T, Ganguly et al (1996), Tkm, Kawasaki and Motoyoshi (2000)
** Tnew, New thermometer (this study) 7 (°C)=(2387=146)/[InKp+(120=0 10)] —273
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5. Discussion and conclusions

The present experiment shows that the system of Mg-rich garnet composition changes
to the assemblage of garnet+ orthopyroxene-+sapphirine+quartz, and finally garnet
decomposes to form orthopyroxene+sapphirine+quartz at high temperatures as the
pressure decreases At low pressure and low temperature, the assemblage 1s orthopy-
roxene-+ sapphirine+ quartz+sillimanite  Although Boyd and England (1959) reported
orthopyroxene +sapphirine+sillimanite, Taylor (1973) reported orthopyroxene+
sapphirine+ quartz as the low-pressure phase in the MgO-Al,Os-S10- system  The present
result 1s in agreement with Taylor’s report

The Fe-Mg partitioning between garnet and orthopyroxene 1s a good thermometer as
reported by Harley (1984), Ganguly et al (1996) and Kawasaki and Motoyoshi (2000)
Using the new thermometer, we estimated the metamorphic temperatures of granulites from
the Napier Complex and Lutzow-Holm Complex, East Antarctica  Temperature estima-
tion of Mt Ruser-Larsen granulite shows 880°C, and of Tonagh Island granulites 864°C
and 812°C  Harley and Motoyoshi (2000) reported the first defimitive recording of
metamorphic temperature in excess of 1120°C 11 Mt Ruser-Larsen  Moreover, Hokada
(2001) estimated temperatures in the Napier Complex, Mt Ruser-Larsen, 1106°C and
Tonagh Island, 1096°C, using Fuhrman and Lindsley’s (1988) feldspar geothermometer
The present results are 230-300°C lower than those estimated by Harley and Motoyoshi
(2000). and Hokada (2001)  As Frost and Chako (1989), Fitzsimons and Harley (1994),
and Pattison and Begin (1994) have pointed out, the estimation by the orthopyroxene-
garnet geothermometer would suggest the closure temperatures of Fe-Mg exchange reaction
during retrograde metamorphism  As a result, the present garnet-orthopyroxene Fe-Mg
geothermometer indicated the closure temperatures. granulites from Napier Complex
record 812-926°C, and the Rundvagshetta granulites 891-1010°C  Our estimations of
temperatures are higher than those of Harley (1984), lower than those of Kawasaki and
Motoyoshi (2000), and consistent with those of Ganguly et a/ (1996) based on Fe-Mg
exchange
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