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Abstract: The phd�e 1elJt1om 111 the ">Y'-tem of Mg-nch gJrnet compos1t1on 
(P1p1.,Alm2s) were 111vest1gJted using c1 p1-,ton cyl111der c1ppd1atu:. dt 11-23 kbcll 
Jnd I000-1300°C The follow111g m111erc1l assemb!Jge-; we1e obtcuned with 
dec1eds111g pre:.c;ure Jt 1200'C gJrnet, ga111et+o1thopyro:x.ene+:.apphmne+ 
quJrtz, orthopyroxene+:.c1pphmne+quartz At 11 kbar the cissemblJge of 
orthopy1 oxene + sdppl111 111e+ 4w11 tz changed to thdt of orthopyro:x.ene+ sdpph11-
111e + q uJ1tz + s11!1mJ111te cit d certc1111 temperatu1e between 1000 and 1100°C 

The Fe-Mg d1stnbut1on coefficients of coex1st111g gc11net and orthopyroxene 

KD=(X,1j X1J)r'(X1j X,,g)
l"' 

Wd"i expenmentctlly determ111ed The new gc11net-01thopyroxene geothcrmomete1 
IMS been obtamed cl� 

7 ("C) = (2387± 146)/ [lnKD+ ( I 20±0 10)] -273 
We e'>t1mated the retrogr c1de metc1mo1 ph1c tempercttures of U HT metc1morph1c 
r och from Enderby Land Ec1st Antc11ctrcc1 ct'i 812-IOIO'C Our est1mc1trom 
mc1tched with previous est1mat1ons bc1sed on Fe-Mg exchange c1nd were about 
200-300"C lowe1 thc1n those of prev1ou� estimations bc1sed on fcld<ipai ther
mometry 

key words P-T d1c1g1am of the Mg-nch garnet system, Fe-Mg pc11 t1t1on111g, 
geothermomete1 u !tr c1h 1gh-temper c1ture metc1mo1 ph 1<,m 

It 1s important to determine the phase reldt1ons of Mg-nch garnet and its low-pressure 
phases m the pyrope (Mg,AbS130d-almandme (Fe,AhS1Dl2) system Phase relat10n� of 
end member garnets have been determined for pyrope (Boyd and England, 1959), and for 
almand111e (Schairer and Yagi, 1952, Hsu, 1968, Keesman et al, 1971) systems, re-.pect1ve
ly Boyd and England's expenments 111 the pressure range 15-47 kbar showed thdt pyrope 
garnet decomposed d1rectly to 011hopyroxene+ sapphmne+ sillimanJte through the u111-
vanant reaction 
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Phase relat10ns m the system of Mg-nch garnet compos1t1on 

3Mg3AbSi3012 � 7MgSi03+ Mg2Al4SiOJO+ AbSiOs 
Grt Opx Spr Sil 
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(1) 

Keesman et al (1971) mvestigated the meltmg relat10n of almandme garnet m the pressure 
range of 10-26 kbar and estimated the locat10ns of the mvanant pomts usmg the expen
mental data obtamed by Scha1rer and Yagi (1952) at I atm, and by Hsu (1968) at pressures 
up to 2 kbar In the1r expenments, almandme garnet decomposed d1rectly mto fayalite+ 
hercymte solid solut10n + quartz or fayalite+ hercymte solid solut10n + ferrocord1ente 
Hsu and Burnham (1969) earned out expenments on the Mg3AhSi30,rFe3AbSi30,rH20 
system at 2 kbar, and reported the stability phases ( orthopyroxene+ cord1ente+ spmel + 
liqmd m high-T side, olivme+cordiente+ spmel + hqmd m low-T side) at low-pressure 
Although these two end members were expenmentally mvestigated, the high-pressure and 
high-temperature phase relat10ns of the mtermediate composit10n have never been clanfied 

The Fe-Mg exchange react10n between garnet and orthopyroxene 

FeSi03+ 1/3Mg3AhS13012 � MgSi03+ 1/3Fe3AbSi301 2 

Opx Grt Opx Grt 
(2) 

has been mvestlgated by many authors (e.g. Kawasaki and Matsm, 1983, Harley, 1984) 
Harley (1984) earned out expenments m the FeO-MgO-Ab03-Si02 and CaO-FeO-MgO
Ab03-Si02 systems, and the geothermometer was proposed Harley used glasses of XMg 

< 0 7 m bulk as startmg matenals, moreover, iron capsules were used m some expenments 
So the bulk compos1t10ns shifted to the Fe-nch side by the addit10n of Fe from a capsule 
m Harley's expenment As Kawasaki and Matsm (1983) pomted out, the distnbut10n 
coefficient decreases with Fe/(Fe+ Mg) of the system The decrease m the d1stnbut10n 
coefficient with Fe/(Fe+Mg) was not mcorporated m Harley's Fe-Mg geothermometery 
(Kawasaki and Motoyosh1, 2000) Kawasaki and Motoyosh1 (2000) earned out expen
ments usmg glasses of XMg=O 75 m bulk as startmg matenals Graphite capsules were 
used m Kawasaki and Motoyosh1's expenments They proposed a new garnet
orthopyroxene geothermometer Kawasaki and Motoyosh1 adapted the new geother
mometer to the natural sample from an orthopyroxene granulite from McIntyre Island, 
Napier Complex, East Antarctica On the other hand, an expenmental study m the 
synthetic system and XMg=O 75 m bulk compos1t1on has never been earned out 

In this paper, we present new data on the high-pressure and high-temperature phase 
relat10ns for compos1t10n of Prp7sAlm2s and on the Fe-Mg d1stnbut10n between garnet and 
orthopyroxene Abbreviat10ns of mmerals are after Kretz (1983) 

2. Experimental procedures 

2.1. Starting materials 
High-pressure and high-temperature phase relat10ns were mvest1gated m the FeO

MgO-AbOrS102 system In the present expenment, we mamly used a glass as the startmg 
matenal, the bulk of 1t 1s Prp7sAlm2s (Table 1) The followmg startmg matenals were 
prepared (1) glass with Prp7sAlm2s compos1t10n, (2) 90 wt% glass with Prp75Alm25 com
pos1t10n plus 10 wt% seed mmeral aggregat10n of garnet, orthopyroxene, spmel, ohvme, 
cord1ente and quartz, and (3) 95 wt% glass with Prp75Alm25 compos1t10n plus 5 wt% 
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Table 1 Chemical compos1tzons of startmg material 

Ideal value Glass** Glass 95 + Sil 5** 
S102 42 24 42 81 42 52 
Al20, 23 89 23 87 25 83 
FeO* 12 62 11 79 11 20 
MgO 21 25 20 80 19 76 
Total 100 00 99 27 99 31 
Number of cat10ns for N oxygens 

N= 12 N= 12 N= 12 
S1 3 000 3 045 2 891 
Al 2 000 2 001 2 070 
Fe 0 750 0 702 0 637 
Mg 2 250 2 206 2 003 
Total 8 000 7 954 7 601 
X \1g 0 750 0 759 0 759 
* Total Fe as FeO 
** Analyzed by defocused electron beam 

s1lhmamte 
The glass with Prp1sAlm2'i compos1t10n was prepared as follows First, MgO gel, 

magnetite (Fe304), AbO, gel and S102 gel were weighted to meet Prp15Alm::i 'i composit1on, 
pulverized for one hour under ethyl alcohol m an agate mortar and pressed mto a tablet 
m a die This tablet was put mto the Pt wife basket, hung m the electnc furnace and 
heated under controlled oxygen fugac1ty by the m1xmg gas techmque (C02/H2=0 8/0 2 
[ml/mm J) This gas flow ratio realized the 1ron-wust1te buffer at l I 50°C It was made 
to react for 25 hours The run product was orthopyroxene+ spmel + ohvme+cordiente+ 
quartz (run no 990728) Quartz persisted as a metastable phase Therefore, after gnnd
mg and mlXlng this assemblage, repeated expenments were earned out at I I 50°C under 
atmosphenc pressure for 75 hours m the electnc furnace (run no 990809) As a result, a 

Ftg I Photomicrograph of back-scattered electron zmage (BSEI) of run products unde, 
atmospheric pressure at 1150° C for 75 hours (run no 990809) 
The spmel + olzvzne+ cordzerzte assemblage wa, synthesized m a Pt wire basket from 
the 1ecycled run uszng an electnc furnace The black area 1s a cave111 Bar, JO µm 
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spmel+ohvme+cordiente assemblage was obtamed (Fig I) In this run, cord1ente 1s 
found around ohvme and spmel The mmeral mixture of spmel, ohvme and cord1ente 
was ground agam m an agate mortar to pulvenze to 10-20 µm The powdered sample 
was put mto a graphite capsule The glass was obtamed by quenchmg after a meltmg 
experiment at 10 kbar and 1600°C for 2 mmutes usmg a piston cylinder apparatus X-ray 
m1croprobe analyses showed that the glass was chemically homogeneous The glass was 
slightly SiOrnch, FeO-poor, MgO-poor and ennched m XMg compared with the relevant 
composit10n of what (see Table 1) 

The crystallme mixture of garnet, orthopyroxene, spmel, ohvme, cordiente and quartz 
was prepared as a seed mmeral mixture Chemical composit10ns of seed mmerals are 
given m Table 2 The powdered spmel, ohvme and cordiente, synthesized at l l 50°C 
under atmosphenc pressure (run no 990809), was reacted m a graphite capsule at 25 kbar 
and 1300°C for 3 hours to produce the assemblage of gamet+orthopyroxene+quartz+ 

Table 2 Average composztzons of seed minerals 

Grt* Opx** Spl** 01** Crd** 
Si0 2 40 42 45 07 0 27 37 75 50 23 
Al20, 23 96 10 57 67 01 0 36 33 79 
FeO 10 87 15 64 15 06 22 80 5 10 
MgO 19 81 27 83 17 10 38 05 9 72 
Total 95 06 99 11 99 44 98 96 98  84 
x� 0 765 0 760 0 669 0 748 0 772 
* Garnet was obtained at 25 kbar and 1300 °C for 3 hours (run no 990917) In this run, 
small amounts of orthopyroxene, quartz and hqmd were found (Fig 2A) 
** A mmeral assemblage of orthopyroxene, spmel, ohvme and cordiente was obtamed at 
25 kbar and 1200 °C for 24 hours (run no 991026) These mmerals were metastably 
crystallized Ohvme never contacts cord1ente, bemg moated by orthopyroxene and spmel 
(Fig 2B) 

Fig 2 Photomicrograph of BSEI of seed minerals 
A Run no 990917 The assemblage of garnet, orthopyroxene, quartz and lzqu1d 
was metastably syntheszzed in a graphite capsule at 25 kbar and 1300° C for 3 hours 
from a mzxture of spine!, olzvine and cord1erzte This photograph shows a lzqu1d-rzch 
domain Bar, 10 µm Liq, lzqu1d phase 
B Run no 991026 The orthopyroxene +spine!+ olzvine + cordzerzte assemblage was 
metastably syntheszzed in a graphite capsule at 25 kbar and 1200° C for 24 hours 
from a mineral mixture of spine!, olzvine and cordzerzte 
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hqmd (run no 990917) A photomicrograph of the run products 1s shown in Fig 2A 
In this run, orthopyroxene, quartz and hqu1d 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+cord1erite was 
obtained in a graphite capsule at 25 kbar and 1200°C for 24 hours (run no 991026) A 
photomicrograph of back-scattered electron image (BSEI) of this run product 1s shown in 
Fig 28 Olivine never contacts cord1erite directly, as 1t 1s moated by orthopyroxene and 
spinel Spinel 1s found between orthopyroxene and cord1erite This indicates that at 
least the ohvine-cordierite Join 1s unstable The assemblage of orthopyroxene, spinel, 
olivine and cord1erite 1s unstable at 25 kbar and 1200°C, where garnet 1s a stable phase as 
1s discussed in the latter section This indicates that the garnet formation reaction 1s very 
sluggish Therefore we didn't use the crystalline mixture for a starting material The 
metastable assemblage of orthopyroxene, spinel, olivine and cord1ente 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 

Silltmamte from Rundvagshetta, Lutzow-Holm Bay, East Antarctica (RVH 18-SIL, 
Kawasaki et al, 1993) was also used for the seed mineral S1ll1mamte was ground in an 
agate mortar, and then added into the glass Add1t1on of 5 wt% silhmamte to glass slightly 
changes the bulk (see Table I )  

2 2 Experzmental technzques 
High-pressure and high-temperature experiments were earned out using a 16 0 mm 

piston cylinder apparatus at Eh1me Umvers1ty Graphite was used as a heater Tempera
ture was controlled usmg PtRh or WRe thermocouples Pressure was monitored by 
reading an oil pressure gauge During each experiment, the fluctuat10ns of temperature 
and pressure were less than + I %  Room temperature was kept at 25°C Starting 
materials were ground using an agate mortar (gram size, 10-20 µm), then the powdered 

thermocouple (WRe or PtRh) 

thermocouple insulator talc 

stainless steel 

pyrophyllite 
Pb foil + MoS2 grease 

BN 10mm 

sample (in Gr or AgPd or Mo-Pt double capsule) 

Fig 3 The cell assembly used zn the present expenment 
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sample was put mto a graphite, AgPd or Mo-Pt capsule The sect10nal view of a cell 1s 
shown m Fig 3 

The expenments were conducted under the anhydrous cond1t10n 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, l I00°C, 330-506 hours, I050°C, 507 hours, l000°C, 455-767 hours, 
900 °C, 1005 hours After mamtammg the pressure and temperature for the desired 
durat10n, the electnc power supply was turned off, and a sample was quenched 

All products were mounted m the epoxy resm and polished for the X-ray m1croprobe 
exammat10n Chemical analyses of all run products were earned out usmg an electron 
m1croprobe analyzer JEOL model JXA-8800 Superprobe with the ZAF correct10n method 
at Ehime Umversity The mstrumental condit10ns were as follows Acceleratmg voltage 
was 15 kv Electron beam current was 5 X 10-9 A Beam diameter was 1-2 µm, estimated 
from the size of contammat10n spots formed by chemical analysis 

3. Run products 

The present high-pressure and high-temperature expenments revealed that mmeral 
assemblages changed as pressure decreased at 1200 °C as follows garnet, garnet+ orthopy
roxene+ quartz± sapphmne, garnet+ orthopyroxene+ sapphmne+ quartz, orthopyrox
ene+ sapphmne+ quartz At 11 kbar, the assemblage of orthopyroxene+ sapphmne+ 
quartz changed to orthopyroxene+sapphmne+quartz+silhmamte at I000°C The run 

Table 3 Run details 

Run No p T Time Capsule Startmg Run Product 

(kbar) (
°

C) (hours) Mate nal 
000526A 23 1200 96 Gr Gls Grt 
000821D 19 1200 167 Gr Gls + SIi 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 + Stl Grt + Opx + Qtz ± Spr? ( +Sil) 
001030C 16 1000 767 AgPd Gls + Sil Grt + Opx + Qtz ± Spr? (+Sil) 

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 + Stl Opx + Spr + Qtz 
000918B 11 1100 341 AgPd Gls + Stl Opx + Spr + Qtz (+Sil) 

001201D 11 1000 573 AgPd Gls Opx + Spr + Qtz + Stl 
N I We cannot identify the phases because the obtamed crystals were too small to analyze with the 
electron m1croprobe analyzer But garnet was clearly recogmzed from its shape and high back scattered 
image 
* An mner sample contamer of molybdenum fotl was put mto the outer capsule of the Pt tube 
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Fzg 4 Photomzcrograph of BSEI of run products 
A This run (no 000907 A )  was carrzed out zn a graphzte capsule at 17 kbar and 
1200° C for 261 hours uszng a mzxtwe of 95 wt% glass plu� 5 wt% szllzmanzte as 
startmg materza/s SLl!zmanzte perszsted Reverse zonzng as to Fe and Mg zs observed 
zn garnet Bar, 10 µm 
B The run product of no 0/0803C was derzved from glass zn the Mo-Pt double 
capsule at 16 kbar and !300 ° C for 40 hours Reverse zonzng zs observed 111 ga,net 
and orthopyroxene 
C Run no 000828A Orthopyroxene, sapphzrzne and quartz crystallzzed zn a graph
ite capsule at 11 kbar and 1200 ° C for 23 7 hours from the mzxture of 95 wt% glass 
plus 5 wt% szllzmanzte Iron droplets are observed Seed szllzmanztes dzsappear 
D Run no 001201 D Orthopyroxene, sapphzrzne, quartz and szll1manzte crystallzzed 
zn a Ag  Pd capsule at 11 kbar and I 000° C for 573 hours from glass In thzs run, 
szllzmanzte appears 

detai ls are given m Table 3 Figure 4 shows photomicrographs of the run products 
Descnpt10ns of run products are given below 

3 1 Grt + Opx + Qtz ± Spr 
F1guer 4A shows BSEI of the mineral assemblage synthesized from 95 wt% glass plus 

5 wt% si lhmamte at 17 kbar and 1200°C for 261 hours (run no 000907A) Garnet has 
mclus10ns of orthopyroxene, quartz and s 1 lhmamte Sizes of these mclus1ons are 1 -5 µm 
The ongmal size o f  the seed si lhmamte was about 20 µm Th is indicates that s i lhmamte 
has been consumed to produce garnet and quartz as the react10n 



Phase relations m the system of Mg-nch garnet compos1t1on 

3(Mg,Fe)S103+ AbS10s � (Mg,Fe)3AbS13012+ S102 
Opx Sil Grt Qtz 
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(3) 

Silhmamte 1s also surrounded by quartz and orthopyroxene m the space between garnets 
This react10n texture md1cates the followmg react10n 

(Mg,Fe)S103+AbS10s � (Mg,Fe)AbS106+S102 (4) 
Opx Sil Opx Qtz 

Although sapphmne was not found m this run product, 1t 1s considered that sapphmne 
exists from the bulk compos1t10n It 1s good to check by XRD We considered that 
silhmamte 1s unstable and the stable phase assemblage was garnet+ orthopyroxene+ 
quartz+ sapphmne at 17 kbar and 1200°C 

As 1s seen m Fig 4A, reverse zonmg was observed to form the Fe-nch core and 
Mg-nch nm In this run, we used the graphite capsule The reduct10n of ferrous to metal 
iron m the charge would form reverse zonmg Nucleat10n kmet1cs was discussed by 
Kawasaki and Motoyosh1 (2000) garnet prec1p1tates first from glass, then the bulk compo
s1t10n excludmg garnet compos1t10n shifts toward the Mg-nch side, and so the later garnet 
should become magnesian Harley (1984) also reported reverse zonmg m run products 

3.2 Grt+ Opx+ Spr+ Qtz 
Figure 4B md1cates the run product of no OI0803C synthesized from glass m a  Mo-Pt 

double capsule at 1 6  kbar and 1 300 °C for 40 hours We confirm the stable assemblage 1s 
garnet+ orthopyroxene+ sapphmne+ quartz Inclus10ns m garnet are orthopyroxene, 
quartz and needle sapphmne Orthopyroxene, sapphmne and quartz are found at the 
gram boundary Reverse zonmg 1s also found m both garnet and orthopyroxene 

3.3. Opx + Spr + Qtz 
In run no 000828A, a mixture of 95 wt% glass plus 5 wt% silhmamte was used as the 

startmg matenal Assemblage of orthopyroxene+sapphmne+quartz was generated at I I 
kbar and 1200 °C for 237 hours (Fig 4C) Silhmamte disappeared completely as explamed 
by the followmg react10n 

2(Mg,Fe)S10,+ 2AbS10s�(Mg,Fe)2Al4S1010+ 3S102 (5) 
Opx Sil Spr Qtz 

Needle sapphmne and anhedral quartz crystallized around orthopyroxene Metal irons 
are found as spots, due to reduct10n by usmg a graphite capsule 

3.4. Opx + Spr + Qtz + Sil 
In the run product of no 00 1201 D, orthopyroxene, sapphmne, quartz and silhmamte 

crystall ized from glass at 11 kbar and 1000°C for 573 hours (Fig 40) Although 
s1lhmamte was not added to the startmg matenal, silhmamte crystallized m this run 
Therefore, the stable mmeral assemblage at this pressure-temperature cond1t1on 1s orthopy
roxene+ sapphmne+ quartz+ silhmamte Although the exact boundary can not be 
determmed, we confirm the high-temperature assemblage of orthopyroxene+ sapphmne+ 
quartz converted to a low-temperatute one of orthopyroxene+ sapphmne+ quartz+ sil
hmamte at a certam temperature between l 000°C and l l00 °C Slightly reverse zonmg was 
found m large orthopyroxene 
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41. Expeirimenfail results 

4 I P-T diagram of the Mg-rzch garnet system 
Run detai ls are given 111 Table 3 The experimental P-T diagram 1s shown 111 F ig 5 

We find that garnet does not conve1t directly to i ts low-pressure assemblage The 111terme
d1ate stability field of garnet+ orthopyroxene+ sapphmne+ qua1tz 1s confi rmed between 
the fields of garnet and orthopyroxene+ sapphmne+ quartz The amounts of garnet 
decrease with decreas111g pressure m the field of garnet+ 01thopyroxene+ sapphmne+ 
quartz Garnet was consumed completely at a certa111 pressure between 12 kbar and 14  
kbar at I 200°C by the follow111g reaction 

2(Mg,Fe),AbS110 1 2  � 4(Mg,Fe)S103+ (Mg,FehAl4S101o+ S102 

Grt Opx Spr Qtz 
(6 )  

We find the assemblage of orthopyroxene+ sapphmne+ quartz+ silhma111te at 11 kbar and 
I 000°C, conve1tmg from 01thopyroxene+sapphmne+quartz as-;emblage by the following 
react ion 

(Mg,FehAl4S10 1o+3S102 � 2(Mg,Fe)S101+2AbS1n, 
Spr Qtz Opx Sil 

(7) 

The exact boundary between the field of orthopyroxene+ sapphmne+ qua1tz and ortho-

25 

20 

Starting materials; 
Circles, Gls 
Squares, GBs 90 + Seed mu:tlme rn 
Diamond, Gls 95 + Sil 5 

Rum product; 
!Filled, Grt i; 
Half-filled, Grt + low-P minerails 0 
Opened, Grt disappeared 

Number, Grt XMg rr, ,,.,,1-'Urll IL � 0.79 

� 0.71 

es o.n 

E9 0:7� - ?  
-

- - -
- 0 

1 0  Opx + Spir O_px + Spir + Qtz 

5 

800 

+ Qtz + Sil ? 

900 1000 l lOO 1200 

Temperah11.re (°C) 

1 300 1400 

Fig 5 E\perzmental P-T dwgram for the system of Mg-rzch garnet composttwn (Prp7;A frn>) 
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pyroxene+ sapphmne+ quartz + silhmamte is unclear, but is at a temperature between 
l 000°C and 1100 °C at 1 1  kbar 

Boyd and England (1959) reported the breakdown react10n of the pyrope garnet by 
the um van ant react10n ( 1) Here, the pyrope garnet directly decomposed to the low
pressure phase assemblage of orthopyroxene+ sapphmne+ silhmamte The present study 
mdicates the possibil ity of the direct breakdown of pyrope to orthopyroxene, sapphmne 
and quartz as eq (6) Taylor ( 1 973) reported the coexistence of alummous enstatite, 
sapphmne and quartz at 1 5  kbar and 1400°C m the MgO-AhOrSi02 system md1catmg the 
umvanant react10n (6) 

Almandme garnet decomposes directly mto a l ow-pressure phase assemblage of 
ohvme, spmel and quartz or ohvme, cord1ente and spmel (Schairer and Yagi, 1 952, Hsu, 
1968, Keesman et al , 1971) The present study shows that the Mg-nch garnet 
(Prp75Alm25) converts to the assemblages of garnet+ orthopyroxene+ sapphmne+ quartz 
at high temperatures, the assemblage of which changes to orthopyroxene+ sapphmne+ 
quartz+s1 lhmamte at  lower temperatures This suggests that the appearance of  silhmamte 
would be hm1ted to below l 000°C with orthopyroxene, sapphmne and quartz 

4.2. Fe-Mg partitioning between garnet and orthopyroxene 

As has been mentioned, reverse zonmg was found m both garnet and orthopyroxene 
Mg-nch garnet and orthopyroxene md1cate the last stage products and represent equi
hbnum compos1t10ns of those phases Figure 6 shows an example (run no 991122C) of 
chemical analyses of run products The mean of 1 9  Mg-nch garnet analyses of nm and 
mean of 26 orthopyroxene analyses are given m Table 4 

The Fe-Mg d1stnbut10n coefficient between garnet and orthopyroxene 

KD= (X Mg/ XFe)0P\XFe/ X Mg)
Grt

, (8) 

1s also given m Table 4 Kawasaki and Motoyosh1's (2000) d1stnbut1on coefficient data 
were combmed to the present results The loganthms of Fe-Mg d1stnbut1on coefficients 
are plotted versus 1 /  T m Fig 7 As 1s seen this figure, the Fe-Mg part1t1onmg depends 
on the experimental temperature The pressure dependence 1s negligible because the 
pressure effect 1s small m the present pressure range of 1 1 -23 kbar the difference m KD 1s 
0 15 at 1 200°C The relat10n between d1stnbut10n coefficient and temperature was approx-

<Grt> Rim (Mg-rich) 
� 

82l � fm 
0.78 0.77 

<Opx> I 
. " . . 

0.82 0.81 
XMg 

0.76 
X

Mg 

Core (Fe-rich) 
� 

[UJ cIJ c:J � I 

0.75 0.74 

Fzg 6 Histograms of XMg of garnet and orthopyroxene syntheszzed at 19 kbar and 1300 ° C 
for 48 hours (run no 991 l 22C) 
In this run, reverse zoning 1s observed zn garnet, but not zn orthopyroxene 
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Table 4 X Mg and the dtstrzbutzon coefficzents of coex1st111g garnet and 
orthopyroxene 

Run No 

00 1 030C 
0 1  I OO I C  
0 1 1 203C 
0 ! 0628C 
000 1 07D  
000907A 
0 ! 0803C 
99 1 l 22C 

p 
( kdbt ) 

1 6  
1 2  
1 2  
1 3  
1 4  
1 7  
1 6  
1 9  

T 
( °C ) 
! 000 
1 050 
1 1 00 
1 1 00 
1 200 
1 200 
1 300 
1 300 

Mg-nch Grt 
0 7 1 4  
0 683 
0 682 
0 679 
0 693 
0 785 
0 762 
0 771 

XMg 

Mg-nch Opx 
0 836 
0 787 
0 783 
0 780 
0 777 
0 848 
0 8 1 6  
0 8 1 8  

.. The d t stnbut ton coefficient t s  defined as 
Kn = ( X\1j Xre)°P'( X 1 j X�1Jc,n 
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O; Kawasalki and Motoyoslhi's (2000) data 
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Fig 7 Relatzon between the Fe-Mg dtstrzbutzon coefj7Clent (KD) and temperature (T) 
The present and Kaivasakt and Motoyosh1's (2000) d1strzbutzon coejjictent data were 
combmed Present nm pressures are 12- 19 kbar Kawamkz and Motoyosh1's run 
p,essw es a,e 9- 20 kbar The Fe-Mg d1stnbutzon coefficzent 

1s appro rnnated by 

T( ° C) = (2387 ±  146)/ [ ln Kn +  (I 20 ± 0 10) ] - 273 

,mated with the fol lowmg equation 

T( °C) = (2387± 146)/ [ l nKD+ ( I  20± 0  I O)J - 273 (9) 

This equation was approximately a straight !me So non-1deahty of the so l id solution 1s 
neg1 Ig1b le as stated by Kawasaki and Motoyosh 1 (2000) 

A comparison of the present experiment and previous geothermometers ( Harley. 1984, 
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Ganguly et al , 1996) 1s given m Fig 8 The difference of temperature between Harley's 
geothermometer and present experimental temperature was not so large at 1050- J 200°C 
However, the difference will become large at 1000 or lower temperatures, and 1300 or 
higher temperatures Although temperatures by Ganguly et  al 's thermometer were higher 
than present experimental temperatures, they will match expenmental temperatures at low 
temperature Metamorphic temperatures of granuhtes from the Napier Complex and 
Lutzow-Holm Complex, East Antarctica, are estimated usmg garnet-orthopyroxene geo
thermometers A comparison of present and prev10us est1mat10ns 1s given m Table 5 

300 I 

200 .. 0 

100 .. i 0 0 .._ 0 0 d. 0 0 
0 

- -

0 

I 
--.. • 

= � 
0 • 

� 
-100 .. -

. 

-200 .. 8 ; Harley (1984) 
0 ;  Ganguly et al. (1996) . 

-300 
I ' . 

900 1000 1 100 1200 1300 1400 

Texp. (°C) 
Fzg 8 The comparzson of the present expenment and previous geothermometers 

Table 5 Companson of estzmated temperatures of ultra-hzgh temperature granulztes 

Area (Sample No ) Ko TH* TG* TKM* Tnew * *  Source of data of Ko ( °C) (°C) (°C) (°C) 
< Tonagh Island > 
A980 1 2902D 2 46 797 856 906 864 Hokada et al (1 999) 
A9802 1 106A 2 7 1  750 799 859 8 1 2  Hokada et al (1 999) 
< Mt Ruser-Larsen > 
3423 2 38 8 1 0  875 921 880 Harley (1 998) 
< McIntyre Island > 
451 8  2 26 850 907 948 909 Harley ( 1 998) 
49607 2 20 865 927 963 926 Harley ( 1 998) 
< Rundvagshetta > 
920 1 1 1 021 2 35 828 887 928 891 Kawasak i et al ( 1 993) 
930 1 060 1 X  I 93 962 1 023 1 038 10 10  Motoyosh1 and Ishikawa ( 1997)  
< Forefinger Point> 
2220 1 95 953 10 15  1 03 1  1 003 Harley ( 1998) 
4652 2 0 1  933 992 1 0 1 4  983 Harley et al ( 1 990) 

* TH, Harley ( 1984), TG, Ganguly et al ( 1 996), TKM, Kawasaki and Motoyosh1 (2000) 
* *  TNrn , New thermometer ( this study) T ( °C) = (2387 ± 1 46)/ [ lnKo+ ( l  20 ±0 I 0)] -273 



78 K Sdto dnd T Kawd<,ak 1  

5.  Discussion and conclusions 

The present expenment shows that the system of Mg-nch garnet compos1t1on changes 
to the assemblage of garnet+orthopyroxene+sapphmne+quartz, and finally garnet 
decomposes to form orthopyroxene+sapphmne+quartz at high temperatures as the 
pressure decreases At low pressure and low temperature, the assemblage 1s orthopy
roxene+ sapphmne+ quartz+ sd ! tmarn te Although Boyd and England (1959) reported 
orthopyroxene+ sapphmne+ s11!1manite, Taylor ( 1973) reported orthopyroxene+ 
sapphmne+ quartz as the low-pressure phase 111 the MgO-AbOrS10.:i system The present 
result 1s 111 agreement with Taylor's report 

The Fe-Mg part1t1on111g between garnet and 011hopyroxene 1s a good thermometer a<; 
reported by Harley ( 1984), Ganguly et al ( 1996) and Kawasaki and Motoyosh1 (2000) 
Us111g the new thermometer, we estimated the metamorphic temperatures of granu!ttes from 
the Napier Complex and Lutzow-Holm Complex, East Antarctica Temperature est1ma
t1on of Mt R11ser-Larsen granul i te shows 880°C, and of Tonagh I sland granuhtes 864°C 
and 812°C Harley and Motoyosh1 (2000) reported the first defi111t1ve record111g of 
metamorphic temperature 111 excess of 1120°C 111 Mt R11ser-Larsen Moreover, Hokada 
(2001) estimated temperatures m the Napier Complex, Mt R11ser-Larsen, 1106°C and 
Tonagh Island, 1096°C, us111g Fuhrman and Lmdsley's ( 1988) feldspar geothermometer 
The present results are 230-300°C lower than those estimated by Hdrley and Motoyosh1 
(2000), and Hokada (2001 ) As Frost and Chako (1989), F1tzs1mons and Harley (1994), 
and Patti son and Beg111 (1994) have po111ted out, the est1mat1on by the orthopyroxene
garnet geothermometer would suggest the closure temperatures of Fe-Mg exdiange react ion 
dunng retrograde metamorphism As a result, the present garnet-orthopyroxene Fe-Mg 
geothermometer 111d1cated the closure temperatures. granuhtes from Napier Complex 
record 812-926°C, and the Rundvagshetta granu!ttes 891- l010°C Our est1mat1ons of 
temperatures are higher than those of Harley ( 1984), lower than those of Kawasaki and 
Motoyosh1 (2000), and consistent with those of Ganguly et al ( 1996) based on Fe-Mg 
exchange 
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