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Abstract: Staurolite is found as inclusions in garnet in a corundum-garnet 

gneiss from an outcrop of two-pyroxene gneiss in the eastern S0r Rondane Moun

tains. The staurolite i� a zinc-poor variety of normal iron content (Zn0=0.10-

0.32 wt%; XFe=0.74-0.80), and occurs only in 'domains', consisting mainly of 

plagioclase, enclosed in the zoned garnet with magnesian cores (XFe=0.69-0 .70). 

From textural and mineralogical observations. it is possible to distinguish (I) a 

staurolite-bearing mineral association in the domains and (2) a granulite-facics 

association of the garnet core with the matrix constituents plagioclase, biotite, 

sillimanite, corundum. spine!, magnetite and ilmenite. In addition, compositional 

relations between staurolite and the association garnet-corundum-spinel-sillimanitc 

is consistent with the prograde reaction staurolite=garnet+corundum+spinel 

+ sillimanite + H20. On the basis of textural features and paragenetic relations, 

staurolite in this gneiss is interpreted to be a relic that was isolated from the matrix 

by growing of garnet in a prograde metamorphic process attaining the granulite 

facies. A later, probably amphibolite-facies metamorphic episode is suggested by 

Fe-Mg redistribution between garnet and biotite in direct contact. 

1. Introduction 

Staurolite relatively rich in iron (Fe/(Fe+ Mg)> 0.7) is a common constituent in 

medium-grade regional metamorphic rocks of pelitic composition (DEER et al., 1982). 

Formation of staurolite under conditions of the middle amphibolite facies is consistent 

with the results of experimental studies on staurolite stability (RICHARDSON, 1968; 

HOSCHEK, 1969; GANGULY, 1972; RAO and JOHANNES, 1979). In rare cases staurolite 

is also found in pelitic rocks from upper amphibolite- and granulite-facies metamorphic 

terrains, but it appears to be restricted to relics or to varieties enriched in additional 

cations such as zinc and titanium (ASHWORTH, 1975; HIROI et al., l 983; MoTOYOSHI et al., 
1985; MOTOYOSHI, 1986; SHIRAISHI, 1986; HIROI and KISHI, 1989a, b ). 

The eastern S0r Rondane Mountains in the East Antarctic shield are underlain by 

a migmatized gneissic complex consisting mainly of upper amphibolite- to granulite

facies metamorphic rocks (ASAMI et al., 1989; GREW et al., 1989). In the course of our 

petrological study of the metamorphic rocks, staurolite was found in a corundum-garnet 

gneiss collected from the southeastern part of this area. This is the first finding of 
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staurolite in the Sin Rondane Mountains. Petrographic characters and mineral chem
istry of the staurolite-bearing gneiss are described in this paper. 

2. Geological Setting 

The eastern s�,,r Rondane Mountains (71 °40'-72 °20'S, 26 °30'-28°E) in East Queen 
Maud Land was geologically surveyed by us during JARE-29, and our geological and 
preliminary petrological studies have been published (AsAMI et al., 1989; GREW et al., 
1988, 1989). The surveyed exposures are composed of gneissic rocks accompanied by 
migmatite and small intrusive bodies of granite, pegmatite and diorite (Fig. I). A late 
Ordovician plutonic activity is suggested by a 450 Ma Rb-Sr biotite age for pegmatite 
from Trillingane (VAN AUTENBOER, 1969). The metamorphic rocks are presumed to be 
dominantly of sedimentary and volcanogenic origin (seven rock types) and to a lesser 
extent of magmatic origin (five rock types) (ASAMI et al., 1989). Geological structure 
of the metamorphic rocks is complex due to the rcombinedl effects of folding and 
migmatization. According to AsAMI et al. (1989), GREW et al. (1989) and MAKIMOTO 
et al. (1990), it is suggested that upper amphibolite to hornblende granulite-facies meta
morphism was foJiowed by an amphibolite-facies event, which is closely related with the 
migmatization. 

3. Mode of Occurrence 

The dominant rock type of the metamorphic rocks is biotite-hornblende gneiss, in 
which layers of garnet-biotite gneiss and biotite gneiss are locally intercalated. The 
garnet-biotite gneiss contains sillimanite and rarely kyanite or corundum (Fig. I). In 
addition to the localities reported by GREW et al. (1989), kyanite has been found in 
garnet and plagioclase of a garnet-biotite gneiss (HM88012805D) from Hettene. The 
staurolite-bearing corundum-garnet gneiss (MA88011707-l) of primary concern in the 
present paper was collected at the northeastern end of southern Balchenfjella (Fig. 1 ), 
one of the two localities for corundum-garnet gneiss. 

The staurolite-bearing gneiss is part of a sillimanite-garnet-biotite gneiss layer about 

3 m thick between two layers of quartzo-feldspathic biotite-hornblende gneiss. These 
layers are part of a concordant layered sequence of biotite-hornblende and hornblende 
gneisses with orthopyroxene and of sillimanite-garnet-biotite gneiss. 

4. Petrography 

The staurolite-bearing gneiss is dark gray due to abundant biotite. Wine-red 
garnet porphyroblasts, up to several millimeters in diameter, are scattered in a medium
grained gneissose matrix. Locally, white lenses and bands, a few to several millimeters 
thick, of plagioclase aggregates are formed parallel or subparallel to the gneissosity. 
Prisms and needles of sillimanite are visible on the gneissosity planes defined by flattened 
aggregates of biotite in parallel orientation. 

Under the microscope, no quartz was found, and porphyroblasts of garnet (Ga) 
are developed in a matrix consisting of plagioclase (Pl), biotite (Bi), sillimanite (Sil), 
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a. A garnet porphyroblast 

(Ga) and surrounding gneiss

ose matrix consisting of 

plagioclase (Pl), Type-A 

biotite (Bi A), si!/imanite 

(Si), corundum(Crn), spine/ 

(Sp), magnetite and ilmen

ite. One nicol. 

b. A garnet porphyroblast 

( Ga-I) with relatively large 

inclusions, 'domain', of 

plagioclase (Pl). In a do

main (center), small suh

hedral grains of stauro/ite 

(St) are associated with 

Type-8 hiotite (Bin), spine/ 

(Sp) and ilmenite. A dis

crete grain {�/'Typc-B hiotite 

is also found. Si: matrix 

sillimanite; Bi .. 1: Type-A 

hiotite. One nicol. 

c. Domains (Pl) in a garnet 

porphyrohlast (Ga-I/). 

Three grains of' staurolite 

(St) are found in the do

mains: one (upper lefi) 

interlocks with spine/ (Sp), 

another (lower right) in

cludes spine/ and the other 

(bottom) is partially em

bedded in garnet. Bin : 

Type-B biotite; Mt: mag

netite. One nicol. 

Fig. 2. Photomicrograph.\· of the staurolite-hearing gneiss. 
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corundum (Cm), spinel (Sp), magnetite (Mt), ilmenite {II) and zircon (Fig. 2a). Biotite, 

plagioclase, sillimanite, spinet, magnetite, ilmenite and zircon are also included in 

garnet. Each included mineral usually occurs as discrete grains or prisms up to 0.3 mm 

across or long. But some inclusions of plagioclase form somewhat larger grains or 

aggregates, 0.4 to 1.3 mm across, that are accompanied by biotite, spinel and ilmenite. 

In this paper such inclusions are referred to as 'domains' in order to distinguish them 

from the discrete grains. 

Several textural types of biotite are distinguished as follows: (A) flakes in the 

matrix, (A') matrix biotite flakes in contact with garnet, and (B) grains or small flakes 

included in garnet (Fig. 2b). All types of biotite show the almost same pleochroism: 

X-pale brownish yellow and Y- and Z-yellowish brown. In addition, tiny flakes of 

biotite with weak pleochroism, X-colorless; Y- and Z-pale green, rarely occur between 

garnet and plagioclase. 

Staurolite (St) is found in a few domains in garnet porphyroblasts, but has not 

been found in the matrix (Fig. 2b, c). It forms small euhedral or subhedral grains less 

than 0.2 mm in diameter as follows: (1) largely enclosed by Type-B biotite (Fig. 2b ), 

(2) included in plagioclase (Fig. 2c) and (3) partially enclosed by garnet (Fig. 2c). 

Staurolite is rarely intergrown with or includes spine} (Fig. 2c). Mineral associations 

observed in the staurolite-bearing domains are St+ Sp+ Ga+ Bi+ Pl+ Il + Mt and St+ 

Sp+ Ga+ Pl. The staurolite shows weak pleochroism, X- and Y-colorless to very pale 

yellow: Z-pale straw yellow, with 2Vz= 84° and r> v (moderate) (measured by Leitz 

five-axis uni versa} stage). 

Plagioclase rarely shows optical zoning. Plagioclase in the matrix and in the 

domains enclosed in garnet cannot be distinguished optically from one another. 

Spinel is deep green and many grains of spinel include opaque dust, which is 

possibly magnetite. Spinel is also included in sillimanite and rarely staurolite (Fig. 2c). 

Corundum is colorless and occurs as anhedral or subhedral grains. Both minerals are 

scattered in the matrix and are in contact with all the other matrix constituents including 

garnet (Fig. 2a). 

Sillimanite is not only intimately associated with biotite in the matrix, but also is 

in contact with all the other constituents (Fig. 2a, b). 

5. Chemical Compositions of Minerals 

Chemical analyses were made of garnet, biotite, staurolite, spinel, plagioclase, 

corundum, sillimanite and ore minerals, using the JEOL JXA-733 electronprobe micro

analyzer and the Bence-Albee correction method. Two or more grains of each mineral 

per thin section were examined. Representative individual analyses are listed in Tables 

l to 5. 

5. I. Garnet 

Compositional profiles were obtained on two garnet porphyroblasts, Ga-I and 

Ga-II, both profiles extend from edges in contact with plagioclase to edges in contact 

with matrix biotite of Type A' (Fig. 3 and Table 1). The profile of Ga-I crosses a 

plagioclase aggregate (domain 1), which contains biotite, staurolite, spinel and ilmenite, 
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while the profile of Ga-II crosses a plagioclase grain and two spine! grains. 
Figures 3a and 3b show distinct outward increases of Xy0 ( = Fe/(Fe + Mg)) as a 

result of increasing Fe and decreasing Mg contents towards the edges. Mn content 
also increases towards the edge, although the Mn and Ca contents are low throughout 
the garnets. These outward increases are more marked towards the edges in contact 
with biotite than towards the edges in contact with plagioclase. In contrast to the 
edges, the interiors of both garnets are relatively magnesian (XF0=0.69 and 0.70 at the 
cores of Ga-I and Ga-II, respectively). Moreover, the profile across interior of Ga-I, 
which is larger than Ga-II, is flat, implying a relatively homogeneous composition. 
No compositional variation is observed near the contacts with inclusions of plagioclase 
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and spinel in either garnet. These compositional features suggest that the magnesian 
composit ions resulted from equilibration during the main metamorphic phase , whereas 
the Fe-enrichment took place mainly through retrograde Fe-Mg exchange between 
garnet edges and biotite in direct contact or nearby in the matrix. 

Garnet in contact with Type-8 biot ite ( IBi1_3 , Table I) is higher in XFe than average 
core garnet (C1 , Table 1 ). Garnet in contact with staurolite Ost) is also more iron-rich 
than typical core garnet (Cu) although st ill slightly more magnesian (XFe = 0.72) than 
the contacting staurolite (Xy0 =0 .74), the reverse relation to that reported by ALBEE 
( J  972). Such reversals between garnet and staurolite have been reported : e.g., RICE 
( 1 985) ; GREW and SANDIFORD (l 985) ; HIROI ( 1 987) ; BALLEVRE et al. ( 1 989). 
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Cr 
Anal . No. 42 

Si02 38. 00 
Ti02 0. 00 
Al20s 2 1 .  52 
Cr203 0. 00 
FeO* 30. 57 

Table J .  Representative microprobe analyses of garnet. 

Ga-1 
--· -- ----·-- -- --�---- ------ ·--------· 

Ga-II 

EA EB lB11 Ia12 IBis Cn Ee Eo 1st 
48 20 39 63' 1 7  79 87 69 1 05 

- ------------------ --- - - ------- --------- ----- -- - ----------- - ------ - -------- ---------

38. 65 37. 68 38. 66 38. 72 37. 1 8  38. 29 38. 1 2  37. 94 38. 26 
0. 0 1  0. 02 

2 1 . 00 20. 94 
0. 00 0. 00 

33. 1 3  33 . 97 

0. 00 0. 05 
2 1 .  1 9  2 1 .  77 
0. 03 0. 00 

3 1 .  56 3 1 .  5 1  

0. 00 
20. 78 
0. 00 

33. 68 

0. 00 
2 1 .  79 
0. 00 

30. 92 

0. 00 
2 1 .  09 
0. 05 

33 . 0 1  

0. 07 
2 1 . 29 
0. 05 

32 . 67 

0. 00 
20. 54 
0. 07 

3 1 . 48 
MnO 
MgO 
ZnO 
CaO 
Na20 
K20 

0. 80 1 .  00 
7. 73 6. 3 1  

] . 57 0. 68 0. 78 
4. 99 6. 79 6. 64 

1 . 40 0. 76 1 . 26 1 . 93 0. 96 
4. 93 7. 56 5 . 88 4. 49 6. 95 

1. 42 I .  20 
0. 05 0. 0 1  
0. 00 0. 00 

0. 00 
I .  06 I .  34 I .  38 
0. 00 0. 00 0. 05 
0. 0 1  0. 00 0. 00 

0. 00 0. 1 0  0. 00 0. 05 
1 . 22 1 . 59 1 . 32 1 . 59 1 . 33 
0. 00 0. 00 0. 00 0. 04 0. 00 
0. 00 0. 00 0. 0 1  0. 0 1  0. 00 

Total 100. 09 1 0 1 . 3 1 1 00. 24 1 00. 25 I00. 9J 99. 1 9  10 1 . 0 1 100. 74 100. 08 99. 64 

Si 
Al 
Ti 
Cr 
Fe 
Mn 
Mg 
Zn 
Ca 
Na 
K 

Alm 
Pyr 
Spe 
Gro 

5 . 946 
3 . 969 
0. 000 
0. 000 
4. 000 
0. 1 06 
1 .  803 

0. 238 
0. 0 15  
0. 000 

65. I 
29. 3 

1 .  7 
3 . 9 

6. 035 
3 . 865 
0. 001  
0. 000 
4. 327 
0. 1 32 
1 . 468 

0. 20 1  
0. 003 
0. 000 

70. 6 
24. 0 
2. 2 
3 . 3 

6. 000 
3. 930 
0. 002 
0. 000 
4. 524 
0. 2 1 2  
I .  1 84 

o. 1 8 1  
0. 000 
0. 002 

6. 05 1  
3 . 909 
0. 000 
0. 004 
4. 1 3 1 
0. 090 
l .  584 

0. 225 
0. 000 
0. 000 

74. 2 68. 5 
1 9 . 4 26 . 3 
3. 5 l .  5 
3 . 0 3 . 7 

24 (0) 

6. 0 1 7  5 . 984 
3 . 988 3 . 942 
0. 000 0. 000 
0. 000 0. 000 
4. 095 
0. 1 03 
I .  538 
0. 000 
0. 230 
0. 0 1 5  
0. 000 

68. 6 
25 . 8  

I .  7 

3 . 9 

4. 534 
0. 1 9 1  
1 .  1 83 
0. 000 
0. 2 1 0  
0. 000 
0. 000 

74. 1 
19 . 3 
3 .  I 
3 . 4 

5 . 942 
3 . 986 
0. 000 
0. 000 
4. 0 1 3  
0. 100 
] .  748 
0. 0 1 1 
0. 264 
0. 000 
0. 000 

65. 5 
28. 5 

I .  6 
4. 3 

6. 00 1  
3 . 9 1 4  
0. 000 
0. 006 
4. 346 
o. 1 68 
I .  380 

0. 223 
0. 000 
0. 002 

7 1 .  1 
22. 6 
2. 7 
3 . 6 

6. 027 
3 . 986 
0. 008 
0. 006 
4. 340 
0. 260 
1 . 063 
0. 000 
0. 27 1 
0. 0 1 2  
0. 002 

73. 1 
1 7 . 9 
4. 4 
4 . 6 

6. 046 
3 . 826 
0. 000 
0. 009 
4. 1 60 
0. 1 28 
1 .  637 
0. 006 
0. 225 
0. 000 
0. 000 

67. 6 
26. 6 
2. l 
3 .  7 

XFe 0. 689 0. 747 0. 793 0. 723 0. 727 0. 793 0. 697 0. 759 0. 803 0. 7 1 8  

* Total iron as FeO. XFe= Fe/(Fe + Mg). C1, Cn : cores of Ga-I and Ga-I I ; EA-o : edges A.  B ,  C, 
D. TBi, 1st : interiors contacting with Type-B biotite and staurol ite, respectively. 

5. 2. Biotite 
Fourteen flakes of Type-A, three flakes of Type-A', and three Type-B biotites in 

Ga-I, two flakes from the staurolite-bearing domains and a discrete grain, were analyzed 

together with a flake of pale green biotite from domain I in Ga- I I  (selected analyses 

in Table 2). 

Figure 4 shows that Type-A biotites are higher in XFe and Ti content than Type-8 

biotites from the staurolite-bearing domains. Type-8 biotite occurring as discrete in

clusions is also as high in both compositional features as Type A. On the other hand, 

Type-A' biot ites are somewhat lower in X
F0 and Ti content than Type-A biotites. The 

pale green biotite is magnesian and extremely low in Ti content. In Fig. 4, a correlation 

between XF0 and Ti content, as well as the i nverse relation between X
Fe 

and Si content 

------------ . .. ----------------------------- ---------- -------------------------------

----------------- -----------------------

-- - ------------------ ·-- ----- ·-------------------------------- · ----- ------------------------------
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Table 2. Representative microprobe analyses of biotite. 

Type A Type A' Type B 

Bi6 
/ IB12 
62' 

Bii 
> l  

Anal. No. 2 

Si02 
Ti02 
Al20a 
Cr20a 
FeO* 
MnO 
MgO 
ZnO 
CaO 
Na20 
K20 

Total 

Si 
Al 
Ti 
Cr 
Fe 
Mn  
Mg 
Zn 
Ca 
Na 
K 

34. 88 
3. 1 5  

18 . 48 
0. 03 

1 8. 38 
0. 06 
9. 94 
0. 00 
0. 03 
0. 29 
8. 1 1  

93. 35 

5 . 369 
3. 353 
0. 365 
0. 004 
2 . 366 
0. 008 
2 . 280 
0. 000 
0. 005 
0. 087 
1 .  593 

0. 509 

34. 48 
3 . 20 

1 8. 82 
0. 02 

1 8. 44 
0. 02 

1 0. 20 
0. 05 
0. 00 
0. 27 
8. 6 1  

94. 1 I 

5. 286 
3 . 40 1  
0. 369 
0. 002 
2. 364 
0. 003 
2. 330 
0. 006 
0. 000 
0. 080 
1 .  684 

0. 504 

Bis 
/ IEn 

6 

35. 1 2  
1 .  72 

1 8 . 95 
0. 00 

1 7 . 04 
0. 00 

1 1 . 69 
0. 00 
0. 0 1  
0. 26 
8. 53 

93. 32 

5. 376 
3. 4 1 9  
0 .  1 98 
0. 000 
2. 1 82 
0. 000 
2. 667 
0. 000 
0. 002 
0. 077 
I .  666 

0. 450 

Bi" 
/ IIEo 

68 

34. 75 
2. 7 1  

1 9 . 60 
0. 03 

1 8 . 42 
0. 1 2  

1 0. 4 1  
0. 00 
0. 00 
0. 24 
8. 86 

95 . 1 4  

35. 60 
2. 40 

1 8 . 47 
0. 04 

1 4 . 47 
0. 00 

1 3 . 86 

0. 00 
0. 32 
8. 73 

93. 89 

22 (0) 
5 . 266 5 . 359 
3. 50 1 3 . 277 
0. 309 0. 272 

0. 004 0. 005 
2. 335 
0. 015 
2 .  35 1 
0. 000 
0. 000 
0. 07 1  
1 .  7 1 3  

0. 498 

1 .  822 
0. 000 
3. 1 09 

0. 000 
0. 093 
1 . 677 

0. 369 

35. 41 
2. 66 

1 8 . 45 
0. 05 

1 4 . 07 
0. 02 

1 4. 1 0  
0. 00 
0. 01  
0. 43 
8 . 55 

93. 75 

5 . 329 
3 . 273 
0. 30 1 
0. 006 
I .  77 1 
0. (X)3 
3. 163 
0. 000 
0. 002 
0. 1 25 
1 . 642 

0. 359 

Bi1 

/ IBia 
1 6  

34. 62 
2 . 88 

1 8 . 62 
0. 05 

1 7 . 97 
0. 0 1  

1 0. 85 
0. 00 
0. 01 
0. 32 
8. 45 

93. 78 

5. 309 
3 . 365 
0. 332 
0. 006 
2 .  305 
0. 00 1  
2. 480 
0. 000 
0. 002 
0. 095 
l. 65 3 

0. 482 

Bis 
PG-Bi 
1 07 

37. 1 6  
0. 3 1  

20. 1 4  
0. 02 

1 1 . 58 
0. 00 

17 . 08 
0. 04 
0. 23 
0. 4 1  
8 . 06 

95 . 03 

5 . 40 1 
3 . 450 
0. 034 
0. 002 
I .  408 
0. 000 
3. 700 
0. 004 
0. 036 
0. 1 1 6 
1 . 494 

0. 276 

* Total iron as FeO. XFe= Fe/(Fe + Mg). > I :  near Ga- I ; > I I :  near Ga-I I .  / IEB, /IIEo, / IB1 : 
contact with edge EB of Ga-I , edge E0 of Ga-TI and interiors of Ga- I ,  respectively. PG-Bi : pale 
green biotite. 

(Table 2), is a characterist ic feature of biotite, which has been discussed by Gumon1 
et al. (1977) and GUIDOTTI (1984). 

Mg/Fe ratios of three kinds of mineral pairs, Type-A biotite-garnet core , Type-A' 
biotite-contacting garnet edge and Type-B biotite-contacting garnet, are plotted in 
Fig. 5. The lower K0 values of the first mineral pa irs are obviously distinguishable 
from the higher values of the other two kinds. Such a relat ion, together with the 
character istics of garnet zoning (Fig. 3), suggests that the first pairs represent a h igher
temperature association at the main metamorphic stage and the other two kinds a 
lower-temperature association at a later stage. 

The chemical character and mode of occurrence of the pale green b iotite suggest 
that the b iotite is a late, low-temperature product compared with the brownish varieties 
described above. 

---�--------======= =====------··-· .:._ 

------------

·--------------------------------------------------------··--------· --------------
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5. 3. Staurolite 
Eight staurolite grains included in Ga-I  and Ga-II were analyzed : three grains 

from domain 1 and a gra in from domain 2 in Ga-1, all contacting with Type-8 biotite 
(Fig. 2b) ,  and two grains from domain 1 and two grains from domain 2 in Ga-JI, one 
contacting with spinel and the other with garnet (Fig. 2c). 

F igure 6 and Table 3 show that the staurolites are zinc-poor (Zn0 =0. 1 0-0.32 wt %) 

and have normal iron contents with some var iations of XFe (0.74-0.80). Low Ti02 

contents are also character ist i� of the staurolites (0.00-0.67). Among the staurolite 
grains analyzed, the grains contacting with biotite in  Ga-I  are slightly h igher in XFe 
(0.77--0.80) and Ti02 content (0.56-0.67 wt% )  than those contacting with spinel and 
garnet in Ga-II (XFe =0.74-0.75 and Ti02 =0.00-0.06wt%). 

MA880 1 1 707· 1 

5. 4. Spine! 

Zn 

Sp ine I Staurolite 
D Fe : total Fe O In doma�n 1 ]  of Ga-I 

• In matrix 9 In domain 2 
D In Ga-I 
IZJ In Ga-II 

� In domain 1 ]  of Ga-II 0 In domain 2 
• Fe : calculated Fe2+ 50 

o---0 Contact with each other 

Zn 

Fig. 6. Zn-Fe-Mg diagram for staurolite and spine/. 

Mg 

Thirteen grains of spinel were analyzed : two grains enclosed in Ga-I, a gra in, 
interlocking with staurolite (Fig. 2c), from domain l in Ga- I I  and six discretely enclosed 
in Ga-II ,  and the rest four from the matr ix. The analyses are plotted in F ig. 6 and 
some of them are l isted in Table 3. 

These analyses show that the spinels are of relatively iron-rich composit ions in the 
spinel-hercynite series with gahnite contents of 1.7-8.7 mole % and estimated Fe8 + of 
0.099-0.188 per 8 oxygens and 6 cations. Figure 6 shows that the XFe values for spine! 
overlap those for staurolite , but have a greater variation (0.66-0.85) . ln addition, 
spinels are h igher in Zn value than staurolite. Among the spinels , four gra ins from 
the matr ix are richest in iron and zinc (XF0 =0.83-0.85, Zn0 =3.23-4.08 wt %). A 
spinel in contact with staurolite is more zincic than the other spinels enclosed in garnet , 
but is similar in XFe to the contacting staurolite (Sp3 and St4 in Table 3). 

5. 5. Plagioclase 
Analyzed plagioclases include ten gra ins from the matr ix and five gra ins from 

.,,,. Fe 
50 

Mg 

7 

Fe 
��· 

90 80 70 60 50 
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Table 3. Representative microprobe analyses of staurolite and spine/. 

I i  
St1 
/8i5 

Staurolite 

1 11 
---

Sts St4 

/ 1st /Sps 

Spine! 

Sp2 

Anal. No. 30 1 08 1 09 

M 
Sp1 
/Pl 
129 

<Ga 
60 

Si02 
Ti02 
Al20s 
Cr20s 
FeO* 
MnO 
MgO 
ZnO 
CaO 
Na20 
K20 

Total 

Si 
Al 
Ti 
Cr 
Fe8+** 
Fe2+ 

Mn 
Mg 
Zn 
Ca 
Na 
K 

Fe 
Mg 
Zn 

25 . 67 
0. 67 

55. 41 
0. 03 

1 3 . 1 2  
0. 09 
I .  98 
0. 1 3  
0. 02 
0. 00 
0. 0 1  

97. 1 3  

26. 73 
0. 59 

55. 65 
0. 07 

1 3 . 26 
0. 1 3  
2. 26 
0. 1 5  
0. 0 1  
0. 00 
0. 03 

98 . 88 

26. 0 1  26. 20 
0. 06 0. 00 

56. 16 55. 67 
0. 08 0. 0 1  

1 2 .  25 1 3. 0 1  
0. 00 0. 06 
2. 43 2. 39 
0. 28 0. 32 
0. 03 0. 02 
0. 00 0. 00 
0. 0 1  0. 00 

97 . 3 1  97. 68 

7. 1 79 
1 8 . 266 
0. 1 4 1  
0. 007 

46 (0) 
7. 339 7. 225 

1 8 . 0 1  I 1 8. 387 
0. 122 0. 0 1 3  
0. 0 1 5  0. 0 1 8  

7. 278 
1 8 . 228 
0. 000 
0. 002 

3. 069 3. 045 
0. 02 1  0. 030 
0. 825 0. 925 
0. 027 0. 030 
0. 006 0. 003 
0. 000 0. 000 
0. 004 0. 0 1 1 

2 . 846 3 . 023 
0. 000 0. 0 14  
1 . 006 0. 989 
0 . 057 0. 066 
0. 009 0. 006 
0. 000 0. 000 
0. 004 0. 000 

25 . 73 
0. IO 

57. 10 
0. 07 

12. 78 
0. 02 
2. 44 
0. 27 
0. 00 
0. 02 
0. 00 

98 . 53 

0. 0 1  
0. 0 1  

55. 49 
0. 55 

35 . 69 
0. 1 7  
3 .  56 
3. 40 
0. 0 1  
0. 00 
0. 00 

0. 03 
0. 00 

57. 57 
0. 63 

36. 20 
0. 1 7  
5 .  JO 
0. 98 
0. 00 
0. 00 
0. 00 

98. 89 100. 68 

0. 0 1  
0. 00 

57. 73 
0. 50 

32. 99 
0. 06 
6. 02 
2 . 26 
0. 0 1  
0. 00 
0. 00 

99. 58 

7. 078 
1 8 . 5 16 
0. 02 1  
0. 0 1 5  

0. 00 1  
3 .  785 
0. 000 
0. 025 

8 (0) & 6 cat .  
0. 002 0. 00 1 
3 .  80 1 3. 825 
0. 000 0. 000 
0. 028 0. 022 

2. 940 
0. 1 88 0. 1 68 
1 . 540 1 . 527 

0. 005 0. 008 0. 008 
1 . 000  0. 307 0. 426 
0. 055 0. 145 0. 041 
0. 000 o. 00 l 0. 000 
0. 0 1 1 0. 000 0. 000 
0. 000 0. 000 0. 000 

0. 152 
1 . 399 
0. 003 
0. 504 
0. 094 
0. 001  
0. 000 
0. 000 

------ -- - ··--------------- -· -- -�-------------------------

78 . 3 
2 1 . 0  
0. 7 

0. 788 

76. l 
23. I 
0. 8 

0. 767 

72 . 8 
25 . 7  

I .  5 

0. 739 

74. 1 
24. 3 

l . 6  

0. 753 

73. 6 77. 3 76. 6 
25. 0 

I .  4 

0. 746 

15 . 4 
7. 3 

2 1 . 4 
2. 0 

0. 834 0. 782 

70. 1 
25 . 3 
4. 7 

0. 735 

II 
Sp, 

< Ga 
74 

0. 0 1  
0. 02 

59. 09 
0. 28 

33 

3 1 .  1 8  
0. 1 2  
8 . 07 
0. 98 
0. 00 
0. 00 
0. 00 

99. 75 

0. 001  
3 . 840 
0. 001 
0. 012 
0 .  145 
1 .  293 
0. 006 
0. 663 
0. 040 
0. 000 
0. 000 
0. 000 

64. 8 
33 . 2 
2. 0 

0. 66 1 

* Total iron as FeO. ** Calculated by normalizing to 8 oxygens and 6 cations. XFe=Fe2+/(Fe2+ 

+ Mg). I :  in Ga-I ; I I : i n  Ga-II . I1 , 2 : domains 1 and 2 in Ga-I ; Ih, 2 :  domains 1 and 2 in Ga-I I. 
M :  in the matrix. /Bi, /1st, /Pl, /Sp, /St : contact with biotite, garnet interior, plagioclase, spinet and 
staurol ite, respectively. < Pl :  enclosed in plagioclase. <Ga :  enclosed in garnet. 

domains in Ga-I and Ga-II (selected analyses in Table 4). 

The plagioclases are calcic oligoclase to sodic andesine (An21_31 in the matrix ;  An26_34 

in the domains). This variation is due mainly to zoning ; rim compositions are similar 

(An28_31) for plagioclase from the matrix and the domains. 

5. 6. Corundum and sillimanite 
Three corundum grains and five si l l i manite prisms in  the matrix were analyzed, and 

--·------- - - -----·---···· ---------------·-----·---. ------ · · ·--· ·-------·----

-···-----------------·- ------------�-�------------



34 M asao ASAMI, Edward s. GREW and Hiroshi MAKIMOTO 

Table 4. Representative microprobe analyses of plagioclase. 

Anal. No. 
----------

Si02 

Ti02 

Al20a 

Cr20a 

FeO* 

MnO 

MgO 

ZnO 

CaO 

Na20 

K20 
-�-----· ··-

Total 

Si 

Al 

Ti 

Cr 

Fe 

Mn  

Mg 

Zn 

Ca 

Na 

K 
- --·--------·-

Or 

Ab 

An 

M > l 
Pl1 

C R 
50 49 

-------- - - - -

63. 09 6 1 . 26 
0. 05 0. 00 

23. 30 24. 30 
0. 00 0. 0 1  
0. 00 0. 1 8  
0. 00 0. 04 
0. 00 0. 00 

4. 57 5 . 9 1  
9. 46 8.  1 6  
0 .  1 8  0. 07 

-------------- - . ---- - - �-

100. 65 

1 1 . 1 15 
4. 839 
0. 007 
0. 000 
0. 000 
0. 000 
0. 000 

0. 863 
3 . 232 
0. 040 

1 . 0  
78. 2 
20. 9 

99. 93 

1 0. 893 
5 . 093 
0. 000 
0. 00 1  
0. 027 
0. 006 
0. 000 

I .  1 26 
2. 8 1 3  
0. 0 1 6  

0. 4 
7 1 .  1 
28. 5 

-----·-·-·------ --� -·--··-·-

* Total i ron as FeO. C: core ; 

M > ll 

C 

64 
- " --- ---- - - - --

60. 36 
0. 0 1  

24. 95 
0. 00 
0. 05 
0. 00 
0. 00 
0. 00 
6. 73 
8. 27 
0. 09 

1 00. 46 

Pl2 

------------ ··-· 

1 0. 720 
5 . 223 
0. 00 1  
0. 000 
0. 007 
0. 000 
0. 000 
0. 000 
I .  28 1 
2. 848 
0. 020 

··--------· -

0. 5 
68. 6 
30. 9 

I 1 

Pia 

R C 

65 29 
- - ------ ------ - -

60. 1 3  60. 53 
0. 00 0. 00 

24. 93 24. 72 
0. 00 0. 00 
0. 00 0. 00 
0. 03 0. 02 
0. 00 0. 00 
0. 00 0. 00 
6. 37 6. 23 
8.  1 8  8. 59 
0. 07 0. 1 0  

-------------·· ----

R 
28 

60. 77 
0. 00 

24. 79 
0. 00 
0. 05 
0. 00 
0. 00 
0. 03 
6. 25 
8. 25 
0. 1 1  

C 

1 03 

59. 75 
0. 04 

24. 85 
0. 00 
0. 06 
0. 00 
0. 00 

6. 59 
8. 00 
0. 07 

1 11 
Pl4 

-- ---·-· ----- · ·  

R 

1 04 

60. 52 
0. 04 

24. 65 
0. 00 
0. 1 2  
0. 03 
0. 00 

6. 70 
8 . 30 
0. 08 

- -- -- --- -- - --- -- --- -··------------- -- -- --

99. 7 1  1 00. 1 9  100. 25 99. 36 100. 44 
----- ---- --· --------- ---- --- -- -· ------·------------ -----------

32 (0) 
10 .  740 1 0. 770 
5. 248 5. 1 84 
0. 000 0. 000 
0. 000 0. 000 
0. 000 0. 000 
0. 005 0. 003 
0. 000 0. 000 
0. 000 0. 000 
I .  2 19  I .  1 88 
2. 833 2. 964 
0. 016 0. 023 

---- ----- --- ·  

0. 4 0. 5 
69. 6 7 1. 0 
30. 0 28. 5 

10 .  792 
5. 1 89 
0. 000 
0. 000 
0. 007 
0. 000 
0. 000 
0. 004 
I .  189 
2. 84 1  
0. 025 

- -------·· -· --

0. 6 
70. I 
29. 3 

... --- - ------ -------·--

1 0. 7 1 7  
5 . 254 
0. 005 
0. 000 
0. 009 
0. 000 
0. 000 

1 .  267 
2. 782 
0. 016 

0. 4 
68. 4 
3 1 .  2 

---- ---�-----��-

1 0. 754 
5. 1 63 
0. 005 
0. 000 
0. 0 1 8  
0. 005 
0. 000 

1 . 276 
2. 860 
0. 0 18  

- -- ------ --··----

0. 4 
68. 9  
30. 7 

------�-�---- . 

R :  rim. M > I , M > II :  matrix plagioclase adjacent to Ga-I and 

Ga-II, respectively. 11 : domain l in Ga-I ; 1 11 : domain  1 in Ga- I r .  

two analyses for each mineral are li sted in  Table 5 .  The only significant impurity in 

these minerals is Fe203 (0. 5 I-0.63 wt% for corundum and 0.69-1 . 1 1 wt% for sillimanite). 

5. 7. Ilmenite and magnetite 
Three grains of each of ilmenite (one in  matrix, two i ncluded in Ga-I) and magnet

ite (all matrix) were analyzed . An analysis of each mineral is l isted in Table 5 .  

The magnetites are compositionally close to the endmember with trace amounts 

of Cr203 (0.69-0.9 1 wt%) .  

The ilmenites probably contain Fe203 , which can be estimated from stoichiometry. 

This, together with ferric iron in spinel, corundum and sil l imanite, suggests moderately 

oxidizing conditions of metamorphism. 
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Table 5. Representative microprobe analyses of corundum, sillimanite, ilmenite and magnetite. 

Anal . No. 

Si02 
Ti02 
Al20s 
Cr20s 
Fe20s 
FeO 
M nO 
MgO 
ZnO 
CaO 
Na20 
K20 

Total 

Si 
Al 
Ti 
Cr 
Fes+ 
Fe2

+ 

Mn 
Mg 
Zn 
Ca 
Na 
K 

Corundum 

Crn1 Crn2 
95 97 

0. 00 
0. 00 

98. 9 1  
0. 1 1  
0. 56* 

0. 00 
0. 00 
0. 00 
0. 00 
0. 00 
0. 00 

99. 58 

0. 000 
3. 983 
0. 000 
0. 003 
0. 0 1 4  

0. 000 
0. 000 
0. 000 
0. 000 
0. 000 
0. 000 

0. 00 
0 . 00 

99. 47 
0. 03 
0. 5 1 *  

0. 0 1  
0. 00 
0. 00 
0. 00 
0. 00 
0. 02 

100. 04 

6 (0) 

0. 000 
3 . 986 
0. 000 
0. 00 1  
0. 0 1 3  

0. 000 
0. 000 
0. 000 
0. 000 
0. 000 
0. 001 

Si l limanite 

Sih Sil2 

1 3  57 

36. 45 
0. 0 1  

6 1 .  79 
0. 04 
0. 69* 

0. 00 
0. 00 
0. 00 
0. 0 1  
0. 00 
0. 0 1  

99. 00 

3 . 984 
7. 960 
0. 001 
0. 003 
0. 057 

0. 000 
0. 000 
0. 000 
0. 001 
0. 000 
0. 001 

36. 77 
0. 03 

6 1 .  65 
0. 05 
0. 77* 

20 (0) 

0. 08 
0. 00 

0. 00 
0. 03 
0. 03 

99. 4 1  

4. 005 
7. 9 1 5  
0. 002 
0. 004 
0. 063 

0. 007 
0. 000 

0. 000 
0. 006 
0. 004 

I lmenite 

I ii 
35 

0. 00 
50. 97 
0. 00 
0. 00 
4. 20** 

44. 68 
0. 2 1  
0. 4 1  
0. 07 
0. 0 ]  
0. 06 
0. 00 

1 00. 6 1  

Magnetite 

Mti 
100 

0. 00 
0. 00 
0. 1 9  
0. 9 1  

67. 84** 
3 1 .  0 1  
0. 0 1  
0 . 00 
0. 10  
0. 0 1  
0. 00 
0. 00 

100. 07 

6 (0) & 4 cat. 8 (0) & 6 cat. 
0. 000 0. 000 
0. 000 0. 017 
1 . 920 
0. 000 
0. 1 66** 
1 .  864 
0. 009 
0. 03 1 
0. 003 
0. 001  
0. 006 
0. 000 

0 . 000 
0. 055 
3 . 928** 
] .  993 
0. 001 
0. 000 
0. 006 
0. 001 
0. 000 
0. 000 

* Total iron. ** Calculated by normalizing to 6 oxygens and 4 cations for ilmenite and 8 oxygens 
and 6 cations for magnetite. 

6. Interpretative Remarks 

The staurolite-bearing corundum-garnet gneiss was subjected to granulite-facies 

metamorphism, because the gneiss is closely associated with orthopyroxene- and two

pyroxene-bearing gneisses of intermediate to basic compositions. Textural and mineral

ogical features of the corundum-garnet gneiss suggest that the magnesian garnet core 

and matrix minerals equilibrated under granulite-facies conditions, while the staurolite 

was isolated from the matrix minerals during the granulite-facies event. 

As shown in the mineral chemistry, garnet, staurolite and spinel are poor in Ca, 

Mn and Ti , the former two being also poor in Zn, and sillimanite and corundum are 

poor in Fe203 and Cr203 , so that parageneses of these minerals can be treated in the 

model system A1203-Fe0-Mg0-Si02-H20 although spinel contains ZnO to some extent. 

The high-grade mineral association, garnet (core)-corundum-spinel (rnatrix)-sill imanite, 
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[ +Sil l imanite] 

- 1 .5 
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Fe/(Fe+Mg) 

Fig. 7. A 'FM diagram showing compositional relations among stauro/ite, corundum, 
garnet, spine/ and si/limanite. This diagram is projected from Al2Si05 onto the 
A/203-FeO-MgO plane of Al203-Fe0-Mg0-Si02 tetrahedron. Mineral numbers 
of garnet, staurolite and spine/ correspond to those in Tables 1 and 2. 

is i l lustrated together with the stauro lite compositions in Fig. 7. Compositions of 
staurolite plot a lmost within the three-phase field of corundum, garnet and spinel. 

In silica-undersaturated, Fe-Al-rich rocks belonging to the above system, the 
following uni variant reaction is terminal to staurolite : 

Staurolite = Garnet + Corundum + Spinel + Sillimanite + H20. ( l ) 

The reaction is divariant in the system with ZnO, which is more appropriate for the 
rock concerned. The product mineral association is the same as the granulite-facies 
association mentioned above. Moreover, the compositional relation shown in Fig. 7 
is consistent with the reaction ( I) .  Therefore, in the matrix of the gneiss , staurolite is 
considered to have been unstable during the formation of the granulite-facies mineral 
association. In other words, the staurolite in the domains probably is metastable relics 
isolated from the matrix by garnet growth during prograde metamorphism. As pointed 
by Hmrn and KISHI ( 1989b ), it is possible that during staurolite breakdown, the dehy
dration reaction ( I )  is obstructed by confinement of released vapor within the domains 
enclosed in garnet, and as a result, staurolite remains in garnet although it disappears 
from the matrix .  Examples of the prograde staurolite-breakdown and retrograde 
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staurolite-formation by the reaction ( I )  have been reported by SCHENK ( 1 984) and 
EN AMI and ZANG ( 1 988). 

The anhydrous m ineral association garnet-corundum-spinel-sill imanite can be used 
to infer P-T conditions of granulite-facies metamorphism (HARRIS, 1 98 1 ; BOHLEN et al. , 
1 986 ; DROOP and BUCHER-N URMINEN, 1 984 ;  HIROI and KISHI, 1 989a, b ;  SCHULTERS 
and BOHLEN, 1 989). The four minerals are related by the reaction 

Garnet + Corundum = Spinel + Sillimanite, ( 2 )  

which is univariant in the AI203-Fe0-Si02 system . The equil ibrium, along with the 
effect of gahnite component in  spinet on it , has been experimentally studied by 
SHULTERS and BOHLEN ( 1 989). Using their calibration and a possible metamorphic 
pressure of 7 kb (GREW et al. , 1 989), equilibrium temperatures of about 840 °C are 
obtained from the garnet (core)-corundum-spinel (matrix)-sill imanite association in the 
gneiss. The val ues are h igh compared with the granul ite-facies temperatures estimated 
at 700-750°C in this area (GREW et al. , 1 989 ; MAKIMOTO et al. , 1 990). 

Garnet-biot ite equil ibrium temperatures were est imated for two groups of Kn 
values show n in Fig. 5 us ing several thermometries (Table 6). FERRY and SPEAR ( 1 978) 
cal ibration for the Ti-, Ca- and Mn-free system gives unreal istically high temperatures 
to the garnet core-Type-A biotite pairs. Temperatures ca lculated for the pairs using 
the other cal ibrations, 790-980°C, are also high for the main granul ite-facies meta
morphism in this area. Such high temperatures may be due to the large uncertainty 
in the high temperature range of the garnet-biotite ca l ibrations. On the other hand, 
temperatures around 630°C (560-700°C) are obtained for the Fe-Mg redistribution 
between contacting garnet and b iotite. The val ues are close to temperatures estimated 
at 500-600 °C (G REW et al. , 1 989) and 520-670 °C (MAKIMOTO et al. , 1 990) for a later, 
discrete amphibo lite-facies event. For further discussion on metamorphic conditions 
in this area , more P- T estimates from var ious rock types are required. 

From the above di scussion , three metamorphic ep isodes are distinguishable in the 

Table 6. Temperature estimates from garnet and biotite compositions. 
- --�- ---�----- -�--::;:::---- -- · -·�-- - __ .::::;:-- ______ ; ___ . _ - -_____ 

Anal. No. 
Ga Bi 

42 (C) 2 (A) 
79 (C) 9 1 (A) 

20 6 (A') 
1 9  I 8 (A') 
69 68 (A') 
1 7  1 6 (B) 
39 38 (B) 
63' 62' (B) 

c�
g

) c��) In KEi-Ga xg: Fe oa Fe Bl 

0. 45 1 
0. 436 

0. 262 
0. 297 
0. 245 
0. 26 1 
0. 383 
0. 376 

0. 964 0. 760 0. 039 
0. 986 0. 8 16  0. 043 

- --- ---------·---------� 

1 .  223 1 .  541 0. 030 
1 .  416 I .  562 0. 033 
1 . 007 1 .  4 1 3  0. 046 
1 . 076 1 .  4 16  0. 034 
l .  707 1 . 494 0. 037 
I .  786 1 . 558 0. 039 

------------ ---- --- - -------·--- ---·-·-·---�-- - ---- ------· _:----:-:··---:----:--- _ ---

xi�. X
B! x¥f 

Temperature °C (at 7 kb) 
Al T FS PL IM 

- ----------------------------- -·-·-

0. 0 17  
0. 0 1 6  

0. 1 26 
0. 1 19 

0. 064 979 
0. 064 949 

1 126 807 959 
1076 79 1 922 

- --------�---�-�-- --- ---- ------------- -- ---�---�------

0. 035 0. 1 36 0. 034 663 655 6 1 6  596 
0. 025 0. 1 3 1  0. 050 657 647 6 12  560 
0. 044 0. 1 33 0. 053 704 709 642 632 
0. 03 1 0. 1 16 0. 057 703 708 642 6 1 3  
0. 0 1 5  0. 102 0. 04 1 678 674 625 605 
0. 0 1 7  0. 103 0. 052 658 648 6 1 2  566 

C :  garnet core. A, A', B :  Type-A, -A', -B. x?a =i/(Fe + Mg + Mn + Ca). Xf1=i/(Fe+ Mg + Mn 
+ AlVl+Ti). T :  THOMPSON (1 976), FS : FERRY and SPEAR (1 978), PL : PERCHUK and LAVRENT'EVA 
( 1983), I M : INDARES and MARTIGNOLE (1985). Analytical numbers correspond to those in Tables I 
and 2. 
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staurolite-bearing gneiss : ( ) )  an earlier recrystallization, represented by the staurolite 
relics, in a prograde process, (2) the main granul ite-facies metamorphism, and (3) a 
later , lower-temperature event suggested by the Fe-Mg redistribution between contacting 
garnet and b iotite (Fig. 5). In this area , kyanite relics have been found as shown in 
Fig. 2 and their occurrences imply a medium pressure-type prograde P-T-t path at
taining the gt anulite-facies conditions . In addition, a later, discrete amphibolite-facies 
event has been recognized (ASAMI et £,I. , 1989 ; GREW, et al. , 1 989 ; MAKIMOTO et al. , 
1 990). The episodes ( I )  to (3) are well consistent with these regional metamorphic 
histories. 
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