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Abstract:  Aluminous granulites from Forefinger Point in Enderby Land, East
Antarctica, preserve a variety of reaction textures which demonstrate a part of the
P-T evolution. On the basis of the petrographical evidence, the following
reactions are inferred :

orthopyroxene+sillimanite + quartz=cordierite,
orthopyroxene +sillimanite = cordierite +sapphirine,
garnet+ quartz = orthopyroxene +cordierite,

garnet =orthopyroxene + cordierite +sapphirine.

These reactions are visualized on a simplified (Fe,Mg)O-Al,0,-SiO, diagram,
and are interpreted on P-T and P-yge, diagrams, respectively. The reactions
imply nearly isothermal decompression after the peak metamorphic conditions.
The prograde segment of the P-T path is inferred by relict spinel and corundum
inclusions invariably rimmed by sapphirine in silica-undersaturated granulites.
A possible reaction is

spinel +corundum +cordierite = sapphirine.

The petrogenetic grid for a model FMAS system indicates that the decompres-
sional P-T path passed between two invariant points; [Spl] I1+1 kbar at
1040+ 15°C, and [Qtz] 8-9 kbar at 950°C. Assuming a constant temperature, a
P-ppeo diagram is used to demonstrate that the variety of reactions depends on
bulk chemical compositions. Several geothermobarometers, including garnet-
orthopyroxene, garnet-orthopyroxene-plagioclase-quartz, garnet-plagioclase-
sillimanite-quartz, GRAIL, GRIPS and sapphirine-spinel are applied. The
garnet-orthopyroxene and sapphirine-spinel geothermometers yield around 700-
850°C, and these values are considerably lower than those inferred from the
petrogenetic grid mentioned above.

On the basis of the petrographical interpretation and preliminary results of
SHRIMP dating (SHIRAISHI, pers. commun.), it is concluded that the Forefinger
Point granulites probably do not represent a reworked portion of the Archaean
Napier Complex, but rather, they may be the result of Cambrian events in the East
Antarctic Shield.
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1. Introduction

Forefinger Point in Enderby Land is a small outcrop located close to the boundary
between the Archaean Napier Complex and the Proterozoic Rayner Complex (Fig. 1).
Therefore this location is appropriate to examine the geological relationships between these
distinctive complexes. It is considered that the Rayner Complex has been metamorphosed
under lower P-T conditions (granulite to upper amphibolite facies) at a relatively higher
Py,0 than those of the Napier Complex. Based on relict mineral assemblages from several
localities including Forefinger Point, it has been considered that the Rayner Complex is a
reworked portion of the Napier Complex (ELLIs, 1983 ; SHERATON et al., 1980, 1987) at
1000+ 50 Ma (Grew, 1978 ; BLAcK et al., 1983, 1987). CLARKE (1988) insisted that the
boundary between the complexes is a fault zone reactivated at ¢. 500 Ma. The basement
rocks at Forefinger Point consist of metapelitic and metabasic rocks with subordinate
granite and pegmatite veins. Undeformed pegmatite at Forefinger Point has been dated
to be 500 Ma by GRew and MANTON (1979). HARLEY et al. (1990) proposed two-stage
decompression for the Forefinger Point orthopyroxene- and sillimanite-bearing granulites,
and they considered that the initial high P-T assemblage including orthopyroxene-
sillimanite+ garnet are “‘relics” from the Napier metamorphism. Moreover, they specu-
lated that the first-stage of nearly isothermal decompression occurred in the Archaean
followed by subsequent overprinting by the Proterozoic Rayner metamorphism.

The aim of this paper is to reexamine the reaction textures in the rocks from Forefinger
Point, and to discuss the P-T evolution combining recent preliminary SHRIMP dating on
one of the samples from Forefinger Point. The aluminous rocks described in this paper
occur as boudinaged layers or pods in the basement, and they preserve a variety of reaction
textures which were used to assess the metamorphic P-T evolution. Because distinctive
decompressional textures have been reported from Proterozoic or younger metamorphic
terranes in East Antarctic Shield (e.g. HARLEY, 1988 ; HARLEY and FitzsiMONs, 1991 ;
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THosT et al., 1991 ; Kawasaki et al., 1993), it is important to reconsider the geological
framework of these terranes. The rocks described in this paper were collected in February
1993 by the JARE-33 and -34 teams.

2. Petrography, Mineral Chemistry and Interpretation of the Textures

The mineral assemblages and the chemical analyses of the constituent minerals are
summarized in Tables |1 and 2. Mineral abbreviations used in this paper are after KrReTz
(1983).

The aluminous metapelitic rocks are generally coarse-grained and the textures are
quite heterogeneous. In general, ferromagnesian minerals such as Opx and Crd have
characteristically high Xy,, and compositional zoning can be detected in Grt and Opx
(Table 2). The mineral associations in Table 2 denote local mineral assemblages occur-
ring in a small domain in a single thin section.

In Opx- and Sil-bearing assemblages (Sp. 2206, 2208, 2209, FPI1A), Opx+ Sil+Grt
association is probably an initial mineral paragenesis in relatively magnesian and
aluminous metapelites. In these rocks, Opx and Sil are never in direct contact with each
other and are separated by Crd moats (Fig. 2A) or Crd+ Spr symplectites. The textures
suggest the following reactions (HARLEY et al., 1990) :

Opx+Sil+Qtz=Crd, (1)
in a Qtz-present domain, and
Opx+ Sil=Crd + Spr, (2)

in a Qtz-absent domain, respectively. In Grt-bearing assemblages, Grt preserves Opx and
Sil as inclusions, and Grt is occasionally rimmed by symplectitic intergrowth of Opx+
Crd+Spr (Fig. 2B). The inferred reactions are

Grt=0Opx+ Crd + Spr, 3)
Grt+ Qtz=0px+Crd. (4)

These reactions are visualized on a simplified (Fe, Mg)O-Al,05-SiO, diagram (Fig. 3),
in which we can see that the appearance of Spr-bearing assemblages probably depends on

Table I. Mineral assemblages in the Forefinger Point granulites for microprobe analyses.

Sample No. Opx Sil Grt Crd Spr Spl Crmm Bt Ged Pl Kfs Qtz others

2203 + + + i + +  + xenotime
2206 +  + + + +  + Rt, Zrn
2208 + 4+ + i + + +

2209 + + 4+ + i i + + +

2212 + + + i i+ + Zr

2220 + + + i + i

2223 + + + 1 i + + +

2225 +  + + + + + IIm, Rt, Zrn
2231 + + + + + +  Mag

FPIA + + + i + +

*Present ; i as inclusions in other phases. Mineral abbreviations are after KRETZ (1983).



Table 2. Mineral chemistry of the Forefinger Point granulites.

L Opx Grt Crd Spr Spl Bt Ged Pl
Sp. No. Association - -

Xvg ALO# Xy Xors Xsps Xug Xvg Si Xug Xug TiO# Xug Xca

2203 Opx-Grt in Kfs 0.720 6.62 0.502 0.041 0.010 — — — — — — — —

Opx-Grt-Crd-Spr 0.678 8.12 0.449 0.024 0.013 0.853 0.765 0.800 — 0.785 1.98 — —
Opx-Grt-Bt-Pl 0.704 7.51 0.479 0.021 0.012 — — — — 0.797 1.39 — 0.282

2206 Opx-Sil-Crd-Bt 0.822 5.31 — — — — — — — — - — —

0.803* 3.92* — — — 0910 — — - 0.870 3.07 — —

Opx-Bt-Pl 0.845 7.35 — — — — — — — 0.890 3.89 — —
0.847* 2.75* — — — — — — — — — — 0.207

2208 Opx-Crd-Sil-Bt 0.770 4.84 — — — 0.889 — — n.a 0.817 3.36 — -

2209 Opx-Grt-Sil-Crd-Bt 0.726 8.40 0.485 0.020 0.035 — n.a. n.a. n.a. — — — —

— — 0.462* 0.023* 0.036* 0.865 — — — 0.797 3.19 — —
Grt-Opx-Pl 0.732 5.42 0.502 0.020 0.027 — — — — — — — 0.276

- — 0.458* 0.024* 0.025* — — — — — — — —

2212 Opx-Spr-Crd-Bt 0.766 7.58 — — — 0.887 0.828 0.787 — 0.828 1.27 — —

Spr-Spl-Crn-Bt — — — — - — 0.865 0.721 0.600 0.826 1.20 — —

2220 Grt-Opx-Bt 0.808 9.03 0.606 0.039 0.009 — — — - 0.808 5.12 — —

Grt-Opx-Crd-Spr-Bt 0.750 7.75 0.606 0.037 0.007 — — — — — — — —

— — 0.489* 0.042* 0.017* 0894 0.820 0.786 — 0.893 3.68 — —

2223 Grt-Crd-Spr-Bt - — 0.451 0.041 0.013 0.867 — — — 0.748 5.56 — —

Grt-Opx-Crd-Bt 0.757 6.15 0.496 0.032 0.013 0.877 — — — 0.787 4.46 — —
Opx-Grt-Spr-Spl-Crd-Pl  0.761 9.06 0.494 0.036 0.011 0.882 0.817 0.756 0.490 — — — 0.410

2225 Grt-Spl-Sil — — 0.454 0.056 0.009 - — — 0.501 — — — —
— — 0.392*  0.035* 0.012* — — — e — — — 0.406

Grt-Spl-Sil — — 0.407 0.040 0.013 — - — 0.437 — — — —
Spl-P1-Bt — — — — - — — — 0421 0.752 407 — 0.596

2231 Grt-Opx-Crd-Ged 0.669 7.84 0.341 0.029 0.020 — — — — — — — —
0.620* 490* 0.320* 0.031* 0.017* 0.836 - — — — — 0.631 0.248

FPIA Opx-Crd-Spr-Sil-Bt 0.820 8.58 — — — — — — - - — — —
0.736*  6.14* — — — 0.862 0807 0.730 — 0.810 291 — -

Xug =Mg/(Fe?* +Mg), Fe’* recalculated. #wt%.

X;s=Ca/(Fe?* + Mg+ Ca+Mn), Xeps=Mn/(Fe?*+Mg+ Ca+Mn) of Grt, X.,=Ca/(Ca+Na+K) of Pl

*rim composition of the same mineral. n.a. not analyzed.
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Fig. 2. Photomicrographs of the representative samples from Forefinger Point. A.
Secondary Crd separating initial Opx and Sil (Sp. 93022208). B. Symplectitic
intergrowth of Spr + Crd + Opx (vermiculated) replacing Grt (Sp. 93022223).
C. Spl and Crn inclusions in Spr (Sp. 93022212). D. Euhedral Spr in Kfs
(Sp. 93022212). E. Intergrowth of Spr and Opx (Sp. 93022212). F. Second-
ary Ged + Crd between Opx and Grt (Sp. 93022231). Specimen numbers are
abbreviated as last four digits in the text and figures, e.g. as 2208 for
93022208, etc. Scale bars= 0.5 mm.

the bulk chemistry, in particular on a degree of silica saturation. Chemical compositions
of the Spr are present in Fig. 4, in which Spr formed through the reactions (2) and (3) plot
in Fig. 4A. It is noteworthy that no Spr+ Qtz assemblage is observed in these rocks. In
general, Opx preserves high Al,O; cores (up to 8.5 wt%) and lower Al,O; rims (~5-6
wt%). Symplectitic Opx around Grt is characterized by relatively low Al,O; around 5-6
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SiO,
A Qtz

MgO+FeO Spl Al203

Fig. 3. (MgO + FeO)-AL0,-Si0O, diagram illustrating mineral assemblages observed in
the Forefinger Point granulites. Dotted tie-lines denote possible initial assem-
blages at the peak metamorphic conditions.

wt% (Table 2).

In Opx-absent metapelites (Sp. 2225), Grt+Sil+Spl association without Crd is
common, and no distinctive reaction texture is observed. Because no Spl+ Qtz association
is observed (although both phases are present in the rock), Grt+ Sil+ Spl association has
been stable during the initial isothermal decompression. The reactions mentioned above
inevitably suggest decompression at a relatively high-temperature condition.

In Sil- and Qtz-absent assemblages (Sp.2212), Spr+ Spl+ Crn+Opx association is
observed, in which Spl and Crn occur as inclusions in Spr (Fig. 2C), and they are never
present outside Spr. Euhedral Spr crystals are seen in Kfs (Fig.2D). In a different
domain, Spr+Opx intergrowth is observed (Fig. 2F), and a little Crd is rarely seen being
associated with Opx. Abundant Bt exist among these anhydrous minerals. The Spr
compositions show two distinctive types, namely those including Crn+ Spl are more
aluminous than those being associated with Opx+ Crd (Figs. 3 and 4B). Similar reaction
textures, Le. Spl and Crn relics rimmed by Spr, have been reported from the Sipiwesk Lake
area in Canada (ARMA and BARNETT, 1984). HENSEN (1987) reinterpreted this texture as
indicative of increasing pressure accompanied by increasing temperature. If this interpre-
tation is reasonable, Sp.2212 preserves a prograde segment of the P-T evolution as
represented by the reaction :

Spl+ Crn+Crd=Spr, (5)

which has a negative slope in P-T domain, with Spr on the high-temperature side (HENSEN,
1987). Combining with the decompressional reactions (1), (2), (3) and (4), the P-T
evolution of the Forefinger Point granulites is best represented by a clockwise loop.

In addition to the anhydrous mineral assemblages mentioned above, the rocks contain
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Fig. 4. Chemical compositions of sapphirine on Al-Si cation diagram based on O =

10. 7:9:3 and 2:2:1 are molecular ratio of MgO : ALO; : Si0O,. A.
Sapphirine in Opx-Sil-Crd-bearing rock (Sp. FP1A) and Grt-Opx-Crd-bearing
but Sil-absent rocks (Sp. 2203, 2220 and 2223). B. Sapphirine in silica-
undersaturated rock (Sp. 2212). Note sapphirines containing Spl and Crn
inclusions are significantly aluminous than those without inclusions. See Fig. 3
for comparison.

substantial Bt or Ged (Table 1 ; eg Figs. 2E and F).
minerals will be discussed elsewhere.

The significance of these hydrous

3. P-T Conditions

3.1.  Petrogenetic grid

The mineral reactions observed in the Forefinger Point granulites can be interpreted
in the model FMAS system (Fig. 5). This grid is for low-fo, conditions modified after
HENSEN (1971), and reproduced in HENSEN and HARLEY (Fig. 2.5(a), 1990). On the basis
of the petrographical evidence, the reactions to produce secondary Crd proceeded between
invariant points [Spl] and [Qtz] in Fig. 5. According to HARLEY er al (1990), the
invariant points [Spl] and [Qtz] lie approximately at 11+ 1 kbar and 1040+ 15°C, and at
8-9 kbar and 950°C, respectively. This implies that the Forefinger Point granulites have
certainly undergone very high P-T conditions at some stage in the P-T evolution.
However, there is no evidence that this P-T path came down from the Spr-Qtz stability
field. The rocks therefore do not appear to have reached the temperatures experienced by
those in the neighboring Napier Complex (Fig. 1). The P-T path probably suggests nearly
isothermal decompression (HARLEY et al., 1990). It is also noteworthy that osumilite or
its characteristic breakdown products are absent in these rocks, whereas the peak assem-
blage Opx+ Sil+ Kfs+Qtz, which is chemically equivalent to osumilite, is widespread.
This probably suggests initial conditions were outside the osumilite stability field, ie.
pressure in excess of ~10 kbar (MoTtoyosHi et al., 1993).
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Fig. 5. Model FMAS grid for low-fo, condition modified after Hewnsen (1971) and
reproduced in Hensen and Harirey (1990). The broken arrow suggests a
possible decompressional P-T path on the basis of the reaction textures.

In addition to the P-T diagram, we try to interpret the variety of reaction textures as
a function of the bulk composition of the rocks. Fig. 6 illustrates P-upe, diagram
assuming a constant temperature (Fig. 2.6(a) of HENSEN and HARLEY, 1990). If the
reactions have proceeded essentially isochemically, we can interpret the variety of reactions,
to a first approximation, as due to the differences in u;¢, of the rocks. The difference in
this case means local domains of chemical composition within the same rock. On this
diagram, the relative order of the reactions along the decompression can be postulated.
Moreover, we can see why distinctive reaction textures are lacking in Opx-absent and
relatively iron-rich assemblages as in Sp. 2225.

3.2.  Grt-Opx geothermobarometry

Grt-Opx geothermometers (SEN and BHATTACHARYA, 1984 ; HARLEY, 1984a ; LEE and
GANGULY, 1988) and geobarometers (HARLEY and GREEN, 1982 ; HARLEY, 1984b) are
applied to Grt-Opx bearing assemblages. Mineral analyses used for the calculations are all
core of Grt and associated Opx, expecting to obtain the maximum P-T conditions. The
results are summarized in Fig. 7. For four samples (Sp. 2203, 2209, 2220, 2223), three
geothermometers yielded 750-850°C on average, which are considerably lower than the
temperatures estimated from the petrogenetic grid (950-1040°C) mentioned above.
Moreover, pressures calculated are significantly lower, yielding 2-8 kbar without any
confirmative values. A couple of possibilities are postulated to account for this discrep-
ancy ; (1) Grt and Opx were not in equilibrium under the maximum P-T conditions, (2)
Grt and Opx were reequilibrated during the retrograde stage, (3) the rocks have been
reheated under such temperatures to attain reequilibrium. For Sp. 2231, Grt-Opx-P1-Qtz
geobarometers (NEWTON and PERKINS, 1982 ; BOHLEN et al., 1983a; PERKINS and CHIPERA,
1985 ; PoweLL and HOLLAND, 1988 ; MOECMER et al., 1988) were applied. However, as
shown in Fig. 7, the InK|, lines are scattered and it is almost impossible to specify which
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' Observed reaction

H Feo

' Estimated path

Fig. 6.  P-ugco section modified after Moran et al. (1986) and Hensen (1988) to explain
the variety of reaction textures in terms of the bulk chemical compositions.
Numbers in parentheses correspond to reactions described in the text. Shaded

arrows under high u.., can be applicable to Grt-Sil bearing assemblages free
Jrom Crd such as Sp. 2225.

barometer is reasonable. Moreover, Grt-Opx geothermometers yielded considerably low
temperatures around 600-650°C.

3.3  Grt-PLSil-Qtz, GRAIL and GRIPS geobarometry

For Sp. 2225, Grt-PI-Sil-Qtz geobarometers (NEwTON and HASELTON, 1981 ; HODGES
and SPEAR, 1982 :; GANGULY and SAXENA, 1984 ; HobGess and CrowLy, 1985 ; KozioL,
1989), GRAIL (BoHLEN et al., 1983b) and GRIPS (BoHLEN and LioTTA, 1986) were applied
(Fig. 7). These geobarometers, except GRAIL, yielded relatively high-pressure conditions
around 8-12 kbar at 900°C, and support the high P-T conditions inferred from the
petrogenetic grid.

34. Spr-Spl geothermometry

An empirical calibration of Fe-Mg exchange reaction between Spr and Spl is
proposed as a geothermometer by Owen and GREENOUGH (1991). This geothermometer
was applied to Sp. 2212 and 2223. The former carries Spl and Crn as inclusions in Spr
(Fig. 2D), suggesting that Spr-Spl pair may have preserved temperature conditions from a
relatively early stage of the P-T evolution. The latter carries Spr and Spl as inclusions in
secondary Crd, suggesting that the pair preserved temperature at some stage on the
decompression. The former yielded 832°C in average, and the latter yielded 846-861°'C,
respectively. These values are similar to, or a little higher than, those obtained by Grt-Opx
geothermometers.
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In view of the unreasonable variation in P-T conditions obtained by geothermometry,
we place more confidence in the P-T conditions inferred from the petrogenetic grid (Fig.
5).

4. Geological Implication

It is evident that the Forefinger Point granulites have undergone substantial decom-
pression after peak metamorphic conditions of around ~1000°C at ~10kbar. Such
decompressional P-T paths have been reported from a number of Proterozoic high-grade
terrains in East Antarctica (eg. HARLEY and HENSEN, 1990, and references therein).
However, the prograde P-T path, suggested by such relict phases as Ky and/or St, has been
reported only from the Liitzow-Holm Complex (Hirol et al., 1983 ; MoToyosHI et al.,
1985, 1989). Recently, similar mineral reactions to those observed in the Forefinger Point
granulites have been described from Rundvégshetta, Liitzow-Holm Bay (Kawasaki et al.,
1993), and these terrains appear almost identical with respect to the decompressional P-T
paths.

According to SHIRAISHI (pers. comm.), SHRIMP dating on zircon grains from
Forefinger Point and Mt. Vechernaya, both belonging to the Rayner Complex (SHERATON
et al., 1987 ; HARLEY and HENSEN, 1990), invariably preserved 500 Ma rims and no
Archaean ages have been detected in zircon cores of those rocks. This suggests that a part
of the Rayner Complex has experienced a 500 Ma thermal event simultaneously with the
Liitzow-Holm Complex (SHIRAISHI et al., 1994). HARLEY et al. (1990) speculated that the
decompressional P-T path obtained from the Forefinger Point granulites represents an
Archaean event, but this conclusion is at odds with the new preliminary SHRIMP dating.
Hence, it is stressed that the Forefinger Point granulites may not represent a reworked
portion of the Archaean Napier Complex, but rather they may have a significant Cambrian
history.

Although traces of prograde history have not been confirmed elsewhere in the Rayner
Complex, further petrographical work may render an alternative geological framework for
this part of the East Antarctic Shield.
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