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Abstract

In the present study from the southern margin of the Central Indian Tectonic Zone, it is demonstrated how the metamorphic P—
T path of ultrahigh-temperature granulite terranes can be reconstructed using the metamorphic transition in corundum granulites
from early biotite melting to later FMAS solid—solid reaction. The extreme metamorphism in these rocks caused two-stage biotite
melting, resulting in initial porphyroblastic garnet; and later sapphirine—spinel; incongruent solid mineral assemblages. During this
process, the leucocratic and melanocratic layers in the corundum granulites evolved from an initial silica-oversaturated to a later
silica-undersaturated domain. In the melanocratic layer, this allowed localized concentration of sapphirine-spinel; and residual
sillimanite;, producing an extremely restitic assemblage, at the culmination of peak metamorphism, BM,. BM; is constrained at
~1000 °C at relatively deep crustal levels (P~9 kbar) from the stability of ferroaugite in a co-metamorphosed Iron Formation
granulite. During subsequent metamorphism (BM,), the reaction path and history in the corundum granulites shifted to the restitic
domain allowing reacting sapphirine, spinel; and sillimanite to produce coronal garnet,—corundum assemblage via a FMAS
univariant reaction. In the final stages of reaction history, biotite,—sillimanite,—spinel, assemblage was produced after garnet,—
corundum due to localized melt—crystal interaction. The metamorphic sequence, when interpreted with the help of a newly
constructed, qualitative KFMASH petrogenetic grid, reveals successive stages of heating, increasing pressure and cooling around
the KFMASH invariant point, [Opx,Crd], which is consistent with a counterclockwise metamorphic P—T path. The near isobaric
nature of post-peak cooling (AT ~250-300 °C) is also evident from multistage pyroxene exsolution and by the appearance of
lamellar and coronal garnets in the Iron Formation granulites. This study provides the first tight constraint for ultrahigh-7"
metamorphism along a counter clockwise P—T trajectory in the Central Indian Tectonic zone, and has important bearing for terrane
correlations in this part of East Gondwanaland. In addition, the new KFMASH grid allows evaluation of metamorphic phase
relations in ultrahigh-7, corundum-bearing and corundum-absent aluminous granulites.
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1. Introduction Harley, 1995; Nair and Chacko, 2002) as well as
refinements in geothermobarometers (Pattison et al.,

Recent progress in understanding experimental con- 2003) for common pelitic and felsic gneiss bulk rock
straints of biotite melting reactions (Carrington and compositions has allowed ultra high temperature meta-
morphism (UHT, 7~900-1150 °C at P~7—10 kbar;
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different metamorphic belts, worldwide. This allows for
insight into the metamorphic response to the extreme
thermal conditions that existed in the continental crust at
different points of Earth’s history. The bulk of these
studies have been made in silica-oversaturated high-
Mg—Al granulites, particularly from KFMASH [Bt]
absent mineral assemblages, which reveal post-peak
isobaric cooling (IBC) (Ellis et al., 1980; Harley, 1985;
Sandiford et al., 1987; Currie and Gittins, 1988),
isothermal decompression (ITD) (Droop, 1989; Harley
et al,, 1990; Bertrand et al., 1992; Ouzegane and
Bouzame, 1996; Raith et al., 1997; Harley, 1998b;
Sajeev et al., 2004) and composite IBC—ITD (Sengupta
et al., 1990; Dasgupta et al., 1995; Sajeev and Osanai,
2004; Goncalves et al., 2004) metamorphic P—T paths.
Although the first two are generally modelled in terms of
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overall anticlockwise and clockwise metamorphic P—T'
paths respectively, in the majority of these studies, the
prograde segment has been rarely documented (e.g.
Motoyoshi and Matsueda, 1984; Motoyoshi and Hensen,
1989; Sengupta et al., 1990; Dasgupta et al., 1995). This
becomes significant in the light of the polymetamorphic
history for large numbers of UHT terrains and where the
second granulite facies event is also at high temperatures
(e.g. Dasgupta et al., 1995; Goncalves et al., 2004). All
these complicate the metamorphic reconstruction of the
early UHT event.

Several recent studies also indicate that the silica-
undersaturated corundum-bearing granulites are quite
robust in constraining the P—7—X history of the UHT
granulites (Ouzegane et al., 2003; Kelly and Harley,
2004). Given the general modification of aluminous
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Fig. 1. (a) Location of the Central Indian Tectonic Zone (CITZ) in the tectonic framework of Peninsular India. EGMB (Eastern Ghats Mobile Belt)
and ADMB (Aravalli—Delhi Mobile Belt) represent two contiguous mobile belts. (b) Distribution of the different lithotectonic components in the
Central Indian Tectonic Zone (CITZ) between the North Indian Block (NIB) and the South Indian Block (SIB). The dashed rectangle shows the
location of the Sausar Mobile Belt (SMB) in the CITZ. SMB comprises two granulite domains, the Ramakona—Katangi granulite (RKG) domain
along its northern margin and the Bhandara—Balaghat granulite (BBG) domain along its southern margin. The small box shows the location of the

study area in the BBG domain (detailed map shown in Fig. 2a).
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protoliths from initial quartz-bearing to quartz-absent
mineral assemblages through melting and melt remov-
al (McDade and Harley, 2001; Topuz et al., 2004), the
silica-undersaturated granulites are potential rocks that
may be potentially integrated into the metamorphic
processes responsible for the UHT event.

In the present study, an attempt is made to constrain
the prograde, peak and retrograde metamorphic stages
of an UHT event, by studying corundum-bearing
aluminous granulites (corundum granulites from now
on) from the southern margin of the Central Indian
Tectonic Zone. A KFMASH petrogenetic grid has been
newly constructed within the framework of the present
study. This petrogenetic grid was used to tightly
constrain the metamorphic P—T path for this UHT
event. In addition, the extreme thermal conditions for
the metamorphism and the post-peak IBC P-T path
have been constrained using a co-metamorphosed Iron
Formation granulite. Because of its critical position in
the tectonic framework of East Gondwanaland, these
new findings in the Central Indian Tectonic Zone have
important implications for modeling lower crustal
geodynamic processes, in general, and in Precambrian
crustal reassembly, in particular.

2. Geological background

Samples for metamorphic studies in this work come
from the Bhandara—Balaghat granulite (BBG) domain,
at the southern periphery of the Sausar Mobile Belt
(SMB) (Fig. 1). The Ilatter constitutes the southern
component of the composite Central Indian Tectonic
Zone (CITZ) (Fig. 1). In recent reconstructions of East
Gondwanaland, the CITZ has been recognized as an
important Proterozoic collisional zone, along which the
North Indian Block (NIB, Eriksson et al., 1999 and
comprising the Aravalli-Bundelkhand Provinces) and
the South Indian Block (SIB), comprising the Singhb-
hum, Bastar and Dharwar Provinces are suggested to
have been amalgamated during the Palacoproterozoic to
form the Indian subcontinent (Yedekar et al., 1990; Jain
et al., 1991; Mishra et al., 2000). Recent metamorphic
studies in the SMB reveal contrasting tectonothermal
histories and a polycyclic evolutionary history for the
orogen (Table 1). A regional high-pressure metamorphic
event along a clockwise P—T path, of possible
Mesoproterozoic age, has been established from its
northern Ramakona—Katangi granulite (RKG) domain.
Whereas from the southern Bhandara—Balaghat granu-
lite (BBG) domain, a polymetamorphic evolutionary
history, involving a Palacoproterozoic ultrahigh tem-
perature (UHT) metamorphism and its subsequent

reworking in the Meso- and Neoproterozoic, has been
recorded.

The 190 km long and 4-20 km wide BBG domain
is an allochthonous tectonic sheet between a low-
grade (greenschist facies) supracrustal sequence (Sau-
sar Group of rocks) in the north and the SIB on the
south (Fig. 2) (Bhowmik and Pal, 2000; Bhowmik and
Roy, 2003; Bhowmik et al., 2005). Its northern and
southern margins are marked by ductile shear zones. A
granulite facies supracrustal suite of garnet—cordierite
gneiss, Iron Formation granulite, quartzite, corundum
granulite and felsic granulite occur as detached lensoid
bodies, ~500—-1000 m long and ~50-200 m wide
within a vast, soil-covered tract. Wherever host rocks
are exposed, the granulites are found to occur within
granite gneisses, locally migmatitic and garnetiferous.
In the majority of the exposures, the supracrustal
granulites are interlayered with a mafic—ultramafic
magmatic suite of metagabbro, metanoritic gabbro,
metanorite, and metaorthopyroxenite. The latter occur
as concordant, sheet-like bodies within the granulites.
With respect to exposure, the granulites and magmatic
rocks occur in ~1:1 volume ratios. There is distinct
spatial organization of the supracrustal granulites and
the associated magmatic rocks. The gabbroic suite
(metagabbro—metanoritic gabbro) is always spatially
associated with the felsic granulite—aluminous granu-
lite, Iron Formation granulite rock association in the
southern part of the BBG domain. In contrast, the
noritic suite (metanorite—metaorthopyroxenite) is al-
ways interlayered with garnet—cordierite gneiss and is
confined in the northern part of the BBG domain.

Five phases of deformation (BD;—BDs, where B
refers to the BBG domain) and four phases of
metamorphism (BM; to BM,) have been recently
suggested for the BBG domain (Bhowmik et al.,
2005). The earliest deformation (BD,) is synchronous
with BM; granulite facies metamorphism and produced
a stromatic migmatite-banding (BS;) in the felsic,
corundum— and garnet—cordierite granulites. Subse-
quent shear zone deformations (BD, to BDs) signifi-
cantly attenuated and flattened the BS; banding, leading
to pervasive recrystallisation and neo-mineralisation.
Applying electron microprobe dating (EMP) techniques
to monazites, Bhowmik et al. (2005) interpreted the four
phases of metamorphism to belong to two temporally
separate metamorphic events. The first event at 2040—
2090 Ma caused ultrahigh temperature (UHT) meta-
morphism (7'~ 950 °C) at relatively deeper crustal levels
(P~9 kbar) and a subsequent post-peak near isobaric
cooling P—T history (BM,). During the second granulite
event at 1525-1450 Ma, the Palaecoproterozoic



Table 1

Contrasting tectonothermal histories in the Sausar Mobile Belt

Location/area Mineral assemblage, compositional feature, P—7 conditions of metamorphism Metamorphic Other features
Prograde Peak Retrograde P=T path
BBG domain
Palaeoproterozoic event BM, BM, Heating—cooling Allochthonous polycyclic domain;
P-T path (CCW?) UHT metamorphism in the
Southern part Palaeoproterozoic, coincident with
'Felsic granulite Bt; +Pl; +Qtz Grt;(35, 03)+Opx(58-61, 4-6) layered intrusions of the gabbroic

Corundum granulite

Northern part
2Garnet—cordierite gneiss

Mesoproterozoic event
Southern part
"Felsic granulite
!Gabbronorite dyke
RKG domain

Meso-Neoproterozoic event
*Metapelite granulite

“Mafic granulite

“Garnetiferous amphibolite

Bt, +Sil, +Qtz, Bt,(81)+

Grt;(35-41, 03)+Sil,

Bt, +Sil, +Qtz

RM,

St+Qtz, Early Ky,
Bt+Sil, +Qtz

Growth zoning in Grt

Hbl;(46-51)+
Pli(Ansy_gp)+1Im
Growth zoning in Grt

Hbl,(39-53)+
Pl[(Al’l57)+Hm1

Spr(73)+Spl;(25)+Sil,
P~9 kbar, 950 °C

Early Grt(30, 03)-Crd(80)
and later He(15)-Qtz
P~ 6 kbar, 850-900 °C

BM,
OpX2 + P12

P~ 6 kbar, 675 °C

RM,

Grt (42,07)-Sil,

P~9.5 kbar, T~ 850 °C

Grt(8-10,33-38)+
Cpx(51-66,2)+ Ru=Qtz

P ~9-10 kbar, T~ 750-800 °C

Grt(10-12, 22-29)+Qtz+
Ttn P~ 8 kbar, T~ 675 °C

Early Grt,(38,03)+Crn and later
Bt,+Spl,(31-33) +Sil,
IBC, T~700 °C

Grty(18-28,03)+Sil,, Bt +Sil,+

Qtz
IBC, T~ 650 °C

BM,

Grt»(23-28,09-11)+Qtz

P~ 8 kbar, 675 °C

RM2 and RM3

Ano, Spl(23—26)—Crd(80-83)—
Angy (RM>)

P~ 6 kbar, T~ 825 °C
Ath(63)+Crd(81), Mag +Sil,,
Hog+Mag (RMs) IBC, T~ 600 °C
Cpxo(61-63,2—4)—Ply(Angg)—
Hbl,(38) (RM,)
Hbl,(44-46)Pl, (RM3)
P~6kbar, T~650°C

Ilm; +Ply(Angy o4) +

Qtz +HbL(40-56) (RM>)

P~ 6.4 kbar, T~700 °C

Decompression (?)
followed by near
isothermal loading

CW P-T path

having prograde,

peak, post-peak ITD

and post-decompressional
IBC segments

suite; post-peak garnet formation
reaction textures common; reworking
of the UHT granulites by the
Mesoproterozoic granulite event;
deformed and metamorphosed mafic
dykes present.

Monocyclic domain (?), regional
high-pressure metamorphism during
the Mesoproterozoic collisional
orogeny; post-peak garnet-breakdown
reaction textures common; low-P
event coincident with mafic dyke
emplacement and felsic plutonism.

Data Source- ': Bhowmik et al. (2005); ?: author’s unpublished data; *: Bhowmik and Spiering, 2004; *: Bhowmik and Roy (2003); mineral abbreviations used in this and other tables are after Kretz
(1983) unless stated; BBG: Bhandara—Balaghat granulite; RKG: Ramakona—Katangi granulite; (RKG); mineral compositions in Grt and Pyroxenes: from left to right numbers refer Prp and Grs mole
% in Grt and Mg No. (X, * 100) and wt.% Al,O3 content in pyroxenes respectively; for other ferromagnesian phases: numbers refer Mg No. values; subscripts 1, 2 etc. in minerals refer to different
generations of its stability; BM/RM: Metamorphic stages in the BBG and the RKG domains respectively; CCW/CW: counter clockwise and clockwise; IBC/ITD: isobaric cooling/isothermal
decompression; UHT: ultra-high temperature metamorphism.
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granulites experienced crustal attenuation to ~ 6.4 kbar
at 7~675 °C during BM; and subsequent near
isothermal loading to ~ 8 kbar during BM,.

Samples for the present study were collected from
two locations in the Larsara and Pipariya exposures
(Fig. 2), particularly from relatively strain shadow
domains in the BS; foliation. Samples of the Iron
Formation granulite were taken from Larsara area,
where it occurs as detached bands within the felsic
granulite. The chosen sample (sample no. B46A) is
coarse-grained and shows a pervasive gneissic band-
ing, defined by alternate quartz-rich, pyroxene-rich
and magnetite-rich bands. In the pyroxene-rich band,
extremely coarse pyroxene porphyroclasts (5—13 mm
long) are aligned parallel to the BS,/BS; foliation.
The mineral assemblage of this sample, particularly
the high modal quartz and magnetite contents, together
with compositional banding, is consistent with a
sedimentary precursor for this rock similar to the Fe-
rich pyroxene granulites from the Achaean Napier
Complex as described by Grew (1982), Sandiford and
Powell (1986) and Harley (1987). The samples of the
corundum granulites were taken from Pipariya (sample

S.K. Bhowmik / Lithos 92 (2006) 484-505

no. B7B) and Larsara exposures (sample no B220D).
With regard to the former, the granulites occur as
~20 m long, ~5-10 m wide discontinuous layers,
bounded on both sides by metagabbros. In the Larsara
outcrop, the corundum granulite occurs as 10 m long
and 5 m wide lensoidal bodies within the felsic
granulites, in close proximity to the metagabbros.
With regard to the latter, two thin sections (B220D(1)
and B220D(5)), representing two continuous parts of a
BS; migmatite banding, are the same as described by
Bhowmik et al. (2005). These are used in this study to
investigate new microstructural and textural data for
the mineralogical evolution of the corundum granu-
lites, and complement a previous study (Bhowmik et
al., 2005). For the construction of the KFMASH grid,
the relevant mineral chemistry data are taken from
Bhowmik et al. (2005).

3. Analytical methods
Mineral chemical data for the Iron Formation

granulite was determined using a CAMECA SX-100
electron microprobe at the laboratory of the

80° 05' 80° 10'
Dongarga
40 N Jhargaontola o
MG—1¢ m MN
L& Mendki
\
| Fm E -
= 8 N
d—‘ i F|;5| ™ MG
150 H H
~ Lingmara é
me Larsara me Linga 21°
Amgaon m n Mf_ 50
#P 1Fm Puni MG — ™ el
T me "-—/
SAUSAR Group BBG Domain
£Z] peiitic schist (PS) [] cordierite gneiss (cd Gn)
EE Meta-conglomerate (Cgl) Felsic granulite (FI G}
BBG Domain Mylonitic granite gneiss
Satona i1 Deformed granite (FG) [] selicover
0 4 km m [®] mafic ayke(ma,ma,) Cratonic Domain (cf. SIB
—_—— . Metagabbro(MG) / Metanorite(MN) iy

21" Iron Formation granulite (I Fm) @ Amgaon gnefssic complox

35 clS o | Quartzite (Qz) CIS Central Indian Shear Zone
S R R BB LR B EERIL

80°10' 80°15' 80°20'

Fig. 2. Simplified lithological map of the Bhandara—Balaghat granulite domain in the SMB. Dotted line indicates the limits of exposure in the soil-
covered tract. Also shown are the sample locations of the two study areas: Larsara and Pipariya.
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Geological Survey of India at Kolkata, equipped with
four WD-spectrometers. The operating conditions
were set as 1 um beam diameter, 15 kV accelerating
voltage and 12 nA beam current. Natural and synthetic
minerals were used as standards. These were: oxides
(Fe, Mn, Ti, Al, Cr), orthoclase (K), albite (Na and
Si), andradite (Ca) and olivine (Mg). Representative
mineral compositions are given in Table 2. Fe*" was
estimated by normalization to the sum of cations per
formula and charge balance.

Table 2

4. Petrology
4.1. Iron Formation granulite

Pyroxenes occur in two textural modes in this
sample: (1) type 1 pyroxenes (both ortho- and clino-
pyroxenes) are 5—13 mm long porphyroclasts, showing
multistage exsolution lamellae, pre-dating later defor-
mations. (2) Type 2 pyroxenes occur as smaller strain-
free recrystallised grains around type 1 pyroxenes. The

Representative electron microprobe analyses of minerals from Iron Formation granulite, corundum granulite and felsic granulite

Tron Formation granulite

*Corundum granulite *Felsic granulite

Sample no.  B46A B220D(5) B220D(1) B220A(1)
Mineral Cpx Opx Aug Grt Grt Pl Grt Grt Spl, Spr Bt; Opx
Textural Host Lam, Bulk Cor Lam M G(C) G,(C) 1"Per "G, "G, P(C)
Site

SiO, 48.99 47.74 48.77 37.14 36.81 55.90 38.94 38.51 0.05 13.82 37.73 49.63
TiO, 0.30 0.09 0.26 0.04 - 0.02 - - - 0.06 3.76 0.07
Al,O3 2.56 1.34 2.35 20.98 20.35 27.27 22.49 22.50 59.19 61.31 16.72 5.63
Cr,05 - - - - - - 0.05 - 0.93 0.17 0.13 0.11
FeO 16.61 36.49 20.09 29.78 31.47 0.34 26.36 26.78 29.41 9.58 7.97 23.48
MnO 0.17 0.41 0.21 0.92 1.32 0.01 0.45 0.38 0.02 - 0.02 0.08
MgO 8.83 11.54 9.30 2.50 1.88 - 11.07 9.82 5.46 14.70 18.75 20.36
CaO 20.81 0.70 17.29 8.27 7.30 9.64 1.15 0.86 0.04 0.01 0.02 0.11
Na,O 0.52 0.05 0.44 - - 5.97 - - - 0.02 0.11 0.02
K,0 - 0.01 - - - 0.10 - - - - 10.16 0.01
ZnO - - - - - - - - 4.07 - 0.03 -
BaO - - - - - - - - - - 0.65 -
Total 98.79 98.37 98.71 99.63 99.13 99.25 100.51 98.85 99.17 99.67 96.05 99.50
(0) 6 6 6 12 12 8 12 12 4 20 22 6

Si 1.907 1.943 1.913 2.966 2.979 2.531 2.949 2.982 0.001 1.662 5.448 1.862
Ti 0.009 0.003 0.008 0.002 - 0.001 - - - 0.005 0.408 0.002
Al 0.118 0.064 0.109 1.975 1.941 1.456 2.007 2.054 1.970 8.693 2.846 0.249
crt - - - - - 0.003 - 0.021 0.016 0.015 0.003
#Re3T 0.089 0.049 0.083 0.088 0.101 0.013 0.092 - - - - 0.022
Fe?* 0.452 1.193 0.576 1.901 2.029 - 1.577 1.734 0.695 0.964 0.963 0.715
Mn 0.006 0.014 0.007 0.062 0.090 - 0.029 0.025 - - 0.002 0.003
Mg 0.513 0.700 0.544 0.298 0.227 - 1.250 1.134 0.230 2.635 4.036 1.138
Ca 0.868 0.031 0.727 0.708 0.633 0.468 0.093 0.071 0.001 0.001 0.003 0.004
Na 0.039 0.004 0.033 - - 0.524 - - - 0.005 0.031 0.001
K - - - - - 0.006 - - - - 1.872 -

Zn - - - - - - - - 0.085 - 0.003 -

Ba - - - - - - - - - - 0.037 -
Sum 4.001 4.001 4.000 8.000 8.000 4.999 8.000 8.000 3.003 13981 15.664 3.999
Xvig 0.532 0.370 0.486 0.249 0.732 0.807 0.614
Xadr+Uvr 0.044 0.051 0.031 0.000

Xprp 0.100 0.076 0.424 0.382

Xaim 0.641 0.681 0.535 0.585

Xaps 0.021 0.030 0.010 0.008

XGrs 0.194 0.162 0.000 0.024

Xan 0.469

*Data source from Bhowmik et al. (2005); “Fe*" =Fe*calculated by charge balance; Xvg=Mg/ (Mg+Fe*"); G,—G,: garnet,—garnet, (see text); C:
core; M: matrix; I: inclusion; Lam=lamellae; Cor: corona; Per: perthite.
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Co-existing

0.5 ® Bulk Type 1

host-lamellae

30 pm

Fig. 3. Backscattered electron images (a—b) and (d—e) and pyroxene quadrilateral diagram (c), showing textures and mineral compositions related to
the ultrahigh-7"metamorphism in the Iron Formation granulite. (a) Type 1 clinopyroxene (darker) showing regular, 10—17 um thick (100) lamellae of
Opx; (brighter). (b) A second-stage exsolution in Opx;, producing 2—-3 um thick Cpx, which alternates with Opx host. Opx, lamellae are also
exsolved in the Cpx host. Note lamellar garnet in the lower right corner of the photograph. (c) Pyroxene quadrilateral showing the compositions of co-
existing Opx lamellae and Cpx host. Also shown is the reconstructed composition of type 1 Cpx (ferroaugite) before exsolution. (d) Lamellar Grt
truncating the exsolution lamellae of Opx and Cpx. (e) Coronal Grt—Qtz symplectites at the contact of Cpx and PIL.

UHT metamorphic conditions are constrained from type
1 clinopyroxene. Two stages of exsolution are recog-
nized. The exsolutions of the first stage are 10—17 pm
thick (100) lamellae of first generation orthopyroxene
(orthopyroxene,) (Fig. 3a). These lamellae are regularly
spaced (distance 40—50 um) within the host clinopyr-
oxene. Orthopyroxene; consists of second-generation
(100) lamellae of ~2-3 pm thick orthopyroxene,

(Wo=1.6; Xp=0.37; where Xy=(Mg/Mg+Fe®"))
and clinopyroxene (Wo=41.6; Xy,=0.53) (Table 2)
(Fig. 3b). Thin (2-3 pm thick) orthopyroxene, also
occurs within the clinopyroxene host. Applying modal
analysis of lamellae and host, the bulk compositions of
the type 1 clinopyroxene is estimated as ferroaugite
(Wo=39.4; Xy1,=0.485). The reintegrated composition
is subject to uncertainties in wollastonite contents
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because of possible variations in lamellae geometry,
density and late granular exsolution. Because of the
presence of non-quadrilateral components (e.g. Al),
the thermodynamically corrected compositions of these
pyroxenes (after the scheme Andersen et al., 1993 and
using the QUILF95 program) are shown in Fig. 3c.
The tie line connecting the orthopyroxene, lamellae
and the clinopyroxene host has a shallower slope and
is rotated anticlockwise, relative to the experimentally
determined high-temperature tie line (Lindsley, 1983).
Type 1 orthopyroxenes (1-10 mm long) also show
10-20 pm thick (100) clinopyroxene exsolution
lamellae. However, because of later deformation and
alterations, the pre-exsolution composition of the type
1 orthopyroxenes could not be estimated. Garnet
occurs in two textural modes in the rock, as (i) 10—
16 um thick and 70-85 pm long discontinuous
lamellae, wedge-shaped and coincident with the
orthopyroxene; lamellaec in the host clinopyroxene
(Fig. 3b,d) and as (ii) a layered garnet—quartz corona
around the clinopyroxene porphyroclast in contact
with the matrix plagioclase (Fig. 3e). In the first mode,
the truncation of the orthopyroxene, and the clinopyr-
oxene lamellac in former orthopyroxene; suggests
further post-exsolution growth of the garnet (Fig. 3d).
The composition of the garnet varies from Prpgg.
AlmggSpsg3Grs sAdrys (lamellar mode) to Prp;oAlmg,.
SpspoGrsi9Adrys (coronal mode). Matrix plagioclase is
labradorite (Xa,=0.53).

4.2. Corundum granulite

These rocks are well banded and composed of alter-
nate leucocratic and melanocratic layers. The leucocratic
layers are composed of porphyroblastic garnet—perthite—
rutile—biotite+ quartz+sillimanite + plagioclase = spinel
associations. In the melanocratic layers, garnet—spinel—
sillimanite—corundum +sapphirine—plagioclase—per-
thite—biotite associations are present. Petrological rela-
tionships in the Pipariya outcrop are shown in Fig. 4. The
BS; banding in this outcrop is composed of alternate
garnet—spinel—sillimanite—corundum-—biotite—plagio-
clase—perthite, garnet—perthite—quartz—biotite—silli-
manite and quartz—rich bands (Fig. 4). In the garnet—
perthite—quartz—biotite—sillimanite layer, approxi-
mately 15 vol.% of the perthite—quartz assemblage
occurs at the interstices of porphyroblastic garnet.
Following Bhowmik et al. (2005), porphyroblastic
garnet is referred to as garnet,. In several places, these
occur as a 10—50 mm long interconnected network at
high angle to the BS; banding. Quartz occurs as 10—
15 vol.% of the perthite—quartz assemblage. Following

Fig. 4. Field photograph of the Pipariya exposure showing the
development of leucosomes in the compositionally banded corundum
granulite.

White et al. (2004), the perthite—quartz assemblage in
this figure is referred to as “in situ” leucosomes. Garnet;
in this band contains ovoid inclusions of quartz (Fig. 5a)
and fibrolitic sillimanite (sillimanite;). The latter also
occurs as rare prismatic grains in the matrix. Biotite is
secondary and replaces garnet; along the perthite—
garnet; grain boundary.

In the Larsara outcrop, in contrast, leucosomes
occur as ~5 to 10 mm thick stringers, alternating with
the melanocratic layers. On the basis of the mineral
assemblage, two types of leucosomes are recognized:
(1) quartz-bearing (quartz > perthites), but devoid of
porpyroblastic garnet; and (2) quartz-absent, perthite-
rich leucosomes, containing garnet; (Prps;Grsp;Almss
Spso;)—rutile—sillimanite—biotite assemblage, where
rutile—sillimanite—biotite does not exceed by 5-
10 vol.%. There are rare melanocratic micro-pods
and lenses in the type 2 leucosome. Garnet; largely
occurs as isolated rafts in the perthite-rich matrix.
Perthite is generally mesoperthitic, the pre-exsolution
composition of which varies between Ory;AbssAng
(inclusion within garnet;) and Ors;Abs3Ang (matrix)
(Bhowmik et al., 2005). Both the external and internal
outlines of porphyroblastic garnet against matrix and
included perthites respectively, are of amoeboid shape
(Fig. 5b). In contrast to Pipariya sample, quartz and
sillimanite inclusions are lacking from garnet; in type
2 leucosome. Biotite; (Xy=0.81) occurs as inclu-
sions in garnet; and also in the matrix. Spinely
(Xmg=0.25) occurs as extremely rare inclusions in
mesoperthites of type 2 leucosomes (Fig. 5c). Coarse
sillimanite; in the leucosome matrix is occasionally
rimmed by rare K-feldspar—spinel; with spinel
preferentially adjoining sillimanite in contact with K-
feldspar (Fig. 5d). Garnet; is generally armoured by
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Fig. 5. Backscattered electron images, showing textures of different stages of ultrahigh-7 metamorphism in the corundum granulite. (a)
Porphyroblastic Grt (Grt;) in sample B7B contains inclusions of Qtz. (b) Highly loabate to amoeboid internal margin of Grt; against included
perthites (Per). (c) Inclusion of early generation Spl (Spl;) within mesoperthites. (d) Matrix Sil (Sil;) is rimmed by Kfs—Spl; assemblage. (¢) Coarse
coronal Grt, contains inclusion of Spr, Spl; and Sil;. (f) Included Spr and Spl; in Grt, locally show straight grain boundary (shown in details in the

inset).

retrograde biotite, +sillimanite, intergrowth in contact
with perthites.

In the melanocratic band, quartz is totally absent.
Garnet,, perthites and plagioclase are minor minerals in
this layer. Sapphirine (X, =0.73), spinel; (X =0.47—
0.52) and sillimanite; are always rimmed by a coarse
variety of coronal garnet (Fig. 5e), designated as garnet,

(Prp;33GrsgrAlmsoSpsg;). Included sapphirine and
spinel; have rare grain contacts (Fig. 5f). Sapphirine
and spinel; never occur in the matrix. Garnet, is
generally found surrounding garnet;. Idioblastic corun-
dum, containing rare inclusions of spinel;, is separated
from garnet, by an intergrowth of spinel, (Xy=0.31—
0.33)—sillimanite, +biotite, (Fig. 6e, f of Bhowmik et
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System KFMASH

Fig. 6. Compositional relations between mineral phases in the S—FB—
MB projection system for the corundum granulite.

al., 2005). In the latter case, spinel, is preferentially
concentrated at the interface of corundum, while
sillimanite, occurs around garnet. Biotite,—spinel,—
sillimanite, symplectites occur as kelyphitic rims around
garnet,.

Bhowmik et al. (2005) interpreted the compositional
relationship, Xyig(Sply)>Xne(Grty) for the melanocratic
layers and, Xyo(Spl;) <Xpe(Grt,) for the leucosomes to
be due to Fe’"—Mg exchange between co-existing
garnet, and spinel;, the extent of diffusion being largely
controlled by the grain size of the exchanging phases.
The authors predicted that the original spinel; was
compositionally Fe-rich relative to that of garnet. Based
on this compositional relationship, the Xy, of the
phases in the corundum granulites is considered to
decrease in the following order: biotite—sapphirine—
garnet—spinel. In the following section, using textural
and compositional criteria, the sequence of mineral
reactions in the studied rocks is established. For the
latter, compositions of the co-existing phases in the
aluminous granulites are plotted in the SiO,—FB-MB
ternary system (projected from sillimanite, K-feldspar,
and melt) (Fig. 6), where FB and MB represent Fe- and
Mg-rich biotite (after McDade and Harley, 2001). In
addition, the chemograph also shows the projected
orthopyroxene (composition from the associated felsic
granulite (Anal No. B-3, sample no. B220A(1), after
Bhowmik et al., 2005)) and cordierite compositions.
This will be used to construct the KFMASH petroge-
netic grid.

5. Mineralogical evolution
5.1. Prograde metamorphism
5.1.1. Corundum granulite

Field relations and textural features in the Pipariya
outcrop reveal that initial melting in the aluminous

protolith, leading to the stabilization of garnet; had
taken place in quartz-bearing domain, following the
generalized vapour-absent melting reaction,

biotite; + sillimanite; + quartz
= garnet; + perthite + L (R1)

Area calculation from in situ leucosomes containing
garnet; (Fig. 4) when converted into molar proportions
reveal Al/Si ratios at ~0.60, which is close to the Al/Si
ratio in biotite (~0.49). This suggests bulk composi-
tional control concerning the appearance of garnet; and
leucosomes, both stabilized by the biotite-rich layer
(also containing minor sillimanite) of the composition-
ally banded corundum granulite.

In contrast, in the Larsara exposure, the quartz-
bearing type 1 leucosomes, being devoid of garnet; are
segregated into mm-thick microbands, being separated
from quartz-absent type 2 leucosomes by aluminous
melanocratic layers. This raises the possibility of
significant mobilization of the initial melts produced
by reaction R1. During this process, the removal of
silica would lead to silica-undersaturation in both the
alumina-rich and alumina-poor intrabands.

In the next stage of mineralogical evolution, melting,
initiated in the quartz-absent microdomains, due to a
further rise in the temperature, led to the stabilization of
the assemblage spinel;—sapphirine. The preferential
distribution of spinel;—sapphirine in the melanocratic
layers, surrounding garnet,, the rare presence of spinel;
within mesoperthites and the formation of K-feldspar—
spinel; assemblage replacing sillimanite;, suggest that
this assemblage, in total absence of cordierite, quartz
and orthopyroxene, could be produced by the KFMASH
reaction:

biotite; + garnet,; + sillimanite; + K—feldspar
= sapphirine + spinel; + L (R2)

The rare occurrence of sapphirine and spinel; in
direct grain to grain contact (Fig. 5f) provides further
support for the progress of reaction (R2). The
amoeboid shape, of both the internal and external
outlines of garnet; in contact with the included and the
matrix mesoperthites, provides textural support for
grain-scale re-equilibration of garnet; in the leuco-
somes during this stage of P—T evolution of the rock.
During this process, the remaining biotite; and
sillimanite; inclusions in garnet; after reaction (R1)
could have completely disappeared. In the KFMASH
system, reaction (R2), due to its steep dP/dT slope,
progresses to the right with heating at temperature in
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excess of 900 °C (McDade and Harley, 2001;
Bhowmik et al., 2005). Because of the compositional
relation, Xyig(Spl) <Xyg(Grt), garnet and spinel in this
reaction switch positions. This is in contrary to what
has been shown in previous studies (e.g. Hensen and
Harley, 1990; Mouri et al., 1996). Nevertheless, the
sapphirine—spinel—sillimanite in the corundum granu-
lites represents the peak metamorphic mineral assem-
blage in the BBG domain (Bhowmik et al., 2005).

5.1.2. Iron Formation granulite

In the Iron Formation granulite, textural evidence
indicates that the type 1 pyroxenes stabilized during
peak metamorphism. Reintegration of pyroxene exso-
lution textures also suggests that type 1 clinopyroxene
appeared as ferroaugite (Fig. 3¢). Metamorphic augite
was previously reported from metamorphosed iron
stones from Archaean Napier complex (Sandiford and
Powell, 1986; Harley, 1987) and provides reliable
evidence for UHT metamorphism (Harley, 1998a).

5.2. Retrograde metamorphism

5.2.1. Corundum granulite

Subsequent to the elimination of biotite; via reaction
(R2), there were localized concentrations of sapphirine,
spinel; and sillimanite; in the melanocratic layers,
which led to its physical isolation from melt and K-
feldspar-bearing compositional domains. This resulted
in a shift of bulk composition from the larger KFMASH
to the smaller FMAS system, for the next stage of
mineralogical evolution. Inclusions of sapphirine,
sillimanite; and spinel; in garnet, (Fig. Se—f), the
appearance of corundum containing inclusions of
spinel;, and the chemographic relationships (Fig. 6)
suggest the simplified reaction:

sapphirine + sillimanite; + spinel,
= garnet, + corundum (R3)

This univariant reaction in the system FMAS is valid
only if Xyo(Spl)<Xpe(Grt). Reaction (R3) progresses
to the right with cooling and/or increasing pressure. This
suggests further silica undersaturation (Bhowmik et al.,
2005). The rocks in this study, therefore, provide an
evolutionary link between silica-saturated and silica-
undersaturated rocks, which has been primarily brought
about by the melting and removal of silica (McDade and
Harley, 2001).

Development of a coarse symplectite, consisting of
spinel,—sillimanite,—biotite, between garnet, and co-

rundum in the melanocratic layer is due to the
simplified reaction:

garnet, + corundum + L
= spinel, + sillimanite,
+ biotite, = K—feldspar (R4)

In the type 2 leucosomes, garnet;, in contact with
perthite, is also rimmed by coarse biotite,—sillimanite,
symplectites, which reflects the following generalized
reaction,

garnet, + perthites + L = biotite;
+ sillimanite, (RS)

Such melt—solid back reactions are commonly
encountered during retrogression of UHT mineral
assemblages (Moraes et al., 2002), where the melt
provides the water necessary to stabilize biotite.

Extensive exsolution in alkali feldspar in the
aluminous granulites, resulting in mesoperthite can be
correlated with this cooling event.

5.2.2. Iron Formation granulite

In the Iron Formation granulite, there were multistage
exsolutions involving type 1 pyroxenes at this stage. The
following stages of exsolutions are recognized:

Stage 1

ferroaugite = orthopyroxene, (lamellae)
+ augite(host) (R6)

Stage 2

orthopyroxene,; = clinopyroxene(lamellae)
+ orthopyroxene(host) (R7a)

augite host = orthopyroxene, (lamellac)
+ clinopyroxene(host) (R7b)
Exsolutions of these types were previously recog-
nized from augites of metamorphosed ironstones of the
Napier complex, Antarctica (Sandiford and Powell,
1986; Harley, 1987) and are taken as evidence for slow
cooling from extreme metamorphic temperatures
(T>950-1000 °C).
The formation of garnet as (i) lamellae, replacing
orthopyroxene and augite lamellac formed by reaction
(R7a) and (ii) layered garnet—quartz corona replacing
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clinopyroxene against matrix plagioclase suggests that
garnet could have appeared at the final stages of the
exsolution process. For the coronal garnet, the following
generalized garnet forming reaction is predicted,

clinopyroxene + plagioclase
= garnet + quartz (R8a)

The alumina required for the formation of lamellar
garnet could be derived from the aluminous clinopyr-
oxene host (Al;03=2.56 wt.%) and the orthopyroxene
lamellae, according to a generalized reaction of the type,

clinopyroxene + CaTs in Cpx + Opx + MgTs in Opx
= garnet (R8b)

Reaction (R8a) is generally modeled in terms of
cooling, increasing pressure or both (Harley, 1989). In
this study, reactions ((R7a), (R7b), (R8a) and (R8b)),
when considered together give robust evidence for post-
peak cooling.

The sequence of mineral reactions in these rocks is,
therefore, the product of (a) heating, leading to partial
melting in the aluminous granulites and stabilization of
ferroaugites in the Iron Formation granulites (metamor-
phism BM;) and (b) subsequent cooling (metamorphism
BM,), producing various types of coronas/symplectites
and exsolution lamellae. The P—T conditions for peak
and retrograde metamorphism are calculated in the
following section using suitable thermobarometry
calculations.

6. P-T conditions of metamorphism

Bhowmik et al. (2005) previously estimated P-T
conditions of ~9 kbar, 950 °C for the peak BM;
metamorphism and post-peak cooling to ~700 °C
(BM,). However, there is no reliable pressure estimate
for the cooling event. In the present work, the P-T'
conditions during BM, are estimated using the garnet—
clinopyroxene—orthopyroxene—plagioclase—quartz as-
semblage in the Iron Formation granulite. Additionally,
the pyroxene quadrilateral thermometry (after Lindsley,
1983) is applied to estimate the peak metamorphic
temperatures as well as the post-peak cooling. In the
case of the latter, the thermodynamically corrected pre-
exsolution compositions for ferroaugite (Woz4En3,Fs;4)
and the composition of co-existing orthopyroxene,
(WogEnsgFsg,) lamellae and the clinopyroxene (Woy,.
En3,Fs;7) host are plotted in the pyroxene quadrilateral
at P~9 kbar (Fig. 3c). The stability of ferroaugite
indicates a minimum temperature of ~ 1000 °C (Fig. 3c)
for the BM; metamorphism, which is 50 °C higher than

that estimated previously (Bhowmik et al., 2005). The
tie line connecting co-existing orthopyroxene lamellae
and clinopyroxene host suggests final exsolution at
temperatures ~ 700 °C (Fig. 3c¢).

For the formation of coronal garnet, the Fe- and Mg-
end member garnet—clinopyroxene—plagioclase—quartz
geobarometers and a garnet—clinopyroxene geotherm-
ometer are used. These equilibria are calculated using
the TWQ software (v.2.02) of Berman (1991). The three
equilibria intersect at P—7T conditions of ~9.5 kbar,
800 °C, if all Fe is taken as Fe*" (Fig. 7). If Fe’" is
considered, calculated P—T7 change to ~ 8.3 kbar, 760 °C
(Fig. 7). For the formation of lamellar garnet, temper-
ature is calculated using garnet—orthopyroxene and
garnet—clinopyroxene thermometers, which yield an
average temperature of 670 °C at ~9 kbar (Fig. 7). The
lower temperatures may indicate substantial retrograde
Fe’'~Mg exchange. Because of smaller volume of
lamellar garnet, relative to pyroxenes, the garnet became
more ferroan compared to coronal garnet. Based on
these results, the P—T conditions during BM, are
constrained at ~9.0 kbar, 700-750 °C.
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7. Petrogenetic grid

The mineralogical evolution of the corundum
granulites during metamorphism can now be evaluated
in terms of a suitable KFMASH petrogenetic grid.
Although, analysis of corundum-bearing phase assem-
blages in the same system was previously made by
Hensen and Harley (1990), Srogi et al. (1993), Sengupta
et al. (1999) and Ouzegane et al. (2003), a petrogenetic
grid in and around the [Opx, Crd] invariant point and
involving the extremely rare sapphirine—spinel—silli-
manite—garnet—corundum-—biotite—K-feldspar mineral
assemblage is presently lacking. Besides, the grid of
Hensen and Harley (1990) was constructed based on the
compositional relation of Xy,(Spl)>Xyo(Grt), which is
the reverse in the present study. Existing KFMASH
grids (e.g. Sengupta et al., 1999; McDade and Harley,
2001) also do not allow complete treatment of the
corundum-bearing phase relations, particularly in UHT
metamorphic conditions, as in the present study.

Notwithstanding the absence of experimental con-
straints on the melt composition, phase relations in the
silica-undersaturated and high-alumina bulk composi-
tion as well as uncertainties associated with entropy and
a—X relationships for sapphirine, recent progress in
treating KFMASH phase relations (excluding corun-
dum) in the same bulk composition (e.g. McDade and
Harley, 2001), provides a useful basis for including
corundum in the KFMASH phase relations. In partic-
ular, the grid of McDade and Harley (2001) allows the
silica-undersaturated part of phase relations to be
studied via two critical invariant points, [Opx, Qtz]
and [Spl, Qtz]. In aluminous granulites, these quartz-
absent invariant points connect the lower and higher
temperature silica-oversaturated part of the system by
assuming that silica undersaturation in aluminous bulk
rock composition may be a natural consequence of melt
generation by biotite-melting and subsequent melt
extraction from the site of melting. The grid of McDade
and Harley (2001) predicts that quartz-absent invariant
points may stabilize at metamorphic temperatures in
excess of KFMASH [Opx,Spr] and [Spr,Spl] invariant
points. In the aluminous granulites of the present study,
the bulk of mineralogical evolution took place in quartz-
absent domains. Therefore, by drawing analogy with
previous studies, which allowed quartz-absent invariant
points to coincide with corundum-absent ones (Hensen,
1987), [Opx, Qtz] and [Spl, Qtz] points in the present
grid are renamed as [Opx, Crn] and [Spl, Crn],
respectively (Fig. 8a). Assuming that these points are
stable and allow connection with corundum-bearing
paragenesis, a qualitative KFMASH petrogenetic grid

has been constructed following the approach and
methodology of McDade and Harley (2001) and with
the same caveats as explained by the authors.

In the 6-component, 10 phase KFMASH system of
biotite (Bt), sillimanite (Sil), K-feldspar (Kfs), spinel
(Spl), garnet (Grt), sapphirine (Spr), corundum (Crn),
orthopyroxene (Opx), cordierite (Crd) and melt (L), the
following compositional relationship of Xyo(Spl) <Xyge
(Grt) <Xyg (Opx) <Xpg(Spr) <Xnig(Bt) <Xyg(Crd) has
been followed. From Fig. 6, the balanced univariant
reactions around the selected invariant points are shown
in Table 3. The petrogenetic grid is shown in Fig. 8a. As
noted in previous studies (e.g. Harley and Motoyoshi,
2000; McDade and Harley, 2001; Ouzegane et al.,
2003), the slopes of sapphirine-bearing reactions are
affected by the assumed entropy of sapphirine. In this
work, 793 Fe- and Mg-end member sapphirines, (where
the number refers to molar (Mg,Fe)O: Al,05:Si0O, ratio)
have been used so that the sapphirine-bearing mineral
assemblages are stable at high temperatures and
orthopyroxene—corundum-bearing ones are stable on
the high pressure side of the univariant reactions.
Negligible amount of calculated Fe*", both in spinel
and sapphirine, together with the presence of rutile
imply low fO, metamorphic conditions. Although,
spinel contains moderate amounts of gahnite, the total
non-FMAS contents do not exceed 10 mol%. This
suggests that the phase relations in the corundum
granulites can be reasonably interpreted using the new
grid.

Apart from [Opx, Crn] and [Spl, Crn] invariant points
of the previously suggested petrogenetic grid, the new
grid considers the stability of [Opx, Crd] based on three
univariant reactions ((R2), (R3) and (R4)). The invariant
point is positioned up pressure on the univariant reaction
(Opx, Crn, Crd) (reaction (R2)) and at a pressure higher
than that of [Spl, Crm] invariant point. This is inferred
based on the silica undersaturated FMAS grid of Hensen
(1987), which predicts that the FMAS (Crd, Opx)
univariant reaction is positioned at a higher pressure
relative to that of FMAS (Spl, Crn) reaction. In this grid,
the (Bt) absent reaction is also considered to be (Kfs, L)
absent (see McDade and Harley, 2001 for an alternative
assumption) and that the (Opx, Crd, Bt) and (Spl, Crn,
Bt) reactions are equivalent to FMAS (Crd, Opx) and
(Spl, Crn) reactions. Because of the relatively flat slopes
of these reactions, the assumed location of the [Opx,
Crd] vis-a-vis [Spl, Crn] invariant points seems justified.
The relatively higher pressure stability of the [Opx, Crd]
invariant point is also indicated by an independent P—T'
estimate of ~9 kbar, 950°-1000 °C (Bhowmik et al.,
2005 and this study). Schreinemaker’s analysis around
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the [Opx, Crd] invariant point results in three additional
invariant points, namely [Spl, Crd], [Grt, Opx] and [Spr,
Crd] (Fig. 8a), which are consistent with the natural rock

Table 3
Balanced univariant reactions in KFMASH system

[Opx, Crd]

(Crn)  0.0198Bt+0.0154Grt+0.1366Sil+0.0111Kfs=
0.0667Spr+0.0101Spl+0.37L

(Spr) 0.0198Bt+0.2028Spl+0.4155Sil+0.0111Kfs=
0.0961Grt+0.5256Crn+0.37L

(Spl) 0.0198Bt+0.0101Grt+0.1498Sil+0.0111Kfs=
0.025Crn+0.0636Spr+0.37L

(Bt) 0.2121Grt+1Crm=0.127Spr+0.4051Spl+0.5308Sil

(Grt) 0.0198Bt+0.0193Spl+0.1751Sil+0.0111Kfs=
0.0575Spr+0.0726Crn+0.37L

[Spl, Crd]

(Crn)  0.0198Bt+0.0071Grt+0.142Sil+0.0111Kfs+
0.012 Opx=0.0711Spr+0.37L

(Spr) 0.0198Bt+0.2128Sil+0.0356Grt+0.0111Kfs=
0.10340px+0.2372Crn+0.37L

(Opx)  0.0198Bt+0.0101Grt+0.1498Sil+0.0111Kfs=
0.025Crn+0.0636Spr+0.37L

(Bt) 0.247Grt+0.6068Sil+0.6148Spr=2.0528Crn+ 10px

(Grt) 0.0198Bt+0.059Crn+0.1249Sil+0.04090px+0.0111Kfs=
0.0887Spr+0.37L

[Spl, Crn]

(Crd)  0.0198Bt+0.0071Grt+0.142Sil+0.0111Kfs+
0.012 Opx=0.0711Spr+0.37L

(Spr) 0.0198Bt+0.6686Crd+0.7227Grt+0.0111Kfs=
1.93040px+1.7929Sil+0.37L

(Opx)  0.0198Bt+0.0116Grt+0.0042Crd+0.1303Sil+0.0111Kfs=
0.0706Spr+0.37L

(Bt) 0.3698Grt+0.3454Crd+0.0367Spr=1.00380px + 1Sil

(Grt) 0.0198Bt+0.1616Sil+0.03140px+0.0111Kfs=
0.0066Crd+0.0717Spr+0.37L

[Opx, Crn]

(Crd)  0.0198Bt+0.0154Grt+0.1366Sil+0.0111Kfs=
0.0667Spr+0.0101Spl+0.37L

(Spr) 0.0198Bt+0.0814Grt+0.2449Sil+0.0111Kfs=
0.1849Spl+0.0723Crd+0.37L

(Spl) 0.0198Bt+0.0116Grt+0.0042Crd +0.1303Sil+0.011 1 Kfs=
0.0706Spr+0.37L

(Bt) 0.989Grt+1.6229Sil+ 1Spr=1.084Crd +2.619Spl

(Grt) 0.0198Bt+0.0307Spl+0.1113Sil+0.0169Crd+0.0111Kfs=
0.0823Spr+0.37L

[Opx, Grt]

(Crd)  0.0198Bt+0.0193Spl+0.1751Sil+0.0111Kfs=
0.0575Spr+0.0726Crn+0.37L

(Spr) 0.0198Bt+0.3232Sil+0.0111Kfs=
0.0391Crd+0.0071Spl+0.2411Cm+0.37L

(Spl) 0.0198Bt+0.2834Si1+0.0111Kfs=
0.0154Spr+0.0286Crd+0.1958Cm+0.37L

(Bt) 0.2323Crd+0.1565Spl+ 1Crn=0.8788Sil+0.3414Spr

(Crn)  0.0198Bt+0.0307Spl+0.1113Sil+0.0169Crd+0.0111Kfs=
0.0823Spr+0.37L

data. The justification of the lower pressure [Opx, Grt]
invariant point, which results from the intersection of
the univariant reactions (Opx, Crd, Grt) and (Opx, Crn,
Grt) comes from several studies in shallow contact
aureoles (Grant, 1985; Pattison and Harte, 1985; Grant
and Frost, 1990; Pattison and Harte, 1991), as well as in
low-P, high-T regional metamorphic terrain of Nama-
qualand (Waters, 1986). In the aureoles, low-pressure
heating (at P~ 3 kbar) has intersected several equilibria
emanating from the [Grt, Opx] and the [Opx, Crn]
invariant points. In the Laramie aureole, the reaction
(Grt, Opx, Spr), which emanates from the [Grt, Opx]
invariant point towards its lower pressure end provides a
pressure constraint of 3 kbar<Pign, opx)<P[opx.crm]-
Waters (1986) has established that the reaction (Grt,
Opx, Bt) occurs in the Namaqualand metamorphic belt.
Pressures of ~ 5 kbar were estimated for metamorphism
in the vicinity of [Grt, Opx, Bt] point. The [Spl, Crd]
invariant point, which results from the intersection of
the (Spl, Crn, Crd) and (Opx, Crd, Spl) univariant
reactions, occurs at pressures higher than that of the
[Opx, Crd] invariant point (Ouzegane et al., 2003; Kelly
and Harley, 2004). These workers have shown that the
orthopyroxene—corundum assemblage is stable at
P~10-11 kbar and at temperatures of ~850°-900 °C
as well as a number of FMAS divariant reactions in and
around the [Spl, Crd, Bt] invariant point. These
reactions were intersected in response to near isothermal
decompression, producing a sequence of mineral
assemblages, which are consistent with the present
grid. The grid also predicts that the rare [Spr, Crd]
invariant point is stable at the highest pressure.

Using the grid in Fig. 8a, two separate phase
relations are constructed, one for the corundum
granulites (Fig. 8b) and the other for corundum-absent,
silica undersaturated metapelite granulites (Fig. 8c).
The grid for the corundum granulite differs from
previous KFMASH grids (e.g. Hensen and Harley,
1990; Sengupta et al., 1999; McDade and Harley, 2001)
in several aspects, namely: (1) the [Spr, Spl] and also
the [Spr, Opx] invariant points, which were considered
as stable in all previous grids, are metastable in the
present grid. The [Opx, Crd] invariant point, which is
metastable in those previous studies of the KFMASH
grid, owes its stability in this study, possibly because of
the relatively Fe-rich bulk composition of the corun-
dum granulites. (2) The KFMASH grid predicts that
corundum can appear in silica-undersaturated metape-
lites both as a product of biotite melting and solid—solid
reactions. In particular, the grid shows that the
sapphirine—corundum assemblage can be a reliable
indicator for UHT metamorphism. (3) One of the
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important outcomes of the new KFMASH grid is that it
enables the delineation of different corundum-bearing
mineral assemblages, each having distinct stability
limits in P—T space (Fig. 8b). Of particular interest is
the recognition of four pressure zones at ultra high
temperatures (Fig. 8b). From lower to higher pressures,
these zones are: (1) spinel—cordierite—corundum, (2)
sapphirine—spinel—sillimanite, (3) garnet—corundum
and (4) orthopyroxene—corundum. Although the utility
of the spinel—cordierite—corundum, garnet—corundum
(Sengupta et al., 1999) and orthopyroxene—corundum
(Kelly and Harley, 2004) as depth markers have been
previously predicted from partial KFMASH and
FMASH petrogenetic grid studies, the new grid first
links these different metamorphic subfacies, thereby
enhancing its general applicability in different meta-
morphic terrains. Additionally, this grid identifies the
sapphirine—spinel—sillimanite sub-assemblage as dis-
tinct marker for ultra high temperature metamorphism
at intermediate-deeper crustal levels. The occurrence of
garnet—corundum as a distinct high pressure assem-
blage (P>9 kbar) (e.g. Fig. 8a, reaction (R3)) in silica
undersaturated metapelites is quite significant and can
be taken as a diagnostic for high pressure metamor-
phism in the same light as orthopyroxene—sillimanite—
quartz is considered for silica oversaturated metapelites.
At still higher pressures, garnet—corundum is replaced
by orthopyroxene—corundum. For the corundum-ab-
sent, silica undersaturated metapelite granulites, the
delineation of five pressure zones: sapphirine—cordier-
ite—spinel, garnet—cordierite—sapphirine—sillimanite,
sapphirine—orthopyroxene—sillimanite—cordierite, bio-
tite—sapphirine—orthopyroxene—sillimanite and bio-
tite—garnet—orthopyroxene—sillimanite from low to
high pressure (Fig. 8c) is consistent with natural rock
data (Harley, 1986, 1998b; Baba, 2003; Sajeev et al.,
2004).

8. Metamorphic P-T path and tectonic significance
of UHT granulites in the CITZ

The methodologies and approaches followed in the
present study demonstrate that corundum granulites can
be profitably used to accurately constrain the metamor-
phic P—T path of UHT terranes. In the BBG domain, at
the southern margin of the Central Indian Tectonic
Zone, these rocks preserve a multistage metamorphic
reaction history, resulting in the following sequence of
mineral assemblages: porphyroblastic garnet; (reaction
(R1)), sapphirine—spinel;—rutile (reaction (R2)), coro-
nal garnet,—corundum (reaction (R3)) and, finally,
biotite,—sillimanite,—spinel, (reaction (R4)). When

considered in the newly constructed KFMASH petro-
genetic grid, these reactions reveal a prograde segment
(R2) at pressures below the [Crd, Opx] invariant point,
culminating in the peak metamorphic conditions of
~1000 °C, 9 kbar (BM;), a pressure increase (R3) and
finally a near isobaric cooling (R4) of ~250-300 °C
(BM,) at P>Picrq0px)- The textural development at
each stage of metamorphic evolution is shown with the
help of cartoon sketches in Fig. 9. The deduced
metamorphic P—T7 path has a counterclockwise sense
(Fig. 9). Considering that near isobaric cooling from
Twmax 18 a natural consequence of thermal relaxation of
the perturbed geotherm, the BM;—BM, metamorphic
stages can be considered to belong to the same UHT
metamorphic event. The close spatial association of the
metagabbros with the UHT granulites (in ~1:1 volume
ratio in the exposure scale) also suggests that the thermal
perturbation necessary to cause the extreme tempera-
tures was provided by intraplated basaltic magmas. In
the majority of studies of UHT terrains, the counter-
clockwise P—T path is deduced on the basis of deep
crustal heating—cooling P-T trajectory (Waters, 1989;
Dasgupta et al., 1997; Sengupta et al., 1999). The
increase in pressures, as demonstrated in the present
study using the KFMASH grid, is, therefore, extremely
significant and may suggest magmatic overplating in the
BBG crust. Based on electron microprobe dating
techniques on monazites, Bhowmik et al. (2005)
suggested a Palacoproterozoic age (~2040-2090 Ma)
for this UHT metamorphism.

Previous tectonic models proposed a major Palaco-
proterozoic collisional orogeny in the CITZ, leading to
the amalgamation of the North and the South Indian
Blocks along the Central Indian Suture (cf. CIS)
(Yedekar et al., 1990; Jain et al., 1991, 1995; Mishra
et al., 2000). These models were based on the following
lithological, geochemical and geophysical arguments:
(1) rocks of contrasting modes of occurrence, mineral
assemblages and metamorphic grades occur across the
CIS, with low-grade volcanogenic sequences lying to
the south and the high-grade metasediments and
granulites occurring to its north. (2) Calc-alkaline
geochemical signatures in the Dongargarh granitoids,
Dongargarh and Sakoli volcanics were taken as
evidence for subduction-related magmatism, as a sequel
to this suturing event. (3) The granulites of the BBG
domain were interpreted as the exhumed oceanic crust
of the North Indian Block that was subducted below the
South Indian Block during this collision orogeny. (4)
Seismic profile and gravity modeling studies show a
sharp variation in the crustal thickness and gravity
anomaly across the CIS.
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Fig. 9. Schematic representation of the mineral textural development in corundum granulites along a counterclockwise P—7 path superimposed on a

qualitative KFMASH petrogenetic grid.

Recent metamorphic and geochronological studies
across the Sausar Mobile Belt provide new insight into
the crustal evolutionary processes that were operative in
the CITZ (Bhowmik and Roy, 2003; Bhowmik and
Spiering, 2004; Bhowmik et al., 2005) and contradict

simple, single-cycle plate convergence model of the
previous workers. Firstly, in contrast to the simple low-
and high-grade contrast across the CIS, it has been
shown that the high-grade rocks of the BBG domain
occur as allochthonous tectonic slices, being bounded
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Fig. 10. Contrasting metamorphic P—7 paths, related to temporally separate metamorphic events from two spatially associated metamorphic domains
in the Sausar Mobile Belt, at the southern margin of the Central Indian Tectonic Zone (CITZ). This possibly signifies the presence of amalgamated
crust in the CITZ. The figure also shows correlation of Palacoproterozoic metamorphic events in the mobile belts of Peninsular India.

on both sides by low-grade rocks (Bhowmik and Pal,
2000; Bhowmik et al., 2005). Secondly, the Dongargarh
granitoids and the Dongargarh and Sakoli volcanics of
Palacoproterozoic age (Sarkar et al., 1981) have a
distinct N—S structural orientation, paralleling the
structural grain of the SIB, but discordant to the E-W
to ENE-WSW trending CITZ. Had these rocks been
produced during north—south compressional orogeny,
stitching the two cratonic blocks, the rocks would have a
broad E-W to ENE-WSW alignment, paralleling the
orientation of the CITZ. Consequently, the calc-alkaline
signatures of these rocks as well as their Palaeoproter-
o0zoic ages cannot be incorporated into tectonic models
of the amalgamation of the two crustal blocks. Thirdly,
the mafic—ultramafic components of the BBG domain
are predominantly concordant gabbroic, noritic and

orthopyroxenite intrusive bodies within the supracrustal
granulite ensemble. The gabbroic intrusions are inter-
preted as intraplate mafic intrusions, synchronous with
the Palaeoproterozoic UHT metamorphism (Bhowmik
et al.,, 2005 and this study), and cannot be taken as
evidence for the subducted oceanic crust. In contrast, the
counterclockwise sense of the P—T path, pigeonholed
from this domain, argues against collisional orogeny in
the CITZ during the Palacoproterozoic. Instead, such
ultrahigh temperature metamorphism and a counter-
clockwise P—T path possibly suggest cratonization
(stabilization through isobaric cooling) of the CITZ in
the Palaeoproterozoic.

Recent studies established a regional high-pressure
metamorphic belt with a clockwise metamorphic P—-T
path from the Ramakona—Katangi granulite domain, at
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Proterozoic Mobile Belts

Eastern Ghats Mobile Belt

Central Indian Tectonic Zone

Aravalli Delhi Mobile Belt

A. Location
B. Tectonic
framework

C. Tectono-magmatic
and tectonothermal stratigraphy

Kondapalle granulites
Granulite complex

on the shoulders

of Eastern Dharwar craton

Formation of protoliths
for Crn granulite-calc
silicate granulite-khondalite

Emplacement of mafic

layered intrusion of
gabbronorite—pyroxenite—anothosite
Attendant UHT metamorphism,
leading to partial melting in

pelites and segregation

of leucocratic and melanocratic layers

Enderbite—charnoenderbite plutonism
(c.1700-1720 Ma) post-dating UHT

BBG domain (this study)
Granulite complex

on the northern margin
of the South Indian Block

Formation of protoliths

for Crn granulite—felsic
granulite—Iron Formation
granulite—grt—crd granulite
Emplacement of mafic

layered intrusion

of gabbro—noritic gabbro
Attendant UHT metamorphism,
producing partial melting in pelites
and segregation of leucocratic
and melanocratic layers

Sandmata granulite complex
Granulite complex as pods
and lenses within the
Archaean Banded

Gneissic Complex (?)
Formation of protoliths

for khondalite-calc silicate
granulite—leptynitic gneiss

Emplacement of mafic
intrusion of gabbro

Attendant granulite
metamorphism, partial melting
in pelites and segregation of
leucocratic and melanocratic
layers

Megacrystic charnockite—
enderbite—granodiorite

Emplacement of noritic dyke

Emplacement of doleritic dyke

(c.1723 Ma) plutonism

post-dating granulite

metamorphism
Emplacement Emplacement of norite dykes

of gabbronorite dykes

Emplacement of allanite-bearing granitic

pegmatite (U—-Pb cooling ages of
allanite and monazite in the range
~1600-1672 Ma)

D. Metamorphism

P-T conditions P>~8 kbar, T>~1000 °C

of metamorphism
P-T path CCW
Age of metamorphism >1720 Ma

E. Tectonic set up

Palaeoproterozoic continental rifting (?)

P ~9 kbar, T~1000 °C P ~8 kbar, T~820 °C

CCW Not known
~2040-2080 Ma >1723 Ma
Palaeoproterozoic continental Palaeoproterozoic

rifting (?) continental rifting (?)

Source of data: EGMB, Sengupta et al. (1999), Mezger and Cosca (1999), Kovach et al. (2001); CITZ, Bhowmik and Dasgupta (2004), Bhowmik et
al. (2005) and this study; ADMB, Sarkar et al. (1989); Dasgupta et al. (1995), Bhowmik and Dasgupta (2004).

the northern margin of the Sausar Mobile Belt
(Bhowmik and Roy, 2003; Bhowmik and Spiering,
2004). These studies reveal an early continental
subduction followed by continent—continent collision
event, leading to the final amalgamation of the North
and South Indian Blocks. Available geochronological
data indicates that the collisional orogeny is of
Mesoproterozoic age and distinctly younger than the
Palaeoproterozoic UHT event (Bhowmik and Roy,
2003; Bhowmik and Dasgupta, 2004). The recognition
of two spatially associated but temporally separate
metamorphic domains, and recording contrasting tecto-
nothermal history in the southern margin of the Central
Indian Tectonic Zone (Fig. 10) is, therefore, extremely
significant. These findings possibly imply presence of
amalgamated crustal domains in this tectonic zone. The

amalgamation between the North and the South Indian
Blocks is likely to be of Mesoproterozoic age. Santosh
et al. (2004) have also speculated a Mesoproterozoic
terrane amalgamation from another crustal domain of
the Central India.

Bhowmik and Dasgupta (2004) have recently noted
remarkable similarities in the tectono-magmatic,
tectono-metamorphic, metamorphic P-7 paths and
common mafic magmatism during the Palaeoproter-
ozoic period in the mobile belts, straddling the
Archaean cratonic blocks (Fig. 10) (summarized in
Table 4). These findings appear to justify previous
correlations, which predicted uniform Mesoproterozoic
and Meso-Neoproterozoic crustal evolutionary histo-
ries of the Eastern Ghats Mobile Belt, Central Indian
Tectonic Zone and the Aravalli Delhi Mobile Belt
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(Fig. 10) (Naqvi and Rogers, 1987). Additionally, the
present study infers common Palacoproterozoic histo-
ries in these belts also.
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