5. Bhattacharya - R. Kar

High-temperature dehydration melting and decompressive P-T path
in a granulite complex from the Eastern Ghats, India

Abstract The granulite complex of Paderu, in the south
central sector of the Eastern Ghats belt, India, consists
of closely related pelitic granulites and peraluminous
eranitoids which could be linked via dehydration melt-
ing in pelitic and greywacke-like precursors. The pelitic
eranulites, including high-Mg-Al sapphirine granulites
with early deformation microstructures, also record a
high-temperature decompression from ~10 to ~8 kbar
at ~ 100 °C, preceding isobaric cooling from above 900
to ~600 °C at 8§ kbar. Highly magnesian biotite in the
pelitic granulites, the presence of spinel in some of the
granitoids, and granitoids of two distinct compositions,
namely granite and quariz-monzonite, all suggest de-
hydration melting in highly magnesian pelitic and
ereywacke-like precursors. Moreover, high-temperature
melting in highly magnesian pelitic precursors is indi-
cated by the migmatitic spinel-bearing layers which,
besides having significant abundance of quartz and
feldspar, also contain aluminous orthopyroxene and
cordierite. These melting reactions, occurring above
9 kbar, may constrain the prograde arm of the P-T
trajectory. This and the high-temperature decompres-
sion constitute a clockwise P-T path. This clockwise P-T
path is consistent with the tectonic model in which
crustal thickening and granulite metamorphism in the
Eastern Ghats belt is interpreted as the result of
homogeneous shortening in a compressional setting.

Introduction

High-grade metapelites following a clockwise P-T path
as a result of crustal thickening-related heating com-
monly undergo dehydration melting due to decomposi-
tion of micas {Stevens and Clemens 1993: Brown 1994).
Also, Raith et al. (1997) described high-temperature
assemblage coexisting with melt from a south Indian
locality. Some recent experimenis have indicated high-
temperature (=900 °C) dehydration melting in high-Mg
pelitic and greywacke precursors (Carringion and
Harley 19935a; Stevens et al. 1997). The high-Mg-Al
sapphirine granulites with symplectitic reaction textures
have been described from different granulite terrains and
are commonly interpreted as indicative of a decom-
pressive P-T path (Harley and Fitzsimons 1991; Nichols
and Berry 1991; Mohan and Windley 1993; Harley
1998).

In the Eastern Ghats granulite belt along the east
coast of India, dehydration melting in pelitic precursors
under granulite facies conditions has been reported from
several localities, although in these cases melting oc-
curred at around 800-850 °C (Dasgupta et al. 1992; Sen
and Bhattacharya 1997, 2000). A decompressive P-T
path has also been described from some areas in the
Eastern Ghats belt (Lal et al. 1987 Sen et al. 1995:
Mohan et al. 1997). However, opinion is sharply divided
on the question of a clockwise or counter-clockwise P-T
path for the metamorphic evolution of the granulites of
the Eastern Ghats belt (Sengupta et al. 1990; Sen et al.
1995; Bhattacharya 1996; Mukhopadhyay and Bhat-
tacharya 1997; Mohan et al. 1997). These proposed P-T
paths have profound implications on the tectonic evo-
lution of granulite complexes in regional granulite ter-
rains like the Eastern Ghats belt.

In this study we report high-temperature dehydration
melting in high-Mg pelitic and greywacke precursors,
linking the orthopyroxene-free granitoids with the inti-
mately associated metapelitic granulites from an area in
the south-central sector of the Eastern Ghats belt, India.
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Additionally, we record a high-temperature decompres-
sive P-T path from the high-Mg metapelitic assemblages
from the study area, which is compatible with a clock-
wise P-T trajectory. Finally, we discuss the implications
of the clockwise P-T path for the tectonic evolution of
the granulite complex of the area in relation to that of
the Eastern Ghats granulite belt.

Geological setting

The study area, around Paderu in Andhra Pradesh
(Fig. 1, inset) in the south central sector of the Eastern
Ghats granulite belt, exposes metapelitic granulites in-
cluding khondalites and high-Mg-Al sapphirine granu-
lites, mafic granulites, charnockite-enderbites and
orthopyroxene-free granitoids.

The effects of three phases of folding are ohserved in
the granulite-granitoid complex (Fig. 1). F, folds, locally
present as intrafolial folds, are represented by quartzite
bands in khondalites and mafic granulite bands within
massif-type charnockite-enderbite bodies. F, folds occur
on various scales and largely determine the map pattern.
F5 folds are commonly overturned with N-5 axial traces
and variable but steep plunges. F4 folds are mostly broad
warps with E-W axial traces. §, gneissosity, axial planar
to intrafolial F, folds, is represented by segregation
banding in khondalites and streaky gneissic foliation in
the charnockite-enderbites. 5, gneissosity, defined by
elongate quartz-feldspar aggregates, is axial planar to Fs
folds in khondalites and charnockite-enderhbites. S; foli-
ation is only locally developed as fracture cleavage in
khondalites and as crenulation cleavage axial planar to
F, folds in charnockite-enderbites and granite-gneisses.

Besides  the dominant metapelitic  granulites
{khondalites) in the eastern and western sectors of the
study area, high-Mg-Al sapphirine granulites generally
occur as small blocks (less than 5050 cm) within massif-
type charnockite-enderbite bodies and granites and ako
as folded bands (or layers) within massif-type char-
nockite-enderbite (Fig. 1). It is important to note that
these high-Mg-Al sapphirine granulites contain evidence
of early deformation structures (5;), and hence their
disposition in low strain zones is similar to those de-
scribed from Antarctica by Harley et al. (1990). The
orthopyroxene-free granitoids, closely associated with
metapelitic granulites, occur as stock-like bodies and
also interlayered with the metapelitic granulites.

Petrography

Metapelitic granulites can be grouped into three distinct
types based on mineral assemblage. Common metape-
litic granulites, the so-called khondalites, have the as-
semblage Gri—Sil-Quz-K fs—Ilm (type P-1). The mineral
abbreviations in this paper are after Kretz (1983).
Graphite, although usually taken to be ubiquitous, is not
observed in the khondalites of the present area. Instead,

aluminous spinel is locally present. Also, unlike the
khondalites of other areas in the Eastern Ghats belt (cf.
Sen and Bhattacharya 1997, 2000)), some samples con-
tain plagioclase feldspars, indicating the presence of
ereywacke-like protoliths in the area. The absence of
prograde biotite and the occasional presence of quar-
tzofeldspathic pods in the khondalites suggest their
restitic nature, from which partial melt had presumably
been extracted.

High-Mg-Al metapelites (type P-11), occur as small
blocks or enclaves within charnockitic gneisses and also
as thin layers within granitic gneisses. The characteristic
assemblage is Opx—Crd-Spr-Sil-Qtz—Bio. Garnet is lo-
cally obhserved in thin layers which lack orthopyroxene.
The highly refractory nature of this assemblage is sug-
gestive of their restitic nature.

The layered bodies with a distinct foliation, occurring
within charnockiticand granitic gneisses (type P-111), have
three distinct assemblages: (1) Opx—Crd-Spr-5il-Osm—
Bio—Quz—Kfs; (2) Opx—Spl-Spr-5il-0Osm-Bio-Qtz—Kfs;
and (3) Opx-Spl-Spr—Crd-5il-Bio—Osm—Qiz-Kkfs. These
layered bodies can also be described asquartzofeldspathic
eneisses, but the presence of minerals like sillimanite,
cordierite, spinel and osumilite indicate their affinity to
pelitic precursors.

The granitoids, occurring as small plutons/stocks or
bands, have a distinctive foliation defined by elongate
quartz-feldspar ribbons, the so-called leptynitic folia-
tion. Mineralogically, three varieties can be recognised:
eranite with garnet as the common ferromagnesian
phase (G-I); granite with spinel, instead of garnet, as the
common ferromagnesian phase (G-11); and quartz-
monzonite with garnet and/or biotite as the common
ferromagnesian phase (G-1I1 ). Sillimanite trails and
biotite inclusions within some garnets suggest pelitic
precursors of these granitoids. Precursor of quarte-
monzonite, on the other hand, could be greywacke-like.

Mineral compositions

Minerals were analysed on a Jeol Jxa-8600 M microp-
robe at the USIC, Uni!.'ersith}' of Roorkee, India. 15-kV
accelerating voltage, 2x107" amp sample current and
2-pm beam diameter were used.

Sapphirine

Sapphirine is aluminous, Al+O4 varying between 59.6 and
644 wi% (Table 1). The sapphirine is stoichiometric and
shows solid solution according to the substitution (Mg,
Fe' *)+ Sies2(Al Fe' T, Cr), with very little Cr, and plots
near a line joining 7:93 and 2:2:1 in [[Mg, Fe)O:
Al 4:5105] molar proportions. The present sapphirine is
closer to 7:9:3 (Fig. 2). Sapphirine crystals are of variahle
compositions, particularly in their magnesium contents.
Two generations of sapphirine could be identified with
distinet compositions. Symplectitic sapphirine (in P-11
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Table 1. Representative sapphirine composi tion

Rock tvpe  P-1lla P-11 P-1llc P-111h P-11

Sample no. 46h 10c 13c 449 ilb

Ref. no. Cl/12¢ Clj13r Cl/l 2,2 Cl/4 Cl/5r C2/16 C2f2c C2lr
SiCks 13.63 13.65 144 14.31 1048 10494 12.25 1294 1364
Al Oy 60.82 60,89 60.79 60.6 6442 63.71 64.04 62.18 62.24
Feld 6.6 f.86 .02 503 7.86 7.86 T.49 6.07 624
Me() 18.17 17.75 16.95 1514 15.36 15.27 16.87 T.05 16.87
Mu() 003 0.1 0.0 0.08 011 0.06 0.11 0.1
KO 0.001 003 0.01 0.02
Ti( 003 0o 0.03 004 0.05 0.03 0.01
Crally .04 0.045 0.03 0.04 004
Total a9 341 949.26 a97.1649 98.16 Q831 a7.94 100.71 Q.42 .16
Xnig (L83 0.82 0.56 0.87 078 078 0.8 083 0.83
Fig. 2. Sapphirine compositions 2:14

tecaleulated to include Fe.(Os,
and plotted in part of the
Si0= (Mg Fe)O-{ Al Fe)Oy
diagram {molar proportions)

and P-Illa) with cordierite {XML._""'"" 0.82-0.83) and
orthopyroxene {me""' 0.83-0.87) is more magnesian
than that produced from spinel in spinel-bearing assem-
blages, either coronal growth {XM;"'"" 0.72-0.78) or

porph}'rﬂhlastic{XMSS'"{}_E{}} in P-11Ib and P-11lc.

Spinel

Spinel is primarily spinel-hercynite solid solution with
very little magnetite and gahniteﬁcompgnents {‘Tahlt 2).
Fe is mainly reduced, with Fe "/(Fe '~ + Fe ) of 095
to 0.96. This and the small abundance of other compo-
nents like Cr and Zn is compatible with that of a FMAS
phase (Nichols et al. 1992). X, varies between 0.48 and
(.53 and is less magnesian than coexisting Opx (X,
0.72-40.75), Spr (Xp, 0.72-0.80). Bio (X, 0.86) and Crd
(Xpae 0.89). Spinel in granitoids (G-11) is also aluminous,
similar to those in the metapelitic assemblages P-111b
and ¢ but of more ferroan compositions (X,
0.27-0.33).

MO + FeO

Cordierite

Cordierite is mostly dry, as indicated by relatively high
totals (above 98 wi% ) and absence of alkalies (Vry et al.
1990). Calculated formulae, based on 18 oxygen, show
Si consistently above 5 {mean of +0.11) and Al con-
sistently below 4 (mean of —0.16). This is consistent with
the mechanism of substitution proposed by Schreyer
et al. (1990), namely Si " <Al (Na, K), except that
alkalies are lacking in the cordierite here (Table 3).
Again, the variation of cation totals in formulae based
on I8 oxygen, 11+0.06, can be related to deviation of
(Fe, Mg) stoichiometry, 2+ 0.06. Two analyses in P-11la,
sample 97/d6b (C2/3, C2/4), representing core and rim
compositions, are clearly contaminated by quartz in-
clusion, as in the experiment of Vielzeul and Monitel
{1994). Otherwise, cordierite is unzoned and is the most
magnesian phase (Xp, 0.89-0.94). Also, there is subtle
difference of Xy, in the two assemblages, namely (.89 in
the spinel-bearing assemblage (P-11lc) and 0.91-0.94 in
the spinel-absent assemblage (P-11).
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Table 2. Representative spinel and ilmenite compositions (spinel. ilmenite Mgt}

Rock tvpe P-1llc P-11Th G-11 -1
Sample no. 95/15 97449 97 /67 mt) 95,2 {ilm)
Ref. no. Cif 38 C2/18 C2/19 Cl1/1 Cl1,2 C1/3 Cl/s
S

Ala0y 3681 3171 7 35T J3H3 il.26 0.34 0.07
TiC 0.02 0.21 iR.66
Fel 2475 2476 24.03 26.93 3283 36.59 9358 43.03
Mg 14.77 1453 14.68 13.32 137 74 0.05 242
Mn( 0.05 0.13 0.01 019 0.18 0.1
Craldy 0.03 (L08R 0.03 0.06

ZnC 022 0.1 0.24 0.23 0.17 0.004

Caly 0.74 0.28 0.59 0.61
Total 6.6 9713 6. B H 96, 33 95.61 943714 94.77 B4.491
KXatg 0.53 0.52 0.53 .48 0.33 0.27

Table 3. Representative cordierite composition in metapelites

Rock tvpe P-1lla P-11 P-11 P-111b

Sample no. 97/46h 97/31h 9510 a97/49

Rel. no. ClIf C23 C24 G35 CIf Ciiz  Ciyj1 C44  C53 C1)7 CLE i O
S 5173 6207 6321 5175 5024 5115 5114 5124 5203 5039 374 0.8 51.77
AdaOy 3341 2594 2607 3345 33010 3303 3305 3333 3397 3271 27B6 3266 32935
TiCh, 0 0.03 0 003 0.01 0 0 0 0.06 0.02 004 0.07
Fe( 2.1 1.ER 1.74 266 222 .94 1.7 1.57 167 275 1.72 332 333
Mg 1316 1042 1041 135 1286 1217 126 1242 1266 12.57 B.15 1236 12.71
Mni) 0.05 .04 0.02 002 004 0.04 0.03 0 0.1 1] 0.01 (.08 0.01
Total ey 1004 10lse 14 9855 9839 9554 9855 1004 9B6R 9506 W3 1048
Mg 091 0.91 091 0.9 0.91 0492 0.93 0.93 093 089 0.59 0.87 0.87
Orthopyroxene of more magnesian composition (X, 0.78 to (L.84) than

Orthopyroxene in both the high-Mg-Al metapelitic as-
semblages is aluminous, the spinel-bearing assemblages
(P-1IIb, ¢) with 583 to 18.34% ALO, and the spinel-
absent association (P-11 and P-I1la) with 6.3 to 9.3%
Al:Oy (Table 4). The high Al-20y in orthopyroxene re-
flects more aluminous bulk compositions and hence the
starting rocks are metapelitic, rather than meta-
ereywackes (Stevens et al. 1997). Of the two assemblages,
the spinel-bearing assemblage has orthopyroxene of
much variable and higher AlO, contents. It is important
to note that rimward zoning in AlOs, with more alu-
minous cores (8.43 to 16,38 wit at the cores and 6.13 to
1341 wt% at the rim), is marked. Such rimward decrease
in Al:O; in orthopyroxene is reported from Antarctica
(Harley et al. 1990) and South Africa (Dawson et al.
1997), and also from the Eastern Ghats belt (Lal et al.
1987; Sengupta et al. 1990). The decrease of Al:04 to-
wards the rim suggests pressure drop (Harley 1984,
Montel and Vielzeuf 1997) and is compatible with orth-
opyroxene produced in successive reactions with the
same Xy, in the spinel-absent assemblages (P-11, P-111a).
In terms of magnesium content, orthopyroxene in the
two assemblages is of distinet composition — the spinel-
absent assemblages (P-11 and P-111a) have orthopyroxene

that of the spinel-bearing assemblages (X 0.72 to (L80).

Biotite

Unlike the primary biotite of similar high-Mg sapphirine
eranulites from Forefinger Point, Antarctica (Harley
et al. 1990}, the present biotite is less aluminous
(AlLO~13 wit%) and compares well with those
described by Lal et al. (1987). However, the variation in
Ti0. reported by Lal et al. (1987, between 1.6 and
4.9 wi%) as being a possible effect of re-equilibration
during retrograde reactions is not observed in biotite of
the present study (Table 5). Present biotites have nearly
constant TiOs (~4 wit%). Structural formulae based on
22 oxyeen show variation of octahedral Al between (.19
and 0.65. The correlation of AI® and (Fe+ Mg) agrees
well with the substitution proposed by Patino Douce
et al. (1993), namely 0.66A1°+0.33% =Fe, Mg. Present
biotite is highly magnesian (Xp, 0L86 to 0.90). Biotites in
the spinel-absent assemblages (P-II. IIla) are more
magnesian (Xpge 0.89-0.90) than those of the spinel-
bearing assemblage P-11Ih, ¢ (X, 0.86). Also, biotite in
orthopyroxene-free domains (97/17¢) is similar to that in
orthopyroxenecontaining  domains  ({95/15¢),  with
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Table 4. Representative orthopyroxene composition

Rock P-111a P-11 P-111c P-111h P-11

type

Sample  4ob 10e 15¢ 449 ilb 17k

fno.

Ref.no. C429 €225 C430 ClIj1  C1)2  CI)8 CIj9  CIj31 C¥33 Clile CI2r Clj1 C3j4
Si0dy 3.4 0.7 30 335 52.3 5l.6 51.8 52.13 48.57 07T 026 51,57 3023
Ti(ks 0.08 0.03 012 0.08 0.07 0.07 014 0.13 0.12 0.09 0.11
Al 79 5.9 9.3 0498 ohe 14 6.13 603 546 B.65 B.72 7.54 B.37
Fel) 13.9 11.2 13 1.1 10.5 13.7 16.3 1564 16.59 1338 13.37 16 16.55
My 0.4 0.22 .24 029 0.23 .12 0.01 0.0a 015 0.27 0.35 0.27 0.31
MpO 28 28.1 288 KLU 30 9.4 27 2034 26.31 2086 26.18 2597 2326
Caly 0.05 0.04 0.02 0.03 0.01 0.03 0.02 0.03 004 0.04 0.08 0.06 0.07
MNas() 0.0 0 L1 0 0.1 0 0 0 0 0 019 0
[ 0.02 0.01 0.07 .02 0.01 0.02 0

Cral), 0 0 0 0 0

Total 101 9493 102 101 104} 94 101 100, 52 100.27 1001 99.07 101.69 9849
Xniz 0.78 .51 0.8 .54 .84 0.72 0.74 0.75 .74 0.78 0.78 .74 0.71
Table 5. Representative biotite composition

Sample  95/15¢ 97/31h 97/17h 97/17¢ 97/67 973

[RERN

Ruock P-111 P-11 P-11 P-11 G-l G-l

Lype

Rellno. C45 C4p  ClH C201 C513 Cijg C23 Ciid C3 C27 Cig Clfila C2 25 C3l
5i0h 40.9 4142 4041 4103 4le6 4081 4049 365 42107 4093 4164 36T n47 37.35 B4R
Al 1315 138 1333 1334 1303 1277 1299 1275 1422 1L52 1224 131 13.8 13.77 1347
Ti 4492 4.13 4.19 4.2 385 4.35 178 442 471 392 1.97 338 338 4.35 393
Feld 671 6.72 462 4.58 449 6.52 594 5.69 543 9.09 454 1009 10.24 1148 995
M - .05 .04 0.02 .02 .04 002 001 0o 004 - .04 (.03 004 (.06
S ) 2399 2354 2199 272 2247 2323 2482 203 201 206 2292 |BO2 16,95 (E301] 18.19
Cald 001 003 - - - - - - 0 - - 0l (.01 LA 005
M0 (1.06 0.1l 0.52 (.35 LINE. 0.3 0.23 0.28 .15 007 .14 (.04 0.17 0.1 022
KO 9.69 9.63 993 100e 103 9.4 9.74 £.94 955 1002 1ol 1le 9.43 1.t 131
Total 9943 9951 9503 9542 902 9742 9901 9204 9734 95465 9356 91 a91.47 94,29 94.71
.'-'(,:!E (LEf .86 (.89 .89 0.9 .86 (.58 (.86 087 0.8 0.9 0.76 0.75 076 0.77
Al 0.26 .34 (.46 0.51 043 0.28 019 .54 X 0.31 0.3 0.37 (.58 46 (146
Fe, Mg 508 5.58 523 513 528 S0l 578 515 4.949 542 548 545 515 531 522
Al .51 0791 102 .11 105 217 .49 I.1 1.33 0.7 .43 0.95 .49 0494 105

Xpg =0.86-0.87 in both. In the spinel-bearing granites
(G-1I), the biotite is highly magnesian (Table 5), X,
varying between 080 and 090 (sample no. 97/67),
whereas those in garnet-bearing granite (G-1) are less
magnesian but still mainly phlogopite (X 0.75-77).
Highly magnesian biotites in the granitoids, although
they could be restitic, possibly indicate magnesian bulk
composition of their protoliths.

Osumilite

Relict osumilite within symplectitic intergrowths could
be identified under the microscope, and it is found to be
uniaxial positive with low birefringence (~0.01), and
colourless with one set of distinct cleavage (cf. below).
However, our efforts to obtain microprobe analyses
failed to produce good results, presumably due to the
beam hitting submicroscopic intergrowths. We report
here reconstituted osumilite analyses, using the compo-
sition of the intergrowth phases by mass balance calcu-
lations (Table 6). It is important to note that

reconstituted osumilite is of different composition in the
two assemblages P-11Tb and ¢, with higher Xp, (0L81) in
P-11Tb in which it coexists with cordierite, and lower
Mg (0.74) in P-I1Ic which lacks cordierite.

Garnet

Garnet is found in small domains in the high-Mg-Al
spinelabsent pelitic assemblage (P-11) which is free of
arthopyroxene (thin layers). However, coexisting hiotite
in this domain is of identical composition (X, 0.86) to
that in the adjacent orthopyroxene-bearing layers, which
incidentally also have minor sapphirine. Also, orthopy-
roxene in this adjacent domain, lacking garnet, is of
identical composition (X, 0.74) to that of the spinel-
absent pelitic assemblage (P-1I). Although garnet is not
detected as a coexisting phase with orthopyroxene and
cordierite, biotite and orthopyroxene compositions in
adjacent domains are indirect evidence that garnet-
orthopyroxene-cordierite could have coexisted at some
stage in the evolution of these granulite assemblages. In
this context, it is interesting to note that the garnet
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Table 6. Compositions of minerals in intergrowth textures around relic osumilite

Rock type P-11Th P11l

Oxides Opx Kfs Osu® O Kfs Ced Orsu®
Sample/rel no. 15¢/Cl1-14 15¢/Cl1-1 15¢/C1-13 49/C4353 49044 49/C4-7 490C4-23
5100 3216 o4.61 63.07 48.57 67.35 30.59 6l.9a
Al .69 19.7 2323 B.40 18.73 3271 2448
Fe() 15.34 439 16.59 275 2.80
Mp(y 24.12 6.91 26.31 12.57 6.52
M 0.12 0.13

Cald 003 004 0.10 .04
Mas0d 0.03 1.B3 .45 2.35 L]
KOy 004 1222 293 0.02 B.67 330
Total 100.5 9541 99 .98 10014 97.22 98.62 99.99
Xmg 0.74 0.74 0.74 .54 0.5l

“Osumilite could not be analysed properly and is here caleulated /reconstituted from intergrowth phases. Two osumilite breakdown
reactions 3 and 6 are indicated by textures in the two samples 15¢ and 49 respectively

composition here (X, 0.45-0.47) is identical to that
from the Griy+—Opxs—Crdge assemblage of the Chilka
area (Sen et al. 1995). Garnet in G-1 type of granitoid is
almandine-pyrope (Almes+—Prpys) and is similar to that
in the P-1I metapelitic assemhblage (Table 7).

Feldspar

Plagioclase is generally absent in all the pelitic assem-
blages here, although some were optically identified in
some khondalites (P-1). The alkali feldspar is commonly
high sanidine with X, varying between (.15 and .30
{Table 8). All the granite varieties contain plagioclase of
andesing (Any 4y) compositions. The alkali feldspars
are commonly perthitic, OrgAb, to OrsgAbg but
high-sanidine/anorthoclase grains are also common in
spinel-bearing granites (G-11) (OrgAbyAns o Org
AbssAng), and cccasionally in the G-I type of granite
(O AbyAn ). Common occurrences of high-sanidine/
anorthoclase in the granites and in some metapelites are
the likely resulis of high-temperature melting andfor
crystallisation.

Table 7. Representative garnet composition in metapelite and
granite

Rock tvpe P-11 -1

Sample no. a7/17c 952

Ref. no. Cl/l1 C2/3 C2/4 C1/7 C2/10
Si0 3698 40011 40.18 a2 3932
Al 21.68 2247 22.38 21.83 2262
Fel) 21.35 2517 2529 26.77 25.73
Med 11.62 12.27 11.81 11.42 11.22
Ml 0.52 .59 .64 0.61 .69
Cald .54 0.71 .64 .14 1.31
Tick .04 0.05

Total 9293 101.37 10094 100.97 100,59
Xntg 048 .45 044 0.41 041

Metamorphic reactions

The growth of cordierite on corroded orthopyroxene,
with relict sillimanite (Fig. 3a) and cordierite separating
orthopyroxene and sillimanite indicate a reaction such
as

Opx o 251 4 Otz = Crd 01y

The common occurrence of sapphirine<ordierite
symplectites with relict orthopyroxene inclusions(Fig. 3b)
and sapphirine-cordierite symplectites on corroded mar-
zin of orthopyroxene (Fig. 3c) indicate a reaction such as

3.30px 4 75l = 2.6Crd 4 0.28pr(7 £ 91 3) (2)

Here, itis important to note that the present sapphirine is
closer to 7:9:3 (Fig. 2), and that this reaction was origi-
nally described by Lal {1997).

The breakdown of early cordierite is indicated by
coarse orthopyroxenesapphirine symplectites at the
margin of cordierite (Fig. 3d), and this suggests the re-
action

9Crd = 20px + 25pr(7: 93} 4 350z (3}

The reaction textures attesting to reactions are observed
in the two assemblages P-11 and P-1lla with distinct
phase compositions, possibly reflecting differences in
bulk composition discussed below.

In the spinel-bearing assemblages (P-111b, c), reaction
textures attesting to sapphirine produced from spinel are
common. The common occurrence of coronal sapphirine
on spinel and on spinel-quartz association (Fig. 4a) in-
dicates a reaction such as

78pl 4 280l + Qtz = Spe(7:9: 3) (4a)

This reaction predicts sillimanite as a reactant phase,
and this is confirmed in Fig. 4b in which sapphirine
isolates spinel from quartz and sillimanite in the ma-
trix.

Partial coronas of sapphirine and quartz on spinel
with relict orthopyroxene in the adjacent matrix (Fig. 4c)
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roxene and spinel (Fig. 4d) suggest another sapphirine-

and sapphirine-quartz association separating orthopy-
forming reaction:
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Fig. 3a-d. Photomicrographs (scale bars=7 p) a Cordierite at
corroded  marging of  orthopyroxene  with  relict  sillimanite,

b Cordierite-sapphirine svmplectites with orthopyroxene inclusion.
¢ Sapphirine-cordierite  symplectites on corroded marging of
orthopyroxene. d Coarse orthopyroxene-sapphirine svmplectites
at the margin of cordierite

F5pl 4 Opx 4 450l = Spr(7 0 9 3) 4 30z [4b)

In the P-Illc assemblage, plumose intergrowths of
cordierite-orthopyroxene-K-feldspar are common and
occasionally enclose relict osumilite (Fig. 5a). This can be
taken to indicate an osumilite breakdown reaction such as

30sm = Opx + 2Crd + 3Kfls + Tz (5}

Another osumilite breakdown reaction in the assem-
blage P-111b is indicated by orthopyroxene-sillimanite-
K-feldspar intergrowth enclosing relict  osumilite
(Fig. 3b), such as

Osm = Opx 4 250l 4+ Kils 300z (e}

Pressure-temperature constraints

In spite of the fact that highly magnesian pelitic
assemblages preserve early mineral assemblages in
several granulite belts, and the refractory nature of the
minerals prevent their destruction during subsequent
deformation and thermal perturbation, geothermo-
barometric estimates from these mineral assemblages
are plagued by several difficulties. The most important
constraint is related to thermochemical computation
with inconsistent data sets, in particular for phases like
sapphirine for which no calorimetric data exist. Sen
et al. (1995), therefore, derived thermochemical
parameters for sapphirine from the internally consistent
database of Berman (1988). Using the same principle,
thermochemical parameters for sapphirine (7:9:3) are
retrieved from the internally consistent data base of
Holland and Powell (1990), wvia several reactions
involving cordierite, enstatite, spinel, sillimanite and
quartz (Tablke 9).

MNew calibrations

Reaction 1.

P (bar)=1187=T—4 546 30-1 85xT=lInk,
where k =aca/aop.

L3

Fig. 4a-d. Photomicrographs (scale fars = 7 p). a Coronal sapphi-
rine on spinel and spinel-quartz association. b Sapphirine isolates
spinel from gquartz and sillimanite. ¢ Partial corona of sapphirine
and quartz on spinel with relict orthopyroxene in the adjacent
matrix. d Sapphirine-quartz association separates orthopyroxens
and spinel

Reaction 2.

T (°K) =[27.660+ 14.74xP (bar)]/[132.49-8.313xInk],
where k=[(acia)™(@sp) ") [(a0m)* 1.



Fig. 5a, b. Photomicrographs (scale fars =13 p) a Svmplectitic
intergrowth of cordierite-orthopyroxene-K-feldspar enclosing relict
osumilite. b Svmplectitic inter growth of orthopyroxene-sillimanite-
K-feldspar enclosing relict osumilite

Reaction 3.

T (°K)=[12.92xP+6,240]/[114.98 + 8.31 3xInk],
where k = [(ag) X (g, (e a)°-
Reaction 4a.

T ("K)=[29,760+ 559xP]/[98.1-8_31 3xInk],
where k = {35.-..-}_-"[35.-.0?-

Reaction 4b.

T (°K)=[12.1xP-11,760][106.54-8.31 3xInk],
“lhen:_n k e {&_‘irrr}.'f[{aﬁm}SX{Hﬁnx}]'

In Table 10 we give the balanced metamorphic re-
actions with relevant assemblages and phase composi-
tions.

In Fig. 6 reactions 1 to 4a, b are positioned using the
new calibrations presented in this study. For consisten-
cy, reactions 1, 2 and 3 in the assemblage P-I1, reac-
tions d4a and 4b in the assemblage P-111b, and reactions 5
and 6 from assemblages P-11lc and P-1llh respectively
are only depicted here. Reaction 5 is said to be insensi-
tive to pressure (Grew 1982). With the new experimental
data of Holland et al. {1996), this reaction is found to
have a steep positive slope of 86% in P-T space. Also,
the (osm) imvariant point in the KFMASH system
{(Carrington and Harley 1995b; Holland et al. 1996) is
located at 900 °C, 5.7 kbar. Reaction 6 is said to have a

Table 9. Thermodyvnamic parameters used for Mg end members

Hdl.([lil A, 1 bary S-:I.(I([' AL ] bar) I|"rn:I.!:lillil A, 6 kb

(kJ} {3/ bar)
Sapphirine 7:9:3 2115368 2.683.04 5164
Mg cordierite B.724 85 1,137.85 23.13
Enstatite 293404 392,82 6.26
Spinel 2,189.29 268.85 401
Sillimanite 246581 295,20 5.01
Quartz 867.27 113.49 227

steep positive slope in P-T space (Grew 1982) and, with
experimental data of Holland et al. (1996), is found to
have a slope of 76°.

Bulk-rock compositions

Major- and trace-element analyses by XRF spectrome-
try were carried out at the University Science Instru-
mentation Center, Gwahati University, India. At
the Gwahati University, a Philips PW 1480 XRF
spectrometer with a site window X-ray tube and soft-
ware capable of calculating online matrixes and overlap
interference was used. Average precision is always better
than 1.5%. The overall accuracy (% RSD) for major
and minor oxides is better than 5%, and for trace ele-
ments better than 12%. The analytical data for
14 metapelites and 16 granitoids are given in Tables 11
and 12.

In the molar [Al:{Na+ K):(Fe+ Mg)] plot the three
metapelitic assemblages could be differentiated, indi-
cating pelitic precursor of different bulk composition
{Fig. 7). Also, the presence of greywacke-like precursors
is indicated by some rocks with subequal Al:(Na+ K)
proportions,

In normative classification the granitoids of the study
area are clearly of two types; most of them, garnet and
spinel-bearing ones (G-I and G-11), are granites whereas
some are of granodioritic composition (G-111) and can
be described as quartz-monzonite in terms of their
normative feldspar ratios (Fig. 8). However, both vari-
eties are peraluminous with normative corundum (0.7 to
2.1%). Moreover, A/CNK values vary within a narrow
range (0.86-1.11), indicating very little feldspar frac-
tionation.

The petrogenesis of the peraluminous granitoids
(G-1, G-II and G-1III) which are produced by dehydra-
tion melting is best described in terms of the M—-N-K
pseudoternary phase diagram (after Patino Douce and
Johnston 1991; Fig. 9). Here, many of the samples
cluster around the invariant point I, whereas some are
variably shifted towards M, presumably due to variable
amounts of peritectic phases like garnet and spinel
Quartz monzonites (G-111) are plotted to the left of s
and, in line with the phase relations presented in Patino
Douce and Johnston (1991), must have exhausted biotite
before plagioclase — in other words, the protoliths of
these granitoid rocks were plagioclase-rich. Here it is



Table 10. Balanced metamorphic reactions: phase compositions lrom Tables 1.2, 3.4 5.6, 7, and B

Reaction no. Balanced reaction Assemblape Sample no. (reference no.)
1 Opxgg+ 2 Sil+ Otz = Crdgs P-11 97 31b(CI: opx, crd)
Opixgy o+ 2 il + iz = Crdyy P-111a 97 /46h (C2: opx, crd)
2 3.3 Oprg+ 7 5il= 2.6 Crdss+ 0.2 Spres (7:9:3) P-11 95/ 10c (C5: opx, crd, spr)
3.3 Opxgg+ T 8il= 2.6 Crdgs + 0.2 Sprg, (7:9:3) P-111a 97 /4ab (C3 opx, crd. spr)
3 9 Crdgg= 2 Opxg +2 Sprga+ 35 Quz P-11 95/10¢ (C1: opx, crd, spr)
9 Crdgy= 2 Opxgs +2 Sprg,+ 33 iz P-111a 97 /46b (C1: opx, crd. spr)
44 7 Splas +2 Sil+ Qe = Spryg P-111h 97749 (C2: spl. spr)
T Splay +2 Sil + Oz = Sprag P-1l1c 95/15¢ (C1: spl. spr)
4B 3 Splas + Opxag +4 Sil = Spros + 3 Otz P-11Th 9749 (C2: spl, spr. opx)
5 Splas +Opxagg +4 Sil = Spryg, + 3 iz P-111c 95/15¢ (C1: spl. spr, opx)
3 3 Osingy = Oprqg +2 Crdgg + 3 KE+ 7 iz P-1llc 9749 (C4: opx, KI5, crd, osu)
6 Oy = Oprgg + 2 8il+ KE+3 Qe P-111b 95/15¢ (C1: opx, k5, osu)
Fig. 6. Pressure-temperature 12 ——

path for the granulite complex
of the present study area. Bio-
tite melting solidus (74) and
biotite-out curve (78) for pelite
melting., and biotte-out curve
(&) tor grevwacke melting are
constrained from experimental
data in Stevens et al. {1997).
High-Mg pelite melting solidus
(%) constrained from experi-
mental data in Carrington and
Harley ( 1995a). Invariant
points (osm). (opx) and (gz)
positioned from the experi-
mental data in the KFMASH
system provided by Carrington
and Harley {1995b), and Hol- £
land et al. {1996

10 -
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important to recall that, although rare, khondalites in
the area locally contain excess plagioclase, as in sample
no. 97/88 whose trace-element signature is also distine-
tive and could imply the presence of greywacke-like
precursor rocks.

The trace-element distribution between the garnet-
rich and plagioclase-poor restites (P-1, except sample 97 /588)
and the peraluminous granitic melts (G-l and 1) is
depicted in the multi-element spider plot of Fig. 10. The
eranites are distinctly enriched in K and Rb, and de-
pleted in Ti, Miand Zn relative to the restites. However,
Sr and Ba do not show significant enrichment in the
egranitic melts relative to the restites. The presence of
significant K-feldspar (with high Ba and S5r K for
mineral melt) in the restites (P-I), consistent with
experimental observations {Stevens et al. 1997), could
have caused the relative impoverishment of Sr and Ba in
the melts.

The high-Mg (P-1I) restites, on the other hand, are
comparable with the quarizofeldspathic migmatitic

700 BOC 200 1004 11040 1200 1300
Temperature (oC)

layers (P-111), which could be interpreted as products of
high-temperature melting in high-Mg pelitic precursors.
The multi-element spider plot (Fig. 11) shows depletion
of K and Rb in the migmatites relative to the restites (P-11),
which incidentally contain significant amount of high-
Mg restitic biotites. On the other hand, comparable
Ba and variable Sr contents possibly reflect abundant
peritectic K-feldspar in the migmatites and its paucity in
the restites.

The variable Y and Zr contents in the granites, as
compared with near-constant contents in the restites
(Fig. 10), possibly reflect disequilibrium. Zr in the
granitoids varies between 21 and 427 ppm. Zr values
between 314 and 427 ppm (four samples) are close to
Zr saturation in peraluminous granitic melts at tem-
peratures =850 °C (Watson 1988). On the other hand,
extremely low Zr (21, 38, 58, 70 ppm) would suggest
rapid melt segregation, thereby causing lack of equili-
bration with restitic zircons, as suggesied by Sawyer
(1991).
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Table 11. Bulk composition of metapelitic granulites
Rock P-1 P-I1 P-111
Lvpe
Sample  97/33 97 2a 97EE 9518 9760a 973la 97/31b 95/10c 95/15 97/49 97Md6a 974ebh 9711 9747
o,
Ref. no.  P-1 p-2 P-3 P-4 P-3 P-6 P-7 P-5 P-4 P-10 P-11 P-12 P-13 P-14
Si0 7496 652 .5 6315 6059 4405 456 4358 6152 7468 T4 712 8.7 722
AdaCy 1284 1816 1455 1545 1836 212 2131 2283 1756 1476 1327 14.61 14.51 14.15
Fea(d, 6.24 973 3.26 B35 B2IB 6.08 748 iRl 10.06 294 297 2.95 332 idn
M) 004 015 0. 014  0ll 0.07 0.08 0.07 011 0.01 004 0.02 0.03 002
Me() 0.15 046 0.15 121 018 21535 1783 2123 572 2328 42 507 015 407
Cal) 0.1 009 1.93 1 0.12 0.035 0.52 0.02 0.1 0 0.08 0.06 1.38 013
Na-O 0.1 2.12 iy 201 1LEl 0.6 1.07 0.47 1:55 1.83 201 2.4 i 2.18
KO 2 1.7 330 335 285 475 404 454 1.91 212 1.85 2.26 6.19 26
Ti(k 1.29 1.42 048 105 104 1.5 1.59 1.54 04949 0.24 0.63 0.71 0.57 0.68
P20 0 0.03 012 0.1 0.05 0.08 0.08 009 0.06 0.04 0.12 0.1 049 0.0
LM 2.1 1.5 0.7 049 1.2 0.7 0.8 0.5 1.1 1.3 1.1 1.4 0.6 1.1
Total 9967 10058 10007 971 10059 10063 10045 10078 10068 10021 10055 10052 10078 10058
Meg. no. 9 5 10 36 8 a3 a0 94 64 75 B3 K7 14 B3
Trace element (ppm)
Eh i3 37 a7 g1 74 216 228 198 124 34 54 a7 il4 102
Sr 62 5l 143 &« 45 3 30 5 7) 3 5 17 7 24
Ba 672 302 62 L1335 624 339 338 321 246 471 397 471 450 L
Co T8 4949 H I 11 34 30 47 7 B3 72 4 77 62
Mi 13 19 [ 5 12 34 26 il 12 3 5 3 5 7
£n 42 87 I8 LU 77 30 bh 45 3 3 10 11 3 11
Y 29 04 131 56 48 7 i i3 104 48 54 b 141 a7
£r alo 367 183 214 268 4035 416 392 175 124 iin 393 i74 4

Model melting reactions

The granitoid composition and mineralogy, the presence
of high-Mg biotite in the high-Mg-Al sapphirine gran-
ulites as well as in the granitoids, and the presence of
Opx—Crd-0sm assemblages in the leucocratic layers (P-111)
are all suggestive of biotite dehydration melting in pelitic
and greywacke-like precursors of magnesian bulk
composition.

In their dehydration melting experiments, Stevens et al.
(1997} used pelitic and greywacke starting materials
both with highly magnesian biotite and, in view of the
highly magnesian hiotite in the present granitoids
(X =0.75-0.77 in G-1; 0.80-0.90 in G-II), this set of
experiments is thought to be of special importance for
the present granitoids.

From pelite melting experiment with a starting ma-

terial 28Biog, + 2850l + 15Plg + 28Qtz, Stevens et al.
(1997) suggested a biotite melting reaction such as
Bio + Otz + Plgl + Sil = Kils &£ Grt 4+ Cred 4 melt 4 Plg2 gl

and, from a greywacke melting experiment with a
starting material 39Biog, + 21Plg + 3901z, these authors
suggested a reaction such as

Bio 4 Otz + Plgl = Kfls £ Grt & Ced 4 Opx 4 melt 4 Plg2 (8}
With the experimental P-T constraints, biotite melting
solidus and biotite-out curves for pelite melting and
biotite-out curves for greywacke melting are annotated
Ta, 7b and 8 respectively in Fig. 6.

For the present granitoids these model melting reac-
tions are thought to have special importance for the fol-
lowing reasons. First, the presence of highly magnesian
biotite, although it could be restitic, in both the granite
types (G-1 and G-1I) sugpgesis a pressure-temperature
domain which could be constrained by the biotite melting
solidus (7a) and biotite-out curve (7h) of the pelite melt-
ing experiments. Second, granite with spinel (G-II),
instead of garnet, is compatible with the high-tempera-
ture run products in the pelite melting experiments. In
terms of the pseudoternary phase diagram of Patino
Douce and Johnston (1991), the appearance of peritectic
spinel in place of garnet also attests to melting tempera-
tures above 850 °C. Incidentally, high-sanidine/
anorthoclase feldspars are also ohserved in these grani-
toids and could reflect relatively higher temperature of
melting or crystallization.  Third, quartz-monzonite
(G-111), thought to be the product of biotite melting in
ereywacke-like precursors, mostly lacks prograde biotite
and hence could be constrained by the hiotite-out curve
(8) of the greywacke melting experiments.

In view of the presence of an Opx—Si-Crd—Osm as-
semblage in some quartzofeldspathic layers, the melting
experiments of Carrington and Harley (1993a) on high-
Mgz metapelites (with bulk Xp, of starting materi-
als=0L60, 0.75, 0.90) are thought to have special
bearing. Orthopyroxene, cordierite and osumilite phase
compositions from the present study area, namely
Opxss, Crdg and Osmy, (in P-111), are comparable to
those produced in these experiments: OpXyg, Crdgy and
Osmg, at 1,000 °C and 9-kbar pressure in equilibrium
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Table 12, Composition of granitoids of the Paderu, Andhra Pradesh

Rock G-l G-l G-l
Lype
Sample 9777 952 95/1a 9513 g6 9740 97110 97/17a 97/l6a 9535b 9721  9712b 977 9722 97/Bb 973
nir.
Rell no. G-l (-2 G-3 G4 G-5 G-h -7 (-9 G-10 G-l G-12 G-13 GE G-ld G-l G-lb
Si0y- 7405 Til4 005 T84 Wa 6949 7135 7R62 0 T2ad 0 Tes 7445 oeb 4 753 6454 6936 T1E4
A0, 1255 1341 149 1348 1438 1517 12,14 1068 1417 (206 1421 1293 1312 169 1332 1345
Fex(da 149 211 332 375 1M 224 525 241 .81 1.05 1.37 9 85 (.89 273 622 165
Mn 004 0.0z 006 0 0 006 005 004 0005 0005 001 0.1 0005 004 008 0.4
M 0.15 0.15 .86 085 0.5 015 041 015 0.15 0.15 0.15 0.72 0.15 015 081 (.85
Cald .18 0.7 3.2 2ed LE9 156 1.BS 07 0.93 1.13 0.78 214 0.57 1.26 233 2d
Ma-0 145 325 114 15 LN 09 313 134 142 146 135 295 1.57 13 3 14
KO 503 [i% ] 3.5 1B} 491 737 422 51l 0.2 5.26 545 3w 6.003 946 289 1.83
Ti 0.32 .16 0.3 0.6l 058 009 LS 0.23 0.19 0.15 0.0%9 1.18 0.17 037 064 0.6l
P20 012 (.18 (.03 028 025 025 008 [N} 0.23 0.7 018 .51 0.18% 035 012 0.28
Lol 0.5 08 1.1 09 6 1.1 07 4 09 09 08 08 0.7 L4 07 1.1
Towl 0088 9756 1006 9972 10034 10057 10024 10078 10073 10093 10084 10041 10077 10051 9957 9969
Mg. no. 15 22 5l 47 15 21 24 20 25 L1 1] 22 4 18 14 48
ACNK 0.94 (.95 100 107 098 095 0493 L84 100 0.90 1.1t 1.7 0.98 0494 107 1.9
Trace elements {ppm)
Eh 167 286 180 126 188 g5 152 198 268 153 I8 159 157 £ k) 116
Sr e T i 212 1 255 103 L1 78 142 93 75 449 1z 73 95
Ba 992 406 133 1053 547 1400 37 458 352 BE4 137 651 M5 L0910 BRI 116
Co 63 110 95 (] B 80 it 75 oh 1] It By Q) 73102 sl
i & 5 5 8 5 5 16 5 5 f 0 5 5 5 13 7
£n 18 7 I 17 13 9 a1 i 5 0 5 5 5 12 I8 5
¥ 133 fik] i) 106 131 28 14 139 56 9 8 19 i 144 S6 200
Zr 181 T i r 2 388 21 324 163 o9 135 18 14 58 234 113 427

with granitic melts. Notably, the 9-kbar pressure is the
lower limit of this melting reaction in these experiments.
Accordingly, a model melting reaction, with phase
compositions from this study, can be written as:

Biogg 51l  Quz + Pl = Melt + Osmgy +0pXsg g+ Crdgg-5il
(9
In P-T space this reaction can be positioned from ex-

periment nos. 47 and 65 of Carrington and Harley
(1995a), and is depicted as reaction 9 in Fig. 6.

Pressure-temperature-ime path

For reactions 1 to 3, the sense of reaction suggesis de-
compression. Two other criteria for this decompressive
P-T trajectory are the rimward decrease of Al:O; in
orthopyroxene, as shown by Montel and Vielzeuf
(1997}, and the fact that the early orthopyroxene (reac-
tant phase in reaction 1) and those produced by cor-
dierite breakdown (as in reaction 3) have the same X,
values, as expected on a decompressive P-T trajectory.

Sapphirine produced from spinel (as in reactions 4a
and 4b) is much less magnesian than that produced from
early orthopyroxene-cordierite association (as in reac-
tions 2 and 3). Although a bulk compositional control is
apparent, the migmatitic spinel-bearing assemblages
(P-111) are thought to have been produced by high-
temperature melting in high-Mg metapelites, as in the
experiments of Carrington and Harley (1993a). This
suggests that the late sapphirine-forming reactions were
triggered by cooling. Although these reactions have
gentle slopes in P-T space, with sapphirine on the higher

pressure side, the alternative interpretation of a pressure
rise seems unlikely because orthopyroxene in this
assemblage (P-111), which is involved in the formation of
late sapphirine (as in reaction 4b), is also less magnesian
than those in the spinel-absent assemblage (P-11) and
hence supports a cooling path (Fig. 6). Because of their
near-vertical slopes, osumilite breakdown reactions are
clearly indicative of cooling. Moreover, the relative dP/
dT slopes of these reactions and change of osumilite
composition between them indicate cooling at pressures
below the intersection of reactions 5 and 6.

Thus, a post-peak path is interpreted to start with a
decompression from ~ 10 to ~8 kbar at ~1,000 °C, and
end in a prolonged cooling arm from above 90 to
~600 “C at ~8 kbar (Fig. 6). It is important to note
that high-temperature decompression followed by
cooling was described from two other areas in the
Eastern Ghats granulite belt (Sen et al. 1995; Mohan
et al. 1997).

The meliing reactions 7, 8 and 9 in different pelitic
and greywacke precursors, producing the granitoids
and migmatitic magnesian pelitic gneisses, occurred at
pressures above 9 kbar and at temperatures between
850 and 1.000 *C. As in the case of magnesian pelitic
migmatites from Long Point, Raur group, Antarctica
{Harley and Fitszimons 1991; Carrington and Harley
19935a), we interpret the migmatitic Opx—Crd-5Sil-
Osm + 5pl + Spr-bearing quartzofeldspathic layers as
products of high-temperature melting in magnesian
pelitic rocks. Biotite, although possibly secondary or
more likely of restitic origin, s highly magnesian
(Xpae="0.86 to 0.90) and this additionally supports the
contention that magnesian pelitic precursors were
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Al

Ha+K Fe+Mg

Fig. 7. Metapelites plotted on Al(MNa+ K)p(Fe+ Mg} diagram
(molar). Cpen sguare Khondalites (P-1). + High-Mg metapelites
(P-I0). Dicorond Intermediate-Mg metapelites (P-111)

present in the area, and are now represented by the
restitic high-Mg pelitic assemblages Opx—Crd-Spr-
Sil+Quz.

The high-temperature melting in high-Mg pelitic
precursor above 9 kbar could represent the prograde
arm and. together with the high-temperature decom-
pression, describe a clockwise P-T-t path. It should be
noted that the P-T vectors are all derived from high-Mg-
Al restites and Osm—Crd-Opx restitic assemblage coex-
isting with granitic melt which are produced together
during a high-temperature melting event.

Discussion

For the Eastern Ghats granulite terrain two types of P-T
path have been reported, but their implications for the
tectonic evolution of the terrain are not fully under-
stood. Sengupta et al. (1990) related the counter-clock-
wise P-T path with “a compressive orogeny that was
associated with high heat influx through mafic magma-
tism”. According to these authors granulite metamor-
phism in the Eastern Ghats belt was caused by magmatic
underplating, as in the model of Bohlen (1987). How-
ever, from thermal model constraints Mareschal (1994)
indicated that “intrusion of significant magma into the
lithosphere is unlikely in a compressional context™.
From detailed structural studies in several sectors of the
Eastern Ghats belt, Bhattacharya (1997) argued that
crustal thickening resulted from homogeneous shorten-
ing in a compressional setting, with no evidence of
significant magmatic addition. Earlier, Mukherjee
{1989) proposed that granulite metamorphism in the
Chilka area was caused by anorthosite magmatism.
Bhattacharya et al. {1994) argued on structural grounds
that anorthosite magmatism was post-F» in the enclos-
ing granulitic country rocks and hence could not be
responsible for the granulite metamorphism in the area.
Recently, Krause et al. (1998) argued, on the basis of

Albite Orthoclase

Fig. 8 Granitoids plotted on normative An-Ab-Or diagram. £
Granite, 8+ C granodiorite, 4 tonalite, 2 trondhjemitic (after
FConnor 1963)
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Fig. 9. Granitoids plotted on M-N-K pseudoternary diagram
(after Pating Douce and Johnston 191). Open sguare G-1,+ G-1L
cross G111

isotopic evidence, that anorthosite “emplacement even
posidates the last episode (Grenvillian) of granulite
facies metamorphism in the Eastern Ghats belt ..

On the other hand, a clockwise P-T path, as de-
scribed here and in two other studies (Sen et al. 1995;
Mohan et al. 1997), is compatible with the tectonic
model proposed by Bhattacharya (1997), ie. crustal
thickening and granulite metamorphism in the Eastern
Ghats belt resulted from homogeneous shortening in a
compressional setting. In partcular, the clockwise P-T-t
path presented here implies crustal thickening-related
heating as the cause of dehydration melting in high-Mg-
Al pelitic rocks.

MNow that both clockwise and counter<lockwise P-T
paths are reported from different parts of the Eastern
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Fig. 10, Trace-element distri- 1000
bution between granitoids (G-1
and II: + ) and common
khondalitic restites (P-1: circles)
; : . 160
in a multi-element spider plot.
MNormalisation according to
Taylor and McLennan {1985} -
1
=
7
5 1
&
i
1.1
0.1
0.1
Fig. 11. Trace-element distri- 1040
bution between migmatites
(P-II1: + }and high-Mg restites
(P-11 cirefes) in a mult-element
spider plot. Normalisation ac- 100
cording to Taylor and McLen-
nan (1983)
1a
=
o
n
T
L
(=4
4
-
ans
ade

Ghats granulite belt, one wonders how this can be in-
corporated in a single tectonic model for the entire
Eastern Ghats belt.

Here, two important questions should be addressed.
First, whether the reported contrasting P-T paths are
only apparent P-T paths. It was already recognised that
terrains with polyphase deformation and complex
metamorphic record may sometimes display apparent P-T
paths, which actually link P-T vectors from isotopically
distinct metamorphic cycles (Barton et al. 1994). It is
imperative, therefore, to consider only those P-T vectors
recorded from petrologically related, if not isotopically
dated, entities or assemblages. In other words, definite
evidence should be provided to show that the assem-
blages evolved in a single metamorphic cycle. Unfortu-
nately, however, Sengupta et al. (1990) could not provide

Sr ¥ £r Ti Mi Ir

definite evidence that “sapphirine granulite and the
closely associated charnockite and mafic granulite™
which were taken to “define an anticlockwise P-T tra-
jectory” were in fact evolved together in a single meta-
morphic cycle. Here it is important to note that isotopic
records in the Eastern Ghats belt point to several periods
of granulite facies metamorphism (Shaw et al. 1997;
Mezger and Cosca 1999; Bhattacharya et al. 2001).
Second, could the contrasting P-T paths reported
from different sectors of the Eastern Ghats belt reflect
the existence of different lithotectonic units? Some iso-
topic records from the Eastern Ghats granulite belt
definitely indicate the presence of different crustal
provinces or lithotectonic units (Bhattacharya et al
2001). Hence, it is quite likely that contrasting P-T
paths, if not apparent, may represent different lithotec-
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tonic units or crustal provinces with unconnected pre-
metamorphic history within the convergent orogen of
the Eastern Ghats granulite belt.

Concluding remarks

The impress of early deformation structures in the high-
Mg-Al sapphirine granulites here, together with the re-
cord of high-temperature decompression preceding iso-
baric cooling, is consistent with a clockwise P-T path.
High-temperature melting producing the granitoids and
migmatitic gneisses could represent the prograde arm of
the clockwise P-T path. All the P-T records here are
from high-Mg-Al restites and Osm—Crd-Opx restitic
assemblage coexisting with granitic melt which are
produced together during a high-temperature melting
event. The clockwise P-T path is interpreted here as the
result of crustal thickening-related heating and dehy-
dration melting in the granulite complex of Paderu in the
Eastern Ghats belt, India.
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