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Evidence collated from different parts of the Eastern Ghats belt north of the Godavari rift (barring the “Western Charnockite Zone”) indicates that this sector evolved through a series of compressive structures (F1 to F3 ), with prolific migmatization in quartzofeldspathic and metapelitic
gneisses synchronous with F1 shortening, as was the syn- F1 emplacement of profuse megacrystic
K-feldspar-bearing granitoid bodies. Thereafter, melt productivity of the rocks (synchronous with
F2 - F3 folding) sharply decreased. Mineral parageneses stable in the S1 , S2 and S3 fabrics indicate
persistence of granulite facies conditions. P-T estimates on orthopyroxene + garnet + plagioclase +
quartz assemblages anchored to recrystallized mosaic that overgrow all penetrative fabric elements
in mafic granulites, granitoids and quartzofeldspathic gneisses are in the range of 900◦ –950◦ C and
P ∼
= 8–9 kbar. This estimate is comparable to those retrieved from sapphirine-bearing paragenesis in Mg-Al metapelites that appear to be diachronous in relation to the fabric elements, and
arguably disrupt the granoblastic mosaic. These facets in the northern sector of the orogenic belt
are compatible with either a single cycle of tectonic events (i.e., F1 , F2 and F3 in continuum), or
temporally-separate thermo-tectonic events, with the peak of earlier metamorphism (pre- to synF1 ) at lower temperature (in the granulite facies) in comparison to the record of high post-F3 -Tmax
values.
It is suggested on the basis of the above evidence that the late Proterozoic/Pan-African granulites
in the Eastern Ghats belt north of the Godavari rift, are unlikely to be reworked equivalents of
any older granulitic crust, such as the ∼1.6 Ga granulites south of the rift. Instead, the temporally
disparate sectors may represent different crustal segments with unconnected pre-amalgamation
tectonic history. However, if the ∼1.6 Ga granulites of the Western Charnockite Zone continue
northwards across the rift, as suggested by recent isotope data, there are serious doubts as to the
validity of a north-south division within the Eastern Ghats belt.

1. Introduction
The Eastern Ghats belt is an arcuate zone of
intensely deformed, granulite facies metamorphic
rocks extending across the E-W-trending Godavari
rift in the Peninsular Indian shield (figure 1).
Ramakrishnan et al (1998) have suggested the existence of N-S trending lithologic domains within the
belt. The metamorphic evolution in the belt has
been studied in a number of areas within the different domains, with the exception of the West-

ern Charnockite Zone (WCZ). The latter represents a densely forested region comprising charnoenderbites and enderbites with enclaves of mafic
rocks, metapelites and calc-silicate gneisses metamorphosed under granulite facies conditions. The
WCZ is consequently poorly studied, and has been
omitted from the general discussion.
In areas to the north of the Godavari rift the
most well-documented aspect of the granulite facies
metamorphism is the attainment of extremely high
temperatures (≥ 950◦ C) at the metamorphic peak,
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Figure 1. Geological map of the Eastern Ghats belt, modified after Ramakrishnan et al (1998). Important localities
mentioned in the text are marked on the map. ‘WCZ’ refers to the Western Charnockite Zone.

and a retrograde path involving one or more phases
of isothermal decompression and isobaric cooling.
By contrast, but not unexpectedly, the prograde
path has proved elusive. Nevertheless, Sengupta
et al (1990) and Mukhopadhyay and Bhattacharya
(1997) suggest on the basis of textural evidence
that the P-T path has an overall counterclockwise trajectory, and this theory has gained general
acceptance. U-Pb cooling ages of zircon, allanite,
monazite, perrierite and titanite constrain the last
episode of granulite facies metamorphism in this
region to be Grenvillian in age, ∼1000 Ma (Grew
and Manton 1986; Aftalion et al 1988; Paul et al

1990; Mezger et al 1996; Mezger and Cosca 1999).
Partial resetting during a late, Pan-African thermal overprint at ∼550 Ma has also been suggested
(Mezger and Cosca 1999).
By contrast, there is limited information on areas
to the south of the Godavari rift. Recent work
in Ongole (Dasgupta et al 1997) and Kondapalle
(Sengupta et al 1999) indicates that these areas
also bear the imprint of ultrahigh temperature,
granulite facies metamorphism with P-T conditions similar to that recorded to the north of the
Godavari, with a comparable isobaric cooling trajectory on the retrograde path. However, there
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appears to be no record of any subsequent isothermal decompression. Available U-Pb cooling ages
of minerals suggest a discrepancy in ages with the
north, as these areas did not experience significant high grade metamorphism after 1300 Ma (in
Ongole) and 1600 Ma (in Kondapalle). Resetting of
the 40 Ar-39 Ar radioclock in amphibole to Grenvillian age (∼1100 Ma) is restricted to late, narrow
shear zones.
To explain the apparent discrepancy in the ages
of the ultrahigh grade metamorphic event Sengupta et al (1999) suggest that isotopic systems
north of the rift were reset during a second event of
granulite facies metamorphism at around 1000 Ma.
While the peak of the earlier event was followed
by isobaric cooling from ultrahigh temperatures,
this later metamorphism was characterized by peak
metamorphic temperatures of around 750◦ –850◦ C,
which was followed by a period of near-isothermal
decompression. Sengupta et al (1999) contended
that the later event was essentially a reworking of
older, ultrahigh temperature granulites, and represented an orogeny that did not affect the sector
of the Eastern Ghats belt south of the Godavari
rift. In support of their interpretation, they cited
the older ages recorded for the granulite event
in the southern sector, along with the apparent
absence of evidence for isothermal decompression
on the retrograde P-T path, which was regarded as
a metamorphic consequence of the later “decompressive event” (Dasgupta 1995). Further, drawing an analogy with Enderby Land, east Anatarctica, they suggested from the similarities of the P-T
paths, that the northern and southern sectors could
be tentatively correlated with the Rayner and
Napier Complexes, respectively. In other words,
the Godavari rift must then coincide with a major
crustal boundary.
The interpretation of these metamorphic and
geochronologic studies in the southern sector imply
that north of the Godavari, the Eastern Ghats belt
is polymetamorphic, having experienced at least
two events of granulite facies metamorphism separated in time. Moreover, as noted by Sengupta et al
(1999), the retrograde P-T trajectory for the southern sector is similar to that for the ‘first’ event in
the north, though their temporal equivalence could
not be demonstrated. If these are indeed correlatable, then the peak of the first granulite facies event
would be Mid-Proterozoic, at T ca. 950◦ C, while
the later Grenvillian event would be at substantially lower temperature (750◦ -800◦ C). This would
suggest that following the peak of the first ultrahigh temperature event, granulites remained stationary in an isostatically compensated lower crust
for 600 million years with no uplift.
Critical to the acceptance of this model is the
criteria used to separate and identify two dis-
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crete granulite facies events, the demonstration of
a temporal hiatus between them, and if possible,
to establish the possible duration of such a hiatus. Clearly, the evidence from areas to the north
needs to be re-evaluated to investigate whether
there could be a case for polymetamorphism of
this nature in this part of the Eastern Ghats belt.
We attempt to address these problems from an
integrated analysis of structures, associated fabrics, metamorphic assemblages, and most importantly, evidence for episodic melting during the
P-T-deformation history. The conclusions also have
important consequences for the proposed northsouth division of the Eastern Ghats belt across the
Godavari rift.
2. Structural development and fabric
relations
There appears to be a broad uniformity in the
structural evolution of the Eastern Ghats belt
(barring the WCZ in figure 1), with a similarity in the deformation sequence across the
northern sector (e.g., Halden et al 1982; Bhattacharya et al 1993, 1994; Bhattacharya 1996;
Mukhopadhyay and Bhattacharya 1997; Dobmeier and Raith 2000). The earliest planar fabric element is a mineral segregation banding (S1 )
which has been identified in a wide spectrum of
lithologies including migmatitic quartzofeldspathic
gneisses, metapelites, calc-silicate gneisses, mafic
granulites and even orthopyroxene-bearing granitoids. Megascopic or mesoscopic structures associated with the development of S1 , which is invariably parallel to S0 (defined by metapelite-calc silicate gneiss contacts), are rare. These are normally preserved in the form of rootless, intrafolial folds described by bedding in metapelitic granulites, and by mafic granulite bands, and are characterized by prominent axial planar S1 foliations
(Bhattacharya et al 1994; Kar 1995; Bhattacharya
1997). Reclined isoclinal folding on S1 has been
widely reported on various scales (Bose 1971; Bhattacharya 1996), but concomitant axial planar foliation development (S2 ) is limited to metapelite
and calc-silicate gneisses (figure 2a). However, F2 is
associated with a penetrative mineral lineation in
metapelite and calc-silicate gneisses or crenulations
on S1 parallel to the fold axis in other rock types.
Bhattacharya (1996) has described a coaxial relationship between F1 and F2 , both being reclined in
nature. A third tight to open folding event, F3 , also
coaxial with F2 (with typical type 3 interference
pattern), is associated with an axial planar fabric,
most prominently displayed in F3 fold hinges (figure 2b). Near the western boundary of the Eastern Ghats belt, shears parallel to F3 axial plane
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Figure 2. (a) Mesoscopic isoclinal F2 folds in calc-silicate gneiss adjacent to the Bolangir anorthosite massif with development of a penetrative S2 fabric (length of pencil 14 cm). (b) F2 -F3 type 3 interference pattern in calc-silicate gneiss, Bolangir. Note the F3 axial planar fabric development (diagonal scale 15cm). (c) Boudinaged syn-D1 melt layer in migmatitic
quartzofeldspathic gneiss (marginal to the Salur granitoid body), with dilatancy pumping-induced coarse garnet-bearing
neosome segregation in D2 boudin neck discordant to S1 (scale 15cm).
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Figure 2. (d), (e) & (f ) Episodic melting in quartzofeldspathic gneisses in the Bolangir anorthosite massif. Biotite-rich
melanocratic layers alternate with profuse quartzofeldspathic melt layers and describe mesoscopic F2 folds. Melt segregations in (d) show ptgymatic folding during F2 owing to a strong competency contrast with the melanocratic matrix. Metatexitic migmatites are parallel to S1 , syn- D2 protometatexitic melts are segregated along F2 axial planes, while diatexitic
migmatites disrupt both S1 and S2 . Note the decrease in melt proportion from D1 to post-D2 (diagonal scale 15 cm).
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are commonplace (Gupta et al 2000), and in these
regions, a pervasive shear fabric has either obliterated or transposed earlier foliations. This fabric
has been correlated with westward thrusting of the
Eastern Ghats belt with the cratonic nucleus to
the west. These early structures together resulted
in significant crustal shortening, and imply vertical thickening of the crust. A fourth, fabric-free,
open-folding event (F4 ) transverse to the regional
structural grain has spread earlier foliations and
lineations, and led to the development of prominent dome-and-basin interference patterns on S1 .
3. Anatexis in relation to structures
3.1 Mesoscopic scale
The Eastern Ghats belt is polymigmatitic, but
with melting essentially restricted to quartzofeldspathic and metapelitic gneisses, and in mafic
granulites in regions proximal to the western
boundary of the granulite belt. Quartzofeldspathic
and metapelitic gneisses are essentially stromatic
migmatites (migmatite terminology after Ashworth and McLellan 1985) with a prominent melt
fraction parallel to the S1 gneissic layering. Restitic
phases of incongruent melting commonly entrained
in these leucosomes imply that at the fast prevailing strain rates melt fractions were clearly in
excess of the rheologically critical melt percentage
of these rocks, i.e. > 40 vol % melt (cf. Rutter
and Neumann 1995). A common feature of the preto syn- F1 leucosomes is that they remained solid
through the later deformation events, as evidenced
by melt boudins, pinch and swell structures and
folds on melt layers (figure 2c, d). Limited melt
segregations (protometatexites and locally dominant diatexites) are parallel to F2 and F3 axial
planes, as well as temporally intermediate between
the folding episodes (figure 2d, e). These in-situ
leucosomes are typically discordant to the pre- to
syn-F1 stromatic migmatites implying that the earlier melts were solid during subsequent neosome
generation. Anastomosing melts discordant to S1
and S2 are rare (figure 2f), but have been reported
(Mukhopadhyay and Bhattacharya 1997). Clearly,
the melt productivity of quartzofeldspathic and
metapelitic gneisses decreased from F1 to F3 . In
mafic granulites, however, the first melts are typically pre- to syn F3 (Gupta et al 2000). Significantly, the minerals in all leucosomes are always
locked into an annealed fabric: the absence of textures of igneous inheritance in these melt layers proves that the constituent phases experienced
penetrative deformation post-dating solidification,
and that high temperatures persisted immediately
after, thereby enabling recovery.

3.2 Regional scale
Regional scale intracrustal melting within the
Eastern Ghats belt is represented by large granitoid bodies (not within the WCZ) which range
in composition from tonalites and granodiorites to granites, and together constitute a significant proportion of the granulite belt (figure 1). Recent attempts to document the textural, mineralogical and compositional variations
within these granitoids (Mukhopadhyay and Bhattacharya 1997; Bhattacharya and Mukhopadhyay,
in review) show that they are largely composites
of strongly gneissose orthopyroxene-bearing and
biotite-poor tonalites and granodiorites, weakly
gneissose granite-granodiorite gneisses and massive, pyroxene-free, biotite-rich granites. The gneissic foliation is at all places conformable with the
compositional segregation layering in the metasedimentary gneisses S1 , and can therefore be related
to the first deformation event D1 which clearly
outlasted emplacement and solidification of the
tonalites and granodiorites. By contrast, apophyses
of the massive biotite-rich granites are discordant
to the S1 foliation, and therefore post-date D1 . The
granitoids were subsequently affected by F2 isoclinal folding, F3 coaxial refolding and F4 open folds.
The map patterns of these bodies, particularly in
Angul (outcrop scale) and Salur (regional scale)
indicate that they behaved as competent bands
within the host gneiss (figure 3a, b).
Comprehensive mineral-chemical work on the
restitic garnet-bearing granitoid body at Salur
(Bhattacharya and Mukhopadhyay, in review)
demonstrates that the tonalites, granodiorites and
granites were derived from crustal protoliths by
a high degree of melting at P > 8 kbar. This
implies that the folding operated on a thick
crust containing a significant proportion of melt.
In the early granitoids, however, orthopyroxene
and biotite defining the S1 foliation are recrystallized within the layering (figure 4a) testifying
to solid-state deformation and subsequent high
temperature recovery. Evidence for intrusion of
the granitoids into a deforming crust is testified
by their strongly bimodal grain-size distribution,
with broadly-idiomorphic K-feldspar megacrysts of
demonstrably igneous inheritance partially aligned
in a matrix of smaller grains of both quartz and
feldspar. While the textural relations are consistent
with syn-deformational magmatic flowage, a clear
dichotomy in crystallization rates is indicated, with
an initial period of slow crystallization preceding
subsequent rapid solidification. Deformation postdating solidification was also operative at high temperatures, as many of the phenocrysts are internally recrystallized into a granoblastic mosaic of
K-feldspar, while quartz within ribbons is com-
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Figure 3. (a) Outcrop-scale map of multiply folded syn-D1
leucosomes in migmatitic quartzofeldspathic gneiss, Angul.
Note that these melt layers behave as essentially solid bodies
through later deformation events. The trend and dip direction of the S1 foliation are shown. F2 and F3 fold axial trends
are marked for clarity.

pletely recrystallized (figure 4b). Volume diffusion
creep of quartz in a matrix of recrystallized feldspar
(figure 4c) also testifies to the persistence of high
temperature after solidification of the granitoids.
4. Metamorphic assemblages in
relation to fabric
The most prominent planar fabric in the
supracrustal gneisses is a mineral segregation banding (S1 ) of varying scales defined by alternations of
Cpx + Plag + Sph ± Scp and Plag + Kfs + Cpx
± Scp ± Cc ± Wo layers in calc-silicate gneisses,
Sil ± Grt + Mt/Sp ± Ilm ± Crd ± Bt and Qtz
+ Kfs + Sil + Grt ± Crd ± Plag layers in common metapelites, and Bt + Grt ± Opx schlieric
bands in Qtz + Kfs + Plag ± Opq matrix in quartzofeldspathic gneisses. In these lithologies, S1 is
often transposed or curves into S2 (Type II S-C fabric), in which dynamically-recrystallized sillimanite plates (± Crd, Opx; Mukhopadhyay and Bhattacharya 1997) dissect pre- to syn- S1 garnet porphyroblasts in metapelites), and persistence of wollastonite parallel to F2 fold hinges in calc-silicate
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gneisses. In quartzofeldspathic gneisses, Opx occasionally stable in S2 fabric shows evidence of ductile deformation. Minerals in the S1 /S2 composite fabric are annealed into a strain-free polygonal mosaic, e.g., Opx, Cpx, Plag and hornblende
in mafic granulites, Cpx, Plag, Scp and Cc in
calc-silicate gneisses, Sil, Plag, Crd and Opx in
metapelitic gneisses, and Qtz, Kfs, Plag and Opx
in quartzofeldspathic gneisses. Recrystallization of
hornblende and pyroxene, evident in the annealed
fabric in mafic granulites, testifies to the persistence of high temperature after culmination of penetrative deformation.
Reaction textures involving minerals in the granoblastic mosaic and pertaining to cooling, decompression and hydration have been discussed at
length in the literature (Lal et al 1987; Kamineni and Rao 1988; Sen et al 1995; Mohan et al
1997; Sengupta et al 1999 and references therein).
A recapitulation of these textures is beyond the
scope of this communication. Instead, it is worthwhile to discuss the temporal relationship between
the specific fabric elements related to a particular deformation event, and the spectacular textures described for sapphirine bearing assemblages
in Mg-Al metapelites by a host of researchers
(Kamineni and Rao 1988; Sengupta et al 1999
and references therein). Unfortunately, this important aspect has never been addressed inspite of its
obvious implication in reconstruction of the pressure – temperature – deformation history of the
high-grade terrain. Published photographs however, seem to show sapphirine in two distinct
textural relationships. For example, sapphirine in
the Anantagiri metapelites appears to be early
(Sengupta et al 1990), and defines a penetrative foliation (figure 4d); it is usually rimmed by
later sillimanite, orthopyroxene or garnet. In contrast, Gupta et al (2000) show that sapphirine
in the Deobhog area occurs in randomly oriented
coronas and/or symplectitic aggregates of slender
grains replacing pre-existing minerals (figure 4e).
This lack of preferred orientation in sapphirine
implies either growth post-dating microscopically
observable fabric elements or growth in the strain
shadow of successive diastrophic events involving multiple phases of isoclinal folding, which is
clearly unlikely. The apparent contradiction can
be resolved if sapphirine formation in the Eastern
Ghats belt is considered diachronous; this would
imply that the belt records separate ultrahigh temperature metamorphic episodes in spatially separated domains.
The highest temperature, i.e., T ca. 900◦ –950◦ C
at P ∼ 8–9 kbar are those retrieved from thermobarometry or inferred from petrogenetic grid considerations on sapphirine-bearing assemblages in
several localities (cf. Sengupta et al 1999, and ref-
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Figure 3. (b) Regional scale map of the Salur granitoid body, modified after Mukhopadhyay and Bhattacharya (1997).
The blastoporphyritic granitoid is cofolded with the host (and enclave) metasedimentary gneisses during F2 and F3 , with
the S1 foliation in the granitoid concordant with the attitude of the country rock.

erences therein). The temperature range is identical with T values retrieved from Al-in-Opx thermometry (Aranovich and Berman 1996) on Opx
and post-S3 coronal Grt pairs anchored to the granoblastic mosaic in mafic granulites (Gupta et al
2000). Al-in-Opx thermometry on syn-S1 restitic
garnet and orthopyroxene pairs locked into an
annealed fabric in early tectonic orthopyroxenebearing granitoids (Mukhopadhyay and Bhattacharya 1997) also records similar temperatures
(Mukhopadhyay and Bhattacharya 1997). By contrast, Mg-Fe thermometry on rocks from the same
localities (and elsewhere in the Eastern Ghats)
yield temperatures lower by 50◦ –150◦ C. The discrepancy is easily attributed to locking of Al substitution at higher temperatures on slow cooling compared to Mg-Fe exchange between mineral pairs

(cf. Pattison and Begin 1994). It is evident, therefore, that the more robust thermometers register a high temperature (900◦ –950◦ C) metamorphic
event in Eastern Ghats granulites involving minerals in the annealed fabric that post-date all penetrative deformation events. The Mg-Fe exchange
thermometers on texturally identical minerals, on
the other hand, record lower temperatures lockedin-on cooling. The significance of temperatures
retrieved from Mg-Al granulites remain enigmatic
till their textural development in relation to fabric is resolved. If the stabilization of Spr-bearing
assemblages is ‘late’ then the convergence of estimated temperatures can be easily explained. On
the other hand, if in the remote possibility the
rocks are perpetually in the strain shadow of successive deformations, it is unclear how the assem-
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Figure 4. Photomicrographs of textural cited in text. (a) Orthopyroxene and biotite defining the S1 foliation in the Salur
granitoid body, recrystallized within the gneissic foliation testifying to deformation and annealing at high temperatures. (b)
Unstrained recrystallized quartz within ribbons in a deformed megacrystic K-feldspar-bearing granitoid body bordering the
Turkel anorthosite massif. Annealed aggregates of microcline replace strongly drawn-out megacrysts. (c) Volume diffusion
creep of quartz in a matrix of recrystallized plagioclase in the Salur granitoid body. Elongate, strain-free quartz grains have
irregular lobate margins, unlike the polygonal mosaic formed by the plagioclase. (d) Texturally early sapphirine defining
penetrative continuous cleavage in high Mg-Al pelites from Anantagiri. Sapphirine is overgrown by later sillimanite, and its
breakdown products overprint the fabric. (e) Late sapphirine in symplectitic intergrowth with cordierite replacing sillimanite
in high Mg-Al pelite from the Deobhog area. Nucleation of sapphirine takes place on the sillimanite cluster.

blages will escape equilibration at the high postS3 temperatures recorded in mafic granulites and
granitoids.
In this context, it is relevant to recall the conclusions of Sen et al (1995) that parts of the Eastern Ghats belt preserve a record of two phases of
cooling at different pressures following the peak of
high temperature metamorphism. This was interpreted by them as indicating a discontinuity after
the first cooling, implying reworking of the crust in
a separate tectonic event. Similar evidence of cooling following decompression has also been reported
from other parts of the Eastern Ghats belt, albeit
infrequently (e.g., from Anakapalle, Dasgupta et al
1994). If this apparent discrepancy in the postpeak pressure-temperature paths in different areas
of the Eastern Ghats belt is established, it would
indicate the existence of spatially disparate metamorphic sectors within the granulite belt north of
the Godavari rift.

5. Discussion
5.1 Polymetamorphism in the ‘northern’ sector
In the light of the above summary on the geological history of the Eastern Ghats belt (barring the
WCZ), a possibility for two distinct high temperature metamorphic events can perhaps be inferred
on the basis of the relationship between metamorphic fabrics, migmatisation, and the structural evolution of the belt. The geometry and style of the
successive folding events indicates that the Eastern Ghats belt underwent a period of protracted
compressional deformation. The generally reclined
nature of F2 folds, their consistent coaxiality with
F3 , and pervasive shearing along F3 axial planes
near the western margin of the Eastern Ghats
belt suggest that the two folding events constitute a thrust-related deformation continuum that
can be correlated with collision with the craton
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to the west. However, the relationship of the F1
event with the succeeding deformation sequence is
ambiguous. While the coaxial relationship between
F1 and F2 observed by Bhattacharya (1996) suggests continuity, a break in the sequence is advocated by Dobmeier and Raith (2000) based on the
intrusion of post-F1 , pre-F2 leucogranitic melts.
Thus, structural evidence demonstrating whether
the first major fabric-forming event F1 was a part
of this continuum or represents an older deformation (and metamorphic) cycle, is clearly inconclusive.
Pervasive pre- to syn-D1 migmatisation of in situ
lithologies and syn-D1 emplacement of crustallyderived regional scale granitoids imply that the
deformation was initiated on a crust that was
already thermally perturbed and partially-molten.
Solidification of these melts outlasted D1 , and
thereafter the migmatites and granitoids behaved
essentially as ductile solids through subsequent
deformation during which persistence of high temperature is evidenced by continued neosome generation, as well as the high temperature mineral
assemblage stable in S2 and S3 fabrics. In fact,
temperatures in excess of 900◦ –950◦ C retrieved
from thermobarometry on minerals in the post-F3
annealed mineral mosaic attests to continuance of
granulite facies conditions.
The temporal discrepancy in the acme of
major melt production (syn-D1 ), and the apparent peak of granulite metamorphism (post-F3 ) can
be explained in two ways. Firstly, voluminous
melt production may correspond to an older cycle
of high-grade metamorphism which subsequently
waned, leading to melt solidification. The high
post-F3 temperatures must then be considered part
of a separate granulite facies event, and the belt
can then be considered polymetamorphic.
Substantive initial melting associated with D1 is
comprehensible in an originally fertile crust, but
subsequent re-melting (as observed during F2 and
F3 ) would necessitate progressively higher temperatures, as the crust would necessarily now be
drier and more refractory. Otherwise, crustal remelting is only possible if the lithostatic pressure
was isothermally lowered (tectonic unroofing as
opposed to erosional denudation), or if the partial pressure of water increased with crustal scale
rehydration. But as yet no evidence supportive
of tectonic unroofing (such as extensional structures) preceeding F2 /F3 coaxial folding has been
presented. The few extensional shears occasionally
reported from the Eastern Ghats belt are “late”
and post-date all penetrative structures. On the
contrary, the F2 and F3 fold styles are consistent
with shortening, and loading, implying increasing pressures, and therefore, higher temperatures
would be required for re-melting. Also, there is no

evidence to support crustal-scale hydration prior
to this “later” metamorphic peak. Therefore, if the
high amounts of syn-D1 crustal scale melting correspond to a separate earlier event, its metamorphic peak must inevitably be at temperatures lower
than Tmax of 900◦ –950◦ C.
The second alternative is that the entire structural sequence represents a continuum, and is
related to crustal shortening associated with collision. In effect, the metamorphism must also be
regarded as a single cycle with its peak post-dating
F3 folding. In this case, also, it must be assumed
that compressive deformation was initiated in a
thermally perturbed and partially molten crust.
Thereafter, increasing temperature resulted in a
decreasing proportion of melt as the crust became
increasingly refractory and anhydrous. The major
problem, in this case, would be to explain melt
solidification in spite of increasing temperature.
This problem is circumvented if one considers the
effect of increasing pressure in a counter clockwise
P -T trajectory, which would effectively drive P -T
conditions below the solidus of a melt curve with
an assumed (for a dry system) positive dP/dT gradient. In -situ melts formed at any stage would
solidify with the next increment of increasing pressure, not unexpected in a zone of crustal shortening, provided the tangent to the P -T trajectory at
the point of melting is consistently steeper than
the dP/dT of the solidus of the melting curve.
Such a mechanism would also explain the grainsize bimodality and syn-F1 magmatic flow structures in megacrystic K-feldspar-bearing granitoids,
i.e. slow crystallization of K-feldspar megacrysts
followed by more rapid syn-deformational solidification induced by pressure increase (as opposed to
cooling). This model, therefore, considers a single
granulite facies metamorphic event with peak temperatures post-dating penetrative fabric formation.
In this context, it is also relevant to discuss the
nature of the supposed later metamorphic event,
with Tmax of 750◦ –850◦ C, as suggested by Sengupta et al (1999). North of the Godavari, this
event reportedly pervasively overprints earlier evidence of higher temperature, and its retrograde
path is characterized by decompression, unlike the
isobaric cooling trajectory which follows peak temperatures of the ‘first’ event. This would imply that
the 750◦ –850◦ C temperature range recorded north
of the Godavari (e.g., in Salur; Mukhopadhyay
and Bhattacharya 1997) is related to the supposed
later, lower temperature M2 event. This is untenable on three counts. Firstly, higher temperatures
(900◦ –950◦ C) are also retrieved in Salur using relevant thermometers; both sets of T values post-date
major compressive deformation. Second, temperatures retrieved from Mg-Fe exchange thermometry are susceptible to re-setting during cooling, and
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therefore are not estimates of peak temperatures.
Finally, the Tmax at Salur is followed by retrograde
isobaric cooling and then isothermal decompression
similar to the retrograde trajectory documented for
most areas in the northern sector, and not merely
decompression following Tmax as advocated by Sengupta et al (1999) for the second orogenic event.
In such a situation, the ‘second’ event is virtually
indistinguishable from the first, and it is debatable
whether it deserves a separate status.
5.2 Implications for the north-south divide
The available petrological and geochronological
information can be interpreted in three ways.
Most simply, it can be assumed that the northern and southern sectors together underwent granulite facies metamorphism under extreme conditions sometime before 1300 Ma. Subsequently, a
passive thermal pulse affected only the northern
areas around ∼1000 Ma, resetting the isotopic system but with no associated structural, mineralogical, or fabric imprint. Necessarily, this theory leaves
more questions unanswered than resolved, and is
an inelegant way of circumventing the problem. A
more credible possibility is that ultrahigh grade
metamorphism in the north and south are coeval,
but only the north was reworked (“decompressive
event”) during a separate Grenvillian Orogeny at
1000 Ma. In this context, the necessity of invoking a
separate orogeny to exhume deep-seated granulites
(cf. Harley 1989) which have undergone isobaric
cooling assumes importance (Sengupta et al 1999).
The isothermal decompression part of the retrograde P -T path, which is reportedly not detectable
in the southern sector, was correlated by Sengupta
et al (1999) with this orogeny, though evidence
for any accompanying prograde loading or heating
remains obscure.
Tectonically, this model is difficult to justify.
As argued earlier, if there were indeed two events
of granulite facies metamorphism in the northern sector, the second must necessarily represent the higher temperature, i.e., high-T metamorphic event. In such a case, the later event
must be Grenvillian (Pan-African?) in age, and can
therefore not be correlated with the much older
metamorphism in the southern sector. Further, to
account for the isobaric cooling trajectory following
the peak of ultrahigh temperature metamorphism,
it must be assumed that the crust remained isostatically compensated (i.e., without significant thickening or erosion) through the entire high temperature event. The granulites produced during this
event would remain at lower crustal levels, and
can only be subsequently exposed in two ways —
thickening followed by exhumation through erosion, or unroofing by extension. The first mecha-
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nism would require that the crust undergo loading
after isobaric cooling from ultrahigh temperatures.
The presently exposed levels, which represent the
lower crustal domains during ultrahigh temperature metamorphism (for a crust of normal thickness), should therefore record subsequent loading,
but no evidence for this is observed. In fact, structures in the northern sector related to loading
and thickening of the crust predate the peak of
ultrahigh temperature metamorphism. If the initial
crust were of normal thickness, the total thickness
after compressive deformation must be considerably greater, and it is extremely unlikely that such
an overthickened crust would either be isostatically
compensated or could escape erosion (i.e. decompression) following the peak of metamorphism. In
fact, the possibility that any rock within this thickened crust could remain at the same depth for
any geologically realistic time duration is remote.
Alternatively, as suggested by Clarke et al (1989)
for a similar scenario in the Rayner Complex, a
tectonic situation dramatically different from that
of the present-day must be envisaged, in which
deformation can accompany cooling at approximately constant crustal thickness. On the other
hand, evidence for extensional tectonics in the form
of either widespread normal sense shear zones or
detachment faults is also lacking. The nature of
a second, temporally disparate tectonic event that
might bring about exhumation of the northern sector granulites is therefore unclear.
Structural studies in the southern sector, based
on the works of Nanda and Natarajan (1980), and
Sengupta et al (1999) also document a polyphase
deformation history. Sengupta et al (1999) report
that the first fold is recumbent in nature, but fabrics related to subsequent folds are associated with
retrogression. Recumbent folding suggests either
an initially compressive or extensional regime, and
the rocks at this stage would be expected to register increasing or decreasing pressures compatible
with crustal loading or extension. The high Tmax
assemblages are preserved in low strain zones, but
it is unclear whether they predate, postdate or are
synchronous with the recumbent folding event. In
any case, neither shortening nor extension is compatible with a prograde isobaric heating trajectory,
as suggested for the southern sector granulites. In
the absence of additional information on the style
and nature of F2 -F4 folding, it is also not possible to comment on the precise effect these would
have on the P -T path. This aspect of the metamorphic history of the southern sector granulites
must be taken into consideration in the construction of the P -T path. It is also important to note
that while both the northern and southern sectors record isobaric cooling from the metamorphic
peak, the postulated orogenic event responsible for

382

A Bhattacharya and S Gupta

exhumation of the granulites (the “decompressive
event”) apparently affected only the northern sector. It is unclear, then, how the granulites in the
southern sector come to be exposed at the surface
today, juxtaposed against northern sector granulites from the same structural level (i.e., P ca. 8
kbar), given that no later “decompressive” orogeny
affected this area.
The other possibility is that the northern and
southern sectors of the Eastern Ghats belt are
distinct entities, with separate, unconnected histories. The discrepancy in isotopic ages and retrograde trajectories would in such a case be easier to explain. Also, this would account for the
apparent dissimilarity in the prograde P -T trajectory. For instance, while loading with heating during prograde metamorphism has been advocated
for the northern sector granulites (Sengupta et al
1990; Dasgupta 1995; Mukhopadhyay and Bhattacharya 1997), no loading is reported on the prograde path for the southern sector (Dasgupta et al
1997; Sengupta et al 1999). The similarities in the
peak metamorphic histories must then be considered fortuitous, as they may possibly be separated
in time by several hundred million years.
It is also worthwhile to recall the findings of
Mezger and Cosca (1999), who reported that north
of the Godavari, the eastern part of the Eastern
Ghats belt has predominantly Grenvillian ages,
while the western part, dominated by ‘charnockites’ and enderbites (i.e., the Western Charnockite
Zone) appears to be considerably older (∼1.6 Ga).
They suggested an E-W temporal variation in the
age of granulite facies metamorphism within the
Eastern Ghats belt. The older date is in fact similar to the age for the ultrahigh temperature event
in the Kondapalle area, south of the Godavari.
The possibility that an older metamorphic terrain,
1.6 Ga in age, continues along the western part of
the belt, across the Godavari encompassing Kondapalle and Ongole, therefore cannot be overruled. If
this were so, the Godavari rift cannot be regarded
as a boundary of any major tectonic significance,
and the proposed north-south divide loses validity.
We therefore conclude that the issue of temporally disparate multiple granulite facies metamorphism in the northern sector of the Eastern Ghats
belt remains to be confirmed. If the proposed later
metamorphic event is related to the uplift of the
high grade terrain, a more precise definition of the
structures and associated fabrics is necessary to
distinguish it from the earlier, purportedly ultrahigh temperature event. It is possible, of course,
that the later event was simply in the form of a passive (i.e., with no associated structures or fabrics)
thermal pulse that pervasively reset isotopic systems during the Grenvillian. Otherwise, the available evidence is heavily weighed against the propo-

sition that the record of high temperature predates
a lower temperature granulite facies event. Rather,
there seems to be a possibility that the Eastern
Ghats belt may well be composed of temporally
disparate high grade units. It needs to be verified
if the boundary between these units coincides with
the Godavari rift, or whether it follows a more complex pattern. Moreover, the possibility of spatially
disparate sectors existing within the Eastern Ghats
belt north of the Godavari rift cannot be overruled
at present, and is an aspect that awaits critical
examination.
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