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The Palghat-Cauvery suture zone in southern India separates Archaean crustal blocks to the north and
the Proterozoic Madurai block to the south. Here we present the first detailed study of a partially ret-
rogressed eclogite (from within the Sittampundi anorthositic complex in the suture zone) that occurs
as a 20-cm wide layer in a garnet gabbro layer in anorthosite. The eclogite largely consists of an assem-
blage of coexisting porphyroblasts of almandine-pyrope garnet and augitic clinopyroxene. However, a
few garnets contain inclusions of omphacite. Rims and symplectites composed of Na-Ca amphibole and
plagioclase form a retrograde assemblage. Petrographic analysis and calculated phase equilibria indi-
cate that garnet-omphacite-rutile-melt was the peak metamorphic assemblage and that it formed at
ca. 20kbar and above 1000°C. The eclogite was exhumed on a very tight hairpin-type, anticlockwise
P-T path, which we relate to subduction and exhumation in the Palghat-Cauvery suture zone. The REE
composition of the minerals suggests a basaltic oceanic crustal protolith metamorphosed in a subduc-
tion regime. Geological-structural relations combined with geophysical data from the Palghat-Cauvery
suture zone suggest that the eclogite facies metamorphism was related to formation of the suture zone.
Closure of the Mozambique Ocean led to development of the suture zone and to its western extension in
the Betsimisaraka suture of Madagascar.
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1. Introduction garnet-corundum-bearing sapphirine granulite, but Kelsey et al.
(2006) argued that the conclusions were unreliable. Thus the PCSZ
has lacked well-defined, high-pressure eclogites, the presence of
which would provide substantive confirmation of the former exis-

tence of a subduction zone.

The closure of the Mozambique Ocean in the Neoproterozoic
led to the amalgamation of East and West Gondwana and the
formation of the Mozambique suture (Fig. 1) (e.g., Meert, 2003;

Collins, 2006; Meert and Lieberman, 2008; Rino et al., 2008). The
Betsimisaraka suture in Madagascar (Collins and Windley, 2002)
extends eastwards (present coordinates) across southern India
most likely as the Palghat-Cauvery shear zone system—hereafter
termed the Palghat-Cauvery suture zone (PCSZ) (Collins et al.,
2007). Eclogites in the anorthositic Sittampundi complex were first
described by Subramaniam (1956), but, perhaps because of the
compositional caveat by Chappel and White (1970), it is surpris-
ing that eclogites were not reported from the PCSZ in ensuing
decades. Recently Shimpo et al. (2006) reported high-pressure con-
ditions within the MgO-Al,03-Si0O, chemical system from a nearby
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Eclogite facies rocks worldwide occur in belts related to
subduction-accretion and collisional tectonic settings (Maruyama
et al,, 1996). Later hydration and retrograde overprinting during
exhumation commonly almost destroy the highest grade assem-
blages, and this can hamper tectonic interpretations. Following
Subramaniam (1956), the second author (BFW) studied and sam-
pled several eclogites in the Sittampundi complex in 1973, together
with eclogites from other anorthositic-gabbroic complexes in the
PCSZ.In the last year we returned to the Sittampundi complex twice
to re-sample and confirm the occurrence of the eclogites. We have
studied 65 polished sections of eclogites from our total collection,
and found that just two have clear omphacite inclusions in garnet.
We focus on sample M94 in this paper, because it has the best pre-
served and most definitive assemblage. This paper is one of the first
reports of eclogite, albeit hydrated and partially retrogressed, in the
Neoproterozoic suture zones of eastern Gondwana, and hence the
discovery has implications for Gondwana tectonics.
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Fig. 1. (a) Paleogeographic reconstruction of eastern Gondwana (after Meert, 2003). (b) Simplified geological map of southern India (after Geological Survey of India, 1995;
Ghosh et al., 2004; Santosh and Sajeev, 2006). (b) The geological map and sample locations of the Sittampundi complex (modified after Subramaniam, 1956; Ramadurai et
al., 1975).
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2. Geology of the Palghat-Cauvery suture zone

The Palghat-Cauvery suture zone refers to a series of major,
largely EW-trending shear zones, Palghat, Cauvery, Moyar, Bha-
vani and Mettur (Fig. 1b) that cross southern India (Drury and
Holt, 1980). This ca. 130-km wide suture zone marks a tectonic
boundary between two continental blocks that have different iso-
topic characteristics, age, metamorphic, magmatic, structural and
isotopic histories (e.g., Harris et al., 1994, 1996; Bartlett et al.,
1998; Meif3ner et al., 2002; Bhaskar Rao et al,, 2003; Ghosh et
al., 2004). To the north are largely Archaean crustal blocks that
contain granite-greenstone belts and granulites, and to the south
is the largely Proterozoic Madurai block that includes the South-
ern Granulite Terrane (Fig. 1b). The Nilgiri Hills block is a major
tectonic lens within the suture zone (Fig. 1b). The suture zone is
characterized by the occurrence of many mafic-ultramafic com-
plexes (Windley and Selvan, 1975; Bhaskar Rao et al., 1996; Chetty,
1996). Chetty and Bhaskar Rao (2006) demonstrated that the major
shear zone network across the whole Palghat-Cauvery suture zone
(Fig. 1b) defines a crustal-scale flower structure that formed as
a result of dextral transpression interpreted to be a result of
oblique collision between the Dharwar craton and the Madurai
block.

The Palghat-Cauvery suture zone contains amphibolite facies
migmatitic hornblende gneiss, hornblende-biotite gneiss, granitic
orthogneiss, granulite facies orthopyroxene gneiss and massive
charnockite (orthopyroxene-granite), which contain lenses of
meta-sedimentary rocks such as paragneiss, meta-pelite, marble,
calc-silicate rocks, and quartzite (e.g., Chetty, 1996). The Sittam-
pundi area contains the km-scale mafic-ultramafic-anorthositic
Sittampundi layered igneous complex, as well as layers of amphi-
bolite with or without garnet, corundum or clinopyroxene, and use-
ful, but rare, garnet-corundum-gedrite-Mg staurolite-sapphirine
ultrahigh-temperature (990-940°C at >12kbar) granulites (e.g.,
Santosh et al., 2004; Shimpo et al.,, 2006; Santosh and Sajeev,
2006), and hogbomite-spinel-sapphirine Mg-Al rocks (Tsunogae
and Santosh, 2005). The Sittampundi complex (Subramaniam,
1956; Windley and Selvan, 1975; Windley et al., 1981) is a meta-
morphosed anorthositic complex about 36 km long and 2 km thick
(maximum) with an original igneous stratigraphy overprinted by
high-grade metamorphic assemblages (Fig. 1c) (Ramadurai et al.,
1975). The complete stratigraphy from top to bottom is (with
maximum thicknesses): clinozoisite anorthosite (ca. 150 m), horn-
blende anorthosite (ca. 75 m) with several chromitite seams (ca.
6 m), and amphibolitic meta-gabbro (ca. 750 m) that contains lay-
ers of pyroxenite up to 100m long and lenses of eclogite a few

Fig. 2. New eclogite occurrences from a deep excavation site for a water tank (Fig. 2a gives the GPS location), less than 1 km south of the original 1973 locality (M94). (a)
Large block of eclogite associated with inter-layered hornblende anorthosite and amphibolite. (b) A close-up view of eclogite that occurs as relict layers and lenses in garnet
amphibolite. (c) Retrogressed eclogite preserved within the core of a garnet amphibolite layer within hornblende anorthosite. 2-cm wide coin for scale in a-c.
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Fig. 3. Photomicrographs showing textural relations in retrogressed eclogites from the Sittampundi complex. (a) Major mineral assemblage of garnet and clinopyroxene
porphyroblasts from eclogite sample M97. Note the rutile needles in garnet and clinopyroxene. The grain contacts between garnet and clinopyroxene are separated by late
amphibole-plagioclase symplectite. (b) Partially retrogressed matrix of amphibole-ilmenite-plagioclase around resorbed garnet and clinopyroxene. (¢) X-ray chemical
mapping of garnet showing variations in Xy, (d) X-ray chemical mapping of garnet showing variations in Na content. Note the inclusion of omphacite in garnet and Na-rich
amphibole separating garnet and clinopyroxene porphyroblasts. (e) Rutile exsolution lamellae within a garnet porphyroblast. (f) Crossed polar image of a garnet porphyroblast
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metres long. As a result of isoclinal anticlinal folding, this stratig-
raphy is repeated in reverse order to give the present maximum
thickness of about 2 km. Although there is tectonically modified
igneous layering, no grading has been seen. The igneous upward
stratigraphic direction referred to here is based on the assump-
tion that the mafic-ultramafic rocks are at the bottom and the
anorthosites are at the top. Thus the high-pressure eclogites are
in the lowest level of the original stratigraphy, and occur in the
present centre of the antiformally folded complex. Metamorphism
of the Sittampundi complex has given rise to abundant clinozoisite
in anorthosite, the eclogitic garnet-pyroxene rocks (Subramaniam,
1956; Chappel and White, 1970), anorthosites with assem-
blages of anorthite—clinozoisite—corundum-garnet + hornblende
and anorthite-garnet-vesuvianite (Subramaniam, 1956), garnet
meta-gabbros, rocks containing hornblende, fuchsite, antho-
phyllite, diopside, sillimanite, Mg staurolite-sapphirine-kyanite
(Ramadurai et al.,, 1975), gedrite, chrome spinel, and phlogo-
pite (Janardhanan and Leake, 1974), two pyroxene pyroxenites,
garnet-two pyroxene-hornblende rocks (Janardhanan and Leake,
1975), and high-pressure garnet-kyanite granulites (Collins et al.,
2007). Chappel and White (1970), Janardhanan and Leake (1974,
1975), Ramadurai et al. (1975), Leake et al. (1976), and Bhaskar Rao
et al. (2003) provided further data on the petrography, structure,
stratigraphy, geochemistry and isotopic signature of the complex.
Subramaniam (1956) first reported eclogitic garnet—clinopyroxene
assemblages with analysed pyralmandites, and Chappel and White
(1970) described other garnet-clinopyroxene assemblages that
did not have eclogitic mineralogy. Nishimiya et al. (2008) also
reported a nearby garnet-clinopyroxene rock (at Paramathi).
Shimpo et al. (2006) reported a magnesian staurolite-bearing,
possible high-pressure, assemblage in pelitic granulite from a
locality 5km to the SE of the Sittampundi complex within
the PCSZ. Garnet-absent and garnet-present sapphirine-gedrite
granulites in surrounding areas in the PCSZ define a tight ‘hairpin-
type’ anticlockwise P-T path at ultrahigh-temperature conditions
(Santosh and Sajeev, 2006); this is one of the indications of a
collision-type metamorphic belt (e.g.,, Maruyama and Okamoto,
2007).

The Sittampundi complex has been folded into an isoclinal
antiform and refolded by an open fold with a N-S axial trace
(Fig. 1c) (Ramadurai et al., 1975). Eclogites and retrogressed eclog-
ites occur as layers and lenses up to 30-50-cm wide in anorthosite
with interlayers of amphibolite (Fig. 2a), and as relicts in garnet
amphibolite (Fig. 2b) layers in anorthosite (Fig. 2c). The retrogressed
eclogite (sample M94) occurs as a 20-cm wide lensoid layer in
a 150-m wide garnet meta-gabbro layer in anorthosite near the
core of the isoclinal antiform. We ascribe the preservation of these
high-pressure assemblages to their occurrence in the centre of the
anorthosite complex that acted as a resistant bulwark to hydrous
fluid infiltration, in contrast to the surrounding quartzo-feldspathic
gneisses.

Co-magmatic rocks of the Sittampundi complex have a whole-
rock Sm-Nd isochron age of ca. 2935 + 60 Ma interpreted as the
time of a first metamorphism soon after emplacement; a second
high-pressure metamorphism at ca. 11.8 kbar and 830°C (mini-
mum) was inferred to have taken place at 726 + 9 Ma based on a
whole-rock garnet-plagioclase-hornblende Sm-Nd isochron age
of a garnet granulite in the Sittampundi complex (Bhaskar Rao et
al,, 1996). The ultrahigh-temperature granulites in the PCSZ have
a U-Pb zircon metamorphic age of 5304 4.9 Ma, monazite dates
range from ca. 525 to 537 Ma, and inheritance ages are in the
range of 2400-2600 Ma (Collins et al., 2007). High-grade rocks a

few kilometres NE of Sittampundi have Rb-Sr metamorphic ages
of 700-800 Ma, and the Cauvery shear zone underwent isother-
mal decompression of 4.5-3.5 kbar followed by high-temperature
hydration and retrogression at ca. 600 °C (Bhaskar Rao et al., 1996).
Shear zones along the suture zone have Sm-Nd garnet crystal-
lization ages of 624-521 Ma and Rb-Sr biotite cooling/uplift ages
of ca. 600-480Ma (Deters-Umlauf et al., 1998; MeiBner et al.,
2002; Ghosh et al., 2004). Finally, granulites within the PCSZ have
a metamorphic zircon age of 535+4.9Ma and U-Th-Pb micro-
probe monazite ages in the range 550-520 Ma (Santosh et al., 2006)
or 537-525Ma (Collins et al., 2007); these ages, reflecting the
time of ultrahigh-temperature metamorphism, were interpreted
to constrain the age of the suture zone as latest Neoproterozoic
to Cambrian. Seismic reflection and refraction studies constrained
by gravity, magnetic and magnetotelluric data are consistent with
the idea that the Palghat-Cauvery shear zone system marks a major
suture zone between two contrasting tectonic blocks (Harinarayana
et al,, 2006; Rao and Prasad, 2006).

In summary, the Sittampundi complex was formed and
underwent metamorphism in the Neoarchaean, and was re-
metamorphosed and re-deformed, together with other rocks in the
suture zone in the Neoproterozoic-Cambrian, which we interpret
as the time when it was incorporated into the suture zone and the
deep continental crust.

3. Petrography of eclogite

The partially retrogressed eclogite (M94) from the Sittampundi
complex has a major mineral assemblage of garnet + clinopyroxene
porphyroblasts (Fig. 3a). The porphyroblast grain size varies from
ca. 5 to 6 mm in diameter. The garnet and clinopyroxene porphy-
roblasts are commonly mantled by rims (of variable thickness) and
symplectites of Ca-Na-amphibole and plagioclase (Fig. 3a, b); the
latter also occur in places as separate grains in mutual contact.
Plagioclase and amphibole only occur as retrograde phases, thus
these eclogites definitely formed as plagioclase-free high-pressure
rocks. Garnet cores contain inclusions of clinopyroxene (Fig. 3e,
f), and minor garnet grains are observed within some clinopyrox-
enes. Most clinopyroxene porphyroblasts and most clinopyroxene
inclusions within garnet are overprinted by a late growth of
Ca-Na-amphibole along their grain boundaries and cleavages;
only a few inclusions are preserved with no amphibole overprint
(Fig. 3a—-d). The granoblastic garnets contain needles and/or lamel-
lae of rutile (Fig. 3g, h), which distinctively show inclined extinction.
Rare rutile with inclined extinction was recorded in eclogites from
kimberlites in South Africa by Griffin et al. (1971), who suggested
it indicates the former presence of a titanium-rich garnet or a TiO,
polymorph in a prograde or near-peak eclogitic stage of metamor-
phism. Our major retrograde assemblage is amphibole-plagioclase
symplectite along the grain boundaries of garnet and clinopyrox-
ene. Minor symplectites of late ilmenite-plagioclase have formed
with amphibole-bearing assemblages in the retrograde matrix
(Fig. 3h); these probably developed according to the following
decompression reaction and hydration after peak metamorphism:

Grt + Cpx + Rt + H,0/melt = Amph + P1 + [Im (1)

In amphibole-rich retrogressed domains there are relicts of fine-
grained clinopyroxenes within a Ca-Na-amphibole matrix. Minor
inclusions of ilmenite occur within garnet and clinopyroxene cores
(Fig. 3g) probably representing a prograde phase. We have never
seen orthopyroxene or spinel in any textural setting.

with rutile lamellae. Note the rutile grains do not show straight extinction. (g) Garnet porphyroblast with well-rounded inclusion of ilmenite. (h) Retrogressed micro-domain
with amphibole-plagioclase and an ilmenite-plagioclase symplectite after garnet and omphacite (clinopyroxene). Note the relict omphacite within garnet.
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4. Major element mineral chemistry

Electron microprobe analyses of the eclogite were carried out
using a JEOL JXA-8900R microprobe at the Okayama University
of Science, operating with an accelerating voltage of 15kV, and a
beam current of 12 nA. Natural and synthetic silicates and oxides
were used for calibration. The data were reduced using ZAF cor-
rection procedures. Representative mineral analyses are given in
Tables 1 and 2.

4.1. Garnet

Garnet porphyroblasts are enriched in almandine and pyrope
with lesser amounts of grossular (Prpgog-302, AlMggs-381,
Grsysg.183). Chemical zonations from core to rim are rarely
observed. Garnet inclusions within clinopyroxene have a compo-
sition similar to that of the porphyroblasts.

4.2. Clinopyroxene

The clinopyroxene porphyroblasts associated with garnet are
mainly augite (Aug7gs.53.4) with a minor jadeite component (Jd
0.0-3.9); Xng [Mg/(Fe2* + Mg)] of the augite varies from 0.758 to
0.727. The clinopyroxenes inclusions within garnet with little/no
amphibole along their cleavages have relatively high Na,O con-
tents (up to 4.56 wt% Jd»1.0.13.6), and accordingly they fall within the
omphacite field indicating the presence of highly sodic clinopyrox-
ene (omphacite) before hydration at peak eclogite facies conditions.

In summary, the garnets containing omphacitic inclusions acted
as a bulwark protecting the inclusions from fluid ingress and
hydration to amphibole, whereas the porphyroblastic clinopyrox-
enes were modified to augite by extensive fluid migration through
the matrix. We consider that the augitic porphyroblasts with
Na-Ca amphibole cleavage overgrowths originally formed as a peak
assemblage, similar to that of the inclusions, but their compositions
were changed during hydration.

4.3. Retrograde minerals (amphibole and plagioclase)

Amphiboles in retrograde rims and symplectites are enriched in
calcium and sodium (Ca + Na = ca. 2.0) with Xy varying from 0.682
to 0.650; they resulted from the breakdown of clinopyroxene in the
presence of garnet. Retrograde plagioclases associated with amphi-
bole are slightly enriched in albite (Abss3.482, Ansi5.455); they
compliment the breakdown of Na-rich clinopyroxene with garnet.

In conclusion, the presence of omphacite in garnet porphyrob-
lasts and the later Ca—-Na-amphibole and plagioclase replacement
(mainly of the jadeitic component) of clinopyroxene porphyrob-
lasts indicate hydration of the rocks after they reached near-peak
eclogite facies conditions. Such Ca-Na-amphibole replacement can
be interpreted as the result of breakdown and hydration during
decompression through reaction (1) above. It is also important
to note that low-pressure granulite facies minerals like orthopy-
roxene are completely absent in our samples. Exsolution of rutile
could have developed from a Ti-rich garnet at the near-peak or
just after the peak eclogite-facies metamorphism. Minor ilmenite
inclusions in garnet and clinopyroxene possibly represent an earlier
stage (prograde) before the attainment of eclogite facies condi-
tions. Some eclogitic samples are so completely overprinted by
amphiboles that only minor clinopyroxenes are preserved within
garnet cores. Based on petrographic observations and mineral
assemblages we conclude that the best preserved rocks had an
assemblage of garnet-omphacite +rutile that was stable under
eclogite facies conditions, that the only preserved prograde phase
is ilmenite, and that the peak assemblage was later overprinted by
Ca-Na-amphibole and plagioclase. Clinopyroxene porphyroblasts

are texturally associated with the peak metamorphic assemblage,
but their bulk chemical composition was changed by fluids during
the retrograde overprint.

5. Rare earth element composition of minerals

Rare earth element (REE) compositions of garnet, omphacite,
clinopyroxene, amphibole and plagioclase were determined by
laser ablation-inductively coupled plasma mass spectrometry
(LA-ICPMS) at the Tokyo Institute of Technology, Japan. The ana-
lytical procedures strictly followed the method outlined by lizuka
and Hiratha (2004). The REE concentrations of the major phases are
presented in Tables 3 and 4. All the analyses were carried out with
a 16 wm laser beam diameter. In order to avoid problems caused
by late metasomatism and diffusion extreme care was taken to
fix the analytical points. All the analyses were carried out with
time-resolved analysis of the ablation signals. The samples were
later petrographically checked to avoid any analysis of retrograde
assemblages, cracks and fractures. Any analyses with problems of
analytical errors of contamination were excluded.

Garnet preserves high concentrations of heavy REE (HREE) and is
depleted in light REE (LREE) with average C1 chondrite-normalized
(Evensen et al., 1978) La (Lay) and Yb (Yby) values ranging from
0.04 to 0.25 and 36.42 to 21.61 respectively (Fig. 4a). Most gar-
nets have a high HREE content (Yb from 6.01 to 3.57 parts per
million; ppm) with a relatively flat profile ((Dy/Yb) y =1.29-1.67).
The Sr content in garnet is very low (0.41-0.02 ppm) and some-
times below the detection limit. Omphacite occurring as inclusions
in garnet has an opposite pattern to that of garnet being LREE-
enriched relative to the HREE. Lay content ranges from 2.44 to
1.78, while Yby =0.62-0.11 (Fig. 4b). HREE of garnet and LREE of
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Fig. 4. C1 chondrite-normalized REE pattern of primary minerals. (a) garnet and (b)
omphacite from Sittampundi eclogite. See text for further discussion.



Table 1

Representative mineral chemistry of garnet, omphacite and clinopyroxene from Sittampundi eclogite.

Garnet Omphacite Clinopyroxene
SiO, 40.41 40.04 40.06 39.52 40.07 39.50 53.89 53.02 53.53 53.87 53.41 53.16 53.23 52.07 51.37 51.48 51.37 52.02 50.35
TiO, 0.03 0.05 0.05 0.03 0.04 0.06 0.20 0.00 0.00 0.30 0.37 0.08 0.00 0.52 0.55 0.49 0.59 0.35 0.90
Al 03 22.56 21.54 21.93 22.17 21.63 21.85 6.74 7.08 6.73 6.54 6.13 6.56 6.14 3.40 3.44 3.42 3.67 3.98 5.82
Cr,03 0.00 0.00 0.00 0.03 0.01 0.03 0.20 0.06 0.00 0.50 0.00 0.00 0.03 0.03 0.00 0.02 0.00 0.01 0.00
FeO 18.56 18.06 19.39 21.01 21.70 21.96 8.32 10.06 9.04 8.56 9.28 9.52 7.97 7.93 7.71 7.56 7.74 7.56 8.77
MnO 0.00 0.01 0.02 0.00 0.00 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00
MgO 9.99 9.77 10.97 8.77 8.77 7.99 9.68 11.00 10.02 10.01 11.18 12.00 13.77 13.57 13.25 13.19 13.23 13.30 13.10
Ca0 9.39 9.72 7.08 8.55 8.13 8.56 16.04 16.03 16.43 16.17 15.90 15.72 14.50 23.10 23.16 23.14 22.63 21.03 19.52
Na,O0 0.03 0.00 0.02 0.04 0.05 0.02 4.88 3.14 4.42 4.56 3.52 3.41 3.52 0.25 0.22 0.31 0.37 1.04 0.85
K,0 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01
Total 100.95 99.19 99.50 100.11 100.40 100.00 99.96 100.40 100.17 100.52 99.80 100.45 99.16 100.90 99.73 99.61 99.62 99.30 99.32
(0] 12 6 6
Si 3.007 3.035 3.021 2.999 3.035 3.014 1.977 1.944 1.966 1.969 1.965 1.945 1.954 1.918 1.916 1.921 1.915 1.935 1.877
Ti 0.002 0.003 0.003 0.002 0.002 0.004 0.006 0.000 0.000 0.008 0.010 0.002 0.000 0.014 0.016 0.014 0.017 0.010 0.025
Al 1.979 1.924 1.949 1.983 1.931 1.966 0.291 0.306 0.291 0.282 0.266 0.283 0.266 0.148 0.151 0.150 0.161 0.174 0.256
Cr 0.000 0.000 0.000 0.001 0.001 0.002 0.006 0.002 0.000 0.014 0.000 0.000 0.001 0.001 0.000 0.001 0.000 0.000 0.000
Fe 1.155 1.145 1.223 1.333 1.375 1.402 0.255 0.308 0.278 0.262 0.286 0.291 0.245 0.244 0.240 0.236 0.241 0.235 0.273
Mn 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000
Mg 1.108 1.103 1.233 0.991 0.989 0.908 0.529 0.601 0.548 0.545 0.613 0.654 0.753 0.745 0.736 0.733 0.735 0.737 0.728
Ca 0.749 0.789 0.572 0.695 0.660 0.700 0.631 0.630 0.647 0.633 0.627 0.616 0.570 0.912 0.926 0.925 0.904 0.838 0.780
Na 0.004 0.000 0.003 0.005 0.007 0.003 0.347 0.223 0.315 0.323 0.251 0.242 0.250 0.018 0.016 0.023 0.027 0.075 0.061
K 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Total cation 8.004 8.000 8.004 8.010 8.001 8.001 4.042 4.014 4.045 4.037 4.018 4.033 4.038 4.002 4.001 4.002 4.001 4.006 4.001
Xmg 0.49 0.49 0.50 0.43 0.42 0.39 0.67 0.66 0.66 0.68 0.68 0.69 0.76 0.75 0.75 0.76 0.75 0.76 0.73
Alm 0.381 0.377 0.402 0.435 0.454 0.465 Ac 0.126 0.043 0.134 0.109 0.053 0.097 0.114 0.006 0.004 0.005 0.004 0.017 0.002
Sps 0.000 0.000 0.000 0.000 0.000 0.000 Ca-Es 0.035 0.012 0.044 0.021 0.017 0.032 0.037 0.001 0.001 0.001 0.001 0.005 0.000
Prp 0.369 0.363 0.409 0.332 0.328 0.302 CaTs 0.023 0.056 0.034 0.031 0.035 0.055 0.046 0.082 0.084 0.079 0.085 0.065 0.123
Grs 0.243 0.257 0.183 0.217 0.215 0230 Jd 0.210 0.181 0.180 0.197 0.178 0.140 0.136 0.000 0.000 0.000 0.000 0.039 0.009
Aug 0.567 0.511 0.558 0.560 0.548 0.489 0.459 0.749 0.756 0.765 0.734 0.705 0.534
Opx 0.043 0.178 0.067 0.064 0.144 0.178 0.212 0.111 0.101 0.093 0.111 0.120 0.220

Clinopyroxene endmembers calculated following the procedure of Katayama et al. (2002).

Xmg =[Mg/(Fe + Mg)].
Prp =[Mg/(Mg+Fe + Mn + Ca)].
Alm =[Fe/(Mg+Fe + Mn +Ca)].
Grs=[Ca/(Mg+Fe+Mn+Ca)].

Sps=[Mn/(Mg +Fe + Mn + Ca)].
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Table 2
Representative mineral chemistry of plagioclase and amphibole from Sittampundi eclogite.

Plagioclase in symplectite Amphibole in symplectie
SiO, 56.21 55.50 54.78 56.31 55.11 41.23 41.20 41.03 40.96 41.19 39.28
TiO, 0.08 0.00 0.00 0.07 0.62 2.64 2.74 342 3.46 3.35 3.36
Al;03 27.53 28.03 28.52 27.31 27.65 12.71 13.19 12.60 12.40 12.65 12.11
FeO 0.37 0.30 0.22 0.37 0.25 12.42 11.76 12.65 12.69 11.99 12.43
MnO 0.05 0.01 0.04 0.04 0.03 0.07 0.12 0.07 0.06 0.09 0.10
MgO 0.02 0.00 0.00 0.03 0.01 12.31 12.22 12.39 12.08 11.89 11.70
CaO 10.00 10.63 11.26 10.01 10.48 11.60 11.63 11.37 11.17 11.46 11.50
Na,0 6.39 6.11 5.83 6.59 6.44 243 242 234 241 2.03 1.86
K;0 0.07 0.06 0.05 0.04 0.09 0.89 0.96 1.40 1.35 1.35 1.34
H,0* - - - - - 2.01 2.01 2.02 2.00 1.99 1.94
Total 100.72 100.62 100.70 100.77 100.68 98.54 98.36 99.53 98.79 98.04 95.81
0] 8 23
Si 2.518 2.492 2.463 2.523 2.479 6.161 6.159 6.093 6.131 6.195 6.079
Ti 0.003 0.000 0.000 0.002 0.021 0.296 0.308 0.382 0.389 0.378 0.392
Al 1.454 1.483 1.511 1.442 1.466 - - - - - -
Aliv - - - - - 1.839 1.841 1.907 1.869 1.805 1.921
Al vi - - - - - 0.399 0.483 0.297 0.319 0.436 0.287
Fe 0.014 0.011 0.008 0.014 0.009 - - - - - -
Fe3* - - - - - 0.257 0.129 0.292 0.231 0.071 0.213
FeZ* - - - - - 1.295 1.341 1.279 1.357 1.437 1.396
Mn 0.002 0.000 0.002 0.002 0.001 0.009 0.016 0.008 0.007 0.011 0.014
Mg 0.001 0.000 0.000 0.002 0.001 2.743 2.723 2.742 2.696 2.666 2.699
Ca 0.480 0.511 0.542 0.481 0.505 1.858 1.863 1.809 1.792 1.846 1.907
Na 0.555 0.532 0.508 0.572 0.562 0.705 0.703 0.673 0.698 0.591 0.559
K 0.004 0.003 0.003 0.002 0.005 0.170 0.184 0.264 0.259 0.258 0.264
OH* - - - - - 2.000 2.000 2.000 2.000 2.000 2.000
Total cation 5.031 5.034 5.037 5.041 5.050 17.732 17.750 17.746 17.749 17.696 17.730
An 0.462129 0.4886126 0.514824 0.4554644 0.4711496 Ca+Na 2 2 2 2 2 2
Ab 0.534129 0.5081578 0.4824531 0.5423685 0.5239258 Na+K 0.7323218 0.7498018 0.745949 0.7488093 0.6955276 0.7297723
Or 0.003742 0.0032296 0.0027229 0.002167 0.0049246 Xug 0.6792767 0.6700989 0.6819087 0.6652089 0.64971 0.6590845

Maximum estimate for Fe3* in amphibole using the 13eCNK calculation after Robinson et al. (1982).
An=Ca/(Ca+Na+K).

Ab=Na/(Ca+Na+K).

Or=K/(Ca+Na+K).

Xwmg =Mg/(Mg +Fe?").

o€
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Table 3
REE composition of garnet and omphacite determined by LA-ICPMS.

Sr Y Zr La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Garnet
M94-1-01 0.18 40.26 9.47 bd 0.01 0.01 0.57 1.43 0.74 3.49 0.81 5.87 1.42 3.64 0.64 4.42 0.68
M94-1-02 bd 41.61 3.88 0.04 0.07 0.02 0.17 1.01 0.64 3.18 0.85 6.84 1.49 4.21 0.75 4.88 0.71
M94-1-03 bd 42.40 3.13 0.02 0.04 0.01 0.24 1.14 0.61 3.38 0.85 6.53 1.56 4.20 0.74 4.48 0.77
M94-1-04 0.06 45.34 2.60 0.01 0.04 0.01 0.21 0.95 0.60 3.36 0.96 6.93 1.63 4.58 0.71 4.82 0.73
M94-1-05 0.21 45.18 2.78 0.02 0.04 0.01 0.25 0.93 0.58 3.52 0.85 6.84 1.63 4.49 0.72 5.16 0.78
M94-1-06 bd 46.10 2.74 0.03 0.08 0.02 0.28 0.88 0.64 3.86 0.92 6.90 1.59 4.71 0.81 5.62 0.78
M94-1-07 0.05 44.51 2.40 bd 0.03 0.01 0.26 0.74 0.63 3.49 0.85 6.60 1.62 4.62 0.76 4.81 0.78
M94-1-08 bd 43.20 2.22 0.01 0.03 0.01 0.24 0.62 0.48 3.08 0.79 6.69 1.53 4.47 0.66 4.55 0.73
M94-1-09 0.41 39.20 2.41 0.02 0.08 0.03 0.32 0.65 0.41 2.70 0.77 5.89 1.42 3.95 0.65 4.22 0.67
M94-1-10 bd 40.67 2.21 0.01 0.04 0.02 0.18 0.65 0.45 3.05 0.79 6.82 1.40 3.88 0.67 4.72 0.70
M94-1-11 bd 32.83 2.01 0.02 0.05 0.02 0.40 0.57 0.47 2.84 0.77 5.98 1.25 3.51 0.49 3.57 0.52
M94-1-12 0.13 44.65 8.43 0.03 0.07 0.02 0.34 1.40 0.76 3.74 0.91 6.90 1.55 4.49 0.74 4.97 0.84
M94-1-13 3.97 39.57 248 2.68 6.37 0.79 4.27 243 0.92 4.01 0.80 6.53 141 3.90 0.61 4.52 0.71
M94-1-14 bd 41.33 8.79 bd 0.02 0.02 0.43 0.91 0.55 3.54 0.78 6.92 1.53 4.22 0.62 4.14 0.77
M94-1-15 bd 48.41 10.79 0.01 0.05 0.01 0.36 1.56 0.79 4.48 1.06 7.90 1.90 4.96 0.74 5.63 0.85
M94-2-01 0.67 39.50 3.21 0.00 0.05 0.03 0.25 0.57 0.44 2.78 0.76 5.68 1.34 3.57 0.66 4.18 0.66
M94-2-02 bd 39.17 2.44 bd 0.06 0.04 0.48 0.47 0.35 2.10 0.70 5.45 1.45 4.20 0.64 4.09 0.66
M94-2-03 0.13 39.25 2.20 0.03 0.04 0.03 0.44 0.80 0.35 2.29 0.67 5.91 1.38 3.65 0.66 4.39 0.76
M94-2-04 0.38 41.45 2.25 0.00 0.06 0.03 0.29 0.39 0.43 2.90 0.81 6.08 1.42 3.94 0.73 4.59 0.70
M94-2-05 0.21 39.37 1.92 0.01 0.06 0.03 0.42 0.54 0.36 2.73 0.75 6.21 1.44 3.96 0.70 4.15 0.69
M94-2-06 534 40.55 2.82 0.03 0.07 0.02 0.29 0.65 0.43 3.05 0.86 6.51 1.45 4.13 0.62 4.71 0.69
M94-2-07 bd 39.21 1.98 0.02 0.05 0.03 0.52 0.65 0.33 2.10 0.71 6.06 1.44 4.08 0.65 4.26 0.74
M94-2-31r 0.29 44.76 8.74 0.06 0.21 0.05 045 1.17 0.60 3.72 0.94 7.71 1.53 5.02 0.78 5.29 0.80
M94-2-32r 0.35 45.15 11.03 0.03 0.17 0.04 0.41 1.18 0.68 3.81 0.92 7.60 1.65 4.93 0.86 493 0.76
M94-2-33¢ 0.06 49.69 9.77 0.02 0.10 0.01 0.27 1.44 0.83 3.98 0.98 7.90 2.02 5.44 0.90 5.73 0.89
M94-2-34c¢ 0.02 50.17 8.10 0.00 0.05 0.02 0.27 1.44 0.81 3.74 1.06 8.12 2.01 5.78 0.87 6.01 0.91
M94-2-35m 0.13 47.14 10.55 0.05 0.10 0.02 0.34 1.31 0.71 3.60 0.94 7.28 1.84 4.83 0.79 5.20 0.91
M94-2-36m bd 48.29 10.09 0.02 0.10 0.03 0.54 1.44 0.61 4.11 0.94 7.73 1.79 5.50 0.94 5.22 0.90
M94-5a-01 bd 43.62 4.21 0.01 0.03 0.02 0.33 1.04 0.58 3.26 0.89 6.72 1.64 5.08 0.75 4.71 0.80
M94-5a-02 bd 49.72 5.44 0.02 0.04 0.04 0.51 1.30 0.64 3.90 0.94 7.47 1.86 5.11 0.89 5.78 0.85
M94-5a-03 bd 46.16 4.35 bd 0.03 0.03 0.58 1.16 0.61 3.34 0.94 7.34 1.67 4.58 0.79 5.17 0.86
Omphacite
M94-1-20 7.53 1.31 14.31 0.60 2.58 0.46 2.26 0.89 0.25 0.76 0.12 0.50 0.05 0.07 0.01 0.06 0.00
M94-1-21 6.97 1.35 16.13 0.56 2.41 0.39 1.67 0.94 0.26 0.96 0.12 0.41 0.05 0.11 0.01 0.02 0.01
M94-5a-05 10.45 1.42 35.78 0.55 2.73 0.60 4.31 1.42 0.40 1.11 0.14 0.52 0.06 0.12 0.01 0.10 0.01
M94-5a-06 9.67 1.32 25.91 0.44 1.89 0.38 2.58 1.04 0.23 0.90 0.1 0.51 0.06 0.12 0.01 0.02 0.01

bd: Below detection limit.

omphacite are always above C1 chondrite values (Evensen et al.,
1978). The clinopyroxene porphyroblasts have entirely different
REE concentrations and patterns compared to those of omphacite.
Clinopyroxenes are enriched in REE and keep a relative flat profile
with a slight decrease (depilation) towards HREE (Lay 10.87-4.94,
Yby 6.79-2.57) (Fig. 5a). Amphiboles in the retrograde symplec-
tites and rims have slightly higher concentrations of REE (Lay
19.71-15.96, Yby 19.91-6.01) with respect to clinopyroxenes, but
they have a similar HREE-depleted profile (Fig. 5b). Amphiboles
have a slightly negative Eu anomaly (Euy 52.6-26.20) (Fig. 5b). Pla-
gioclases contain very low REE contents with most values below
the normalization values of C1 chondrites, and they show a LREE
enrichment relative to HREE. Plagioclase has a sharp positive Eu
anomaly (Euy 4.87-3.71) (Fig. 5¢).

6. Thermodynamic modeling and P-T evolution

Understanding the P-T evolution of mafic rocks especially eclog-
ites is complicated by the high variance and refractory nature of the
mineralogy. Although it is difficult to estimate peak metamorphic
pressures for the present assemblage using geobarometric esti-
mates, the absence of plagioclase in the peak assemblage suggests
that the assemblage must have equilibrated outside the plagio-
clase stability field, suggesting pressures above the plagioclase
decomposition reaction suggested by Green and Ringwood (1967).
To quantify this inference, phase relations for a bulk composi-
tion in the system CaO-Na,0O-FeO-MgO-TiO,-Al,03-Si0,-H,0,
estimated from the mineral modes and compositions of a gar-
net +omphacite + clinopyroxene + rutile assemblage in a minor

amphibole-plagioclase-bearing domain, were computed as a func-
tion of pressure and temperature (Fig. 6) using free energy
minimization (Connolly, 2005) with the thermodynamic data of
Holland and Powell (1998); solution models are given in Table 5.
The Xug [Mg/(Fe+Mg)] and Xgs [Ca/(Fe+Mg+Ca)] isopleths for
garnet and Xyg and Xjq [Na/(Ca+Na)] for clinopyroxene (Fig. 6)
in the phase diagram section provide a basis for establishing the
peak metamorphic conditions. The P-T conditions, at which the
average composition of omphacite inclusions (Xug = 0.76, Xjq = 0.14)
preserved in the cores of garnets are predicted to be in equilib-
rium composition with the garnet cores (Xyg=0.49, X5 =0.19),
fall within the plagioclase-absent field for a clinopyroxene-
garnet-rutile-melt at about 19-20 kbar and 1020 °C (Fig. 6). Thus
we infer that the plagioclase-absent, garnet-omphacite-rutile
assemblage must have equilibrated at a minimum pressure of
20kbar and a temperature above 1020°C (Fig. 6). The presence
of rutile within the peak assemblage may reflect rutile exsolution
from garnet during decompression. This effect cannot be repro-
duced in the phase equilibrium calculations because the garnet
model does not account for Ti-solution, but the occurrence has
been documented elsewhere. The absence of orthopyroxene in the
studied samples and the presence of ilmenite-bearing symplectites
together with the late amphibole rims and symplectites indicate a
clear isothermal decompression and exhumation trajectory for the
Sittampundi eclogites.

Recent studies from the PCSZ of high-pressure, ultrahigh-
temperature granulites have reported contradictory P-T paths.
Shimpo et al. (2006) suggested high-pressure, ultrahigh-
temperature metamorphism from a garnet-corundum assemblage
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Table 4

REE composition of clinopyroxene, amphibole and plagioclase determined by LA-ICPMS.

Sample Sr Y Zr La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Clinopyroxene

M94-1-27 10.46 8.72 25.45 1.51 7.17 1.32 6.60 1.93 0.49 1.75 0.30 1.71 0.35 0.74 0.12 0.88 0.09
M94-1-28 12.06 10.62 23.99 1.77 8.40 1.47 7.48 2.27 0.61 2.28 0.36 245 0.45 1.01 0.16 0.83 0.13
M94-1-29 13.74 10.42 23.13 1.77 8.71 1.47 8.61 2.08 0.69 231 0.34 2.27 0.40 1.21 0.15 0.90 0.13
M94-1-30 8.90 6.51 19.69 1.39 6.12 1.15 5.43 1.89 0.50 1.67 0.27 1.52 0.28 0.73 0.13 0.59 0.08
M94-1-31 9.87 8.08 21.49 1.55 7.30 1.33 6.32 1.67 0.50 1.52 0.26 1.71 0.32 0.68 0.11 0.86 0.09
M94-2-13 14.54 10.69 21.98 1.96 9.84 222 11.73 3.29 1.02 2.76 0.38 2.08 0.40 1.04 0.12 0.99 0.14
M94-2-14 11.16 9.59 27.13 1.69 8.48 1.91 11.38 3.25 0.84 2.68 0.36 213 0.33 0.93 0.13 0.75 0.11
M94-2-15 12.75 10.09 26.92 1.73 8.66 1.94 11.56 3.32 0.99 2.98 0.39 2.39 0.39 0.89 0.14 0.84 0.09
M94-2-16 11.40 8.38 25.48 1.51 8.08 1.75 9.22 2.54 0.77 2.16 0.32 1.76 0.33 0.75 0.10 0.72 0.08
M94-2-17 8.93 6.04 26.97 1.56 7.32 1.40 7.43 197 0.53 1.83 0.25 1.47 0.28 0.66 0.10 0.58 0.11
M94-2-18 9.00 5.76 27.43 1.55 6.86 1.38 6.81 1.74 0.54 1.67 0.25 1.27 0.23 0.60 0.07 0.41 0.10
M94-2-19 9.21 5.10 23.79 1.47 6.42 1.27 6.09 1.82 0.51 1.50 0.23 1.26 0.21 0.54 0.06 0.37 0.10
M94-2-21 13.16 7.23 22.37 1.63 6.43 1.22 6.61 1.73 0.49 1.82 0.26 1.50 0.26 0.69 0.09 0.53 0.09
M94-2-22 11.78 9.13 17.42 1.42 6.73 1.39 7.20 2.64 0.56 2.23 0.39 2.04 0.42 0.88 0.14 0.65 0.12
M94-2-23 10.70 8.86 23.29 1.53 7.87 1.55 8.72 2.48 0.75 2.31 0.35 1.83 0.38 0.84 0.14 0.69 0.12
M94-2-24 7.94 8.55 22.31 1.36 7.04 1.55 9.00 2.80 0.76 2.64 0.32 1.99 0.35 0.85 0.10 0.77 0.10
M94-2-25 21.09 17.47 24.91 247 12.83 291 16.65 5.37 1.52 513 0.66 3.99 0.75 1.69 0.24 1.22 0.20
M94-2-26 20.27 13.61 21.70 2.31 10.61 224 12.22 3.38 0.98 3.14 0.52 3.27 0.61 1.54 0.20 1.01 0.15
M94-2-27 26.66 14.06 24.83 2.66 12.84 2.67 14.27 4.35 1.26 4.05 0.55 2.95 0.58 1.25 0.18 1.12 0.20
M94-2-28 20.02 12.52 21.53 225 11.07 2.29 13.46 3.72 1.05 3.57 049 2.62 0.50 1.17 0.18 1.23 0.15
M94-2-29 19.69 12.28 20.96 2.17 10.65 223 12.31 3.51 0.99 3.11 0.47 2.64 0.47 1.12 0.15 0.94 0.18
M94-2-30 13.94 8.73 19.72 1.66 7.88 1.69 8.85 2.50 0.78 2.57 0.32 1.90 0.33 0.70 0.12 0.65 0.12
M94-5a-07 11.28 8.19 19.62 1.50 6.93 1.17 5.74 1.81 0.55 1.56 0.31 1.53 0.34 0.74 0.10 0.77 0.08
M94-5a-08 8.25 6.05 19.13 1.21 5.13 0.92 4.76 1.29 0.39 1.39 0.23 1.07 0.24 0.59 0.08 0.42 0.06
Amphibole

M94-1-22 35.29 24.48 31.26 3.91 17.38 3.14 16.54 4.78 1.52 534 0.92 5.53 1.23 242 0.22 0.99 0.13
M94-1-23 39.01 30.87 42.58 4.78 21.77 3.96 21.33 5.60 1.97 5.51 1.05 6.45 1.17 2.62 0.44 1.84 0.16
M94-1-24 36.94 28.88 39.29 4.83 21.81 3.75 21.12 5.76 1.87 5.40 1.03 6.10 1.13 2.46 0.42 2.04 0.31
M94-1-25 32.55 22.33 32.58 3.98 18.34 3.22 16.32 4.70 1.42 4.96 0.78 448 0.86 2.03 0.31 1.85 0.28
M94-1-26 69.27 26.99 30.05 4.22 17.67 3.39 17.62 6.09 1.74 5.45 0.85 5.54 1.04 2.47 0.37 2.33 0.27
M94-2-10 48.26 44.66 32.51 4.70 23.10 5.53 33.12 10.57 3.02 13.14 1.76 10.07 1.68 3.87 0.60 2.85 0.51
M94-2-12 60.99 43.15 24.56 4.11 22.35 4.93 29.96 9.94 2.46 10.19 1.63 8.69 1.54 3.24 0.55 3.29 0.39
M94-2-37 45.51 26.47 35.06 4.04 19.14 3.72 17.75 4.61 1.86 5.66 0.78 4.97 1.03 2.38 0.40 245 0.36
M94-2-38 45.77 36.73 37.76 4.67 23.86 4.98 27.04 7.64 2.32 7.79 1.37 7.81 1.39 3.63 0.46 3.11 0.34
Plagioclase

M94-1-16 279.32 0.10 0.05 0.78 1.04 0.09 0.30 bd 0.27 bd 0.01 0.06 0.01 0.02 0.00 0.02 bd
M94-1-17 267.14 0.30 0.12 0.70 0.97 0.07 0.18 0.04 0.22 0.04 0.00 0.05 0.01 0.04 0.00 0.03 0.00
M94-1-18 292.44 0.08 0.01 0.78 1.16 0.06 0.28 0.06 0.20 0.01 0.00 0.04 0.01 0.00 0.01 0.01 0.00
M94-1-19 302.60 0.11 0.21 0.80 1.06 0.09 0.31 0.03 0.28 0.02 0.00 0.02 0.00 0.01 0.00 0.02 bd

from nearly localities. This conclusion was based on the occur-
rence of porphyroblastic garnet+corundum and the presence of
Mg-rich staurolite (Xyg up to 0.51) and kyanite in garnet. From this
observation the authors inferred a probable eclogite facies condi-
tion followed by continuous heating to ultrahigh-temperature (T
940-990 °C) through a clockwise trajectory based on consideration
of the quartz-absent MgO-Al,03-SiO, petrogenetic grid. Kelsey et
al. (2006) pointed out that the conclusions of Shimpo et al. (2006)
were based on a MgO-Al,03-Si0, model chemical system that is
inappropriate for these Fe-rich rocks and consequently they gave
rise to an overestimate of the metamorphic pressures. Kelsey et al.
(2006) also argued that the assemblage garnet-corundum can be
stable at relatively low P-T conditions. In the response to Kelsey et

al. (2006), Tsunogae and Santosh (2006) observed that the textural
evidence provided by Shimpo et al. (2006) is unique and indicative
of a high-pressure condition. Santosh and Sajeev (2006) reported
garnet-absent corundum and sapphirine-bearing hyper-aluminous
Mg-rich and silica-poor ultrahigh-temperature granulites from a
number of localities within the PCSZ from which they constructed
a tight ‘hairpin-type’ anticlockwise P-T trajectory. Finally, Collins
et al. (2007) reported an isothermal decompression profile for
garnet-bearing ultrahigh-temperature granulites in the PCSZ.
Considering the above contradictory interpretations it is impor-
tant for us to assess the mode of the prograde P-T segment of
the Sittampundi eclogites, which is situated only a few kilome-
tres northwest of the above locations. However, it is difficult to

Table 5

Solution notation, formulae and model sources for phase diagram calculation.

Symbol Solution Formula Source
Cpx Clinopyroxene Na;_,Cazy Mgy, Fe(1_x), AlySizOg 1

Grt Garnet FesxCazyMgs(1_xiy+z3) Al2_2,Si3+,012, X +y <1 2

Opx Orthopyroxene [MgyFe1_x]a_2yAly_y) SiaO12 1

Melt Melt Na-Mg-Al-Si-K-Ca-Fe hydrous silicate melt 3,4
Amph Amphibole Cay owNazsow[MgyFer _x]3+2y+2A13 3y Si7+w+y022(OH)y, wHy+z<1 5

Pl Feldspar KyNayCaj_x_yAly_x_ySiz+x+yOg, X+y <1 6

Unless otherwise noted, the compositional variables x, y, and z may vary between zero and unity and are determined as a function of the computational variables by free-

energy minimization.

Sources: 1—Holland and Powell (1996); 2—Holland and Powell (1998); 3—Holland and Powell (2001); 4—White et al. (2001); 5—Dale et al. (2005); 6—Fuhrman and Lindsley

(1988).
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Fig. 5. C1 chondrite-normalized REE pattern of clinopyroxene (a) and retrograde
minerals, amphibole (b) and plagioclase (c) from Sittampundi eclogite. See text for
further discussion.

find evidence for the prograde evolution in mafic granulites and
eclogites. Apart from omphacite and rutile exsolution, the only
early phase in the Sittampundi eclogites is ilmenite occurring as
inclusions in garnet, but it does provide useful evidence for defin-
ing a possible prograde path. Based on our P-T phase diagram
sections, ilmenite is only stable at a pressure below 11 kbar. In
the absence of orthopyroxene or amphibole inclusions in garnet,
the presence of ilmenite suggests that a prograde evolution from
an ilmenite-stable orthopyroxene/amphibole-absent field to an
ilmenite-orthopyroxene-amphibole-absent state. Fig. 6 indicates
that the prograde segment must be on the high-temperature side of
the retrograde P-T path. This suggests that the P-T trajectory of the
Sittampundi eclogites was possibly a tight anticlockwise ‘hairpin-
type’, similar to that reported by Santosh and Sajeev (2006).

7. Tectonic scenario: a discussion

Many authors have introduced novel classifications, concepts
and hypotheses to explain the origin of eclogites. Most commonly
accepted is the group A, B and C classification of Coleman et al.
(1965). Group A includes low-]d, clinopyroxene-bearing, Cr-rich
eclogites in high-magnesium whole-rocks. Group B eclogites con-
tain a moderate Jd component in LREE-depleted clinopyroxenes,
and garnets that are extremely LREE-depleted and HREE-enriched.
Group C eclogites are Jd-rich and contain grossular-rich garnets
and a significant positive Eu in primary minerals. Also there are
two main genetic models for the genesis of eclogites. First is the
‘crustal hypothesis’ (e.g., Taylor and Neal, 1989; Ireland et al., 1994),
according to which eclogites are the exhumed remnants of sub-
ducted oceanic crust that may or may not have undergone partial
melting. A variable of the crustal hypothesis concerns the meta-
morphism and isobaric cooling of mafic lower crust (e.g., Griffin et
al,, 1990; Pearson et al., 1991), or the partial melting of subducted
oceanic crust (e.g., Barth et al., 2001). Second is the ‘mantle hypoth-
esis’, which suggests high-pressure (about 30 kbar at ca. 100 km
depth) crystallization of eclogite from a peridotitic magma that
has ascended through the lithosphere (e.g., Caporuscio and Smyth,
1990).

The Sittampundi eclogites are relatively low-magnesium and
contain moderate Jd-bearing omphacitic clinopyroxenes that show
a slight depletion in LREE, and garnets that are extremely depleted
in LREE and generally enriched in HREE that have a flat profile.
These compositional features point towards group B eclogites with
a crustal provenance. The whole-rock chemistry recalculated from
the model percentage of the minerals indicates about ca. 10 wt%
MgO, ca. 48 wt% SiO, and ca. 15 wt% CaO. This composition is very
similar to that of Archaean basalts and low-MgO eclogites reported
from West Africa (Barth et al.,, 2001). Mantle-derived eclogites
generated by the melting and metastability of olivine due to the
expansion of stable garnet and Jd-rich clinopyroxene produce a
picritic melt with a high magnesium and low aluminium content.
The fact that the Sittampundi eclogites have a low magnesian com-
position, a metamorphic pressure (ca. 20 kbar) lower than that of
mantle-derived eclogite (above 30 kbar), and a composition similar
to that of Archaean basalt suggests that the protolith was close to a
basaltic composition.

The ultrahigh-temperature (>1000°C) and high-pressure
(20kbar) eclogites in the Sittampundi complex confirm the con-
cept that the Palghat-Cauvery shear zone system represents a
major suture zone between Archaean crustal blocks to the north
and the Madurai block to the south; in fact the eclogites provide
the best petrochemical and viable evidence adduced so far that
supports a suture zone. If the general southerly dip of rocks in the
suture zone suggests that subduction was towards the south, this
would mean that the older block to the north was in the footwall,
and the younger southerly block in the hanging wall.

In spite of uncertainties about the origin of some rocks in
the PCSZ, we know that Sittampundi is an Archaean layered
igneous complex (Bhaskar Rao et al., 1996) that was subducted
to pressure>20kbar (ca. 65km paleo-depth) at a tempera-
tures >1000°C, and that the subduction-exhumation gave rise to
a “hairpin-type” anticlockwise P-T trajectory, probably in the latest
Neoproterozoic-Cambrian. This took place when these rocks were
at the leading edge of the Archaean Dharwar crustal block that was
involved in subduction-collision tectonics during the final assem-
bly of East Gondwana (Yoshida et al., 2003; Santosh and Sajeev,
2006). A key feature of wedge extrusion in a subduction zone is the
development of an isoclinal anticline in the centre of the exhumed
wedge (Maruyama et al., 1996; Maruyama, 1997; Kawai et al., 2007).
The Sittampundi complex is folded into an isoclinal anticline with
characteristics that preclude it being a ‘normal’ regional tectonic
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fold. There are no significant minor folds associated with the major
anticline, and the limbs have undergone extreme thinning over
tens of kilometres but not in relation to any specific fold-limb
attenuation. The layered complex and its isoclinal fold predate the
emplacement of the protoliths of the TTG orthogneisses, which
were not deformed by comparable isoclinal folds. We suggest that
the Sittampundi complex is an exhumation isoclinal anticline of
high-pressure rocks that were emplaced upwards in the subduc-
tion zone and are now located near the centre of the subduction
complex of the PCSZ.

Some segments of Phanerozoic orogenic belts, like the Qinling
and Dabie Shan in China (Yang et al., 2003), South Korea (Kwon
et al,, 2009) and West Norway (Kylander-Clark et al., 2007) com-
prise amphibolite facies gneisses that contain only a few percent of
eclogitic lenses (just like the PCSZ) and amphibolite facies gneisses
in the ca. 1.0 Ga Glenelg-Attadale inlier in Scotland contain about
25% of eclogite lenses (Brewer et al., 2003). While the eclogites
have retained evidence of their subduction to high-pressure, their
host gneisses have retrogressed from their eclogite facies assem-
blages, through the granulite facies, to their present amphibolite
facies state. For example, in western Norway amphibolite facies
gneisses that occupy an area ca. 60,000 km?2 contain only a few vol-
ume percent of eclogite lenses, and yet it is widely accepted today
that the gneisses were likewise subducted to eclogite facies depths
(Kylander-Clark et al., 2007).

Textural data from many high-grade basement terranes reveal
that usually the basic lithologies lag behind the gneisses in their

retrogression, and so retain their granulite facies mineralogy, while
ultramafic rocks retain not only their granulite facies minerals, but
even vestiges of their original high-pressure assemblages. Water
was the agent responsible for the retrogression; it appears to have
flushed through the pervasively gneisses easily, while the mafic and
ultramafic rocks remained impermeable.

From our fieldwork we know that eclogites occur in several parts
of the PCSZ and therefore we are led to the conclusion that many
parts of it have been subducted to high-P depths and later exhumed
to a mid-crustal level, where the host gneisses were hydrated and
re-equilibrated to their present amphibolite facies state. Most of
the P-T trajectories so far published from the PCSZ only record the
post-peak exhumation history of the rocks. Future research may be
able to define other areas of the suture zone that have undergone
high-pressure metamorphism and better constrain the pre-peak
P-T trajectory.
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