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Abstract:

The present study includes documentation of detailed geological field characteristics, petrography and
geochemistry of mafic and ultramafic rocks associated with Odhimalai and Thenkalmalai hills of Bhavani
complex. The lithologies well exposed in these two hillocks including Dunite, Pyroxenite, Gabbro, displaying
layered arrangement comprising (from basement upwards) dunite, peridotite, pyroxenite and anorthosite-gabbro.
The geochemical signatures of the gabbro and pyroxenites show a significant variation in major and trace
element concentration. The pyroxenites show SiO, composition ranging from 49.6-55.5%, Al,O3 from 6-13.6%,
MgO from 3.6-14.3%, CaO from 8.4-15.5% and TiO, from 0.24-1.7% while average composition of SiO, Al,O3
MgO, CaO and TiO, in gabbro varies (in %) from 49.9-58, 9.4-13, 7.4-13.1, 9-13.4 and 0.26-0.54 respectively.
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INTRODUCTION

The southern Indian granulite terrain is a collage of
crustal blocks exposing mid — and lower levels of the
continental crust, and dissected by large, intra-continental
Proterozoic shear zones and lineaments, namely, the Moyar-
Bavani Shear Zone, Palghat-Cauvery Shear Zone and the
Achankovil Lineament.  Anorthosite bearing layered
complexes is common features of many Archean granulite —
gneiss terrains and their emplacement relates to long term
cycle of assembly and break — up of Precambrian
supercontinents. Sittampundi and Bhavani layered meta -
anorthosite complexes occur as tectonic lenses within the
Cauvery shear zone (CSZ). The present study includes
documentation of detailed geological field characteristics,
petrography and geochemistry of mafic and ultramafic rocks
associated with Odhimalai and Thenkalmalai hills of Bhavani
complex (Fig. 1, 1a). Odhimalai is a bi-symmetrical hillock
with an altitude of 654 above MSL and elevated about 250m
from the base of the hill. The Thenkalmalai is a linear ridge
with an altitude of ~ 389 above MSL. Both of the hillocks are
striking ENE — WSW directions.
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Fig.1. Panoramic view of the Odhimalai hillock.

Fig.1a. Panoramic view of the South west of Thenkalmalai hillock

Geological Setting

The lithologies well exposed in these two hillocks
including Dunite, Pyroxenite, Gabbro, displaying layered
arrangement comprising (from basement upwards) dunite,
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peridotite, pyroxenite and anorthosite-gabbro. The geological
map of the study area is given in Fig. 2. The rocks are
metamorphosed and overlie on Bhavani gneiss. Most of the
mafic rocks are garnetiferous indicating its participation in the
regional metamorphism. Micaceous amphibole rich rocks
were found as enclaves while coarse grained pyroxenites were
observed in between mafic rocks. The light colored
anorthositic gabbro is medium to fine grained with mafic
segregations. They show a flat E-W trending linear bodies
showing sub-parallelism to the trend of main shear. The
pyroxenites in the complex occur as a thin lenses and bands
where as some outcrops shows moderate thickness. The
ultramafic and mafic association in the study area shows a
dissected pattern. The rocks show a granoblastic polygonal
microtexture and display disequilibrium textures (like
symplectitic coronas) mostly in metagabbroic rocks
containing garnet (Subramanian 1956, Janardhan and Leake,
1975; Selvan 1981; Rao, 1996). Overprinting by retrograde
hydrous minerals such as amphibole, clinozoisite and biotite is
prominent. Relict primary igneous textures and structures
such as cumulate and compositional phase layering have been
recognized in places permitting reconstruction of a
generalized internal magmatic stratigraphy (Selvan, 1981).
Pyroxenite and Gabbro are the two important mafic —
ultramafic rock types on which main consideration will be
given in the present study.
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Tig. 2. Geology and Szmple Location Map of the Study Arca (Source: Geological Survey of India -1993)

FIELD RELATIONSHIPS
Meta —Gabbro:

This lithology is interpreted to be part of the anorthositic
intrusive suite. Macroscopically, the Meta -gabbros are
characterized by color indices ranging from approximately 65
to 95, with the mafic minerals being dominated by pyroxene,
amphibole, and garnet. Plagioclase feldspar is the dominant
light colored mineral in these rocks. Magnetite and ilmenite
can also be readily identified in hand sample. These rocks
often have distinctive garnet segregations—bands or blobs of
garnet that can be several centimeters in width. All of these
rocks are strongly deformed and metamorphosed and show
consistent gneissic banding. Some of these rocks are quite
dense and heavy. Colors range from dark grey to green-gray
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and grain sizes range from very coarse to fine. (Fig. 3)
show representative photos of this rock type. The mafic bands
meanwhile have an average grain size of only a couple of
millimeters. The plagioclase feldspar crystals seem to
preferentially resist weathering leaving a slightly bumpy and
more plagioclase rich weathered surface, whereas the hand
samples tend to be much darker, especially on freshly cut
surfaces. .

Fig.3. Field photograph showing the Meta Gabbro

Anorthositic Gabbro

The second most abundant rock type observed in the field
area is a metaanorthositic gabbro—an intermediate phase
between the meta-ferro-gabbro and the metagabbroic
anorthosite. In the field and in hand sample these rocks have
color indices that range from approximately 40 to 65. These
rocks are characterized by dark colored bands dominated by
fine grained pyroxene, amphibole, and garnet and the
presence of plagioclase megacrysts. The megacrysts are up to
2cm across and are altered visibly to epidote in many cases.
As seen with the megacrysts in the meta-gabbroic anorthosite,
these megacrysts also disrupt the overall trend of the fabric
and the strongly foliated mafic bands typically deflect around
the larger grains. The mafic bands meanwhile have an average
grain size of only a couple of millimeters. The plagioclase
feldspar crystals seem to preferentially resist weathering
leaving a slightly bumpy and more plagioclase rich weathered
surface, whereas the hand samples tend to be much darker,
especially on freshly cut surfaces. Colors of these rocks range
from dark grey to greenish grey to greenish chalky white
where there is an abundance of plagioclase feldspar
megacrysts. The meta-anorthositic gabbros also contain
enough magnetite and ilmenite that these minerals can be
easily detected. A representative photo of this rock type is
shown in (Figure 4).

Fig. 4. Spheroidal weathering displayed in the Anorthosite Gabbro lithology
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Pyroxenite

In Odhimalai, the pyroxenite occurs all along its eastern
margin and is surrounded by the supracrustal granitic gneiss.
In Thenkalmalai the pyroxenite occurs as a dominant
lithology and shows layered field relationships with gabbroic
litho unit. The color index of the pyroxenite generally > 90%
and displays green to dark green hue for clinopyroxene and
pink for orthopyroxene. Comparing grain size the pyroxenites
at both the location are medium to coarse grained (Fig.5). The
fine grained pyroxenites form the important litho unit in
Odhimalai Hill where as the coarse grained pyroxenites are
mostly observed in the Thenkalmalai hillock. In Thenkalmalai
area pyroxenite and gabbro shears equal proportion where as
in Odhimalai the gabbro is dominant over the pyroxenite. At
places, pyroxenite is highly weathered and strained with
yellowish tint. Parallel fractures filled with felsic material are
common within the pyroxene bands in the Thenkalmalai
sector. The pyroxinites with in the few meter range shows
variation in their grain size, which varies from the very coarse
to fine grained. A dark green colored pyroxenite layer occurs
vertically in the Thenkalmalai sector where it occupies the
southwestern margin of the hillock. Pyroxenite bands of cm
thickness are present within in the granitic gneissic rocks.
Pyroxenite rocks are asymmetrically folded with cross-criss
cutting of veins. The contact between the pyroxenite and
surrounding granitic gneiss at Thenkalmalai sector is shown in
Fig.6.

Fig.6. Contact between the pyroxenite and surrounding granitic gneiss at
thenkalmalai sector.
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Petrography

Petrographic analysis was performed on the Pyroxenite
and gabbro lithologies of the Odhimalai and Thenkalmalai
sectors. Twelve thin sections were prepared from the rock
samples collected during the field work. On each of the thin
sections, mineral identifications were performed. The
petrographic descriptions of these lithologies reveal the
mineral content, micro textural relationships between the
grains and deformational as well as alteration structures. In
textural terms the rock predominantly presents cumulate
texture. Pyroxenite contains clinopyroxene and orthopyroxene
in more or less equal proportion exhibiting cumulous texture.
Both clino — and orthopyroxenes have exsolution lamellae.
Plagioclase is generally absent. Alteration of clinopyroxene
into amphibole is very common. Fractured present in the
clinopyroxene is filled with iron oxide. The accessory phase
being the magnetite and ilmenite, concentrated
characteristically along the grain boundaries. In thin section
gabbro is relatively plagioclase poor, with average plagioclase
abundances of 10 to 20%. A representative sample OM-13 is
composed dominantly of Ortho and Clino pyroxenes with
subhedral crystals of amphibole. Orthopyroxene is typically
coarse grained and is characterized by subhedral crystal
surface provided indication of magmatic origin. The
plagioclase is mainly equigranular; medium grained and
display polygonal texture with angular crystal margins.

Geochemistry:

The Major, Trace, and rare earth element (REE)
geochemistry of the pyroxenites and gabbro collected from
the well exposed outcrops near the Odhimalai and
Thenkalmalai areas of this complex are presented in this paper.

Total of sixteen representative samples, seven are
pyroxenites and nine are gabbro were analyzed for bulk
chemistry at National Geophysical Research Institute (NGRI)
Hyderabad. Major elements were determined by X-ray
fluorescence Spectrometry (XRF) using Philips MAGIX PRO
Model 2440. Trace and REE elements were analyzed by
Inductive Coupled Plasma mass Spectroscopy (ICP-MS)
using a Perkin EImer SCIEX ELAN DRC II.

The geochemical signatures of the gabbro and
pyroxenites show a significant variation in major and trace
elements. The SiO, abundance covers a narrow compositional
range: Pyroxenites (49.6-55.5wt %), Gabbro (50.1-58wt %).
The gabbro are characterized by low TiO, (0.26-0.54wt %).
Where as the pyroxenites shows slight concentration of TiO,
(0.24-1.7wt %). MgO content varies from (7.4-13.1wt %) in
gabbro and (3.6-14.3wt %) in pyroxenites. Major, Trace, and
rare earth element (REE) concentration are given in (Table
1).The pyroxenites shows a high concentration of Total iron
(8.4-16wt %), MgO (3.6-14.3wt %) with moderate enrichment
of TiO, (0.24-1.7wt %) and depleted alkalies Na,O (0.39-
2.5wt %); K,0 (0.03-1.5wt %). Relative to primordial mantle
the pyroxenites and gabbro shows the enriched trend in SiO,,
TiO,, Total iron, CaO, Na,O, and depleted trend in MgO.
(Tablel).
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Table 1 Representative Major (wt %) and trace (ppm) element composition of Gabbro and Pyroxenites from Thenkalmalai and Odhimalai (Mettupailium
Ultramafic complex), Tamilnadu, South India

FRaock Type zabhio Dupgxsnis
Sampk OM-06 OM-07 OM-03 OM-13 OM-II OM-13 OM-2F OM-33 OM-43 OM-31 OM-37 OM-33 OM-3» OM-40 OM-45 OM-51 FM*
200 513 523 301 513 58 533 34 34 409 518 516 514 518 4046 32 4596
Tid: 036 041 035 037 032 a3 026 038 034 088 065 024 17 042 038 0435 .18
ALD, 110 128 o4 a7 ag 124 115 12 13 131 135 B4 106 137 13 6 406
Fa0, 104 107 159 162 112 114 15 103 1349 135 16 B4 152 118 126 158 734
MmO 0.16 015 025 0.16 012 013 012 013 018 019 021 011 01e 017 013 023 (1]
Mz 118 100 1531 102 111 113 2 121 2 36 63 123 6.6 8 103 % 3778
a0 134 122 g 106 57 104 112 104 121 102 54 155 125 127 103 151 321
Nz,0 11 13 076 1 041 04l 041 033 13 12 pE 039 12 12 117 033 033
0 0.08 011 0.10 020 0.08 007 .08 011 .06 032 013 005 024 .09 13 003 1]
0. 0.02 003 002 003 001 002 001 001 003 007 0.08 001 0.06 003 024 002 1]
Total LI 100 9003 900G DRR4  DRO3 BDA3 a9 100 06 0087 100 000 0ROl DR 0g 006
Sc{ppm) 244 431 437 473 436 515 4635 473 468 ae ie 56 1 8 2
v 1852 20535 2183 2333 304l 1802 2223 2605 427 298§ 2863 28B3 L
Cr 9374 16832 12403 11384 3526 22 54 7. 004 106904 127209 13 11238 98771
<o 244 751 33 343 224 1087 241 871
Ni 1884 2404 1247 184 Blé 10165 2305 676.8 10134
Cu 333 338 237 268 214 32 w02 78
In 418 510 387 304 458 738 642 466
Fb 17 15 35 14 14 44 ] 4 112 53
5t 63 =3 24 52 28 2 RS 033 037 032 022
T 033 030 038 042 033 2 03 21 17 22 24 21
I .12 011 017 018 all L L 027 024 037 03 028
Nb 023 042 031 028 073 022 35 03 4 43 47 43 43
Bz 18 67 Eay ig 7 4 4 52 8 5B 68 7 82
Bf 018 0l1s 022 021 023 018 022 022 024 042 043 045 036 035 42 046
Tz 004 007 004 004 010 003 005 003 004 001 004 005 0.08 002 002 015
Th 017 022 o o 007 008 008 007 013 13 12 13 103 12 072 27
T a8 007 003 ag 012 ale 015 011 018 013 005 021 0l 008 0l 025
PM*=Primordial Mantle Major Oxides data after Hofimann, A W. {1988
Fe.0,=Total Iron as Fa.0,
Table 1 {continued) Ras sarh dement compos ifon
OM-06 OM-07 OM-03 OM-13 OM-II OM-I3 OM-25 OM-33 OM-43 OM-31 OM-37 OM-33 OM-39 OM-40 OM-45 OM-52
La{ppm) 233 1463 148 135 250 137 126 023 121 116 102 128 083 130 105 115
Ce 4448 3388 i 334 3462 2383 317 233 292 293 291 294 228 340 308 238
B 038 058 033 048 0.82 042 054 942 047 034 034 03 928 038 a3e 034
Nd 301 323 182 185 223 250 334 2186 314 171 121 183 145 122 208 182
Sm a24 s 086 ge2 142 074 106 106 108 RS 048 043 038 050 032 043
Eu 037 030 033 038 0359 026 036 041 037 012 013 012 011 014 014 012
Gd 118 101 103 128 175 087 121 140 14§ a7e 083 0se 067 082 aes e
To Q20 018 019 023 029 01§ 221 927 027 01§ 17 013 014 920 020 013
D 154 124 143 180 il 118 1458 212 am 138 148 149 118 1353 171 149
Hao 035 027 032 032 050 028 036 048 047 035 038 03 031 039 024 038
Er 0a8 o7a 020 110 132 071 10 131 129 112 126 1121 102 128 143 126
Tm 013 0.10 012 014 017 009 013 0.17 0.16 018 021 ole 0.17 020 023 L]
Th 076 o352 071 081 105 051 076 1m b 120 142 126 113 133 151 131
Lu 016 013 016 018 023 o1l 017 022 022 021 023 024 020 025 026 023
b 608 ig 6.10 420 517 271 ilg e igs 001 002 00l 002 001 001 a9l
IREE 1717 1478 1471 1225 2348 1201 1324 1499 1603 1208 12381 12383 1013 1373 1399 12.73
CeNYBN13E 177 142 111 144 140 113 062 088 068 055 0463 0354 069 035 0359
LaN/EmN1 68 114 107 021 104 115 074 054 0.70 166 132 176 33 162 125 158
GdN/YBN128 141 112 130 137 141 131 11+ 123 034 o4g 038 a4 033 032 056
EwEn* 104 026 106 106 111 28 026 102 082 062 061 037 063 063 060 057
EwNb 7351 LR 1142 576 11s B3 271 6.65 231 227 243 114 13= 103 244 127
TWNb 571 438 190 210 073 341 218 234 18 285 224 291 123 215 12§ 447

Bulk composition/whole rock analyses indicate that the
magma type is tholeiitic but trending towards a calc-alkaline
nature also supported by AFM diagram (Irvin and Banger)
(Fig. 7). Jenson (1976) cation plot uses Al,O3, FeO(t) +TiO,
and MgO cations because of the stability of these elements
during metamorphism. The plot (Fig. 8) indicates that most of
the samples cluster on the border of high-Fe (HFT) and high-
Mg (HMT) tholeiitic basalt. Some of the samples are Mg-rich
and plot in the basaltic komatiitic (BK) field. Based on the
TiO1, MnO, P,0Os triplot (proposed by Mullon 1983) most of
the samples fall within the Calc-alkaline basaltic (CAB) field
(Fig. 9). Thus it could be inferred that the tectonic
environment of eruption is volcanic arc environment and the
studied sample falls within the Calc-alkaline basaltic field.
Concentration of compatible trace elements in pyroxenites
like V (273.7-309.4ppm), Cr (9877.1-13342.2ppm), Co (87.0-
111.5ppm) and Ni (676.8-1055.4ppm) are high while these
pyroxenites are poor in incompatible and HFS elements like
Rb, Hf, Ta, Th, and U. Sr shows a remarkable low

concentration ranging from (0.37-0.94wt%). Similar pattern
are observed in gabbro samples being enriched in compatible
trace elements and poor in incompatible and HFS elements.
Total REE value of pyroxenites varies from (10.13-13.99ppm)
with limited REE, (Cen/Yby= 0.55-0.69) and LREE
fractionation (Lan/Smy= 1.32-1.66). The HREE also conclude
limited fractionation (Gdy/Yby= 0.49-0.58) with negative Eu
anomaly.

For the gabbro samples the total REE also shows a
fractionation with in a limited range. The total REE values
varies from (12.01-23.48ppm) with limited REE fractionation
(Cen/Yby= 0.62-1.77). LREE (Lan/Smy= 0.54-1.68) and
HREE fractionation is also within limited range (Gdn/Yby
=1.19-1.37) with negligible Eu anomaly.

Condritic normalized REE plot (after Sun and
McDonough (1989) of pyroxenites reflects negative Eu
anomaly with slight enrichment of HREE (Fig. 10). The
negative Eu anomaly in these samples may be interpreted as
due to fractionation of plagioclase = hornblende and can be
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imposed when the melt phase enters the stability field of
plagioclase. The Low LREE and slight enriched trend of
HREE may be retained some what by clinopyroxenes or to a
greater extent by hornblende.

The condritic normalized REE plot of gabbro shows a flat
REE pattern with gentle or without any Eu anomaly (Fig. 11).
The flat REE pattern in association with low CaO, Al,O3 ,
Sr content and absence of Eu anomaly all of these features
suggests removal of plagioclase component from basic parent
magma or may be due to the magma that might have
segregated at such depth where plagioclase is not stable and
hence it could not be fractionated (Barker et al., 1976).

The representative primitive mantle normalized trace
element plot (after Sun and McDonough (1989) for
pyroxenites and gabbro are presented in (Fig. 12). Relative to
primitive mantle (and also in comparison with MORB, both
the set of rocks shows the relative enrichment of LILs and
LREEs. They are further characterized by a low Th abundance
and a distinct Nb-Ta, Zr-Hf trough. These features are
characteristic of tholeiitic basalts produced at destructive plate
margins or within plate tholeiites contaminated by continental
crust (Hawkesworth et al., 1994).
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Fig. 7 AFM diagram for gabbro and  pyroxenites (after Irvin and Baragar,
1975)
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Fig. 9 TiO2-MnO-P205 triplot for Gabbro and Pyroxenite. (after Mullen
1983)
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Fig. 11. Chondrite normalized REE diagram for the Gabbro from Bhavani
ultramafic complex normalized after Sun and McDonough (1989)
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Fig. 12 a. Primitive Element-normalizes multi-element diagram for Gabbro
after Sun and McDonough (1989).

Tectonic Setting

The geochemistry of mafic and ultramafic rocks is most
commonly used to discriminate tectonic setting. The idea of
trying to fingerprint magmas from different tectonic setting
chemically is best attributed to Perace and Cann (1971, 1973).
These authors show that it is a possible to use geochemistry to
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distinguish between basalts produced in different, known
tectonic settings. The basaltic rocks are formed in almost
every tectonic environment and they are believed to be
geochemically sensitive to the changes in plate tectonic frame
work. In order to understand the tectonic environment of the
studied samples the plot Ti/1000 &V (after Shervais, 1982)
shown in (Fig. 13) depicts that the studied samples fall in the
Arc tholeiitic environment.

o

P p—
* G

Fig. 13 Ti/1000 Vs V tectonic discrimination diagram (after Shervais 1982)
for Gabbro and Pyroxenite

CONCLUSION

The geochemical constraints of the gabbroic rocks and
pyroxenites of the Bhavani complex suggest island arc
magmatism. The major element relations of the gabbro and
the pyroxenites suggest tholeiitic to calcalkaline signatures of
typical island arc environment. They are further characterized
by a low Th abundance and a distinct Nb-Ta, Zr-Hf trough.
These features are characteristic of tholeiitic basalts produced
at destructive plate margins or within plate tholeiites
contaminated by continental crust. The studied samples show
enriched nature of LILE and depleted trend in HFSE. The —ve
Eu anomaly observed in the pyroxenite samples signify the
role of plagioclase fractionation in their petrogensis.
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