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Ultramafic rocks comprising dunite, harzburgite, lherzolite, olivine webserite and websterite occur as
intrusives in the form of small hillocks at Pindar into the granite–gneisses of Bundelkhand Gneissic
Complex (BnGC). The peridotites are dominated by olivine cumulates where chromite and precious
metal-bearing sulphides crystallized along with pyroxenes, subsequent to crystallization of olivine into
the interstitial spaces of cumulates during cooling. Ultramafic rocks of Pindar are characterized by high
MgO (up to 46.0 wt%) and FeO (up to 5.8 wt%); low SiO2 (40.8 to 48.0 wt%), TiO2 (0.2 to 0.5 wt%),
Al2O3 (∼3.2 wt% av.), CaO (∼2.7 wt% av.) and Cu (11 to 73 μg/g). Cr and Ni values range from 2297
to 3150 μg/g and 2434 to 2767 μg/g, respectively. Distribution of Ir (up to 20 ng/g), Ru (27 to 90 ng/g),
Rh (3 to 14 ng/g), Pt (18 to 72 ng/g), Pd (10 to 27 ng/g) and Au (22 to 57 ng/g) indicate platinum
group element (PGE) and associated gold mineralization in these ultramafic rocks. A mineral phase
representing sperrylite (PtAs2) was also identified within the sulphides in scanning electron microscopy
with energy dispersive spectrometer (SEM–EDS) studies. The primitive mantle-normalized siderophile
elements pattern shows platinum group element PGE (PPGE) enrichment (Rh, Pt, Pd). Discrimination
diagrams of Pd/Ir vs. Ni/Cu, Pd/Pt vs. Ni/Cu, Cu/Pd vs. Pd, and Cu vs. Pd for the peridotites of
Pindar attribute to affinity towards komatiite magma, derived from high degree of partial melting of
prolonged depleted mantle, and the sulphur saturation condition incurred during the crystallization of
chromite which was favourable for PGE mineralization.

1. Introduction

The platinum group element (PGE: Ru, Rh, Pd,
Os, Ir, Pt) abundances in crustal rocks that have
formed from silicate melts and magmatic volatile
phases, are widely studied to identify the fun-
damental geochemical controls of their forma-
tion and distribution in Earth’s crust and to
understand the characteristics of primary mantle-
derived magmatic processes (Brügmann et al. 1993;
Rehkämper et al. 1999; Momme et al. 2002, 2003;

Crocket and Paul 2004; Qi and Zhou 2008; Balaram
2008; Song et al. 2009; Keays and Lightfoot 2010;
Mondal 2011). The PGE geochemistry is also used
in understanding the mechanism responsible for
the Ni–Cu and PGE deposits in different geolog-
ical and tectonic settings (Li and Ripley 2009;
Naldrett 2010). The PGEs have been receiving con-
siderable attention for a very long time – a couple
of decades back, many attractive exploration-
targets were identified because of advancement in
the analytical technology and extensive utility in
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high technology applications. Hence, the discovery
of new PGE deposits or mineralized zones is of
great economic importance for the country’s eco-
nomic growth and development. PGE mineraliza-
tion and related ore deposits are expected mainly
in mafic igneous intrusions of different tectonic
setting (Crocket and Paul 2004). The ultramafic
complexes for PGE exploration have been broadly
divided into two categories on the basis of their
occurrences, viz., (i) PGE as by-product in mas-
sive deposit of Ni–Cu (Kambalda type deposit)
(Hudson et al. 1978; Lesher and Barnes 2009) and
(ii) PGE deposits with Ni–Cu as by-product (PGE
reef type deposits, Maier et al. 1996; Maier 2005;
Naldrett et al. 2009).

Exploration for PGE in India has been under-
taken in several proposed prospective areas based
on some fundamental genetic concepts of PGE
mineralization in space and time. However, valu-
able occurrences of PGE in India are still very
limited and have been reported from the plutonic
to hypabyssal magmatic intrusions of Archaean–
Paleoproterozoic age, mostly emplaced into the
Indian shield (Balaram 2008; Mukherjee 2010).
Sukinda and Baula–Nausahi areas of Orissa in
Singhbhum Craton (Auge et al. 2002; Mondal
et al. 2007), Sittampundi area of Tamil Nadu in
Southern Granulite Belt (Satyanarayanan et al.
2008, 2010b) and Hanumalapura area of Karnataka
in Dharwar Craton (Devaraju et al. 2005; Alapieti
et al. 2008) are the few important areas apart from

some small locations (Mukherjee 2010; Nathan
2010; Dora et al. 2011). The presence of PGE in
ultramafic terrain of Bundelkhand was reported
by the Directorate of Geology and Mining, Uttar
Pradesh (India) (Farooqui and Singh 2006). Sub-
sequent to this report, they suggested presence of
10 g/ton of ΣPGE (Farooqui and Singh 2010) in
the ultramafic rocks of Ikauna. In the last cou-
ple of years, PGE mineralization has been identi-
fied by several workers from Madawara and Ikauna
areas (Farooqui and Singh 2006; Singh et al. 2010a,
2010b; Satyanarayanan et al. 2010a, 2011). The
ultramafic rocks of Pindar is a new location, which
is nearly 15 km east of Madawara. This is an
isolated body intrusive into the granite–gneisses
of Bundelkhand massif for which our informa-
tion is absolutely meagre. In the present paper,
the geology and geochemical data of Pindar com-
plex is being presented for the first time in view
of the recent discovery of PGE in Bundelkhand
massif.

2. Geological setting

The Bundelkhand massif is a prominent nucleus
(figure 1) on the geological map of north-central
India in the north of Son–Narmada lineament
which is spread across 26,000 km2 (Basu 1986).
The massif comprises mainly the granite–gneissic

Figure 1. Geological map of Madawara Igneous Complex, central India showing lensoidal outcrop of ultramafic rocks into
the granite–gneisses of BnGC.
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terrain of different episodes of Archean and Pro-
terozoic rocks (Sharma 1982; Saha et al. 2011;
Mondal et al. 2002). The mafic and ultramafic
rocks, quartz reef and mafic dykes are present
as intrusions in granite–gneisses and have been
described from different parts of this craton
(Sharma 1982; Basu 1986). A recent review on the
geology of Bundelkhand massif (Singh et al. 2007)
proposes five thermal events and two phases of
metamorphism in the Archean. The oldest meta-
morphic event is demarcated by high grade meta-
morphism (amphibolite–granulite facies condition;
Singh and Dwivedi 2009) from the Bundelkhand
Gneissic Complex (BnGC) and the younger meta-
morphic event is low grade (Green schist facies con-
ditions), recorded in Bundelkhand metasedimen-
tary and metavolcanics (BnMM). The Madawara
Ultramafic Complex is subsequent to the develop-
ment of BnMM (Singh et al. 2010a, 2010b), which
is mainly confined to southern part of the mas-
sif. The Bundelkhand Granitoid (BG) emplaced
into the BnGC, BnMM and Madawara ultramafic
complex has been considered to undergo the most
pervasive magmatic activities and is marked as
an event of rapid continental growth in the crust
during the Late Archean (Mondal et al. 2002).

Ultramafic rocks in southern part of Bundelkhand
massif are known from different places (Prakash
et al. 1975; Basu 1986, 2010 and references
therein). Sharma (1982) described the geological
aspects of Madawara ultramafic rocks, while Basu
(1986) encountered several shear fractures and dis-
locations in the ultramafic rocks at Gidwaha. How-
ever, the mineralogical and geochemical aspects of
these ultramafic rocks were not much studied in
view of mineralization. Farooqui and Singh (2006)
and Singh et al. (2010a) mapped the ultramafic
lenses around Madawara (figure 1) and also pointed
out that these ultramafic rocks consist of high PGE
values and appears to be a PGE mineralized zone
in the Bundelkhand massif (Singh et al. 2010b).
The geological map of southern part of the massif

shows that ultramafic rocks and associated gabbro
and diorite of Madawara ultramafic complex are
confined between E–W trending two shear zones,
namely Karitoran–Madawara shear zone in north
and Sonrai–Girar shear zone in south (figure 1),
which are parallel to each other.

3. Madawara ultramafic complex

A series of E–W trending ultramafic rocks are
randomly exposed as lensoidal intrusive bodies in
the form of isolated outcrops into the granite–
gneisses around Madawara (Singh et al. 2010b;
Satyanarayanan et al. 2010a). These ulframafic
rocks comprise mainly dunite, harzburgite, lher-
zolite, olvine websterite, orthpyroxenite and web-
sterite. They are associated with medium-to-coarse
grained gabbro and diorite. Sometimes, the lenses
of ultramafic rocks are found in the diorites. Pindar
area is about 15 km east of Madawara town where
ultramafic rocks are exposed in the small hillocks
(figure 1). The ultramafic rocks exposed here are
E–W trending and lensoidal in shape that is about
800 m in length and 200–300 m width. The contact
between ultramafic rocks and granite–gneisses of
BnGC is sharp, but in many places, sheared and
mylonitized. The gabbro and diorites are mainly
confined to the southern part of Pindar. The E–W
trending ultramafic body of Pindar is also trun-
cated by NW–SE trending Karitoran shear/faults
which displaced these ultramafic rocks at several
places.

The ultramafic rocks at Pindar are usually
medium-to-coarse grained that consists of harzbur-
gite, lherzolite, dunite and olvine websterite. How-
ever, the complex is dominated by peridotite rocks
(figure 2a). The olivine websterite is dark bluish
grey coloured, hard and compact, characterized by
coarse grained cumulates of olivine and often found
as intrusions into peridotite. They occur as small
to giant size lenses (up to 8–10 m in length and

Figure 2. Field photographs showing (a) close up of peridotite and (b) part of the outcrop of ultramafic lenses at Pindar.
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4–5 m in width). The contact of these lenses with
peridotites is usually crushed, altered, and some-
times sheared and mylonitized. Talc–chlorite schist
is seen along the sheared contact. The olivine web-
sterite and websterite are sometimes found as a
disseminated body within the peridotite and its
orientation is also parallel to the main ultramafic
complex.

Mineralogically, olivine is the primary mineral of
these ultramafic rocks, which is medium-to-coarse
grained, free from inclusions, rimmed by pyroxenes
(figure 3a). The intergranular space of the olivine
cumulates are either occupied by orthopyroxene
or clinopyroxene with chromite (figure 3b, c). The
medium-to-coarse grained, pyrrhotite and mag-
netite occur in intergranular spaces of cumulates
(figure 3b, d) or along the cleavages of clinopy-
roxene. The sulphide-bearing phases, viz., pent-
landite, pyrrhotite, chalcopyrite, and platinum
group minerals (PGM), which were identified by
SEM–EDS, occur as accessory fine-grained dissem-
inated crystal into intergranular spaces of olivine
or along the cleavages of pyroxenes (figure 3b).
The alteration of olivine, pseudomorphic texture,
appearance of talc–chlorite and serpentine is com-
mon. Plagioclase and amphiboles (hornblende) are
nearly absent in the ultramafic rocks of Pin-
dar and are found to be associated with gabbro
and diorite.

4. Geochemistry

4.1 Analytical methods

Major and minor oxides (SiO2, TiO2, Al2O3,
Fe2O3, MnO, MgO, CaO, Na2O, K2O and P2O5)
were determined in all the ultramafic samples
by XRF (Philips� MagiXPRO-PW2440) at the
CSIR–National Geophysical Research Institute,
Hyderabad (India). International geochemical cer-
tified reference materials (CRM) from the US Geo-
logical Survey, the Canadian Geological Survey, the
International Working Group (France) and NGRI
(India) were used to prepare calibration curves for
major oxides. Trace elements including rare earth
elements (REE) and PGE were determined by
ICP–MS (PerkinElmer SCIEX ELAN� DRC-II) at
NGRI, Hyderabad (Balaram and Rao 2003). The
analysis of PGE and Au was carried out by follow-
ing NiS-fire assay method with Te co-precipitation
and ICP–MS analysis described by Balaram et al.
(2006). Single isotopes were used for all elements
and selected based on their abundance levels and
the freedom from interferences from other elements
usually present in rock samples. The detection lim-
its of most of the elements including PGE were
about 0.01 ng/ml, and the precision is better than
6% RSD for trace and REE, and is <10% RSD for
PGE data.

Figure 3. Photomicrographs showing (a) cumulates of olivine in which the intergranular spaces are filled by chromite (Cr),
pyroxenes (Px) and sulphide-bearing minerals, (b) chromites and sulphide mineral including possible PGM present at the
rim of olivine, (c) development of magnetites, pyroxenes and chromites in the intergranular spaces and (d) crystallization
of magnetites, chromites and possible PGEs along the cleavages of pyroxenes and cracks of olivine.
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Table 1. Major oxides and trace elements (including REE and PGE) data of ultramafic rocks from Pindar (P), Madawara
(MD) and Ikauna (I).

Analyte Unit P-63 P-64 P-65 P-66 P-67 P-68 P-69 P-70 MD-12 MD-20 I-52 I-53

SiO2 % 40.8 41.7 41.0 40.1 41.8 42.8 NA 48.0 46.9 43.8 41.6 47.9

Al2O3 % 2.1 2.1 2.7 2.4 2.7 2.0 NA 8.3 1.0 0.8 3.0 5.6

FeO % 5.0 4.6 4.8 4.9 4.5 4.7 NA 3.5 10.4 10.5 5.0 4.5

Fe2O3T % 6.5 6.0 6.2 6.4 5.8 6.2 NA 4.6 13.6 13.8 6.5 5.9

FeOT % 5.8 5.4 5.6 5.7 5.2 5.6 NA 4.1 12.2 12.4 5.8 5.3

Fe2O3 % 0.88 0.81 0.84 0.86 0.79 0.83 NA 0.62 1.84 1.86 0.88 0.80

MnO % 0.13 0.12 0.14 0.12 0.11 0.11 NA 0.09 0.14 0.14 0.13 0.19

MgO % 46.0 46.0 45.3 45.2 45.1 45.8 NA 28.7 30.0 35.2 45.3 31.0

CaO % 1.11 0.66 1.41 1.63 1.34 0.44 NA 12.02 3.59 0.08 0.99 6.86

Na2O % 0.05 0.06 0.11 0.04 0.06 0.03 NA 2.26 0.07 0.01 0.04 0.09

K2O % 0.03 0.03 0.03 0.03 0.04 0.02 NA 0.38 0.02 0.01 0.03 0.04

TiO2 % 0.2 0.2 0.2 0.2 0.2 0.2 NA 0.5 0.9 0.6 0.2 0.3

P2O5 % 0.02 0.02 0.02 0.02 0.20 0.02 NA 0.07 0.04 0.03 0.03 0.03

LOI % 4.0 4.1 3.7 4.7 3.2 3.0 NA 2.0 4.2 6.0 2.6 3.0

Sum % 100.9 100.9 100.8 100.7 100.5 100.5 NA 100.9 100.5 100.4 100.4 100.9

Sc μg/g 10 10 12 11 12 11 10 19 17 13 11 14

V μg/g 52 47 62 52 57 50 48 106 139 83 58 76

Cr μg/g 2831 2703 3150 2297 2890 2721 2873 721 4454 4843 3898 2780

Co μg/g 129 137 133 131 127 119 121 62 99 126 126 77

Ni μg/g 2553 2655 2616 2434 2581 2466 2767 415 1358 1819 2413 1461

Cu μg/g 19 11 16 25 11 63 14 73 38 29 25 14

Zn μg/g 509 111 477 254 84 612 81 121 52 59 121 126

Ga μg/g 5 4 5 4 5 5 4 18 8 4 5 8

Rb μg/g 1 1 1 1 2 2 1 20 1 1 1 0

Sr μg/g 7 5 19 5 5 9 7 202 27 5 5 8

Y μg/g 4 3 4 4 4 4 3 7 7 3 4 5

Zr μg/g 5 5 11 4 5 6 5 23 20 11 5 6

Nb μg/g 0.1 0.1 0.1 0.04 0.1 0.1 0.1 0.4 0.6 0.4 0.1 0.1

Cs μg/g 0.3 0.4 0.4 0.5 0.4 0.5 0.4 3.4 0.2 0.1 0.5 0.0

Ba μg/g 2 2 3 3 5 8 2 17 84 15 5 2

La μg/g 2.1 1.6 2.3 2.1 2.0 3.9 1.4 6.0 1.3 0.8 2.2 1.1

Ce μg/g 4.4 3.3 4.4 3.9 4.0 8.2 3.0 12.1 5.0 2.9 4.5 3.2

Pr μg/g 0.3 0.3 0.4 0.3 0.3 0.6 0.3 1.0 0.7 0.4 0.4 0.3

Nd μg/g 1.7 1.3 1.9 1.5 1.7 2.8 1.4 5.3 3.1 1.7 1.9 2.0

Sm μg/g 0.4 0.3 0.5 0.4 0.4 0.6 0.4 1.3 0.9 0.5 0.5 0.6

Eu μg/g 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.5 0.2 0.03 0.1 0.1

Gd μg/g 0.5 0.4 0.6 0.5 0.5 0.7 0.4 1.4 1.1 0.6 0.6 0.7

Tb μg/g 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.1 0.1 0.1

Dy μg/g 0.6 0.5 0.7 0.6 0.6 0.7 0.5 1.3 1.1 0.6 0.7 0.9

Ho μg/g 0.1 0.1 0.2 0.1 0.1 0.2 0.1 0.3 0.3 0.1 0.1 0.2

Er μg/g 0.4 0.3 0.5 0.4 0.4 0.5 0.4 0.8 0.8 0.4 0.4 0.6

Tm μg/g 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Yb μg/g 0.3 0.3 0.4 0.4 0.4 0.4 0.3 0.7 0.7 0.4 0.4 0.5

Lu μg/g 0.1 0.0 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.1

Hf μg/g 0.1 0.1 0.3 0.1 0.1 0.1 0.1 0.4 0.4 0.2 0.1 0.1

Ta μg/g 0.02 0.02 0.02 0.003 0.05 0.03 0.02 0.10 0.05 0.03 0.02 0.02

Pb μg/g 12 12 12 11 8 23 9 10 12 10 13 9

Th μg/g 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.3 0.3 0.3 0.1 0.1

U μg/g 0.1 0.1 0.1 0.2 0.1 0.2 0.1 0.1 0.2 0.2 0.1 0.1

Ru ng/g 90 42 49 59 67 52 54 27 82 78 61 57

Rh ng/g 14 3 3 3 4 8 4 7 10 7 4 4
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Table 1. (Continued)

Analyte Unit P-63 P-64 P-65 P-66 P-67 P-68 P-69 P-70 MD-12 MD-20 I-52 I-53

Pd ng/g 17 14 11 10 15 14 22 27 87 37 19 53

Ag ng/g 69 27 62 41 57 70 107 36 161 101 90 37

Re ng/g 14 10 12 12 14 9 19 19 410 480 15 10

Os ng/g 57 65 24 55 28 64 46 3 12 7 27 13

Ir ng/g 20 10 12 13 15 13 13 2 12 18 15 9

Pt ng/g 72 25 29 27 29 30 31 18 83 277 26 43

Au ng/g 57 30 30 22 39 36 33 52 54 55 35 23

PGE (T) ng/g 354 195 201 220 228 261 297 138 856 1004 257 227

Table 2. Analytical data of geochemical standards WPR-1 and WMG-1. WPR-1 was used as
calibration standard and WMG-1 was analysed as an unknown to check accuracy.

WPR-1 WMG-1

Certified ICP-MS Certified ICP-MS

Analyte Mass no. Unit value Obtained value value Obtained value

Ru 101 ng/g 21.6 22.343 ± 2 27.6 35 ± 2

Rh 103 ng/g 13.4 13.067 ± 1 25.6 26 ± 1.5

Pd 105 ng/g 235.0 233.934 ± 10 307.8 382 ± 18

Os 192 ng/g 13.3 13.097 ± 1.2 14.6 NA

Ir 193 ng/g 13.5 13.671 ± 1.5 44.5 46 ± 2

Pt 195 ng/g 285.0 284.216 ± 15 892.0 861 ± 41

Au 197 ng/g 42.2 41.683 ± 3 82.4 102 ± 5

5. Results

5.1 Major, minor and trace elements

The major and minor oxides and trace element
compositions including REE and PGE of the ultra-
mafic rocks of Pindar and adjoining areas are pre-
sented in table 1. The accuracy of PGE data has
been validated by analysing an international geo-
chemical CRM WMG-1 as an unknown sample,
after calibrating the instrument with another CRM
WPR-1 (table 2). The precision was evaluated
by analysing three separate analyses of the CRM
WMG-1, which was found to be <10% RSD.

The rocks are characterized by high MgO (28.7
to 46.0 wt%), FeOt (4.1 to 12.4 wt%) and low
Al2O3 (∼2.3 av. wt%, except 8.3% for P-70), SiO2

(40.1 to 48.0 wt%) and TiO2 (0.2 to 0.9 wt%).
Na2O and K2O are extremely low and never
exceeded 0.1 and 0.04 wt%, respectively. Bivari-
ate plots of MgO with SiO2, CaO and Ni show a
distinct linear regression (either positive or nega-
tive slope) for the ultramafic rocks of Pindar
and adjoining areas (viz., Madawara and Ikauna)
(figure 4a–c). They tend to indicate an affinity

towards fractional crystallization and their geo-
chemical constituents correspond to very high
MgO which is geochemically similar to komati-
ite composition. MgO: peridotite vs. ΣPGE and
Fe2O3 vs. ΣPGE plots (figure 4d, e) show pos-
itive trend indicating primary magmatic affin-
ity and enrichment of PGE in komatiite magma.
The ultramafic rocks of Pindar are character-
ized by high Ni (2434 to 2767 μg/g; exclud-
ing sample P-70), Cr (2297 to 3150 μg/g), Au
(22 to 57 μg/g) and low Cu (<63 μg/g), which
are similar to that reported from Madawara
ultramafic complex (Singh et al. 2010a, 2010b;
Satyanarayanan et al. 2010a). The discrimina-
tion diagram of (MgO+FeO)/TiO2 vs. SiO2/
TiO2 (figure 4f) indicates distinct correlation, sug-
gesting that the ultramafic rocks of Pindar are
dominantly controlled by olivine crystallization.

Two distinct types of REE patterns, viz., with
and without Eu negative anomaly (figure 5a) was
observed with slight light rare earth elements
(LREE) enrichment depicting the evolution of Pin-
dar ultramafic complex initially through fractional
crystallization. Primordial mantle normalized spi-
der diagrams (Taylor and McLennan 1985) indicate
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Figure 4. Bivariate plots of (a) MgO vs. SiO2, (b) MgO vs. CaO, (c) MgO vs. Ni, (d) MgO vs. total PGE, (e) Fe2O3
vs. total PGE, (f) (SiO2/TiO2) vs. (MgO+FeO), (g) Ni vs. Cu, and (h) Ni vs. Pd. Samples representing Pindar (square),
Ikauna (diamond) and Madawara (circle) indicated in these plots represent the trend of crystallization. Major oxides are in
wt%, Ni and Cu in μg/g and all PGE in ng/g.
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Figure 5. (a) Chondrite-normalized REE patterns of ultramafic rocks of Pindar, (b) trace elements spidergram and
(c) PGE trend for the ultramafic rocks of Pindar and adjoining area showing Pt and Au-enriched trends.

depletion of high field strength elements (HFSE)
(Sr, Ta, Nb, Rb, Y, Hf) and positive anomalies
for Cs, La, Sm, U and Ti (figure 5b). In con-
trast to this, the enrichment of large-ion-lithophile

elements (LILE) (Rb, K, U, Th) and depletion
of HFSE (Nb, Hf, Zr and Ba) were observed for
those ultramafic rocks showing flat REE trend
(without Eu anomaly). In general, rocks of Eu
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negative signature have more variation in the LILE
and comprise pronounced negative anomalies of
Nb and Ta. The nature of these patterns suggests
complex evolution of these ultramafic rocks
through multiple magmatic processesssociated
with crustal contamination in the magma in sub-
sequent stages.

5.2 PGE distribution trends in ultramafic rocks

The ultramafic rocks of Pindar show ΣPGE con-
centrations from 195 to 354 ng/g (table 1). Their Ir
(10 to 20 ng/g; excluding P-70), Ru (42 to 90 ng/g),
Rh (3 to 14 ng/g), Pt (31 to 72 ng/g), Pd (10 to
22 ng/g) and Au (22 to 57 ng/g) display relatively
wide variations. Pd/Ir ratios range from 0.52 to
5.14, whereas Pd/Pt ratios vary from 0.11 to 1.0.
The bivariate plot of Ni with Cu and Pd shows
a distinct negative correlation indicating normal
cooling trend (figure 4g, h).

Naldrett et al. (1979) suggested that when
chondrite-normalized PGE values are plotted in
order of the descending melting point (Os, Ir,
Ru, Rh, Pt, Pd, Au), a smooth curve much simi-
lar to REE pattern will be obtained. These PGE
curves usually provide valuable information about
the fertile mantle, tectonic environment for mag-
matism, fractionation and contamination, fluid-
sulphide-silicate melt interactions during early
history of magma (Barnes et al. 1985; Zhou et al.
2004; Mondal et al. 2007; Alapieti et al. 2008). The
PGE trend (figure 5c) of these ultramafic rocks sug-
gest enrichment of Palladium group PGE (PPGE)
(Rh, Pt, Pd) compared to Iridium group PGE
(IPGE) (Ir and Ru).

6. Discussion

The behaviour of PGE abundances in ultramafic
rocks and magmatic volatile phases are studied
to identify the geochemical controls of their for-
mation and distribution in Earth’s crust, and to
understand the primary mantle-derived magmatic
processes (Peach and Mathez 1996). The olivine,
chrome–spinel and sulphides of Ni, Fe and Cu
are the most compatible mineral phases for PGE-
enrichment in the ultramafic rocks (Keays et al.
1981; Crocket 2002), and are mainly responsible for
PGE enrichment in the magmatic system. The five
important factors, viz., (i) degree of partial melting
of PGE-enriched/fertile mantle, (ii) metasomatism
and fractionation of PGE-rich magma, (iii) dis-
solved sulphur (S) (iv) S-saturation condition dur-
ing crystallization of magma, and (v) hydrothermal

Figure 6. Classification diagram (Barnes et al. 1988) of
(a) Ni/Cu vs. Pd/Ir and (b) Ni/Cu vs. Pd/Pt for ultramafic
samples representing Pindar (square), Ikauna (diamond) and
Madawara (circle) plotting in mantle to komatiite field.

intrusive, have been advocated for PGE deposits
in many ultramafics and associated mafic rocks
(Holwell and McDonald 2006; Maier 2005). They
may work together or separately depending
upon the prevailing geological conditions during
emplacement (Naldrett 2010). However, among all
these, the magmatic enrichment of PGE in ultra-
mafic rocks are primarily controlled by the degree
of partial melting of the juvenile mantle from which
the mafic magma is derived.

High MgO, Ni, Cr, Ir and low V, CaO, Na2O,
Al2O3, K2O and TiO2 in the ultramafic rocks
of Pindar suggest high degree of partial melting
from the depleted mantle source, which prevailed
during the development of peridotite–komatiite
magma. The high Ni/Cu, low Pd/Ir and Pd/Pt
ratios (figure 6a, b), and high concentration of
IPGEs (table 1) from the study area compared
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to common ultramafic rocks indicates that ultra-
mafic rocks of Pindar were formed during the S-
unsaturated condition (Barnes and Picard 1993;
Chen and Xia 2008). Presence of high MgO
and higher PGE in these rocks view that the
magma is derived from PGE-enriched fertile man-
tle. Observation about origin of ultramafic magma
and various mechanisms for the fertility of juve-
nile mantle (Herzberg and O’Hara 1998; Sproule
et al. 2002), and dissemination of sulphide within
the ultramafic complex have been proposed from
several areas (Barnes et al. 2004; Lesher and
Barnes 2009) showing similar geochemical trend for
the ultramafic rocks of Pindar. Linear sympathetic
correlation of MgO vs. Ni and (SiO2/TiO2)
vs. (MgO+FeO)/TiO2) attributes the olivine and
pyroxene crystallization trend in the magma in
general.

Correlation between LREE and HREE ratios
helps in distinguishing Al-depleted from Al-
undepleted komatiites. Al-depleted komatiites
from the Barberton greenstone belt normally are
moderately enriched in LREE and other incompat-
ible trace elements, and have REE patterns that
show a gentle increase (Gruau et al. 1990). Komati-
ites from the Pilbara Block, which, similar to Bar-
berton, show depletion of both LREE and HREE,
and have hump-shaped patterns. The REE abun-
dance normalized to chondrite values of ultramafic
rocks of Pindar show variable enrichments in LREE
in general and is more or less uniform with flat
trend of HREE; though, their Eu values and HFSE
abundances differ from peridotite to pyroxenite.
Two types of trends in trace elements distribu-
tion, viz. (i) depletion of HFSE (Sr, Ta Nb, Rb,
Ba, Y, Hf ) and positive anomalies of Cs, Nd, Sm,
U and Ti with V-shaped strong negative anomaly
of Eu in the harzburgites and lherzolites, and
(ii) enrichment of LIL elements (Rb, K, Sr, U, Th)
and depletion of Nb, Hf, Zr, Rb in the olivine web-
sterites and websterite (pyroxenites) have been also
observed (figure 5b). Thus, enrichment in LILE
associated with variable LREE enrichment from
ultramafic rocks of Pindar could be the signature
of some contamination or fractionation, which is
presumed to have favoured PGE mineralization in
the ultramafic rocks of Pindar. The processes of
contamination and metasomatism in the magma
for the PGM crystallization advocated from dif-
ferent ultramafic complexes (Sproule et al. 2002;
Maier 2005; Chen and Xia 2008) suggests abun-
dance of PGE subsequent to extraction of magma.
Thus, the presence of high MgO and higher PGE
from these ultramafic rocks and variations in geo-
chemical (REE and PGE) trends suggest some con-
tamination. If the significant enrichment in LILE
associated with LREE and negative Eu anomaly for
the rocks from Pindar is due to contamination

or metasomatism, then the concentration of Cu
and Pd should be higher as IPGE and Rh are
mainly accommodated by MSS (monosulfide solid
solution).

The segregation of sulphides and PGM from sil-
icate melts is perhaps the most important aspect
of Cu–Ni–PGE mineralization, on which several
views have been proposed (Keays et al. 1981;
Barnes et al. 2004). The rocks of Pindar show
that coarse-grained olivine and pyroxenes are dom-
inating minerals in these ultramafic rocks where
the matrices or intergranular spaces of cumulates
are occupied by medium-to-fine grained, grains
of chromite (figure 3a, b). In websterites, most
of the olivine has rim of pyroxenes. The rim of
olivine and cleavages of pyroxenes in the web-
sterites and olivine websterite are usually enriched
by chromite, magnetite and sometimes with Cr-
spinels. Small crystals of Ni sulphides and PGM
are present in disseminated form in the interstitial
spaces of olivine cumulates and pyroxenes or cleav-
ages of pyroxenes (figure 3c, d). The change in
the texture from coarse-grained to fine-grained,
and appearance of diverse mineralogy (oxides,
sulphides and silicates) subsequent to the olivine
crystallization/fractionation, is an important event
in the ultramafic rocks at Pindar that could have
provided a congenial environment for sulphur sat-
uration conditions in the magma. Recent views
(Lesher and Barnes 2009; Naldrett et al. 2009) sug-
gest that timing of sulphur saturation condition is
crucial to the crystallization of PGMs in the ultra-
mafic rocks (Holwell and McDonald 2006). Crys-
tallization of PGM progresses with different types
of mineral paragenesis depending upon the prevail-
ing sulphur saturation conditions in time and space
(Naldrett 2010). For example, when sulphur satu-
ration coincides with magnetite and chromite crys-
tallization, IPGE concentrates in the chromite and
pyrrhotite minerals. If sulphide saturation does not
coincide with chromite crystallization, then Os, Ir
and Rh may be present in chromite matrix and Pt,
Pd and Rh will be absent, and subsequently PPGE
mineral may occur in disseminated forms with
Ni. If sulphide saturation occurs in the absence
of or for prolonged period after chromite crystal-
lization, PGE will associate with base metal sul-
phides. If sulphur saturation prevailed much before
the chromite crystallization, PGE will be crys-
tallized at greater depth and chromite may have
poor values of PGE (Barnes 1990; Maier 2005).
Removal of FeO phases, i.e., chromite, hercynite,
chrome spinel, fayalite and magnetite, perhaps,
promoted sulphur saturation in the system and
favoured PGM and sulphide crystallization at
Pindar. Similar conditions have also been described
at several places in the Madawara ultramafic
complex.
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7. Conclusion

The whole rock analyses for major, minor and trace
elements (including REE and PGE) in the ultra-
mafic rocks of Pindar area show high MgO, Ni,
Cr, PGE and extremely low in Al2O3, CaO, K2O,
TiO2 and V contents. Extremely low abundances
of HFSE, MREE, Zr, Y and high abundances of
Ni, Co, Nd and Ir from the lherzolite, olivine web-
sterite, dunite and harzburgite suggest high degree
of partial melting, under S-undersaturated conditions
from the juvenile mantle. The high MgO, Ni/Cu
ratio, relatively low Pd/Ir ratio and Al2O3 indicate
komatiite–peridotite affinity for the source rock.

Petrographic study supported by geochemical
data suggests that parent magma was enriched in
PGE. The presence of granular aggregates of segre-
gation of chromites, Ni sulphides and PGMs in the
interstitial spaces of olivine cumulates, and along
cleavages of pyroxenes is related to prevalence of
S-saturation during cooling conditions. The pres-
ence of PGM in association with Fe-bearing phases
(magnetite, pyrrhotite, chromite, etc.) or as dis-
seminated sulphide minerals along with chromite
indicate that FeO-rich phases were perhaps trigger-
ing the crystallization of the sulphide-rich phases
in the magma during the cooling. Nearly similar
conditions for the appearance of PGM in the matri-
ces of olivine cumulates have been proposed for the
ultramafic rocks of Madawara.
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