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The southern part of the Bundelkhand Massif shows a
series of lensoidal bodies of undeformed and unmeta-
morphosed ultramafics, associated with gabbro/diorite
and intrusive into the Bundelkhand Gneissic Complex
(BnGC). The ultramafics exposed around Madawara
town is characterized by high MgO (26—46 wt%), and
low SiO, (4246 wt%), TiO, (<1wt%) and ALO;
(<1 wt%). The concentrations of Cr and Ni are high,
ranging from 3000 to 6000 ppm and 1500 to 4000 ppm
respectively. Geochemical studies of platinum group
elements (PGEs) in fertile ultramafic magma deve-
loped at great depths showed depleted to undepleted
and undersaturated to saturated conditions around
Madawara. The rare earth elements patterns show
three distinct trends, viz. strongly depleted Eu ano-
maly, Eu positive and a flat trend. The high values of
ZPGE (~700 ppb) especially Ir PGE (IPGE) and Pt
(> 100 ppb) suggest that the Madawara ultramafic
complex could be a potential PGE prospect. Detailed
exploration studies including bore hole drilling should
be taken up.

Keywords: Depletion, fertile mantle, fractionation,
partial melting, platinum group elements prospect.

THE platinum group of elements (PGEs) (Ru, Rh, Pd, Os,
Ir and Pt) is strongly siderophile and chalcophile in char-
acter and is a sensitive indicator of partial melting, crystal
fractionation and S-saturation conditions of magma'™.
PGEs are an economically important group of elements
and there are only few localities with PGE deposits in the
world, viz. Norilsk—Talnakh in USSR; Stillwater Com-
plex in USA; Bushveld Complex in South Africa, and
Sudbury structure and its associated sulphide deposits in
Canada""™®. It has been suggested that sulphur-saturated
melts may have relatively high PGE, especially the Pd
group of elements’, but the possibility of PGE deposits in
the sulphur undersaturated conditions cannot be ignored”.
The latter view is mainly related to the oxide facies,
which contains high platinum. The oxide facies appears
in most of the magma before the appearance of the sul-
phide facies minerals. High values of PGE have been
reported from many mafic and ultramafic terrains of dif-
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ferent tectonic settings but PGE mineralization are mainly
associated with layered intrusions, komatiites and ophio-
lits suites’!®. In India, the PGE mineralized zones have
been identified from ultramafics of Nausahi, Orissa®
Hanumalapur, Karnataka'' and Karungalpatti, Tamil Nadu.

Occurrences of ultramafic rocks were known around
Madawara since the last few decades'*™, but no attempt
has been made to understand the PGE mineralization in
these rocks mainly due to non-availability of analytical
facilities. High concentration of PGE has been reported
from the ultramafics of Ikauna, Lalitpur since the last two
years only in the form of reports abstracts'”. The present
data reveal that ultramafic rocks of Madawara town have
a potential for PGE mineralization.

The Bundelkhand Massif consists of a variety of grani-
toids of Palaeoproterozoic age on a large scale (> 60% of
the area of massif) and lensoidal occurrences of low-
grade and high-grade metamorphics'™'*'®. Recent work!’
on Bundelkhand Craton proposed several tectonothermal
events (Table 1) and suggested that high-grade supra-
crustal rocks (proposed as Bundelkhand Gneissic Com-
plex (BnGC: M, event), were evolved in the middle
Archean time. It was followed by volcano-sedimentary
sequences which were less deformed and metamorphosed
(low grade) in subsequent events (proposed as Bundelk-
hand Metasedimentary and Metavolcanics (BMM): My).
The presence of xenolithic outcrops and intrusive rela-
tionships of nearly undeformed Bundelkhand granitoids
(BG) limits the above events.

The occurrences of mafic and ultramafics as enclave in
the BG have also been described by many workers'>*!
from different locations. However, its position in the
stratigraphic order of Bundelkhand Craton was uncertain,
mainly due to lack of information about field relation-
ships, structural, petrological and geochronological data.
The ultramafics of Bundelkhand Massif has been classi-
fied into two groups'®, viz. mafics and ultramafics associ-
ated with the volcano-sedimentary sequences having
close relationship with BMM confined to central part;
and ultramafics associated with gabbro and diorite in the

Table 1.

granite—gneissic terrain around Madawara as Madawara
ultramafics complex or Madawara Igneous Complex (MIC)
(Table 1).

The geological study around Madawara (Figure 1)
shows several outcrops of mafic and ultramafic rocks into
the granite—gneisses of BnGC, which are associated with
diorite/gabbro rocks. The ultramafic body trending in
E-W direction has a sheared relationship with rocks of
BnGC (migmatites, granite—gneisses, gneisses) at both its
ends, 1.e. near Madawara fort and near the mosque in the
northern part, and in the Rohini River near the dam in the
southern part. The sheared zone is about 40-50 m thick,
where ultramafics are found to transport southwards.

The rocks of BnGC and BMM of Madawara area are
also dominated by E-W trend and overlaid by sedimen-
tary cover of Bijawar Group and Vindhyan Supergroup in
the southern part at Sonrai, about 8 km south of the study
area. Several NW—SE trending shear fractures/faults have
been observed to displace the ultramafics, BMM, Bijawar
and BnGC rocks.

The MIC is about 40 km in length and 2—4 km wide
zone of mafic, ultramafic, diorite/gabbro magmatism,
where rocks are mostly dominated by mafic—ultramafic
suite of several episodes followed by late phase intrusive
of gabbro/diorite associations. The Palaeoproterozoic BG
were also found to be intrusive into gneisses of BnGC
and MIC which indicates that mafic and ultramafic em-
placement would be pre-BG (>2600 Ma). The northern
and southern contacts of E-W trending MIC rocks are
sheared and mylonitized, where ultramafics along with
BnGC are involved in shearing. The mafic and ultrama-
fics of Madawara are mostly dark bluish grey coloured,
coarse-grained and massive in nature. The medium to
coarse grained spinel embedded into the peridotite are
visible at several places (Figure 2). The layered structures
were also noted at few places especially to the south of
Madawara town. Globular structures (Figure 2 ¢) (marked
as rounded blebs) of ultramafics in the light grey pyrox-
enite were found commonly in the southern part of the
area (near sample MD 20) which may be an indication of

Stratigraphy of Bundelkhand Craton

Vindhyan Supergroup (1400-700 Ma)

Lower Vindhyan limestones and dolomites, quartzite, upper Vindhyan Kaimure sandstone,

Rewa sandstone and shales, Bhander carbonates

Bijawar/Gwalior Group (1800-1600 Ma)

Sandstones, quartzites, micacious quartzite, meta basics, ferruginous shale and sands stones,

BHI, limestones and dolomites

Mafic emplacement (2000-1800 Ma)
Late phase granitic emplacement (2300-2000 Ma)
Bundelkhand granitoids (BG) (2600-2500 Ma)

Madawara Ultramafics Complex

Dolerites, gabbro, lamproites, quartz veins and reefs, granites
Quartz reef, granitoids, pegmatites, diaspore and pyrophyllites
Leucogranite, biotite granite, hornblende granite, hornblende—biotite granite

Peridotite, dunnite, hartzbugite, spinel bearing peridotite, PGE enriched peridotites,

pyroxenite, gabbro, diorite, quartz diorite, granite, talc chlorite, schist, etc.

Bundelkhand metasedimentaries and
metavolcanics (3300-2600 Ma)

Bundelkhand Gneissic Complex (> 3300 Ma)

BMQ, rhyolite, andesite, rhyodacite, quartzite, micaceous quartzite, chlorite schist,
talc schist, pyroxenite, gabbro, peridotite, calc-schist

Granite—gneisses, calc silicate, gneisses, quartzites, garnetiferous gneiss,

sillimanite—cordierite gneiss, amphibolite, TTG
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Figure 1. Geological map of Madawara Igneous Complex, Bundelkhand Craton. (JHS: Jhansi; MWR: Madawara.)

Figure 2.

a, Fieldgraph showing globular texture from the ultramafics an indication of two varieties of magmic components. The dark variety

consists of high values of platinum group elements (PGE); b, Field photograph showing crystals of spinel embedded in ultramafics; ¢, Photomicro-
graph showing the sulphide minerals (Pge), magnetite pyrrhotite (mt) and chromites (crm) present as disseminated crystals in the intergranular
spaces of cumulates of olivine (Olv); d, Growth of ¢cpx and chromite mineral (Crm) in the interstitial spaces of olivine (olv) cumulates.
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the fractionation of two ultramafic components. In most
of the places, the ultramafics are highly altered, serpenti-
nized and chloritized. Sometimes, the disseminated specks
of sulphide minerals especially in highly dark coloured
ultramafics are also visible at several places. The sul-
phide-rich ultramafic layers were encountered near the
pyroxenites, showing some kind of layered structure in
the ultramafics. The stringers and veinlet structures were
also observed in the ultramafics related to subsequent
emplacement of PGE enriched ore fluid and magmatic
body in the fractured zones. The pyroxenite and peri-
dotite intrusive (late phase) in MIC are less altered and
nearly undeformed to dunite, peridotite, harzburgite, web-
sterite spinel-bearing peridotite that are deformed, locally
mylonitized and serpentinized and sometimes changed
into  talc * chlorite + magnetite/chromites * actinolite +
tremolite schists.

Petrographic studies suggest presence of cumulates of
olivine in the ultramafics. Most of the olivine and pyrox-
ene are altered into chlorite and talc. Unaltered olivine
and pyroxene are very rare and if present they are usually
zoned. Medium to coarse-grained crystals of hercynite/
chromite are mainly confined to the rim part of olivine
whereas the core part of olivine is devoid of inclusion.
The crystals of orthopyroxene usually contain medium-
grained granules of magnetite along their cleavages. Sul-
phide and iron oxides are mostly embedded in the ground
mass of cumulates of olivine (Figure 2) and sometimes in
the interspaces of olivine and pyroxene cumulates. The
pyroxenes are usually zoned and their core part normally
enriched with iron oxides. The sulphide phases are usually
disseminated and found along the opening of cleavages or
fracture zone or in the interstitial spaces of olivine cumu-
lates. The platinum group of minerals are present in the
disseminated form especially in the matrix of olivine
cumulates (Figure 2). Amphibole and chlorite are the
most dominating altered minerals in the ultramafics.
Actinolite and tremolite crystals are also common in the
altered rocks and sometimes define the foliation deve-
loped due to mylonitization and subsequent thermal
effects. Hornblende crystal is mostly found in the pyrox-
enite, diorite, granite and intrusive peridotite. Magnetite
is abundant in minerals; occurs as primary and secondary
phases, both along the cleavages of olivine, pyroxenes,
talc and tremolite. Fine-grained granular aggregate of
magnetite is found in cliopyroxene as primary crystals
whereas that of coarse grained is found with talc—
chlorite—serpentine minerals as secondary crystals.

Representative samples of peridotites and pyroxenites
were collected so as to avoid vein fillings and alteration
rinds, cleaned and then powdered using an agate mortar.
Major oxides (SiO,, TiO,, Al,03, Fe,0O; MnO, MgO,
Ca0, Na,0O, K,0 and P,0s5) were determined in all the
ultramafic samples by X-ray fluorescence (XRF) (Philips
MagiXPRO-PW2440) at the National Geophysical
Research Institute (NGRI), Hyderabad, India. Interna-
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tional geochemical standard reference materials (SRMs)
from the US Geological Survey, Canadian Geological
Survey, International Working Group, France and NGRI,
India were used to prepare calibration curves for major
oxides. Trace rare earth elements (REE) and PGE were
determined by ICP-MS (PerkinElmer SCIEX ELAN®
DRC-II) at NGRI, Hyderabad. Analyses of PGE and Au
were carried out by following NiS—fire assay with Te co-
precipitation and ICP-MS methods. Single isotopes were
used for all elements and were selected based on their
abundance levels and freedom from interferences from
other elements usually present in rock samples. The
detection limits of most of the elements including PGE
were about 0.01 ng/ml, and the precision was better than
6% for trace and REE, and < 10% for PGE analysis'>*".

The major oxides and trace element compositions of
representative ultramafics and mafics (olivine-bearing
websterite, harzburgite, gabbro and orthopyroxenite) are
listed in Table 2. The olivine websterite at MIC
have Si0; ranging from 44.2 to 51.0 wt%, AlL,O; from
0.9 to 1.0 wt%, CaO from 1.4 to 7.3 wt% and Ti10, from
0.5 to 0.9 wt%. The harzburgite have SiO, ranging from
42.3 to 45.7 wt%, Al,O5 from 0.8 to 0.9 wt%, CaO from
0.1 to 2.6 wt% and TiO, from 0.3 to 0.7 wt%. The
orthopyroxenites have Si0, ranging from 44.5 to
50.9 wt%, Al,O3 from 0.7 to 0.9 wt%, CaO from 0.1 to
1.6 wt% and T10, from 0.1 to 0.5 wt%. Thus, these rocks
are ultrabasic in compositions. All the samples have MgO
ranging from 26.4 to 35.9 wt% with Mg# from 83 to 88
and almost linear inverse patterns have been obtained
with SiO, (Figure 3 a). Their Na,O contents are generally
between 0.01 and 0.11 wt%, much higher than K,O (max
0.04 wt%). The basic rocks of Madawara associated with
ultramafic are rich in CaO and poor in Fe,O3 and MgO,
and differ in many respects from the ultramafics.

The olivine-bearing, websterite and harzburgite have
similar chondrite normalized REE patterns slightly
enriched in LREE (light REE) (Figure 4 a) and display
prominent negative Eu anomaly (Ew/Eu* =0.16-0.91).
Their plots in a primitive mantle normalized incompatible
element spider diagram are enriched in large ion litho-
phile elements (LILE) such as Rb, Ba and Th, and de-
pleted in high-field strength elements (HFSE) such as Nb.
These rocks have low Eu, Sm and Nd and their (La/Gd)y
ratios range from 0.87 to 1.35, (La/Yb)y from 1.1 to 1.8
and (Gd/Yb)y ratios range from 1.09 to 1.47. The ultra-
mafics have overall V-shaped patterns in the chondrite-
normalized diagrams and are komatiite to basaltic
komatiite in composition. The elemental distribution of
different rocks across the strike (E—W) yield more or less
a flat trend for major oxides MgO, FeO, Al,O; from the
ultramafics. The periodotites that are intrusive into the
ultrabasics (phase 1) are slightly enriched in the LILE and
LREE and nearly flat in MREE (Figure 4 a). The gabbro
and diorite rocks that are associated with ultramafics
show two varieties of trends, i.e. Eu positive and Eu
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Table 2. Analytical data of ultramafic rocks from Madawara Igneous Province Complex

Sample MD-2 MD-3 MD-4 MD20 MD-6 MD-8 MD-9 MD-12 MD26 MD27
SiO, 44.75 43.68 42.84 43.75 45.30 44.47 50.49 46.92 50.15 49.28
Al O3 0.93 0.84 0.89 0.84 0.91 0.73 0.96 1.00 12.41 14.22
Fe,O3 12.86 12.94 14.45 13.79 13.65 14.05 10.27 13.60 13.27 13.44
MnO 0.13 0.14 0.14 0.14 0.15 0.10 0.14 0.14 0.13 0.12
MgO 33.91 34.18 34.26 35.20 32.27 34.45 26.40 29.98 13.11 12.64
CaO 2.60 1.45 1.37 0.08 2.51 0.08 7.26 3.59 13.02 12.65
Na,O 0.06 0.01 0.02 0.01 0.03 0.02 0.05 0.07 1.52 1.45
K,O 0.02 0.01 0.01 0.01 0.01 0.00 0.04 0.02 0.31 0.86
TiO, 0.66 0.49 0.49 0.56 0.51 0.10 0.62 0.90 0.29 0.28
P,0s 0.03 0.02 0.02 0.03 0.02 0.01 0.02 0.04 0.04 0.04
LOI 4.88 7.05 5.53 6.01 5.39 6.87 2.65 4.21 0.79 1.04
Sc 14.93 11.39 11.96 12.53 14.08 7.14 19.68 16.57 26.27 30.87
v 110.35 72.28 90.30 83.35 98.52 27.83 115.88 139.05 161.29 135.25
Cr 4650.72 4525.60  5616.48 4843.01  4589.37  2540.42 3450.85 4453.61 429.13 650.13
Co 101.90 118.84 117.84 125.83 85.50 168.30 79.82 98.64 40.18 38.68
Ni 1581.33 1937.51 1852.43 1819.48  1426.26  2063.48 1319.79 1357.92 264.39 224.01
Cu 26.09 22.29 39.32 29.16 22.25 62.73 64.55 38.08 137.74 123.27
Zn 57.26 45.34 70.70 59.14 57.33 52.41 31.37 52.00 28.15 44.89
Ga 5.88 3.93 4.79 4.13 5.09 1.34 5.28 7.57 14.78 12.34
Rb 1.76 0.69 0.95 0.82 1.09 0.70 2.52 0.92 10.40 10.66
Sr 20.32 16.91 16.07 4.79 13.33 8.51 23.26 27.20 167.56 169.14
Y 4.57 3.24 4.00 3.20 4.19 1.00 4.22 6.85 6.68 7.49
Zr 12.25 8.74 7.59 11.27 8.71 1.52 10.61 19.94 11.07 17.96
Nb 0.46 0.38 0.31 0.37 0.39 0.12 0.37 0.62 0.40 0.71
Cs 0.22 0.10 0.14 0.10 0.15 0.06 0.35 0.16 0.25 0.24
Ba 39.31 13.06 14.80 14.64 13.23 17.07 13.41 83.92 55.05 70.92
La 0.85 0.63 0.79 0.80 0.80 0.50 0.87 1.31 1.28 3.40
Ce 3.21 2.44 2.81 2.91 2.98 1.42 3.49 4.98 4.43 5.71
Pr 0.47 0.34 0.38 0.38 0.47 0.18 0.48 0.67 0.60 0.63
Nd 2.14 1.55 1.76 1.73 2.14 0.76 2.18 3.11 2.75 3.15
Sm 0.60 0.45 0.53 0.47 0.56 0.17 0.54 0.86 0.83 0.81
Eu 0.13 0.10 0.09 0.03 0.16 0.08 0.19 0.24 0.32 0.34
Gd 0.76 0.59 0.65 0.57 0.73 0.22 0.74 1.13 1.10 0.90
Tb 0.13 0.09 0.11 0.10 0.12 0.03 0.11 0.18 0.17 0.16
Dy 0.77 0.56 0.66 0.56 0.74 0.16 0.69 1.14 1.12 1.13
Ho 0.17 0.12 0.14 0.13 0.16 0.03 0.16 0.25 0.25 0.24
Er 0.52 0.37 0.44 0.40 0.52 0.09 0.51 0.78 0.76 0.64
Tm 0.09 0.06 0.07 0.06 0.09 0.02 0.08 0.13 0.12 0.08
Yb 0.49 0.34 0.43 0.39 0.50 0.09 0.48 0.72 0.73 0.48
Lu 0.09 0.06 0.07 0.06 0.08 0.01 0.08 0.13 0.12 0.09
Hf 0.24 0.17 0.15 0.22 0.19 0.04 0.22 0.41 0.25 0.50
Ta 0.04 0.11 0.06 0.03 0.08 0.03 0.05 0.05 0.03 0.05
Pb 14.83 10.58 11.10 9.80 7.60 10.64 12.13 11.75 4.57 2.98
Th 0.27 0.18 0.18 0.25 0.25 0.06 0.21 0.33 0.24 0.58
U 0.19 0.11 0.13 0.19 0.10 0.18 0.14 0.19 0.12 0.11
Ru 64.6 57.8 79.2 77.6 74.2 100.2 64.8 82

Rh 6.2 17.6 15 6.8 9.8 2.4 8.6 9.6

Pd 15.6 76.4 30.6 37.4 33 17 172.2 87.2

Os 7.2 12 15 6.8 13 7.6 1.8 11.6

Ir 18.8 18.2 13.6 17.6 20 9.4 5.4 12.2

Pt 30.6 71 34.6 276.6 43.6 131.6 100 82.8

Au 32 262.8 36.2 54.6 32 42.2 38 53.6

2PGE 143 253 188 422.8 193.6 268.2 352.8 285.4

negative with the flat REE (Figure 4 a). Thus the REE
diagrams suggest multiphase magmatism in the MIC.
PGE contents of the mafic and ultramafics at MIC pre-
sented in Table 2 display a unique trend, i.e. low in Pd
and high in Pt and Au (Figure 4 b). The PGE geochemical
trend points out that the ultramafics of Madawara is a

CURRENT SCIENCE, VOL. 99, NO. 3, 10 AUGUST 2010

potential zone for Cr, Ni and PGE mineralization. These
ultramafics have almost a narrow range of PGE. The high
values of Ir and Ru contents varying from 5.4 to 20 ng/g
and 57.8 to 100.2 ng/g respectively. Rh contents are
fairly constant with a range of 2.4 to 17.6 ng/g, whereas
Pt contents vary from 30.6 to 276.2 ng/g and Pd from 17
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to 172 ng/g. Au also displays wide variation ranging from
32 to 262 ng/g. Pd/Ir ratios range from 0.52 to 5.14,
whereas Pd/Pt ratios vary between 0.11 and 1.0 in the
ultramafic of MIC. Mg#s exhibits feeble positive correla-
tion with Ru, Rh, Os, Ir and Pt, but shows no correlation
with Pd. It shows slightly negative correlation with Au.
The three major processes for the origin of PGE frac-
tionation have been discussed, viz. partial melt, crystal/
liquid sulphide fractionation, and alteration. Of all these
factors, degree of partial melting is the major controlling
factor for the PGE concentration®"**. Besides this, degree
of dissolved sulphur, time of S-saturation, shape and size
of magma chamber and tectonic environment are also
important factors®. It is established that IPGE (Ir, Os, Rh)
and PPGE (Pd, Pt, Ru) are two important divisions in
PGE which behave distinetly in several respects for frac-
tionation, sulphidization, crystallization and PGM miner-
alization>”. The study®*** reveals that IPGE cannot be
retained in olivine and spinel due to its compatibility
whereas PPGE prefers the melt phase at an early stage
due to incompatibility. It has been observed that sul-
phides enclosed in the silicate phase usually have high Os
and Ir abundance and low Pd/Ir ratios®*, whereas the
pentlandite dominated interstitial sulphides can show low
Os and Ir and high Pd/Ir ratios’. Silicate hosted sulphides
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are considered as the residue of partial melting of magma
at high temperature, whereas interstitial sulphides are the
crystallization product of sulphides bearing melt that
developed at relatively low melting points®. Thus under a
low degree of partial melting, the interstitial sulphides are
preferentially incorporated into the liquid phase that pro-
duces a PPGE rich melt with high Pd/Ir ratio"*%,
whereas the IPGE enriched magma developed at high
temperature by high degree of partial melting contain low
Pd/Ir ratio.

It has been described that at higher temperature, as the
degree of partial melting increases, the silicate enclosed
sulphides with IPGE melts produces lower Pd/Ir ratio™.
This view suggests that high Ir involving melt is dependent
on the temperature and degree of partial melting. Thus
the low Pd/Ir ratio from MIC explains the high degree of
partial melting. The high degree of partial melt developed
in the sulphur saturated environment is a strong potential
zone for PPGE and the sulphur under-saturated magma
for IPGE. PGE remains in the primary melt of komatiite
with low Pd/Ir developed in the sulphur undersaturated
condition and becomes potential as they survived S satu-
rated conditions during the evolution.

PGE concentration also is controlled by the dissolved
sulphur content and time of the solidification of sulphur-
bearing phases. The dissolved sulphur plays an important
role in PGE mineralization due to strong siderophilic
character of PGE in the magma chamber or during cooling.
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It is found that PGE and other chalcophile elements in the
mafic and ultramafics rocks are mainly controlled by the
amount of dissolved sulphur in the magma chamber. The
genetic models for the PGE-bearing ore bodies invoke
separation of the immiscible sulphide liquid magma and
its fractionation and an accumulation on the floors of
magma chambers by various workers®**%,

In most of the sulphur saturated mineralized cumulates,
PGE are mainly associated with sulphides that appear due
to fractionation of magma as the immiscible sulphide lig-
uid, whereas in the case of S’ poor mafic and ultramafic
cumulates, the picture is more complicated. PGE includ-
ing the relative proportion may be trapped into the inter-
cumulus liquid in the presence or absence of cumulus
sulphide and chromite™>!".

The proportion of PGE, Ni and Cu in the mafic and
ultramafic magma is mainly controlled by the distribution
of sulphides, chromite, olivine and PGM>®. Because of the
strong siderophilic character and high degree of distri-
bution coefficient constant, the crystallization of PGM is
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much faster than Ni and Cu sulphides’. The geochemical
data along with textural study (Figure 2) of Madawara
reveals that the first phase of formation was strongly
enriched with PGE under the moderate to low °S’ satura-
tion conditions (Figure 5) and was komatiitic in character
(Figure 6). This is also evident from the discrimination
diagram proposed by Barnes’ (Figure 7). In subsequent
stages of magmatic fractionation due to increase in the
sulphide, PGE were scavenged by the sulphur much
faster than Ni, Cu and Fe; that has been responsible for
the development of different sulphide phases of PGE
mineralization in the periodotite intrusive of Madawara
ultramafics. The abnormally high values of Pt and other
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PGE from several samples and presence of sulphidization
signatures support this view. It is suggested that Pd could
be concentrated in the pentlandite whereas Ir is evenly
distributed among chromite, pentlandite and pyrrhotite™.
Pd/Ir ratio varied from 1 to 7.0 exceptionally high up to
32 in some ultramafics. The relatively uniformly constant
Pd/Ir ratio in the ultramafics is an indication of the com-
plete separation of sulphide phases from the silicate
magma and leaving behind the silicate magma which is
devoid of sulphide minerals®'. The variable of Pd/Ir ratio
from ultramafic of Madawara indicates that ‘sulphur’
saturated to undersaturated conditions prevailed (Figure
5). In the initial stage of magmatic evolution, Ir migrates
to the base of sulphide and fractionates sulphide depleted
melt in IPGE and subsequently enriched PPGE in the melt.

The S and Cu are sensitive during the magmatic differ-
entiation. Therefore, Cu/Pd, Cu/Ir, N1/Pd have been used
as suitable analogues for sulphur discrimination, espe-
cially when the loss of “sulphur’ from the magma system
18 suspected29’32’33. In the S-undersaturated melts, Cu/Pd,
Ni/Pd and Cu/Ir ratios have a narrow range for ultramafic
Madawara. The scattered values in variation diagram Pd
versus Cu indicate saturated to undersaturated conditions
of sulphur prevailed in the ultramafics of Madawara
(Figure 5a). The plots also reveal that early phase mag-
matism occurred during undersaturated conditions. The
distinet trend of PGE crystallization from the discrimina-
tion diagram Ni/Pd versus Cu/Ir and Cu/Pd versus Pd
suggests that sulphur activity increases in the late stage of
magmatism in Madawara (Figure 5 b).

Four types of PGE mineralization: silicate hosted Pd
type; silicate hosted Pt type;, base metals sulphide Pd
type, and oxide hosted PGE type deposits have been de-
scribed from Hanumalpur area of Karnataka''. MIC con-
sists of high volumes Ir, Ru, Pt, Au and Ag along with
high concentration of Ni, Co and MgO and low values of
V, Ti, Pd and Cr. The ultramafics of MIC are devoid of
nickel and chromite layers. Chromite is only present in
disseminated form in the matrix of silicates or sometimes
as medium to coarse-grained disseminated grains in the
pyroxene. Therefore, PGE mineralization for Madawara
may be related to second, third and fourth categories. The
positive correlations between Ir, Pd and Ni of Madawara
ultramafics and intergranular spaces of olivine cumulate
filled by chromite, magnetite and pyrhotite (Figure 2)
suggest the presence of nickel sulphides and pyrrhotites™.
Similar conditions have been described for PGE miner-
alization from komatiites rocks of other places****. The
REE and PGE patterns, trace element ratios of PGE
contents and Pd/Ir ratios of Madawara are comparable to
those of a rock layered intrusive to komatiite®. The plot
of geochemical data, textural studies and Ni/Cu versus
Pd/Ir discrimination (Figure 7) diagram clearly indicates
that ultramafic of Madawara represents fertile magma and
the area may be a strong potential zone for PGE minerali-
zation. Detailed exploration studies have to be taken up.
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The genesis of mineralization is somewhat unclear at
this stage of study, especially because of mylonitization
of ultramafics rocks at both their ends, but the evidence
gathered so far suggests a complex model involving mul-
tiphase magmatism and sulphidation responsible for sul-
phide phase fractionation of PGE and mineralization in
the lensoidal forms.
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