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The Torappadi Ultramafic—Mafic Complex (TUC) in the Southern Granulite Terrain (SGT)
is mainly composed of pyroxenite (websterite) and gabbro along with their variants—
orthopyroxenite, diopsidite, gabbroic anorthosite and anorthositic gabbro was investigated
for PGE mineralization. Orthopyroxene (enstatite), clinopyroxene (chrome diopside), pla-
gioclase feldspar (Ans7—739,) and primary hornblende (magnesio-hornblende) are the major
minerals largely present in TUC in the order of decreasing abundance. The MgO values
in enstatite rich pyroxenite ranges between 17.15-30.78 wit%, it varies from 25.21 to 32.19
wt% for chrome diopside rich pyroxenite while the MgO wt% in gabbro ranges between 10.5
and 25.5. A total of 145 rock samples from pyroxenite (81), ortho-pyroxenite (13), diopsidite
(7) and gabbro (44) were analysed for Platinum Group Elements (PGE). The total PGE
(XPGE) in the pyroxenite (N = 94) varies from 16.2 to 380.5 ppb, it ranges between 14.1
ppb and 117.4 ppb in gabbro (N = 44) while the diopsidite (N = 7) analyzed from 54.7
to 272.7 ppb. The PGE mineralization in TUC appears to be lithologically controlled. How-
ever, the elevated >.PGE content around fold hinges (F1 and F») provides evidence limited
re-distribution of PGE during deformational event. Wide range of ¥REE (8-1021 ppm),
LaN/SmN (0.58-6.10), and GdN/YbN (0.08-6.69) ratios, indicate significant post magmatic
deformation assisted fluid—rock interaction. The primitive mantle-normalized Ni-Cu—PGE
patterns of the pyroxenites and gabbro of TUC indicate that these rocks were formed from
an evolved mafic magma that experienced early silicate fractionation and sulfide saturation.
The ratios of Pd vs. Cu/Pd, and Cu vs. Pd, suggest that the TUC sequence might have
been evolved through mantle derived, episodic magmatic pulses with early-stage sulphur
fractionation.
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» PGE distribution in Torappadi Ultramafic—Mafic Complex is controlled by both the structure as well as lithol-

ogy.

» The total PGE (XPGE) in the Ultramafic—Mafic rocks of Torappadi Complex varies from 14.1 to 380.5 ppb.

» The PGE and trace element geochemistry indicates that the TUC evolved through episodic magmatic pulses.

The Platinum Group Elements (PGEs) comprising
platinum (Pt), palladium (Pd), rhodium (Rh), ruthenium
(Ru), iridium (Ir), and osmium (Os) are classified as crit-
ical and strategic metals due to their extensive industrial
applications in catalysts, electronics and emerging green
energy technologies [1, 2]. They have similar physical and
chemical properties and tend to occur together in the same
mineral deposits. Most important ores of PGE are as fol-
lows: Erlichmanite and laurite (sulphides), irarsite, osar-
site, sperrylite (arsenides), anduoite, gersdoffite, osmiite,
rutheniridosmine and ruarsite [3-5]. Based on their geo-
chemical behaviour, PGEs are subdivided into two groups:
the compatible Ir-group PGEs (IPGEs: Os, Ir and Ru) and
the incompatible Pt-group PGEs (PPGEs: Rh, Pd and
Pt) [6, 7]. These elements are typically associated with
mafic—ultramafic complexes and layered intrusions formed
through magmatic differentiation and sulfide segregation
processes [6, 8—10].

The PGE mineralization is commonly associated with
magmatic Ni—Cu deposits, either as by-product or as mas-
sive deposit [2, 11, 12]. Ultramafic—-mafic magma em-
placement in different tectonic environments is the major
favourable loci for PGE and associated metal distribution
and enrichments [2, 13]. PGEs exhibit strong siderophile
and chalcophile affinities [14—16] and serve as sensitive
indicators of magmatic processes such as partial melting,
crystal fractionation and sulfur saturation [6, 14, 17]. Or-
thomagmatic processes are known to scavenge PGEs and
other chalcophile elements (e.g., Au, Ag, As, Cd, Bi, Ni,
Co, Pb, Re, Sb, Te and Zn), leading to the formation of
Cu—Ni sulfides, chromite and PGE-bearing ore deposits
[18—22]. Ni and PGE deposits occur in intra-continental
rift settings (e.g., Norilsk, Russia [2]) as well as in conver-
gent settings (Aguablanca, Spain [23]); tholeiitic intrusion
(Pechenga, Russia [24]) and komatiiitic flows/intrusion
(Kambalda, Australia [25]); primary magmatic concentra-
tions (Duluth, USA [2]) and late magmatic enrichments
(Merensky reef, South Africa [26]). Therefore, the distri-
bution and geochemical characteristics of PGEs provide
valuable insights into ore-forming mechanisms and play
a key role in understanding the nature and tectonic set-
tings of parental magma and thus evaluating the mineral
resource potential of mafic—ultramafic complexes.

In India, PGE occurrences have been reported from
several ultramafic—-mafic complexes of Precambrian ter-
ranes, notably the Sukinda and Baula—Nuasahi Com-
plexes (Odisha) [27, 28], Gondpipri mafic—ultramafic lay-

ered Intrusion (Maharashtra) [29], Madawara Igneous
Complex, (Uttar Pradesh) [30], the Hanumalapur Complex
(Karnataka) [31], and the Sittampundi Anorthosite Com-
plex (Tamil Nadu) [32, 33]. The total resource of Plat-
inum Group of Metals (PGM) in India is estimated to be
15 tonnes (UNFC system), concentrated at Nilgiri, Boula-
Nuasahi and Sukinda in Orissa [33]. About 54% of this
is in ‘pre-feasibility’ category and the remaining under ‘in-
ferred’ category [33, 34]. Besides quantifiable PGE de-
posits, there are several incidence and occurrences of
PGE mineralization associated with ultramafic-mafic com-
plexes is reported in Shillong Plateau, Singhbhum Cra-
ton, Bundelkhand Craton, Bastar Craton and elsewhere in
India [27, 35-39]. Similarly, there are several ultramafic—
mafic complexes reported in Tamil Nadu viz., Sittam-
pundi Anorthosite Complex (SAC), Mettupalaiyam Ultra-
mafic Complex (MUC), Samalapatti, Torappadi, Kadavur,
Oddanchattiram and Arumanallur complexes. However,
the Sittampundi and Mettupalaiyam Complexes represent
Archean layered sequences of pyroxenites, chromitite,
garnet-pyroxene granulite, gabbro, gabbroic anorthosite
and anorthosite are well studied in the aspects of PGE
distribution and their resource potential [31, 33, 40] while,
other ultramafic-mafic complexes in Tamil Nadu gained
limited attention.

The Torappadi Ultramafic—Mafic Complex (TUC), one
of the ultramafic-mafic complexes of Tamil Nadu located
within the Archean crustal domain of Southern Granulite
Terrain, provide a favorable geological setting for investi-
gating magmatic processes and associated PGE miner-
alization (Figure 1) [41]. Although the presence of ultra-
mafic rocks in the Torappadi area has been recognized for
several decades, earlier studies primarily emphasized pet-
rographic descriptions of the Torappadi Ultramafic-Mafic
Complex [42—44] and their potential on the PGE mineral-
ization yet to be attempted.

Therefore, the present study aims to evaluate the
PGE geochemistry and mineralization characteristics of
the Torappadi Ultramafic—Mafic Complex, Tiruvannamalai
District, Tamil Nadu (Figures 1 and 2). Geochemical analy-
ses, integrated with petrographic and mineralogical obser-
vations, are employed to elucidate the processes govern-
ing PGE enrichment and to assess the economic potential
of the studied rocks. This work contributes to the broader
understanding of nature of parental magma characteris-
tics, deformation and PGE distribution in Torappadi area
and also provides essential baseline data and scope for
future mineral exploration strategies in the region.
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Figure 1. Location of Torappadi Ultramafic-Mafic Complex (TUC), Tamil Nadu, India in the regional geological map
(Modified after [45, 46]).
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Figure 2. Geological map of Torappadi Ultramafic—Mafic Complex (TUC) with lithological assemblages and their contact
relationship, major structural features and sample locations (Modified after [47]).
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TUC is located in the western part of the Madras
Block and regionally the area is composed of pyroxene
granulite, charnockite, garnetiferous biotite gneiss, gran-
ite gneiss, pink granite, and younger intrusives (pegmatite,
quartz veins, and dolerite dykes) [43, 44]. The general
strike of foliation/banding of the area ranges from NNE-
SSW to NE-SW with local variations in NW-SE and E-W
directions, with converging and opposing dips ranging from
45° and more to vertical indicating the progressive defor-
mation. Most of the rocks in the area show shearing ef-
fects such as slickenside, trapshooting, mylonitization, for-
mation of epidote and chert veins.

The area around TUC is mainly characterized by
Charnockite Group of rocks charnockite, pyroxene gran-
ulite and banded magnetite quartzite (BMQ)] and quartzo-
feldspathic gneiss by migmatised charnockite and pink
gneissic granite inter banded with dominant in the area
occupying both hills and plains, It is bluish grey to dark
in colour with brownish tint on the weathered surface,
medium to coarse grained and on fresh surface greasy
in appearance and composed of quartz, feldspar, biotite,
pyroxene and garnet at places. Charnockite is found to
be occurring as xenoliths within quartzofeldspathic gneiss
and spatially associated with banded magnetite quartzite
and pyroxene granulite. The pyroxene granulite is a dark,
coarse grained, granular texture and consists of pyroxene,
feldspar, quartz and hornblende as major minerals and bi-
otite and magnetite as accessary minerals. It occurs as
concordant lenses in charnockite, and petrographic study
reveals that the hypersthene is predominant over augite.

The TUC is represented by positive topography, gen-
erally called Torappadi hill, with pyroxenite, gabbro and
their respective variants (orthopyroxenite, diopsidite, gab-
broic anorthosite and anorthositic gabbro) (Figure 3) that
forms an arcuate band swerving about NE-SW to ENE-
WSW direction and the convex side of the body pointing
towards north. The grain size and mineralogy variations
are observed both along the strike as well as along the dip
direction. Pyroxenite occurs as detached and discontinu-
ous bands in association with gabbro, gabbroic anorthosite
and anorthositic gabbro in Torappadi hill and has sharp
contact with associated rocks (Figure 3D,E). At places, the
pyroxenite shows cumulus texture (Figure 3A). The bands
mostly trend in NE-SW and NW-SE direction. Total eleven
major pyroxenite bands have been demarcated in the
Torappadi hill and its surrounding area. The width of these
bands varies from 60 to 300 m and length varies from 0.4
to 1.3 km. Mineralogically, it is dominated by orthopyrox-
ene (enstatite), followed by clinopyroxene (chrome diop-
side), primary hornblende (magnesio-hornblende) and pla-
gioclase feldspar (Ans7_73¢) as major mineral. The propor-
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tion of both enstatite and chrome diopside in pyroxenite
[websterite: both clino and ortho pyroxene in significant
amount (>10%)] vary from place to place. Major portion
of the pyroxenite in this complex is composed of web-
sterite (enstatite and chrome diopside). The rock shows
monomineralic in nature at places in smaller scale, based
on which it has been classified as ortho-pyroxenite (>90%
Enstatite) and diopsidite (>90% diopside) (Figure 3B,C).
The diopsidite and ortho-pyroxenite occur as thin bands
and lenses within the pyroxenite (websterite). Gabbro
forms the major mafic rocks of the area (Figure 4A,B).
Plagioclase content varies from place to place and with
the increase and decrease of plagioclase, the rock be-
comes gabbroic anorthosite to anorthositic gabbro (Fig-
ure 4C,D). Under the microscope, the rock exhibits gran-
ulitic texture, medium to coarse grained and composed of
enstatite (Ensg_s0%), plagioclase feldspar (Ansz_spe%) and
chrome diopside.

Three phases of deformation were recognized in the
region through a detailed structural analysis [48]. The first
generation (F4) fold is upright, tight isoclinals in nature
with steep dipping axial plane varying from E-W to NE-SW
trend. The NE-SW trending second generation fold (F»)
developed on a regional scale as a long canoe shaped
tight isoclinals folds resulting in a series of antiforms and
synforms. The F3 fold is identified as broad wraps along
WNW-ESE to NW-SE direction. The pyroxene granulite
and banded magnetite quartzite bands serve as marker
horizons to decipher the fold pattern in the region.

Two generations of folding (Fy and F») were mapped
which are complementary with the regional structure. The
earlier fold (F¢) is a tight isoclinal fold, the axial trace of
which trends in a NE-SW direction. This fold is clearly
seen as a mappable scale fold in the southwestern slope of
the Torappadi hill. Both the limbs are refolded along NNE-
SSW direction (F2). This second fold is an open asymmet-
rical fold and the axial trace of the fold runs along the axial
region of Torappadi ridge. Minor warping along NNE-SSW
directions is also seen, which appears to be the sympa-
thetic folds parallel to F» fold. The axial traces of the ma-
jor folds (F2) trends along N10° to 55° E-S10° to 55° W,
which influenced the course of the Cheyyar River along
this later deformation trend.

Despite this polyphase deformation history, PGE min-
eralization in the complex appears to be dominantly con-
trolled by lithology governed by the magmatic processes
during initial stage of emplacement however, the occur-
rence of PGE phases along fractures indicate that local-
ized redistribution of PGE did occur, most likely during D+
and D, deformation, facilitated by micro-fracturing and lim-
ited fluid ingress. The sample location and distribution of
PGE in TUC is shown in Figure 2 and further discussion is
followed in the subsequent sections.
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Figure 3. Field photographs of pyroxenite in Torappadi Ultramafic—Mafic Complex. (A) Showing cumulus texture in py-
roxenite; (B) Orthopyroxenite with thin magnesite veins; (C) Diopsidite occurrence in Torappadi Hill; (D) Disposition of
thin pyroxenite layers within gabbro; (E) Showing a sharp contact between pyroxenite and gabbro; (F) Showing channel

sampling in pyroxenite.
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Figure 4. Field photographs of gabbro and its variants in Torappadi Ultramafic—Mafic Complex; (A) Occurrence of gab-
bro in Torappadi hill; (B) Close view of gabbro; (C) Gabbroic anorthosite; (D) Anorthositic gabbro.

3. Methodology

A total of 20 samples were collected from represen-
tative lithologies of Ultramafic—Mafic rocks to study petro-
chemical nature. 14 samples were collected from pyrox-
enite (websterite), which include three types based on the
mineralogical proportion of enstatite and chrome diopside;
(a) enstatite rich pyroxenite [enstatite > chrome diopside
(10 nos.)], (b) chrome diopside rich pyroxenite [chrome
diopside > enstatite (2 nos.)], (c) equal proportion of both
varieties [enstatite < chrome diopside (2 nos.)], one sam-
ple from diopsidite and five samples were collected from
gabbroic rocks like gabbro (4 nos.) and anorthositic gab-
bro (1 no). In addition, a total of 145 bed rock samples
(BRS) were collected by channel chip method (Figure 3F),
from pyroxenite (81), ortho-pyroxenite (13), diopsidite (7)
and gabbro (44). In which, 128 samples were collected in
three profiles, in pyroxenite bands samples have been col-
lected at 10 m interval along profile whereas, 20 to 25 m
sample interval has been followed in the mafic portion. In
both cases, each sampling channel was maintained for 1.0
m length. These samples were powdered to —200 mesh
for trace element and PGE analysis.

The major oxides and minor elements were analyzed
by X-ray Fluorescence Spectroscopy (XRF) and Rare

Earth Elements, PGE and trace elements were analyzed
by Inductively Coupled Plasma-Mass Spectroscopy (ICP-
MS), at the GSI Lab, SR, Hyderabad following the standard
operation procedure. A total of 15 samples from TUC were
studied under SEM-EDS and EPMA to assess the mineral-
chemical characters of the constituent phases at GSI, SR,
Hyderabad.

4. Results

4.1. Petrochemistry

The MgO values in enstatite rich pyroxenite ranges
between 17.15-30.78 wt%, it varies from 25.21 to
32.19 wt% for chrome diopside rich pyroxenite and for gab-
bro it ranges between 10.5 and 25.5 wt% and the Mg#
are 84.2-90%, 90-91.3%, 81.4-87.2%, respectively. The
high Mg# indicates the primitive nature and differentiation
of Torappadi Ultramafic—Mafic Complex. Overall, the TiO»
content is restricted to 0.07—0.33 wt% (Supplementary Ta-
ble S1). The compatible trace elements Ni and Cr in pyrox-
enite (enstatite rich, chrome diopside rich and equal pro-
portion of both varieties) ranges from 500 to 1071 ppm
and from 1969 to 7273 ppm, respectively. The abundance
of Ni and Cr in pyroxenite shows broad positive correlation
when plotted against Mg# (Figure 5). The positive relation
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of compatible trace elements with Mg# and their elevated
abundance indicate the primary magmatic signatures. A
Jenson cation plot [49] showing that the MgO-rich pyrox-
enite, diopsidite and gabbro fall in a tight group within Ko-
matiitic field (Figure 6).

The trace element and PGE distribution in Pyroxenite
(websterite):

A total of 60 samples were collected from enstatite
rich pyroxenite, in which the Cu range between 5 to 605
ppm, average of 54 ppm, Co between 52 to 120 ppm, av-
erage of 77 ppm, Ni varies from 268 to 1044 with aver-
age 608 ppm and Cr vary from 400 to 6400 ppm, average
of 3614 ppm. The Pt + Pd shows a value from 7 to 344
ppb, average of 81 ppb. The highest Pt + Pd value (344
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ppb) is recorded in sample TW-41, collected from the iso-
lated northern band. The elements Ir, Ru and Rh are not
shown any significant values. In ortho-pyroxenite, 13 sam-
ples were collected, here the Cu is ranges between 14 to
285 ppm, with an average of 84 ppm, Co varies from 52
to 106 ppm, average of 77 ppm, Ni range from 240 to 670
ppm, average of 528 ppm, Cr is between 500 to 5000 ppm.
The Pt + Pd show a value range between 15 to 115 ppb,
average of 51 ppb. The elements Ir, Ru and Rh are not
shown any significant value. From gabbroic rocks (occur
as hanging wall and foot wall), 40 samples have been col-
lected. The distribution of Cu ranges from 1.5 to 295 ppm,
average of 50 ppm, Co vary from 45 to 96 ppm, average
of 72 ppm, Ni is between 155 to 860 ppm, average of 495
ppm and the Cr is range from 300 to 8500 ppm, average
of 2972 ppm. The total Pt + pd values vary from 9 to 106
ppb, average of 44 ppb.
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Figure 5. Compatible trace elements (Ni and Cr) vs. Mg# variation plots for pyroxenites of TUC reflect the parental

magma nature.
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Mafic Complex cluster in komatiite field.
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4.1.2. Chrome Diopside Rich Pyroxenite

From chrome diopside rich pyroxenite, 13 samples
were collected, in which Cu ranges between 5to 111 ppm,
average of 29 ppm, Co between 65 to 97 ppm, average of
78 ppm, Ni vary from 411 to 1090 with average of 674 ppm
and Cr varies from 1300 to 5400 ppm, average of 3800
ppm. The Pt + Pd shows a value from 12 to 248 ppb, av-
erage of 68 ppb. In diopsidite (diopside rich), seven sam-
ples have been collected, in which the Cu values range
between 8 to 21 ppm, average 14 ppm, Co range from 61
to 80 ppm, average 71 ppm, Ni vary from 444 to 619 ppm,
average 519 ppm, Cr is between 4100 to 6000 ppm, aver-
age 4937 ppm. The total Pd + Pt values from 39 to 145
ppb, average 76 ppb. The gabbro (4 nos.) samples, show
that the value of Cu 26 ppm, Co 73 ppm, Ni 440 ppm, Cr
3100 ppm, and Pt 4+ Pd 96 ppb. The elements Ir, Ru and
Rh is not shown any significant value.

4.1.3. Pyroxenite with Equal Proportion of Enstatite and Chrome
Diopside

The Cu values of this pyroxenite range from 8 to 33
ppm with an average of 20.5 ppm, Co varies 65 to 87 ppm
(average 77 ppm), Ni value from 611 to 823 ppm (average
692 ppm), Cr from 3600 to 5300 ppm (average 4410 ppm).
The total Pt + Pd values 27 to 208 ppb (average 103 ppb).
Two samples (TE-27 and TE-31) which are collected from
the south eastern limb of F-2-fold show high values of total
Pt + Pd as 187 and 208 ppb, respectively,

4.1.4. Mineral Chemistry

SEM-EDS Studies were carried out for 15 rock
thin sections of pyroxenite and gabbro. Pentlandite [(Fe,
Ni)9Sg], Chalcopyrite, Nickel bearing pyrite and galena are
the main sulphide phases identified in the samples (Fig-
ure 7A,B). Barite, monazite, zircon, and wolframite also
occur as discrete traces along with sulphide phases, which
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indicate that sulphide mineralization might have been con-
taminated in upper crust with the granophile element [50].
The ultramafic and mafic rocks of Torappadi complex
are studied, to assess the mineral-chemical characters of
the constituent phases by Electron Micro Probe analysis
(EPMA) at GSI, SR, Hyderabad.

4.1.5. Pyroxene

The structural formulae of orthopyroxene and clinopy-
roxene were calculated on 6 oxygen basis (Supplementary
Table S4). The magnesium-iron ratio (Mg#) is particularly
useful as an index of crystal fractionation in basaltic liquids
[51, 52] and it is calculated in wt% as 100 [MgO/(MgO +
FeO)]. The Mg# of orthopyroxene in pyroxenite varies from
79 to 90% and in norite it values from 60 to 61%, clinopy-
roxene Mg# in pyroxenite range from 86 to 92% and few
grains of clinopyroxene occurrence in norite having Mg#
of 70%. The Mg# of amphibole occurrences in pyroxenite
vary from 83% to 91% and in norite it values from 61%
to 62%. The variance of Mg# in pyroxenite and noritic to
gabbroic composition rock suggesting variable degrees of
crystal fractionation. The value of Mg# in basic rock (gab-
broic composition rock) deviates from primitive composi-
tion towards more evolved composition. The pyroxenite
shows Mg# more than 70% and is interpreted as primitive
composition.

When the pyroxene data are plotted in Q (Ca + Mg
+ Fe?t) — J (2Na) diagram [53], all they occupy QUAD
(Ca—Mg—Fe) field (Figure 8A). Similarly, in the ternary
Wo-En-Fs diagram, orthopyroxene is plotting in the clino-
enstatite and clinopyroxene are clustering in diopside field
(Figure 8B) [54]. Compositionally these calcium-poor py-
roxenes are enstatite (En 90-79), they significantly lack in
exsolution lamellae and Ca-poor corresponding to a sub-
solvus composition [55]. The exsolution between clinopy-
roxene and spinel reflects the existence of equilibrium be-
tween them during crystallization.

Chrome diopside

I'entlandite

. i
L e, :_ Y
o —

Figure 7. Backscattered electron (BSE) images from SEM-EDS study illustrating (A) The association of pyrite (ORM1_1),
pentlandite (ORM1_2) and Moncheite (ORM1_3) within the chrome diopside of pyroxenite; (B) Sulphide phase pent-

landite associated with clinopyroxene (chrome diopside).
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The structural formulae for amphiboles were calcu-
lated on 23 oxygen basis (Supplementary Table S5), it is
found that the amphibole has (Ca + Na)B > 1.34 and NaB
< 0.67 [44] and hence grouped as calcic amphibole (Fig-
ure 9A) [56, 57] which are formed mainly due to the change
in the partitioning related to coexisting minerals. The Si vs.
Mg/(Mg + Fe?*) diagram [57] shows that the amphiboles
from TUC fall in the field of magnesio-hornblende affinity
(primary hornblende) (Figure 9B).

] Quad

Ca+ Na
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The calculated An content for the TUC pyroxenite
(websterite) varies from 0.71 to 0.73% and the gabbro
shows An content of 57 to 59%. The plagioclase in py-
roxenite is bytownite while the gabbro is composed of
labradorite variety (Figure 10A and Supplementary Table
S6).

The chromian spinel shows a large composition vari-
ation, in the Cr—Al-Fe3* ternary discrimination diagram
[59] (Figure 10B), In TUC, the spinel from diopsidite is
classified as Al-chromite while the websterite contains Al-
chromite to Cr-spinel (Supplementary Table S7).
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Figure 8. (A) Plots of investigated pyroxene composition of Torappadi complex in Q—J diagram [53]; (B) Plots of investi-
gated pyroxene composition of Torappadi Ultramafic—Mafic Complex (TUC) in Wo-En-Fs diagram [54].
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Figure 10. (A) Projection of investigated plagioclase compositions in Orthoclase (Or)-Albite (Ab)-Anorthite (An) triangu-
lar diagram of TUC; (B) Trivalent Cr—Al-Fe3* ternary cation plot of chromium spinel from TUC.

The sulphide phases like pentlandite, chalcopyrite and
pyrite occur as sub-microscopic disseminations in pyrox-
enite and gabbro in association with silicates (chrome
diopside). The primary sulphide mineralization is rarely
observed even on the freshly broken surface of pyroxen-
ites and gabbro however, fine disseminations are recorded
during microscopic study. Samples for PGE analysis were
collected mainly from the variants of pyroxenite and gab-
bro. The YPGE values of 145 samples are ranging be-
tween 14 ppb and 380 ppb. Out of 145, 34 samples were
analyzed more than 100 ppb of XPGE of which 30 sam-
ples are from enstatite rich pyroxenite variety while three
samples belong to chrome-diopside rich pyroxenite and
one sample pertains to diopsitite. Moreover, when the data
are plotted over the geological map of TUC, it is appar-
ent to notice that the samples with more than 100 ppb of
YPGE are clustering around the hinges of the F; and F,
folds (Figure 2). The bivariate plots of Ni vs. Cr for rep-
resentative samples of pyroxenite (with PGE >100 ppb)
indicating that Ni is showing sympathetic variation and
positive slope with Cr indicating the primary fractionation
trends (Figure 11). Whereas, Cu, Pt and Pd show non-
sympathetic relation with Ni indicating the restricted re-
distribution of PGE during D1 and D2 deformational event
which was substantiated by the elevated XPGE (>100
ppb) of the samples from around fold hinges.

The pyroxenites display a wide range of XREE (8-
1021 ppm), LREE/HREE (0.57-4.23), LaN/SmN (0.58-
6.10), and GAN/YbN (0.08—6.69), indicating significant de-
coupling between LREE, MREE, and HREE (Figure 12A)
[60, 61]. The uniform high LaN/SmN ratios (~6.1) in sev-
eral samples reflect preservation of a primary LREE-
enriched magmatic cumulate signature [62, 63] while wide
variation and pronounced scattering in GdN/YbN and
LaN/YbN ratios (Figure 12C), together with variable Eu

anomalies, indicates selective redistribution of MREE and
HREE. Samples with low LaN/SmN (< 1) and anomalously
high or low GAN/YbN are inferred to indicate deformation-
assisted fluid—rock interaction resulting in selective redis-
tribution of REE without complete resetting of the primary
magmatic signature [63—65].

The chondrite-normalized REE patterns of the gab-
bros are characterized by low to moderate total REE con-
tents, relatively flat HREE patterns, and pronounced posi-
tive Eu anomalies (Eu/Eu* = 2.8-10.9) (Figure 12B). Such
features are typical of plagioclase-rich gabbroic cumulates,
where Eu?T is preferentially incorporated into plagioclase
during crystallization. The limited range of LREE/HREE
(0.47-1.87) and moderate LaN/YDbN ratios (0.77—4.78) in-
dicate closed-system magmatic differentiation with mini-
mal post-magmatic modification (Figure 12C). Overall, the
REE systematics of the gabbro reflects primary magmatic
processes dominated by plagioclase and clinopyroxene
fractionation [60, 62, 66].

The primitive mantle-normalized Ni—-Cu—PGE pat-
terns of the pyroxenites and gabbro samples of TUC are
characterized by moderate depletion of Ni and Co, a pro-
nounced negative Ir anomaly and a gradual enrichment
from IPGE (I—Ru—-Rh) to PPGE (Pt—Pd), with relative en-
richment of Cu (Figure 12D,E). Such fractionated PGE pat-
terns indicate that these rocks formed from an evolved
mafic magma that experienced early silicate fractionation
and sulfide saturation [65]. Depletion of Ni and Co reflects
their compatible behavior during early crystallization of
olivine and clinopyroxene, whereas the strong Ir depletion
suggests early segregation of monosulfide solid solution
(MSS), which preferentially scavenges IPGE, followed by
enrichment of Pt, Pd and Cu in a residual, Cu-rich sulfide
melt during advanced stages of magmatic differentiation
[22, 65, 67]. Such fractionated PGE patterns are charac-
teristic of magmatic sulfide fractionation processes in lay-
ered mafic—ultramafic systems and argues against signifi-
cant post-magmatic hydrothermal remobilization [68, 69].
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Figure 11. Bivariate plots of Ni vs. Cr, Cu, Pt and Pd of pyroxenite of TUC (pyroxenite samples with >100 ppb of XPGE

are plotted).

(i) Pd vs. Cu/Pd

The Pd vs. Cu/Pd discrimination plot delimits depleted
and undepleted magma characteristics. A cluster of gab-
broic and pyroxenite samples of TUC show high Cu/Pd
(>1000) and low Pd (<50 ppb) and a separate popula-
tion of diopsidite—ortho-pyroxenite samples trending to low
Cu/Pd (<1000) and elevated Pd (>50 ppb) (Figure 13A).
The former likely reflects either late-stage Pd depletion by
early sulphide segregation [70, 71], whereas the latter in-
dicates localized Pd enrichment likely due to later stage
crystallization or differentiation processes where Pd is con-
centrated [72, 73].

Therefore, the inverse relationship and overlapping
signatures in the Pd versus Cu/Pd plot suggest the evolv-
ing trend of the single parental magma with progres-
sive differentiation instead of episodic nature of different
magma pulses. Consequently, the samples plotting in the
high Pd and low Cu/Pd field may signify the potential tar-
gets for PGE, whereas detailed base-metal (Cu—Ni) sul-
phide investigation along with isotopic investigation to be
carried out for the Cu-rich group.

(i) Cu vs. Pd

This plot illustrates the relationship copper (Cu) with
palladium (Pd) in pyroxenite variants and gabbro of the
TUC for understanding the impact of sulfur (S) saturation
and sulfur-under saturation (Figure 13B). If the sulfur is
sufficiently enriched in the magma to form immiscible sul-
fide phases, the melt will be concentrated with palladium

and other PGEs. These plots show the bimodal distribution
of TUC samples where, the pyroxenites, ortho-pyroxenites,
and gabbro samples plotting in the sulfur saturation field
suggesting the removal of PGEs (such as Pd) from the sil-
icate melt due to early sulfur saturation [70]. On the other
hand, diopsidite and gabbro in the S-undersaturated re-
gion indicate that the sulfur was insufficient in the envi-
ronments to form sulfide phases, resulting in the retention
and enrichment of PGE, particularly Pd in the system. As
reported from other studies, sulfur saturation is the key fac-
tor for influencing the PGE mineralization in mantle derived
magmas [70, 72, 73].

(iii) Ni/Cu vs. Pd/Ir

The Ni/Cu vs. Pd/Ir is an effective discrimination
diagram for characterizing various magmatic processes
(source, fractional crystallization, and sulphide immisci-
bility) which control the distributions of PGE and base-
metals in the system [6, 22]. In this diagram, Ni/Cu primar-
ily records the relative compatibility of Ni against Cu during
early olivine/chromite crystallization and sulphide segre-
gation, whereas Pd/Ir tracks fractionation between PPGE
(Pd, Pt) and IPGE (Ir, Os) and thus records the relative
removal or retention of Pd in any sulphide phase [6, 74].

The data cluster in the central-right portion of the dia-
gram, overlapping the ophiolite / chromitite / layered intru-
sion fields and trending toward the PGE-reef domain (Fig-
ure 14). This distribution indicates a dominantly mantle-
derived, high-Mg (ultramafic) parental magma that expe-
rienced variable fractional crystallization and episodic sul-
phide immiscibility. Magmas that remain S-undersaturated
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during early crystallization permit Pd and other PPGE
to remain concentrated in the residual silicate melt (pro-
moting reef-type PGE enrichment), whereas early S-
saturation and sulphide segregation removes Pd into sul-
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fides and shifts samples toward low Pd/Ir [7, 75]. The ob-
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The discrimination plots, Pd vs. Cu/Pd; Cu vs. Pd and
Ni/Cu vs. Pd/Ir, substantiate that the PGE mineralization
evolved under a dynamic magmatic condition relating to:
(a) initial mantle derived magma with high Mg content and
potential of chalcophile element; (b) variable sulfur satura-
tion: locally early saturation led to Pd depletion, while else-
where, prolonged S-undersaturation allowed Pd enrich-
ment; and (c) fractional crystallization and melt differentia-
tion caused Pd and Pt accumulation in late-stage silicate
melts, producing reef-type mineralization in pyroxenite—
orthopyroxenite units.

Low sulphur-fugacity magmas have potential to en-
rich PGE, relative to the Cu in the system and most mag-
matic Ni-Cu and PGE deposits around the world that
are formed from sulfide-undersaturated silicate magmas
[67, 77]. Relation of Cu with the Pd in Cu vs. Pd and
Pd vs. Cu/Pd plots indicate the degree of partial melt-
ing, episodic emplacement of magma and sulphur satura-
tion [17]. Many PGE rich intrusions such as Gondpipri lay-
ered intrusion [28], Sukinda Massif [32], Bushveld [78], No-
rilsk [2] have resulted from the strongly S-undersaturated
parental magma. On the other hand, sulfide saturation
early in the parental magma results incongruous for segre-
gation of PGE in the system and thus economically viable
PGE deposits would not form [8]. Therefore, continuous
and overlapping trend of depleted to undepleted and S-
undersaturated to S-saturated signatures observed in the
Pd versus Cu/Pd plots of TUC signify the progressive in-
situ differentiation of a single evolving parental magma,
rather than emplacement of distinct magma pulses.

The TUC is characterized by high Mg, low calcic and
low alkali litho-assemblages of komatiitic field trend. Our
study revealed high XPGE content of up to 380 ppb in
the pyroxenite and diopsidite whereas the gabbro shows
relatively lower ¥PGE content of up to 117 ppb. Even
though sulphide phases like pentlandite, chalcopyrite and
pyrite are identified in the pyroxenite through SEMEDS
and EPMA studies, the PGE phases are associated with
the silicate phases especially within chrome diopside.
This evidence indicates that the magma remained S-
undersaturated during early crystallization allowing Pd and
other PPGE to remain concentrated in the residual silicate
melt. Integrated geochemical signatures of PGE, trace el-
ements and REE indicate that the primary magmatic dif-
ferentiation and early sulphur fractionation influenced the
segregation of PGE in the system while the subsequent
deformation assisted fluid—rock interaction resulted selec-
tive redistribution of PGE around structural closures.

The PGE potential in Torappadi Ultramafic—Mafic
Complex is significant, particularly in pyroxenite and or-
thopyroxenite cumulate layers that record low Cu/Pd, high
Pd/lr, and S-undersaturated conditions. In contrast, Cu-
rich and S-saturated pyroxenites are more prospective for
Cu—Ni sulfide mineralization but are less PGE-enriched.
The lithology as well as structural control over the PGE dis-
tribution in TUC suggests prudent selection of exploration
targets for future.
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