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Abstract

JC Pura schist belt has gained scope recently with reports of nickel, magnetite,
PGEs, and traces of gold. The layered sill in the schist belt is a linear patch of
ultramafic sequences (peridotite and pyroxenite) with metamorphogenic
magnetite mineralization. The metamorphogenic magnetite appears as inter-
bands in layered sequences and as veins in serpentinite. The present study fo-
cuses on understanding the characteristics of metamorphogenic magnetite by
petrographic and EPMA analysis. The study found that the precursor chro-
mite grains are transformed into Cr-magnetite and magnetite in the spinel
transformation system due to metamorphism and hydrothermal alteration.
The Cr, Mg, Al, and Ni are depleted during transformation, and Fe is enriched.
The Cr-magnetite appears homogenous in the vein due to serpentinization,
indicating prograde greenschist to amphibolite facies metamorphism, and the
area has suffered an episodic metamorphic process. The results of Cr-magnet-
ite cation proportions of Cr fall within ishkulite variety data range of 0.10 -
0.50 apfu (atoms per formula unit). Cr-magnetite variety Ishkulite represents
an additional miscibility gap in the Cr-Fe’* transformation series other than
ferrite chromite and chrome magnetite. The transformation process primarily
involves the oxidation of chromium and the reduction of iron. The oxidation
of chromite by highly oxidizing fluids with increasing pressure and tempera-
ture alters to Cr-magnetite, where chromium in the +3 state oxidizes to the +6
state, forming soluble chromate ions and diffusing with Fe**. Then, it trans-
forms into magnetite due to reducing conditions. Cr-magnetite vein indicates
the potential for chromite deposits in the area, and hydrothermal altered
magnetites could be a source for hosting valuable precious metals like gold
and PGEs. Further investigations are needed to assess the mineralization po-
tential and its extent.
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1. Introduction

Layered intrusion outcrop areas are limited compared to many mafic intrusive
bodies globally. Their origin is reported throughout geological time, from Ar-
chaean to Cenozoic, and they vary in size from less than a square kilometer to tens
of thousands of square kilometers. Many layered intrusions occur within Ar-
chaean craton [1], and global examples include the Bushweld Complex (South
Africa), Great Dyke (Zimbabwe), Stillwater Complex (Montana), Norlilsk Tal-
nakh (Russia), Pilbara (Australia), and Labrador Tough (Canada). These layered
intrusions represent ultramafic to mafic litho-sequences with textural and com-
positional variations and are commonly associated with extrusive komatiite [2]-
[8]. The layering is formed due to fractional crystallization by the differential set-
tling process. The layered Intrusions are of significant economic importance as
they are known to host base metals and associated precious metals.

Very few layered intrusions have been reported in Indian cratonic blocks. In
the Dharwar craton, the layered sequence rocks are seen in the Nuggihalli schist
belt and the Hanumalapura complex of West Dharwar Craton; the Kondapalli
layered complex and the Sittampudi anorthosite complex of East Dharwar Craton.
JC Pura schist belt lacks economic significance compared with other Dharwar
schist belts even though they all evolved during Archean. In most of the earlier
works, the petrological, textural, and structural characterization has been carried
out in the JC Pura schist belt [6] [9]. Also, the layered sill of the ultramafic se-
quence has been reported from the JC Pura schist belt [10] [11]. In the recent
findings, the scope for the JC Pura schist belt has opened up with the preliminary
reporting of PGEs and trace elements like Cr, Ni, Fe, and Ti [12] [13] and traces
of gold in magnetite grains [14]. The present study focuses on the layered ultra-
mafic sill of the JC Pura schist belt. During our fieldwork, magnetite mineraliza-
tion was observed as layered bands within the layered sill body and vein-type in
adjacent serpentinized komatiites. Petrography and ore mineral phases were char-
acterized for the samples collected during fieldwork to identify the mineralization

type and understand compositional variations.

2. Geology

JC Pura schist belt is an oval-shaped Archaean greenstone belt in the western
Dharwar craton (Figure 1), dating back to 3.23 - 3.35 Ga [5] [15]. The rocks of
the JC Pura schist belt are considered to be Sargur equivalent [16], and the
Dharwar group overlies these Sargur group rocks with an angular unconformity
along the Kibbanahalli arm of the Chitradurga schist belt [15]. The JC Pura schist
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belt appears as a dome in its central portion due to the granitoid intrusion [9] [17].
The predominant rock types of the JC Pura belt are extrusive ultramafic rocks
(dunite, peridotite, pyroxenite), basalts (amphibolite), minor cherty meta quartz-
ites, and rare banded iron formation (BIF). The ultramafic rocks exhibit ko-
matiitic characteristics and are intensely serpentinized, chloritized, and carbon-
atized. The talc-chlorite-tremolite schist indicates greenschist to lower amphibolite
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Figure 1. Geology map of JC Pura Schist Belt (after Venkatadasu et al, 1991).
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facies metamorphism [6]. These Sargur equivalent rocks are surrounded by Pen-
insula Gneiss emplaced as synkinematic intrusions followed by granitic activity.
The intrusive layered sill body is found within the extrusive komatiitic milieu of
the JC Pura schist belt [10]. The layered sill is about 1 kilometer in length and 200
meters in width. Its lithology includes dunite, peridotite, and pyroxenite. All these
rocks are partially to completely altered to serpentinite. The ultramafic sequences
are of cyclic type with sharp contacts, which could be the result of episodic injec-
tion of undifferentiated to slightly differentiated magma pulses which solidified
without much fractional crystallization [10] [18] [19]. Magnetite is noticed as
band within a layered sill (Figure 2(a) & Figure 2(b)), and sometimes it cuts
across serpentinite (Figure 3(a) & Figure 3(b)) showing feeble to moderate mag-
netism. Magnetite crystals are also seen as rolled grains near the layered sill and
are oxidized. Magnetite vein width ranges from 2 - 4 cm. The serpentinite out-
crops exhibit skeletal features due to weathering.

(b)

Figure 2. (a) Layering of serpentinized peridotite and pyroxenite with interbands of chro-
mium bearing magnetite. (b) Cumulus zoning of relict ferro silicates noticed on the surface
of serpentinized pyroxenites.

Figure 3. (a) Centimetric scale Cr-magnetite vein in serpentinite. (b) Cr-magnetite as
coarse stringer and inclusions in serpentinite.
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3. Methods

During fieldwork, the rock samples bearing mineralization were collected from the
layered sill randomly. Five samples were chosen, and doubly polished thin section
slides were prepared for petrographic and electron probe microanalyzer (EPMA)
studies to understand the mineral phases and their characteristics. The mineral
phases present in the studied rock were analyzed by deploying CAMECA-SX Five
Electron Probe Micro Analyzer (EPMA) at the Department of Geology, Centre of
Advanced Study, Institute of Science, Banaras Hindu University. Before analysis,
the thin section was coated with a 20 nm carbon layer LEICA-EM ACE200 instru-
ment for better conductivity. The CAMECA SXFive instrument was operated using
a LaB6 filament source, at 15 kV accelerating voltage and 10 nA current. Wavelength
dispersive X-ray spectrometry in combination with LIF (lithium fluoride), PET
(penta erythritol), LPET (long penta erythritol), TAP (thallium acid phthalate),
LTAP (long thallium acid phthalate) and PC1 crystals were deployed for the quan-
titative analyses. The beam’s diameter and peak time throughout the analysis was
~1 um and 10 ns, respectively. X-ray intensities were calculated by using the X-PHI
correction. The instrument was calibrated using the CAMECA natural and syn-
thetic standards. The detailed procedure is documented in Pandey et al [20].

4. Results
4.1. Petrography

The petrographic study reveals that the layered ultramafic sequences are intensely
serpentinized and transformed into serpentinite. Remnants of olivine and pyrox-
enes are preserved as fragmented grains (Figure 4(a)). Chloritic and carbonate
alterations are also observed. The cumulus grains of altered pyroxenes, amphi-
boles (tremolite), and subhedral carbonate grains with scattered opaques could be
seen (Figure 4(b)). The development of talc, carbonates, and chlorite grains in
interlocking serpentinites suggests that carbonatization and chlorination are the
latter of serpentinization processes. Tiny pyroxene cumulates exhibit complex
textures similar to the serpentinite aggregate-like mass (Figure 5(a)). The fine-
grained opaques are scattered throughout as dissemination and appear as dense
clouding at places within silicates (Figure 5(b)).

Under a reflected light microscope, the magnetite appears as scattered tiny frag-
ments, coarse-grained, euhedral to subhedral shaped grains in layered bands; and cu-
mulative massive grains in veins (Figure 6(a)). Minor amounts of subhedral to anhe-
dral chromite grains are seen with magnetite as interstitial grains with silicate miner-

als. The ilmenite is seen as exsolved lamellae on the magnetite grains (Figure 6(b)).

4.2. Mineral Chemistry

The Back Scattered Electron (BSE) images of selected mineral phases (Figures
7(a)-(d)) and the EPMA results data of major and minor elements (Table 1) are

presented below.
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The oxide ore mineral phases are Cr-magnetite (Table 2) and magnetite (Table
3). The end members of the oxy spinel subgroup are considered for calculation
from the spinel supergroup based on IMA-CNMNC (Commission on New Min-
erals, Nomenclature, and Classification of the International Mineralogical Asso-

ciation) [21] [22]. The Cr-magnetite has FeO content ranging between 73.98 and

(a) (b)

Figure 4. (a) Serpentinite with relicts of olivine (yellow tints) and pyroxene (green to brown and
elongated grains). (b) Cumulus grains of altered pyroxenes, tremolite, talc, subhedral carbonate
and chlorite grains in serpentinite.

Figure 5. (a) Cumulus altered pyroxene crystal exhibiting complex texture. (b) Opaques appear-
ing as dense clouding.

(a) (b)

Figure 6. (a) Massive magnetite grains with minor amount of accessory chromite. (b) Ilmenite as
exsolved lamellae in magnetite grains.
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Figure 7. Backscattered Electron (BSE) images of metamorphogenic magnetite grains of JC Pura layered sill: (a) (b) Cr-
magnetite and magnetite grains in layered bands; (c) (d) Massive homogenous Cr-magnetite grains in vein.

91.18 wt%; Cr,03: 2.67 - 14.79 wt%; MgO: 0.0038 - 16.05 wt%; AL,O5: 0 - 1.98 wt%;
MnO: 0.0049 - 1.85 wt%; TiO,: 0 - 1.02; and NiO: 0.1 - 0.68 wt%, respectively. The
cation proportions of Cr-magnetite show the average contents of Cr - 0.2037 apfu
(Atoms per formula unit); Fe** - 1.7052 apfu; Fe?* - 0.9578; Mg - 0.043 apfu; Al -
0.011 apfu; Mn - 0.015 apfu; Ni - 0.016 apfu; and Ti - 0.0073 apfu. The cation
proportion ratio of Cr# [Cr/(Cr+Al)] range from 0.97 - 1 atomic ratios; Mg#
[Mg/(Fe**+ Mg)] range from 0.0013 - 0.0470 atomic ratios; and Fe**/R** (R** =
Fe**+ Cr + Al) range from 0.77 - 0.96 atomic ratios. The magnetite FeO composi-
tion ranges from 70.67 - 78.11 wt%. The cation proportions of magnetite show the
high contents of Fe** - 1.7211 apfu, and Fe*" - 1.1122 apfu. Other elements like V,
Ti, Cr, Ni, Mg, and Al are present in very minor proportions. The cation propor-
tions ratio of Fe’*/R* ranges from 0.99 - 1 atomic ratios and Fe**#[Fe*/(Fe**+Mg)]

range from 0.97 - 1 atomic ratios.

Table 1. EPMA compositional data of major and minor element oxides in weight percentage for selected grains.

Sample No. Point No. SiO; TiO: AlLO; Cr:0; FeOT MnO MgO CaO Na;O K:O NiO Total Fe;Os FeO Total
JCB1 42/1 0.01 0.09 0.04 5.18 88.71 0.36 0.04 0.10 0.01 0.04 0.37 94.93 64.51 30.66 101.39
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Continued
JCB1 43/1 0.04 0.16 0.04 6.11 86.46 0.37 0.05 0.06 0.00 0.03 0.67 93.92 62.72 30.01 100.20
JCB1 44/1 0.03 0.27 0.08 555 86.75 0.35 0.03 0.05 0.00 0.02 0.56 93.62 62.76 30.28 99.91
JCB1 45/1 0.01 0.23 0.00 3.77 88.23 0.33 0.03 0.04 0.01 0.02 0.39 93.04 64.43 30.25 99.50
JCB1 46/1 0.02 0.10 0.00 4.69 90.00 0.32 0.06 0.08 0.02 0.06 0.46 95.77 65.90 30.70 102.36
JCB3 23/1 0.00 0.97 0.05 14.06 75.84 1.85 0.55 0.04 0.03 0.01 0.42 93.82 52.56 28.55 99.08
JCB3 27/1 0.00 0.99 0.08 14.42 75.23 1.84 0.78 0.05 0.03 0.00 0.31 93.72 52.13 28.32 98.94
JCB3 28/1 0.00 1.02 0.03 14.61 7398 1.85 0.77 0.04 0.02 0.00 0.39 92.71 51.14 27.96 97.83
JCB3 29/1 0.00 0.92 0.07 14.79 7454 1.77 0.66 0.03 0.03 0.00 0.58 93.40 51.55 28.15 98.57
JCB4 30/1 039 0.10 0.14 647 8273 0.36 0.07 0.12 0.00 0.00 0.37 90.75 58.89 29.74 96.64
JCB4 31/1 0.00 0.11 0.02 6.23 8295 0.08 0.02 0.05 0.00 0.00 0.00 89.48 59.28 29.61 95.42
JCB4 32/1 0.08 0.10 0.00 593 8337 0.11 0.05 0.03 0.00 0.02 0.21 89.90 59.81 29.55 95.89
JCB4 33/1 0.80 0.19 0.12 6.40 76.34 0.09 0.08 0.09 0.26 0.80 0.26 85.43 56.41 25.58 91.08
JCB4 34/1 0.02 0.12 0.00 6.37 83.60 0.13 0.02 0.03 0.00 0.01 0.00 90.32 59.71 29.87 96.30
JCBG 35/1 0.02 0.13 0.00 280 8892 0.29 0.08 0.05 0.02 0.00 0.42 92.71 65.43 30.04 99.27
JCBG 39/1 0.00 0.19 0.00 325 89.72 0.16 0.06 0.01 0.02 0.03 0.56 94.01 65.86 30.46 100.60
JCBG 40/1 0.01 0.08 0.00 3.08 90.90 0.13 0.03 0.03 0.02 0.00 0.68 94.97 66.91 30.69 101.67
JCBG 41/1 0.00 0.10 0.00 2.68 91.18 0.02 0.02 0.04 0.02 0.00 0.34 94.39 66.88 31.00 101.09
JCBG 42/1 0.01 0.20 0.00 3.02 90.19 0.11 0.05 0.08 0.05 0.03 0.43 94.17 66.31 30.52 100.81
JCBG 43/1 0.00 0.04 0.00 331 88.99 0.26 0.07 0.02 0.16 0.02 0.41 0.00 66.04 29.56 99.89
JCB4 36/1 6.73 0.00 1.14 026 64.06 0.13 0.34 050 0.52 0.34 0.89 74.90 39.72 28.32 78.88
JCB4 37/1 583 0.00 094 006 60.80 0.01 0.42 393 0.31 0.18 1.42 73.90 41.33 23.61 78.04
JCB5 46/1 0.44 0.03 0.44 0.02 76.07 0.07 0.03 0.02 0.00 0.01 0.28 77.39 55.63 26.01 82.96
JCB5 47/1 2.69 0.00 0.01 0.00 72.16 0.04 0.06 0.18 0.34 0.07 0.49 76.04 50.98 26.28 81.14
JCB5 48/1 2.84 0.02 0.00 0.00 7691 0.04 0.01 0.11 0.08 0.03 0.05 80.08 52.52 29.65 85.34
JCB5 49/1 3.49 0.02 0.00 0.00 74.22 0.00 0.09 0.18 0.37 0.05 0.07 78.50 50.84 28.47 83.59
JCB5 50/1 3.55 0.00 0.00 0.03 7455 0.00 0.08 0.26 0.41 0.03 0.11 79.03 51.21 28.46 84.16
JCB5 51/1 3.09 0.01 0.01 0.00 7643 0.09 0.04 0.14 0.00 0.00 0.08 79.89 51.43 30.15 85.04
JCB5 52/1 3.39 0.02 0.00 0.00 74.82 0.11 0.00 0.15 0.00 0.00 0.23 78.72 49.79 30.02 83.70
JCB5 53/1 3.13 0.00 0.00 0.02 76.68 0.05 0.00 0.10 0.00 0.00 0.10 80.09 51.49 30.35 85.24
JCB5 54/1 3.11 0.00 0.02 0.00 75.76 0.04 0.01 0.19 0.05 0.00 0.00 79.17 51.06 29.81 84.29
JCB5 55/1 2.64 0.04 0.00 0.00 75.49 0.08 0.05 0.17 0.02 0.05 0.22 78.75 51.85 28.84 83.94
JCB5 56/1 3.04 0.00 0.00 004 75.88 0.04 0.06 0.13 0.02 0.01 0.22 79.45 51.33 29.69 84.59
JCB5 57/1 336 0.00 0.00 000 77.12 0.03 0.01 0.08 0.04 0.00 0.09 80.74 51.54 30.74 85.90
JCB5 58/1 3.13 0.01 0.00 0.00 7594 0.09 0.01 0.06 0.00 0.00 0.20 79.43 50.97 30.07 84.54
JCB5 59/1 3.02 0.00 0.02 0.00 75.25 0.03 0.01 0.11 0.00 0.00 0.18 78.62 50.67 29.66 83.70
JCB5 60/1 2.68 0.00 0.00 0.00 74.63 0.09 0.02 0.20 0.07 0.00 0.11 77.80 51.20 28.56 82.93
JCB5 61/1 292 0.02 0.00 0.04 75.28 0.01 0.04 0.13 0.00 0.00 0.34 78.76 50.98 29.40 83.87
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Continued
JCB5 64/1 3.69 0.00 0.01 0.01 75.34 0.08 0.02 0.05 0.00 0.00 0.38 79.58 49.67 30.64 84.56
JCB5 65/1 3.89 0.00 0.00 0.00 7545 0.11 0.01 0.10 0.00 0.01 0.09 79.65 49.27 31.11 84.58
JCB5 66/1 3.81 0.01 0.00 0.01 77.48 0.00 0.01 0.11 0.00 0.02 0.32 81.78 51.04 31.55 86.89
JCB5 67/1 3.82 0.00 0.01 0.00 74.35 0.17 0.02 0.07 0.00 0.00 0.23 78.66 48.71 30.52 83.54
JCB5 68/1 3.31 0.01 0.00 0.00 78.12 0.01 0.16 0.08 0.00 0.00 0.42 82.11 52.58 30.80 87.37
JCB5 69/1 3.93 0.01 0.00 0.00 74.89 0.00 0.00 0.05 0.00 0.00 0.21 79.09 48.69 31.07 83.97
JCB5 70/1 3.70 0.01 0.00 0.00 74.40 0.06 0.06 0.10 0.02 0.02 0.15 78.52 49.01 30.30 83.43

Table 2. Cation proportions (apfu) of Cr-magnetites.

Cation (apfu) Cr-Magnetite
Sample No. JCB1 JCB1 JCB1 JCB1 JCB1 JCB3 JCB3 JCB3 JCB3 JCB4 JCB4 JCB4 JCB4 JCB4 JCBG JCBG JCBG JCBG JCBG JCBG
Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.01 0.01 0.00 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.16 0.19 0.17 0.12 0.14 043 0.44 0.45 0.45 0.20 0.20 0.19 0.21 0.20 0.09 0.10 0.09 0.08 0.09 0.10
Fe?* 1.84 1.81 1.81 1.87 1.86 1.52 150 1.49 149 1.75 1.79 1.80 1.77 1.79 191 1.89 190 191 190 191
Fe?* 0.97 0.96 0.97 098 0.96 092 091 091 0.91 0.98 1.00 0.99 0.89 1.00 0.97 0.97 097 0.99 0.97 0.95
Mn 0.01 0.01 0.01 0.01 0.01 0.06 0.06 0.06 0.06 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01
Mg 0.00 0.00 0.00 0.00 0.00 0.03 0.04 0.04 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ni 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.00 0.01 0.01 0.00 0.01 0.02 0.02 0.01 0.01 0.01

Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Cr# 0.99 0.99 0.98 1.00 1.00 0.99 0.99 1.00 0.99 0.97 0.99 1.00 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Mg# 0.00 0.00 0.00 0.00 0.00 0.03 0.05 0.05 0.04 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Fe# 1.00 1.00 1.00 1.00 1.00 0.97 095 0.95 0.96 1.00 1.00 1.00 0.99 1.00 0.99 1.00 1.00 1.00 1.00 1.00
Fe*/R%* 0.92 091 091 0.94 093 0.78 0.77 0.77 0.77 0.89 0.90 091 0.89 0.90 096 0.95 095 0.96 0.95 0.95
End Members
Sample No. JCB1 JCB1 JCB1 JCB1 JCB1 JCB3 JCB3 JCB3 JCB3 JCB4 JCB4 JCB4 JCB4 JCB4 JCBG JCBG JCBG JCBG JCBG JCBG
Spinel 0.05 0.06 0.12 0.01 0.00 0.08 0.13 0.05 0.11 0.23 0.04 0.00 0.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgUlv.Spi  0.09 0.12 0.00 0.07 0.17 1.65 2.33 2.39 1.97 0.05 0.05 0.17 0.09 0.08 0.25 0.17 0.09 0.07 0.16 0.13
Mn.Ulv.Spi 0.18 0.35 0.59 0.55 0.13 1.39 0.76 0.83 0.95 0.25 0.14 0.15 0.18 0.23 0.15 0.27 0.13 0.03 0.18 0.00
Ulvospinel 0.00 0.00 0.21 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.17 0.00 0.35 0.07 0.00 0.12 0.00 0.18 0.26 0.00
Mn.Chromite 0.56 0.37 0.00 0.00 0.53 2.50 3.31 3.30 2.95 0.51 0.00 0.07 0.00 0.00 0.45 0.00 0.11 0.00 0.00 0.58
Mg.Chromite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11
Chromite 4.78 6.06 5.83 3.93 4.26 12.9112.4912.9313.43 6.56 6.84 6.41 7.58 6.94 2.47 3.35 3.03 2.73 3.10 2.76
Magnetite 94.34 93.0593.26 95.37 94.92 81.48 80.98 80.50 80.59 92.40 92.76 93.21 91.59 92.69 96.69 96.08 96.63 96.99 96.30 96.43
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
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Table 3. Cation proportions (apfu) of Magnetites.

Cation (apfu)

Magnetite

Sample No. JCB4JCB4JCB5]JCB5JCB5JCB5JCB5JCB5JCB5JCB5JCB5JCB5JCB5 JCB5 JCB5JCB5 JCB5 JCB5JCB5 JCB5 JCB5]CB5JCB5JCB5JCB5

Si
Ti
Al
Cr
Fe?*

Fe2+

Ni
Total
Cr#
Mg#

Fe#

Fe5+ /R3+

End Members

0.31

0.00

0.06

0.01

1.38

1.09

0.01

0.02

0.02

0.05

0.02

0.03

0.27 0.02

0.00 0.00

0.05 0.02

0.00 0.00

1.44 1.93

0.92 1.00

0.00 0.00

0.03 0.00

0.20 0.00

0.03 0.00

0.01 0.00

0.05 0.01

0.12 0.13 0.16 0.16 0.14 0.15 0.14 0.14 0.12 0.14 0.15

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

1.78 1.75 1.72 1.72

1.02 1.10 1.07 1.06

0.00 0.00 0.00 0.00

0.00 0.00 0.01 0.01

0.01 0.01 0.01 0.01

0.03 0.01 0.03 0.04

0.00 0.00 0.00 0.00

0.02 0.00 0.00 0.00

0.00

0.00

0.00

1.72

1.12

0.00

0.00

0.01

0.00

0.00

0.00

0.00 0.00 0.00

0.00 0.00 0.00

0.00 0.00 0.00

1.69 1.72 1.72

1.13 1.13 1.12

0.00 0.00 0.00

0.00 0.00 0.00

0.01 0.00 0.01

0.00 0.00 0.00

0.00 0.00 0.00

0.01 0.00 0.00

0.00 0.00

0.00 0.00

0.00 0.00

1.76 1.73

1.09 1.11

0.00 0.00

0.00 0.00

0.01 0.01

0.00 0.00

0.00 0.00

0.01 0.01

3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00

0.13 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.02 0.03 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00

0.98 0.97 1.00 1.00 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00

0.95 0.96 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.00

0.00

0.00

1.71

1.13

0.00

0.00

0.00

0.00

0.00

0.00

3.00

0.00

0.00

1.00

1.00

0.14 0.14 0.12 0.13 0.16

0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00

1.72 1.73 1.76 1.73 1.67

1.13 1.12 1.09 1.11 1.14

0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00

0.00 0.01 0.01 0.01 0.00

0.00 0.00 0.01 0.00 0.00

0.00 0.00 0.00 0.00 0.00

0.01 0.01 0.00 0.01 0.01

3.00 3.00 3.00 3.00 3.00

0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00

1.00 1.00 1.00 1.00 1.00

1.00 1.00 1.00 1.00 1.00

0.17

0.00

0.00

0.00

1.65

1.16

0.00

0.00

0.00

0.00

0.00

0.00

3.00

0.00

0.00

1.00

1.00

0.17 0.17 0.14 0.18 0.17

0.00 0.00 0.00 0.00 0.00

0.00 0.00

0.00 0.00

1.67 1.66

1.15 1.15

0.00 0.01

0.00 0.00

0.01 0.00

0.00 0.00

0.00 0.00

0.01 0.01

0.00 0.00

0.00 0.00

1.71 1.65

1.11 1.17

0.00 0.00

0.01 0.00

0.00 0.00

0.00 0.00

0.00 0.00

0.01 0.01

0.00

0.00

1.67

1.15

0.00

0.00

0.00

0.00

0.00

0.01

3.00 3.00 3.00 3.00 3.00

0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.01 0.00 0.00

1.00 1.00 0.99 1.00 1.00

1.00 1.00 1.00 1.00 1.00

Sample No. JCB4JCB4JCB5]JCB5JCB5JCB5JCB5JCB5JCB5JCB5JCB5JCB5JCB5 JCB5 JCB5JCB5 JCB5 JCB5JCB5 JCB5 JCB5]CB5JCB5JCB5JCB5

Spinel

Mg.Ulv.Spi

1.88 2.13 0.15 0.02 0.00 0.01 0.01 0.01 0.00 0.00 0.02 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.02 0.07 0.00 0.05 0.01 0.00 0.00 0.13 0.01

Mn.Ulv.Spi  0.00 0.00 0.09 0.00 0.04 0.00 0.00 0.00 0.05 0.01 0.00 0.00 0.00

Ulvospinel

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mn.Chromite 0.37 0.03 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.05

Mg.Chromite 0.00 0.06 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00

Chromite

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00 0.03 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.01

0.02 0.00 0.00 0.05 0.00

0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.01 0.01

0.00 0.00 0.00 0.04 0.00

0.00 0.00 0.00 0.00 0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.04 0.01 0.05 0.00 0.03

0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.04 0.00

0.00 0.00 0.00 0.00 0.00

0.01 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00

Magnetite 97.7597.7899.7399.98 99.93 99.92 99.95 99.94 99.94 99.97 99.98 99.87 99.94 100.00 99.98 99.97 100.00 99.89 99.98 100.0099.95 99.98 99.95 99.96 99.96

Total

100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

5. Discussion

Metallic deposits in layered sequences such as primary fractionated layers and late

hydrothermal emplacements, are ubiquitous worldwide. The lithotypes present in

the study area are layered sequences of ultramafic rocks (dunite-peridotite-pyrox-

enite) with magnetite mineralization as bands and veins. These rocks are affected

by significant hydrothermal activity due to the metamorphic process and are en-

tirely serpentinized, forming serpentinite with few residues of olivine and pyrox-
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ene. The vein form of magnetite is formed during serpentinization and occurs on
a centimetric scale, which is rarely observed in serpentinites [23].

A petrographic study of samples from layered ultramafic sequence rocks sug-
gests that the ore and silicate minerals developed rhythmically and contempora-
neously, primarily due to episodic injection of primitive magma, which cooled
with moderate fractional crystallization and could have some genetic relationship
with the main komatiitic suites. The layered sill could be a basal adcumulate part
of komatiitic magma [8]. The mineral assemblage of serpentine + talc + chlorite
+ magnesite + tremolite indicates transition facies of greenschist to amphibolite
facies metamorphism [8] [24]. The Reflected light microscope study of the sam-
ples reveals that the source rocks host oxide and sulfide ore mineral phases. EPMA
data reveals that the opaques in layered sill are Cr-magnetite and magnetite (Table
2 & Table 3).

Chrome spinel is a ubiquitous mineral in ultramafic rocks. Cr-magnetite and
magnetite are the bimodal alteration phases developed in the spinel transfor-
mation system (Cr-Fe’") during the metamorphism or hydrothermal alteration
exhibiting wide geochemical variation due to the varied substitutions of Fe and
Cr. These spinel alteration phases are metamorphic grade indicators [23]-[25].

The formula for Cr-Fe** spinel series is

Fe* (FeffnCrn )2 0,

where 0 < 1< 1. The two end members of the system are pure chromite (FeCr,0,)
for n =1 and magnetite (Fe*'Fe**,0,) for n = 0 [26] [27].

The alteration of chromite to Cr-magnetite to magnetite is marked by a de-
crease in Cr** and an increase in Fe**. Varying Cr** proportions are noticed in Cr-
magnetite grains of the layered band (Cr3+: 0.023 - 0.2108 apfu) and vein forms
(Cr**: 0.4266 - 0.4506 apfu), indicating multistage alteration. The Cr-magnetite
grains are compositionally homogenous in veins with high Cr concentration val-
ues and have slight substitutions of Ti, Mn, Mg, and Al, which are two to three
times higher than those in the layered bands. The atomic ratios in Cr-magnetite
exhibit high Cr#[Cr/(Cr+Al)]: 0.95 - 1 atomic ratios; low Mg#[Mg/(Mg + Fe**)]:
0.0013 - 0.0470 atomic ratios, and depleted Al of 0.0015 apfu, which shows sub-
stantial alteration of the primary chromite [28]-[30]. Cr shows a positive correla-
tion with Mg, Mn, and Ti, no correlation with Al and Ni, and a negative correla-
tion with Fe**, Fe?, and Fe’*R* where R* is Cr+Al+Fe* (Figure 8). The high
Fe**: 1.376 - 1.933 apfu; high Fe**#[Fe?*/(Fe**+Mg)]: 0.97 - 1.00 atomic ratios; and
depleted Cr**: 0 - 0.0094 apfu; Mg: 0 - 0.034 apfu; Al: 0 - 0.0011 apfu, indicates the
complete transformation of spinel to Magnetite. The Cr-spinels are prone to solid
alterations during prograde to retrograde metamorphism of host rocks and hy-
drothermal alteration [24] [31]. The chromite grains are wholly transformed into
Cr-magnetite at amphibolite facies metamorphism with enriched Fe** and later
into magnetite at greenschist facies metamorphism due to the reducing conditions
[8] [24]. The altered opaque grains are depleted with Cr, Mg, Al, and Ni due to
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their redistribution under extreme stages of metamorphism. The EPMA data of
studied oxide phases plotting midway of the Cr-Fe*" line in trivalent ions (Cr-Al-
Fe**) ternary plot and falls within the fields of metamorphogenic magnetite of
greenschist to amphibolite facies [31] (Figure 9). The plot of Mg# vs. Fe**/R*" (R**
= Cr + Al + Fe’*) and Fe# vs. Fe**/R*" reveals highly altered compositions charac-
terized by strong enrichment of Fe** in metamorphogenic magnetite (Figure 10).
All Cr-magnetite samples except a few plots in between Cr-magnetite and mag-
netite represent additional miscibility gaps in bimodal phases of the Cr-Fe** trans-
formation series of the Cr-Al-Fe* ternary plot [31], and these varieties are termed
as ishkulite [32] [33], as the Cr*" proportions range between 0.10 to 0.4506 apfu
of studied samples matches with the 0.10 - 0.50 apfu of ishkulite in open database
of minerals in mindat.org [34] (Figure 9). Compositional variation is expected in
chromites in ultramafic rock due to subsolidus re-equilibration of the chromites
with surrounding silicates and interstitial melt [5] [8] [35]-[39]. The chromite
grains alter due to hydrothermal effects (serpentinization) and metamorphism by
reducing and then oxidizing by highly oxidizing fluid. During this process, chro-
mite grains completely alter to homogenous Cr-magnetite [8]. During the hydro-
thermal alteration the interaction of thermal fluids with iron bearing minerals (ol-
ivine, pyroxenes and accessory chromites) in ultramafic rocks could cause the re-
lease of the reducing agents and lead to the formation of Cr-magnetite with an
increase in Fe** by diffusion through oxidizing fluids. Metamorphic process facil-
itates the oxidation transformation of chromite grains as the temperature and
pressure increase, causing breakdown by releasing chromium and iron and then
recombine to form bimodal phases of ferrit-chromite and Cr-magnetite in spinel
transformation system. This process involves primarily the oxidation of chromium
and reduction of iron. Chromite (Fe**Cr,0O,) containing chromium in +3 oxidation
state is oxidized to +6 state forming soluble chromate ions. Simultaneously, iron in

chromite in +2 is reduced to a +3 state, to form as magnetite (Fe?**Fe;**O,).
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Figure 8. Scatter plot for correlation of Cr with other major and minor elements.
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Figure 9. Ternary plot of trivalent ions Cr-Al-Fe®* (Barnes, 2001).
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Figure 10. Binary plot of Mg# vs. Fe**/R*" and Fe# vs. Fe**/R*.

6. Conclusion

In the outcrops, mineralization is observed as bands in adcumulate ultramafic
rocks of the layered sill and as veins in adjacent serpentinites. Petrographic and
EPMA studies of opaques reveal Cr-magnetite and magnetite. The terrain has suf-
fered an episodic prograde to retrograde metamorphism of greenschist to amphib-
olite facies with significant alteration of precursor rocks and minerals. Precursor
chromite grains are completely transformed into homogenous Cr-magnetite and
magnetite due to hydrothermal alteration and metamorphic process. During the
transformation process, the elements Cr, Mg, Al, Mn, and Ni are depleted, and

Fe3+ is enriched significantly. Cr-magnetite, representing an additional miscibility
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gap, is of the Ishkulite variety. Cr-magnetite appearing as centimeter-scale veins is
mainly due to serpentinization, and such occurrences are rare in serpentinite. The
cation concentrations of Cr-magnetite in vein form with significant Cr concentra-
tion and slight substitutions of Ti, Mg, Mn, and Al show the opposite trend with
respect to the other metamorphogenic magnetites, indicating later hydrothermal
alteration in episodic metamorphism. The layered sill appears to be the lower adcu-
mulate part of the komatiite suite. The presence of Cr-magnetite as the vein in the
study area would indicate possible chromite deposits hidden beneath, and the mag-
netite grains subjected to hydrothermal alterations could host noble metals like
gold and PGEs. The present findings are new and are the result of a preliminary
investigation. Hence, there is a scope for detailed studies to understand the full

potential of mineralization.
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