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Abstract The present study reports and discusses the

genesis of zincian chromite in the ultramafic xenoliths from

the Dongripali area, Bastar craton, Central India. The

zincian chromite is in the ultramafic xenoliths of Bengpal

supracrustal rock hosted by Neoarchaean Bundeli gneisses.

Compositionally zincian chromite shows a range of Cr2O3

(39.69 to 51.66 wt%), Al2O3 (05.30 wt% to 08.71 wt%),

FeO (21.74 wt% to 27.51 wt%), Fe2O3 (10.19 wt% to 19.36

wt%) with higher ZnO content ranging from 1.73 wt% to

4.08 wt%. Accordingly, their Cr# [Cr/(Cr ? Al)] varies in

a narrow range from 0.83 to 0.85. Its calculated melt

composition supports metamorphic or post-magmatic nat-

ure rather than common occurrences such as inclusion in

diamonds, meteorites, and association with any sulfide-rich

mineralised belt. This reveals that the post-magmatic pro-

cesses play a vital role in transforming chromite to zincian

chromite. The empirical thermometric calculation from

chromite, amphibole, and pyroxene support their meta-

morphic origin and formed during low-P and high-T

amphibolite grade facies of metamorphism (* 700 �C).

The Neoarchaean granitic magmatism has a significant role

in generating and transferring the heat during contact

metamorphism with hydration of ultramafic xenoliths and

further alteration, i.e., serpentinisation. The olivine is a

major repository for Mn, Zn, and Co in peridotite/ultra-

mafic; these elements get mobilised during the

metamorphism and serpentinisation. This is a possible

reason for the mobilisation of zinc and incorporation in the

chromite within altered ultramafic. As a result, chromite-

rich ultramafic xenolith subjected to metamorphic process

gets enrichment of Zn and Fe due to elemental exchange. It

converts common chromite into zincian chromite, as

reported in altered ultramafics elsewhere.

Keywords Zincian chromite � Ultramafic � Neoarchaean

granitic magmatism � High-grade metamorphism

1 Introduction

Chromite is a common mineral in the layered mafic–ul-

tramafic, ophiolite, and Alaskan-type complex. However,

chromium concentration has been reported from sedimen-

tary and metamorphic terrains, i.e., laterite and saprolite

derived from ultrabasic rocks, beach placer and metamor-

phosed limestones, serpentinites many times host chro-

mium-bearing minerals (Dill 2010 and reference therein).

Chromite from igneous rocks has been widely used as a

petrogenetic indicator in magmatic environments (Irvine

1965 1967; Hill and Roeder 1974; Sack et al. 1991; Arai

1992, Arai et al. 1994; Roeder 1994; Barnes et al. 2001;

Kamenetsky et al. 2001) because its composition depends

on the degree of fractional crystallisation of the parental

melt and the extent of partial melting experienced by the

mantle source (Maurel and Maurel 1982; Kamenetsky et al.

2001; Dick and Bullen 1984; Arai et al. 1994; Roeder

1994; Barnes and Roeder 2001; González-Jiménez et al.

2013). It also plays a significant role in understanding the

potential of Fe - Ni - Cu - Co sulfide and PGE miner-

alisation in the above-mentioned complexes (Groves et al.
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1983; Paktunc and Cabri 1995; Fanlo et al. 2015; Evans

2015, 2017; Meshram 2020; Meshram et al. 2022). This

suggests that many factors must be considered, particularly

chromite’s tendency to re-equilibrate with surrounding

silicates during prolonged cooling and metamorphism

(Barnes and Roeder 2001).

Zinc is one of the principal ores associated with poly-

metallic deposits that form in magmatic, metamorphic, and

sedimentary lead–zinc deposits (Dill 2010 and reference

therein). In these systems most common mineral for zinc is

sphalerite, nonsulphidic zinc minerals like zincian spinel-

franklinite, gahnite, zinc silicates (willemite, zincian stau-

rolite), and oxides (zincite) are present in metamorphosed

zinc-polymetallic deposits (Dill 2010; Dill et al. 2021). In

contrast, zinc concentrations in chromite are quite

uncommon compared to magnesium (Mg) and iron (Fe).

Accordingly classified as, magnesiochromite [(MgAlCr)2-

O4], ferrit chromite [(FeAlCr)2O4] and zincian chromite

[(ZnAlCr)2O4]. Zinc concentration in chromite appears to

be susceptible to subsolidus re-equilibrations that are

controlled not only by the temperature but also by the

distribution of the dominant divalent cations in chromian

spinel (Paktunc and Cabri 1995). Several studies reported

that the enrichment of zinc content within chromite either

as a result of elemental re-distribution or substitution with

associated silicates during high-grade metamorphism

([ 500 �C, upper amphibolite facies) (Arai et al. 1998;

Barnes and Roeder 2001; Gahlan and Arai 2007; Arai and

Ishimaru 2011; Matsumoto et al. 2017; Dill et al. 2021) or

the role of mineralising fluids rich in Zn-, Mn- and Co

content and Ni–sulfide deposits those that are enclosed or

adjacent to sulfides display higher Zn contents (Groves

et al. 1983; Fanlo et al. 2015). In contrast, zincian chromite

also occurs as primary inclusion in diamonds obtained

from kimberlites and lamprophyres, the origin of these

inclusions is possibly deep recycling of peridotites that

generate the kimberlitic magma (Armstrong and Barnett

2003; Johan and Ohnenstetter 2010; Arai and Ishimaru

2011). The next and last possibility of the formation of

zincian chromite is particularly common in silicate inclu-

sions in iron meteorites and rarely in achondrites (e.g.,

Bunch et al. 1970; Chikami et al. 1999). The zincian

chromite extremely rare detrital occurrences reported from

gold-bearing meta-conglomerates of the Paleoproterozoic

Tarkwaian Group of Ghana (Weiser and Hirdes 1997), in

Banded Chromite Quartzite/Fuchsite Quartzite (BCQ/

BCFQ) from Ghutrigaon area, Dhenkanal district, Odisha,

eastern India in closed proximity to the two well-known

Sukinda and Boula-Nuasahi chromite deposits (Das et al.

2021) and other metasedimentary rocks or volcano sedi-

ments (Dill 2010 2021).

This study reports the zincian chromite from the ultra-

mafic xenoliths within Bengpal gneisses in the Dongripali

area, Bastar craton, Central India is part of the Bengpal

Group of rocks, which occurs close vicinity to Sonakhan

Greenstone Belt (SGB). These ultramafic xenoliths suf-

fered regional deformation and metamorphism. The

occurrence of chromite within olivine and clinopyroxene

cumulates previously reported from SGB (Manu Prasanth

et al. 2018). The SGB chromite has a different composition

than the present study’s chromite. The significant compo-

sitional variation in zincian chromite within the ultramafic

xenolith further supports the multiple changes that occur

during post-magmatic events, i.e., regional metamorphism.

The present study emphasises the enrichment of zinc

content in chromite within these ultramafic xenoliths,

which can be used to understand the involvement of dif-

ferent post-magmatic processes in different geodynamic

settings operated in the northeastern part of the Bastar

craton during its evolution.

2 Regional geological setting

The Bastar craton (BC) of Central India comprises cratonic

components spanning from Mesoarchean to Neoprotero-

zoic in age (Santosh et al. 2020) (Fig. 1A). The older

basement gneisses cover the major part of the BC. This

older basement gneiss of the Bastar craton has been dated

by U–Pb zircon dating, indicating the age of

3509 ± 14 Ma (Sarkar et al. 1993) and 3561 ± 11 Ma

(Ghosh 2004), which implies that the Bastar craton was a

component of the earliest part of Indian Shield (Sarkar

et al. 1993; Ghosh 2004; Rajesh et al. 2009; Santosh et al.

2020). It is surrounded by tectonic belts of various ages,

which include the Bengpal-Sukma belt in the south, Kotri-

Dongargarh belt in the centre, Amgaon belt in the west,

Sausar-Chilpi belt in the north, and Sonakhan belt in the

east. The SGB is located on the northeastern fringes of

Bastar Craton and is almost perpendicular to the NE–SW

trending Central Indian Tectonic Zone (Fig. 1B) (Manu

Prasanth et al. 2017). These supracrustals are intruded by

Mesoarchean gneisses (also known as Bengpal/Baya/

Sukma gneisses of 3081 ± 60 Ma age, Sarkar et al. 1993)

and numerous Proterozoic granites (i.e., Dongargarh

granite, Bundeli Granitoid and Malanjkhand of * 2500

Ma ages, Sarkar et al. 1993; Stein et al. 2004), which was

followed by intrusive mafic magmatic dike swarms

(1891-1883 Ma, French et al. 2008). These

gneisses/granites also contain the xenoliths of supracrus-

tals, i.e., Sukma and Bengpal Group of rocks, which vary in

size from a few meters to kilometres and are inhomoge-

neously distributed in the area (Fig. 1B). This granite

magmatism in Bastar craton show similarity with a wide-

spread Closepet granitic magmatism (2.51 Ga) occur

between eastern Dharwar craton (EDC) and western
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Dharwar craton (WDC) (Jayananda et al. 2000) and also

with granitic magmatism of Aravalli craton (2.56–2.44 Ga)

(Wiedenbeck et al. 1996), which is indicating widespread

granite plutonism throughout the Indian Shield at the

Archean/Proterozoic boundary. This granitic magmatism is

part of global Neoarchaean magmatism in the Indian shield

and other parts of the world, followed by high-grade

metamorphism. The earlier metamorphic event in the

Dharwar craton, southern India reported close to 3.0 Ga by

Mahabaleswar and Peucat (1988) and Peucat et al.

(1993, 1995). The ca 2.62 Ga granulite assemblages with

ultra-high temperature (UHT) conditions reported from

Dharwar craton and Southern Granulite Terrain (Rajesham

et al. 1993; Santosh et al. 2004; Jayananda et al. 2012),

which has spatial links to crustal accretion, regional

deformation, cratonization is not well constrained, partic-

ularly for pre-2.5 Ga tectonic-metamorphic events. Simi-

larly, the Bastar craton also has older 3.56–3.51 Ga rocks,

i.e., TTGs and 2.4 to 2.6 Ga with variable high-grade

metamorphism (Sarkar et al.1993; Ghosh 2004; Rajesh

et al.2009; Mohanty 2015; Meshram et al. 2021; Dora et al.

2021).

The study area is located in the northeastern part of

Bastar craton (BC), Central India (Fig. 1A, B). The present

study area dominantly comprises Neoarchean gneiss and

intrusive Proterozoic granites, followed by the Bengpal

Group of rocks (Fig. 1B). The Bengpal Group of rocks

occur as mega-xenoliths within Bengpal gneisses and

Bundeli granites. This Bengpal Group of rocks is highly

deformed metasedimentary and metabasic rocks mainly

consisting of muscovite schist, chlorite schist, fuchsite-

quartzite, BIF, cherty quartzite, amphibolite, metagabbro,

metapyroxenite. They followed the regional structure with

the development of folded mega-xenoliths of Bengpal

supracrustals with the NW–SE trending axial plane

(Fig. 1B). The metapyroxenite is associated with layered

metagabbro near the hinge part of the regional fold. The

Bengpal Group is overlaid by the Neo-Proterozoic Son-

akhan Group, which is exposed as linear composite litho-

units of metamorphosed volcano-sedimentary sequence

and a bimodal igneous suite. Metasedimentary rocks of

Sonakhan Group include Boulder bed and conglomerate,

pebbly schist, pebbly quartzite, mica schist, phyllite, and

shale. The secondary quartz veins are the younger intrusive

occur in the area.

3 Methodology

Samples were collected from the ultramafic xenolith used

for the preparation of polishing thin sections for the iden-

tification of chromite mineralisation and detailed petro-

graphic studies of silicate and oxides. From the 05 polished

thin sections after detailed petrographic study and scanning

in SEM, one sample was selected for the EPMA study,

which contains disseminated chromite grain within the

ultramafic. The petrographic studies of zincian chromite-

rich ultramafic were carried out using LEICA DM RX.

After detailed petrographic studies, the section was selec-

ted for the EPMA study to know the compositional varia-

tion of zincian chromite and silicate minerals. The silicate

and oxide phase analyses were performed using a

Fig. 1 A Generalised geological map of Bastar craton shows Sonakhan Greenstone Belt’s location. The inset map is the generalised geology of

the Indian subcontinent showing Bastar craton (modified after Meert et al. 2010 and Manu Prasanth et al. 2017). B Geological map showing

zincian chromite-rich ultramafic xenolith location at the Dongripali area, Bastar craton, Central India (Asif et al. 2018)
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CAMECA SX-100 electron microprobe analyser. The EMP

instrument is equipped with five wavelength dispersive

spectrometers (WDS), e.g., WDS 1 (TAP crystal), 2 (PET

crystal), and 4 (TAP crystal) fitted with low-pressure

detectors, and WDS 3 (LPET crystal) and WDS 5 (LIF)

fitted with high-pressure detectors (all detectors use P-10

gas). Polypropylene separation windows were used with

WDS 1, 2, and 4, and Mylar windows were used with WDS

3 and 5. Calibration, overlap correction, and quantifications

were performed with the CAMECA SX- 100 Peak Sight-

Geo Quanta software package. Pulse-height analysers

(PHAs) were adjusted by selecting the differential auto

mode for all the elements. Matrix effects were eliminated

using the X-PHI correction method proposed by Merlet

(1992, 1994). Silicate and oxide phases were analysed

using 15 kV acceleration voltage and 15 nA beam current

with a beam 1 lm size. The signals used are Na Ka, Si Ka,

Mg Ka, Al Ka, K Ka, Ca Ka, Ti Ka, Cr Ka, Fe Ka, and Mn

Ka for calibration of elements using natural standards for

Na, Si, Ca, K, Fe, Mg, Mn, synthetic standards for Al, Ti,

Cr. Standards used are jadeite for Na, wollastonite for Si,

Ca, diopside for Mg, corundum for Al, orthoclase for K,

rutile for Ti, chromite for Cr, haematite for Fe and rho-

donite for Mn. The counting time for peak measurement is

10 s and half of the peak measurement time allotted for

background measurement.

4 Result

4.1 Petrography

The host rock of the zincian chromite is present as xenolith

within Nearchean gneiss. The xenolith is massive and dark

green, whereas the altered one is highly friable and yel-

lowish-green in colour (Fig. 2). They are medium to

coarse-grained in nature and traverse by criss-cross car-

bonate vein network (Fig. 2A). This xenolith is mainly

pyroxenite in composition, which shows a high degree of

alteration and metamorphism. At places, it offers various

degrees of alteration due to later hydrothermal activities,

which developed yellowish-green colour to the metapy-

roxenite. The serpentinisation also occurs along the frac-

tures within metapyroxenite at places (Fig. 2B). In

contrast, the rest of the rock gets completely serpentinised

in some places (Fig. 2C). Though metamorphosed laterite

also sometimes contains chromite grains and can occur as

xenolith within granite (Dill 2010), the field and petro-

graphic studies reveal the well preserved ultramafic xeno-

lith with serpentinisation at places in the present study area.

The metapyroxenite is medium to coarse-grained, shows

a relict primary igneous interlocking texture, and is mainly

composed of amphiboles and pyroxenes with disseminated

chromite grains (Fig. 3A). The pyroxenes are partly altered

to amphiboles but, at places, relict and pseudomorph of

pyroxenes are preserved. Chromite, pyrrhotite, and chal-

copyrite occur as accessory mineral phases. The relict

pyroxenes are observed at places with two prominent

cleavage sets. The amphibole is dominantly hornblende

and anthophyllite in nature, whereas pyroxenes are clino-

ferrosilite and diopside to hedenbergite in nature. The

euhedral chromite grains also occur as fine dissemination

within metapyroxenite. They are also occurring as inclu-

sions within pyroxenes and vice-versa. Chromite grains are

5 microns to 60 microns sized, euhedral in shape, and light

grey colour with low reflectivity under the oil immer-

sion (Fig. 3D–F).

At places, chromite grain contains small rounded

inclusions composed of alumina and silica. The elemental

mapping shows the distribution of Al, Si, Mg, Mn, Fe, Cr,

and Zn within zincian chromite (Fig. 3G). These elemental

maps show homogeneous distribution and enrichment of Fe

and Zn within chromite and don’t follow any zoning

pattern.

4.2 Mineral chemistry

The chromite, pyroxene, and amphibole were analysed

using EPMA, and representative analyses are mentioned in

Tables 1, 2, and 3. Similarly, the respective backscattered

images were taken for textural interpretation in SEM and

EPMA, and different elemental mapping in the chromite to

Fig. 2 Representative field photographs showing ultramafic xenolith

in the study area. A Field photograph showing the dark green colour

ultramafic xenolith with partly serpentinisation and traverse by

carbonate veins. B Close view of field photograph showing the

development of serpentinised patches due to alteration within

ultramafic. C Field photograph showing the yellowish green colour

highly altered/ serpentinised ultramafic
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check the distribution of the elements in SEM. As the rock

is altered and metamorphosed, the analysed phases also

show the effect of alterations. In most cases, several

analyses were made on mineral grains, and those analytical

compositions with totals close to 100% and a satisfactory

structural formula were selected as representatives

(Tables 1, 2, and 3). The representative analysis is further

used to understand the effect of post-magmatic changes

and the substitution of different elements during this effect.

The fresh chromite composition by Manu Prasanth et al.

(2017) was also included from SGB for comparison, con-

sistent with the range of primary magmatic crystallisation.

4.2.1 Chromite

The analysed zincian chromite is euhedral to subhedral in

shape, has smooth grain boundaries, and occurs as fine

dissemination within metapyroxenite. It shows

compositional variation due to various degrees of alteration

(Barnes and Roeder 2001; Evans 2015, 2017).

Zincian chromite shows range of Cr2O3 varies from

39.69 wt% to 51.66 wt%, Al2O3 contents range from 5.30

wt% to 8.71 wt%, FeO contents range from 21.74 wt% to

27.51 wt%, Fe2O3 contents range from 10.19 wt% to 19.36

wt%, ZnO contents range from 1.73 wt% to 4.08 wt%,

TiO2 contents range from 0.23 wt% to 0.78 wt%, and MgO

ranges from 0.07 wt% to 0.34 wt% (Table 1). Conse-

quently, their Cr# [Cr/(Cr ? Al)] shows a very narrow but

high range from 0.83 to 0.85, whereas Mg# [Mg/

(Mg ? Fe2?)] shows a wide range from 0.38 to 0.89. The

MnO and NiO contents are negligible and insignificant in

zincian chromite. The calculated melt composition of

Al2O3 and (FeO/MgO) by Maurel and Maurel (1982)

ranges from 7.14 to 9.80 and 2.44 to 2.60 and TiO2 by

Kamenetsky et al. (2001) ranges from 0.35 to 0.97

(Table 1).

Fig. 3 A Photomicrograph of

metapyroxenite showing the

interlocking texture of

clinopyroxene pseudomorph.

B Representative BSE images

indicating an elemental map of

zincian chromite. These basic

maps show homogeneous

distribution and enrichment of

Fe and Zn within chromite and

don’t follow any type of zoning

pattern. A–C Representative

photomicrographs of ultramafic

xenoliths with the presence of

zincian chromite. D–

F Representative ore

microscopic photographs of

zincian chromite in oil

immersion in reflected light.

G Representative backscattered

images and Fe–Cr-Zn-Mg–Al-

Si elemental mapping of zincian

chromite grain
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Zincian chromite is plotted in the Cr–Al–Fe3? diagram

and saddle between the Al-chromite and Fe-chromite

composition but shows an affinity towards the Fe-chromite

field (Fig. 4A). Subsequently, zincian chromite composi-

tion is also compared with the Cr–Al–Fe3? compositions of

spinels from different metamorphic facies (Purvis et al.

1972; Evans and Frost 1975; Freitas Suita and Strieder

1996), as well as with spinel stability limit (Sack and

Ghiorso 1991; Barnes 2001) (Fig. 4A). Simultaneously, all

zincian chromite falls in the field of spinel metamorphosed

in the upper greenschist facies, at temperatures within

500 �C, which also shows an affinity towards the amphi-

bolite facies spinel field. This result is consistent with

Fig. 4B of Mg# (Mg/Mg ? Fe2?) vs Cr# (Cr/Cr ? Al)

where zincian chromite plots near the field of amphibolite

or metamorphic field (Pober and Faupl 1988; Sack and

Ghiorso 1991; Dupuis and Beaudoin 2011; Dill et al.

2021).

4.2.2 Pyroxene

Clinopyroxene is the dominant mineral phase within

metapyroxenite, which shows significant alteration. The

orthopyroxenes are present in subordinate amounts, and

both pyroxenes occur as pseudomorph phases. The (clino-

and ortho-) have restricted variation in composition, which

Fig. 3 continued
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Table 1 Representative electron probe micro analysis data of zincian chromite from ultramafic xenolith

PS-6.1 PS-6.2 PS-6.3 PS-6.4 PS-6.5 PS-6.6 PS-6.7 PS-6.8 PS-6.9 PS-6.10

TiO2 0.56 0.44 0.48 0.46 0.53 0.40 0.43 0.36 0.29 0.23

Al2O3 6.03 5.82 6.12 6.34 5.97 5.95 5.99 5.76 6.13 5.89

Cr2O3 49.77 50.22 50.35 50.34 50.14 50.95 50.30 50.53 51.38 51.66

FeOT 37.06 36.61 36.25 36.56 37.26 35.95 36.33 36.12 33.50 33.12

MnO 0 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

MgO 0.08 0.09 0.11 0.11 0.10 0.10 0.12 0.11 0.07 0.08

ZnO 3.16 3.08 3.44 3.29 3.17 3.27 3.55 3.16 4.08 4.01

NiO 0 0.01 0.04 0.00 0.05 0.01 0.00 0.00 0.01 0.01

Total 96.66 96.27 96.79 97.10 97.22 96.63 96.72 96.04 95.46 95.00

Fe2O3 12.39 12.06 12.40 12.13 12.62 11.75 12.75 12.30 11.66 11.38

FeO 24.67 24.55 23.85 24.44 24.64 24.20 23.58 23.82 21.84 21.74

Total 96.58 96.63 96.64 96.98 97.32 96.91 96.33 96.96 95.39 94.21

Ti 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Al 0.27 0.26 0.27 0.28 0.26 0.27 0.27 0.26 0.28 0.27

Cr 1.49 1.51 1.50 1.50 1.49 1.52 1.51 1.52 1.56 1.58

Fe?3 0.35 0.34 0.35 0.34 0.36 0.33 0.36 0.35 0.34 0.33

Fe?2 0.78 0.78 0.75 0.77 0.78 0.77 0.75 0.76 0.70 0.70

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mg 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Zn 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

FeO/MgO 0.55 0.46 0.51 0.55 0.51 0.52 0.56 0.53 0.81 0.56

Al2O3 melt 7.84 7.65 7.92 8.11 7.78 7.77 7.80 7.59 7.93 7.71

TiO2 melt 0.74 0.61 0.65 0.63 0.71 0.56 0.60 0.52 0.43 0.36

Cr# 0.85 0.85 0.85 0.84 0.85 0.85 0.85 0.85 0.85 0.85

Mg# 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

PS-6.11 PS-6.12 PS-6.13 PS-6.14 PS-6.15 PS-6.16 PS-6.17 PS-6.18 PS-6.19 PS-6.20

TiO2 0.40 0.27 0.33 0.27 0.40 0.44 0.49 0.44 0.78 0.70

Al2O3 5.70 5.62 5.63 5.30 6.08 5.96 6.15 6.07 6.40 6.35

Cr2O3 50.59 50.70 50.64 50.56 51.40 51.30 51.57 51.12 50.00 51.14

FeOT 36.02 36.59 36.87 36.75 34.12 34.51 34.59 35.17 35.96 34.53

MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

MgO 0.11 0.13 0.10 0.12 0.14 0.15 0.17 0.16 0.12 0.08

ZnO 3.22 3.17 2.90 2.88 3.50 3.62 3.08 3.11 3.45 3.63

NiO 0.00 0.02 0.00 0.03 0.04 0.06 0.05 0.04 0.00 0.03

Total 96.04 96.50 96.47 95.91 95.68 96.04 96.10 96.11 96.71 96.46

Fe2O3 11.94 12.45 11.94 12.19 10.90 11.51 10.19 10.87 11.75 10.92

FeO 24.08 24.14 24.93 24.56 23.22 23.00 24.40 24.30 24.21 23.62

Total 95.99 96.23 96.45 96.53 95.80 95.50 96.13 96.45 96.89 95.51

Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02

Al 0.26 0.25 0.25 0.24 0.27 0.27 0.28 0.27 0.28 0.28

Cr 1.53 1.52 1.52 1.53 1.55 1.54 1.55 1.54 1.49 1.53

Fe?3 0.34 0.36 0.34 0.35 0.31 0.33 0.29 0.31 0.33 0.31

Fe?2 0.77 0.77 0.79 0.79 0.74 0.73 0.77 0.77 0.76 0.75

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mg 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Zn 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

Acta Geochimica (2023) 42:471–487 477

123



commonly confirms the clinoferrosilite in clinopyroxene

and saddle between diopside to hedenbergite in orthopy-

roxenes, according to the classification by Morimoto

(1989) (Fig. 4C). They also plot in the experimentally

contoured Ca–Mg–Fe phase-relation diagram at 1.0 GPa

(after Lindsley 1983) shows their position below the range

of 700 �C temperature (Fig. 4C).

The clinopyroxene shows a very restricted range but

high values of SiO2 (50.53–51.34 wt%), CaO (20.49–22.69

wt%), FeOt (16.21–17.75 wt%), and MgO (8.61–9.24

wt%). Whereas, Al2O3 ranges from (0.39–0.86 wt%), TiO2

(0.05–0.27 wt%), and Na2O (0.16–0.2 wt%), which are

meagre in proportion. The Mg number of clinopyroxene is

medium and varies from 0.52 to 0.55.

The orthopyroxenes also show a very restricted range of

SiO2 (48.79–49.23 wt%), FeOt (37.48–38.99 wt%) and

MgO (10.27–10.80 wt%). Whereas, Al2O3 ranges from

(0.26–0.43 wt%), CaO (0.51–1.13 wt%), and d TiO2

(0.01–0.16 wt%), which are minor in proportion. The Mg

number of orthopyroxene is a little higher than clinopy-

roxene and varies from 0.62 to 0.66.

4.2.3 Amphibole

The amphibole is also the dominant mineral phase in

metapyroxenite, like pyroxenes. It is a product of the

metamorphic alteration of pyroxene. The amphibole com-

position indicates two types of variation. Type-I is MgO–

FeO rich, while type-II is CaO rich. Which typically sup-

ports they are alteration products of both clino- and

orthopyroxenes. The classification diagram after Leake

et al. 1977, shows the anthophyllite and ferro-hornblende

composition of amphiboles (Fig. 4D). They are also plotted

in the (Ca ? Na ? K) vs Si (apfu) diagram after Giret

et al. (1980) to understand their nature. All amphibole

compositions are plotted in the metamorphic field

(Fig. 4D).

The amphibole(type-I) shows a narrow range but high

values of SiO2 (51.46–52.39 wt%), FeOt (31.53–32.92

wt%), and MgO (10.58–11.61 wt%). Whereas, Al2O3

ranges from (0.11–0.70 wt%), CaO (0.38–1.70 wt%), and

TiO2 (up to 0.12 wt%), which are less in proportion. The

Mg number of amphibole(type-I) is high and varies from

0.49 to 53.

In contrast, the amphibole(type-II) has a high range of

SiO2 (44.07–47.17 wt%), CaO (10.96–11.17 wt%), FeOt

(21.76–22.09 wt%), Al2O3 (6.72–9.11 wt%), MgO

(7.54–8.92 wt%) and TiO2 (0.40–1.75 wt%). It contains a

minor K2O ranging from (0.25–0.57 wt%) and Na2O

(0.83–1.25 wt%). The Mg number of amphibole(type-II) is

medium and varies from 0.39 to 43.

5 Discussion

5.1 Nature and origin of zincian chromite

in ultramafic xenoliths

Zincian spinels (gahnite) and silicates (staurolite, garnet)

reported from the metamorphosed copper–lead–zinc

deposits of different parts of the world mostly formed by

desulphidation of sphalerite or direct crystallisation from

hydrothermal fluids (Dill 2010, Ghosh et al. 2011; Dill

et al. 2021, Baswani et al. 2022). Nevertheless, the possible

genesis of zincian chromite different theories are proposed,

i.e., primary magmatic (inclusions in diamonds and sili-

cates) and post magmatic (alteration due to metamorphism

or hydrothermal fluids rich in Zn content) (Paktunc and

Cabri 1995; Gaetani and Grove 1997; Righter 2003;

Downes et al. 2004; Gahlan et al. 2006; Gahlan and Arai

2007; Yang et al. 2007; Lagos et al. 2008; Arai and Ishi-

maru 2011; Fanlo et al. 2015). The primary magmatic

zincian chromite is present as inclusions in a diamond

within kimberlites and lamprophyres and also as small

inclusions in silicate within meteorites (especially iron

meteorites). The zincian chromite inclusion in diamonds

can be distinguished from common chromite by high Mg#

(0.3 to 0.8). The zincian chromite has extremely low Mg#

(\ 0.03), but both primary inclusions have a very low

content of Fe3?. Commonly found Mg - rich chromite

inclusions in diamonds contain a low amount of Zn and

Mn, and are assigned to the peridotitic paragenesis, toge-

ther with olivine, pyroxene, and garnets (e.g., Tappert et al.

2005). Likewise, the origin of zincian chromite inclusions

is possibly related to the recycling of previously altered/

Table 1 continued

PS-6.11 PS-6.12 PS-6.13 PS-6.14 PS-6.15 PS-6.16 PS-6.17 PS-6.18 PS-6.19 PS-6.20

FeO/MgO 0.51 0.53 0.58 0.56 0.49 0.56 0.57 0.56 0.53 0.57

Al2O3 melt 7.54 7.46 7.47 7.15 7.88 7.78 7.94 7.87 8.16 8.12

TiO2 melt 0.56 0.41 0.48 0.41 0.56 0.61 0.67 0.61 0.98 0.89

Cr# 0.86 0.86 0.86 0.86 0.85 0.85 0.85 0.85 0.84 0.84

Mg# 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
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Table 2 Representative electron probe micro analysis data of pyroxene from ultramafic xenolith

CaO 21.6 21.65 21.98 20.95 21.3 22.23 21.36 21.37 21.55 21.97 21.75

Na2O 0.22 0.25 0.26 0.23 0.23 0.23 0.22 0.18 0.22 0.24 0.22

K2O 0 0 0 0 0.01 0.01 0.01 0 0.01 0.01 0

NiO 0 0.06 0.03 0 0 0.07 0.05 0 0 0.07 0.07

Total 100.41 99.24 100.65 99.71 99.54 99.7 99.33 100.04 99.46 99.1 99.91

Fe2O3 1.57 1.23 1.62 1.78 0.75 1.23 0.34 1.24 0.79 1.35 1.07

FeO 16.08 15.71 15.73 16.15 16.46 15.10 16.31 16.33 16.07 15.23 16.27

Total 100.567 99.364 100.812 99.888 99.615 99.823 99.364 100.164 99.539 99.235 100.017

Si 1.97 1.97 1.97 1.96 1.98 1.97 1.98 1.97 1.98 1.97 1.97

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

Al 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.03

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe?3 0.05 0.04 0.05 0.05 0.02 0.04 0.01 0.04 0.02 0.04 0.03

Fe?2 0.52 0.51 0.51 0.52 0.54 0.49 0.53 0.53 0.52 0.50 0.53

Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Mg 0.51 0.51 0.51 0.53 0.51 0.52 0.52 0.52 0.52 0.51 0.50

Ca 0.89 0.90 0.91 0.87 0.89 0.92 0.89 0.89 0.90 0.92 0.90

Na 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

XMg 0.50 0.50 0.50 0.50 0.49 0.51 0.50 0.50 0.50 0.51 0.49

CaO 22.14 20.49 21.75 21.82 21.93 21.71 22.69 22.28 0.71 1.13 0.79

Na2O 0.23 0.2 0.24 0.22 0.21 0.24 0.16 0.21 0 0.09 0.02

K2O 0 0 0 0.01 0.01 0 0 0.01 0.01 0.02 0

NiO 0.04 0.1 0 0 0 0 0 0.03 0.02 0.01 0.02

Total 99.32 99.17 100.39 99.78 100.06 99.64 100.05 99.76 99.4 99.72 99.59

Fe2O3 0.34 0.62 1.57 1.48 0.81 0.34 2.18 2.04 0.00 0.00 0.13

FeO 15.78 16.85 15.85 15.42 15.58 16.29 14.49 14.71 37.88 37.51 37.89

Total 99.354 99.232 100.547 99.929 100.141 99.674 100.269 99.964 99.400 99.720 99.603

Si 1.98 1.98 1.97 1.97 1.98 1.98 1.96 1.96 1.99 1.99 1.99

Ti 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00

Al 0.04 0.04 0.03 0.03 0.03 0.04 0.02 0.03 0.02 0.02 0.02

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe?3 0.01 0.02 0.05 0.04 0.02 0.01 0.06 0.06 0.00 0.00 0.00

Fe?2 0.51 0.55 0.51 0.50 0.50 0.53 0.47 0.48 1.29 1.27 1.29

Mn 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.03 0.03

Mg 0.51 0.53 0.52 0.52 0.53 0.51 0.52 0.52 0.64 0.63 0.64

Ca 0.92 0.86 0.90 0.91 0.91 0.90 0.94 0.92 0.03 0.05 0.03

Na 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.00 0.01 0.00

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

XMg 0.50 0.49 0.50 0.51 0.51 0.49 0.53 0.52 0.33 0.33 0.33

CaO 0.81 0.7 0.71 0.92 0.85 0.86 0.76 0.71 0.51 0.97 0.78 0.89

Na2O 0.01 0.03 0 0 0 0 0 0.03 0.01 0.05 0.04 0

K2O 0 0 0.01 0 0 0.01 0 0 0 0 0 0

NiO 0 0 0 0 0.04 0.01 0 0 0.07 0 0.02 0

Total 98.78 99.92 99.04 99.7 99.19 99.85 100.37 99.36 99.36 99.75 99.89 99.23
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metamorphosed peridotites responsible for the generation

of kimberlitic magma (Arai and Ishimaru 2011; Matsumoto

et al. 2017).

The chromites in meteorites are commonly zincian and

manganoan, which have relatively high Mg# and Cr#,

ranging from 0.2 to 0.8 and [ 0.8. This possibly indicates

the equilibration of the Mg-bearing zincian chromite with

some melt rich in Mg and siderophile elements at high

temperature, which characteristically occur deep inside the

early stage of Earth when the metallic core was formed

(Yang et al. 2007). This has similarities with the origin of

high Mg# chromite inclusions in diamonds. The Cr and Zn

are slightly siderophile to chalcophile and may show sim-

ilar behaviour in the silicate melts that are in equilibrium

with the metallic core (Gaetani and Grove 1997; Righter

2003; Lagos et al. 2008). The possible origin of zincian

chromite as inclusions in diamonds within kimberlites and

the meteorite is unsuitable for the present study.

The next possible origin is post-magmatic due to alter-

ation and metamorphism. The binary diagram (Fig. 5A-B)

and ternary diagram (Fig. 5C) depicted the nature of the

zincian chromite reported from the present study and

support its metamorphic origin. The zincian chromite

samples plot in the field of altered rock rather than inclu-

sions in diamond, meteorites, and recycled mantle peri-

dotites (Fig. 5) (Paktunc and Cabri 1995; Arai and

Ishimaru 2011). Furthermore, it also suggests that they are

the product of amphibolite grade of metamorphism than

that of greenschist facies of metamorphism (Barnes et al.

2000) (Fig. 5C). To differentiate the zincian chromite ori-

gin and their grade of metamorphism samples were plotted

in binary variation diagram in Fig. 6 (Barnes 2000). This

strongly supports the amphibolite grade of metamorphism

origin of zincian chromite than primary and altered

greenschist facies.

Reported zincian chromite occurs as fine disseminations

and thin bands in metapyroxenite xenoliths in host granite.

They are euhedral to subhedral in shape and dominantly

associated with amphibole and pyroxene. They show

mutual boundary texture and development of triple junc-

tion 120� grain boundary contact with associated silicate.

This texture is representative of the effect of high-grade

metamorphism (Lewis et al. 2000), which is also get sup-

ported by the Al-Cr-Fe?3 diagram (Fig. 5C) and the

metamorphic origin of amphibole from pyroxenes during

prograde metamorphism (Fig. 4C - D). The enrichment of

zinc in chromite during the present study considers due to

metamorphic alteration as supported by the number of

shreds of evidence. The evidence suggested that the zincian

chromite-rich metapyroxenite is part of Bengpal supra-

crustal and occurs as xenoliths within granite/gneisses. In

contrast, the SGB also contains the common Cr-rich and

Zn-poor chromite in the main belt. The SGB has high Cr#

(0.67–0.75) and moderate Mg# (0.11–0.5) values attributed

to crystallisation from siliceous high-magnesium basalts

(SHMB) magma in an island-arc setting (Manu Prasanth

et al. 2017). The Fe3?# (Fe3?/(Fe3? ? Cr ? Al) contents

range from 0.06 to 0.15. Whereas zincian chromite has

Table 2 continued

Fe2O3 0.00 0.00 0.00 0.17 0.00 0.51 0.72 0.00 0.00 0.21 0.23 0.00

FeO 37.59 38.55 38.12 37.81 37.71 37.47 38.34 37.85 38.09 37.96 37.74 37.48

Total 98.780 99.920 99.040 99.718 99.190 99.901 100.442 99.360 99.360 99.771 99.913 99.230

Si 2.00 2.00 1.99 1.99 1.99 1.98 1.98 2.00 2.00 1.99 1.99 1.99

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe?3 0.00 0.00 0.00 0.01 0.00 0.02 0.02 0.00 0.00 0.01 0.01 0.00

Fe?2 1.28 1.31 1.30 1.28 1.29 1.27 1.30 1.29 1.30 1.29 1.28 1.27

Mn 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.02

Mg 0.64 0.62 0.62 0.64 0.63 0.65 0.62 0.63 0.63 0.63 0.65 0.65

Ca 0.04 0.03 0.03 0.04 0.04 0.04 0.03 0.03 0.02 0.04 0.03 0.04

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

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

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 3.99 4.00 4.00 4.00 4.00 4.00 4.00 3.99 3.99 4.00 4.00 4.00

XMg 0.33 0.32 0.32 0.33 0.33 0.34 0.32 0.33 0.33 0.33 0.34 0.34
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high Cr# (0.83 to 0.85), Fe3?# (0.14 to 0.17) and Mg#

shows a wide range (0.38 to 0.89). The calculated parental

melt composition of Al2O3 by Maurel and Maurel (1982) in

main SGB chromite ranges from 10.75 to 12.52, whereas

the zincian chromite from ultramafic xenoliths from 7.14 to

9.80. The TiO2 composition in melt calculated by

Kamenetsky et al. (2001) in the main SGB chromite ranges

from 0.26 to 1.19, while in zincian chromite, it ranges from

0.35 to 0.97 (Table 1). This suggests that these two chro-

mite has different origin in the Bastar craton as supported

by their distinct spatial and temporal association. Their

diverse nature and compositional variation are further

supported in Fig. 7A , B.

All the compositional variations in the zincian chromite

indicate that they deviate from common chromite that

occurs in SGB and has a different post-magmatic alteration

history, i.e., regional metamorphism. This is supported by

the presence of ultramafic xenoliths within Bengpal

gneisses that get exposed to regional metamorphism due to

the heat generated and transformed during the emplace-

ment of granitic magmatism. The global Neoarchaean

magmatism followed by high-grade metamorphism is also

supported by several studies in India and other parts of the

world (Rajesham et al. 1993; Santosh et al. 2004; Jaya-

nanda et al. 2011). This metamorphic process may be a

possible reason for zinc enrichment in chromite in the

present study area. Similar Zn - rich chromites are

reported from metamorphosed ultramafic rocks in the other

part of the world (Thayer et al. 1964; Challis et al. 1995).

Their Zn- enrichment occurred during the alteration/

metamorphism of olivine, pyroxene-rich rocks (Tappert

et al. 2005; Matsumoto et al. 2017), which altered/meta-

morphosed to various degrees at low temperatures, i.e.,

mainly within the stability field of serpentine (Arai and

Ishimaru 2011; Gahlan et al. 2006; Gahlan and Arai 2007;

e.g., Proterozoic ophiolite of Bou Azzer, Morocco).

Table 3 Representative

electron probe micro analysis

data of amphibole from

ultramafic xenolith

23/1 31/1 33/1 18/1 14/1 26/1 60/1 68/1

SiO2 51.46 52.39 52.25 51.57 44.75 44.07 44.55 47.17

TiO2 0.05 0 0.02 0.12 0.99 1.75 0.99 0.4

Al2O3 0.45 0.11 0.16 0.7 9.06 8.94 9.11 6.72

Cr2O3 0 0.01 0 0.02 0.03 0.05 0 0.01

FeOT 32.92 31.53 32.11 32.25 21.77 22.09 21.76 22.08

MnO 0.58 0.57 0.53 0.59 0.18 0.19 0.15 0.19

MgO 11.06 11.61 11.02 10.58 7.75 7.54 7.73 8.92

CaO 0.6 0.59 0.38 1.7 11.17 11.11 11.12 10.96

Na2O 0.08 0.05 0.06 0.05 1.19 1.25 1.16 0.83

K2O 0.01 0.01 0 0.03 0.4 0.57 0.4 0.25

NiO 0 0 0 0 0 0 0 0

Total 97.21 96.87 96.53 97.61 97.29 97.56 96.97 97.53

Fe2O3 0 0 0 0 0.14 0 0 0

FeO 32.92 31.53 32.11 32.25 21.64 22.09 32.11 32.11

Total 97.21 96.87 96.53 97.61 97.30 97.56 107.32 107.56

Si 7.94 8.04 8.06 7.92 6.84 6.76 8.06 8.06

Ti 0.01 0.00 0.00 0.01 0.11 0.20 0.00 0.00

Al 0.08 0.02 0.03 0.13 1.63 1.62 0.03 0.03

Cr 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00

Fe?3 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00

Fe?2 4.25 4.05 4.15 4.14 2.77 2.83 4.15 4.15

Mn 0.08 0.07 0.07 0.08 0.02 0.02 0.07 0.07

Mg 2.54 2.66 2.54 2.42 1.77 1.72 2.54 2.54

Ca 0.10 0.10 0.06 0.28 1.83 1.83 0.06 0.06

Na 0.02 0.01 0.02 0.01 0.35 0.37 0.02 0.02

K 0.00 0.00 0.00 0.01 0.08 0.11 0.00 0.00

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 15.02 14.96 14.93 15.01 15.43 15.47 14.93 14.93

Temp 365.92 #NUM! 304.73 437.46 701.19 810.50 304.73 304.73

XMg 0.37 0.40 0.38 0.37 0.39 0.38 0.38 0.38
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Fig. 4 A Cr-Al-Fe3? diagram

for mineral compositions of

zincian chromite. Fields are

after Barnes and Roeder (2001).

B Zincian chromite plotted in

the Cr-Mg–Al spinel and its

source area (after Pober and

Faupl 1988; Dupuis and

Beaudoin 2011 and Dill et al.

2021). C Pyroxene composition

from the zincian chromite-rich

ultramafic in the classification

diagram by Morimoto (1989),

which also plotted in an

experimentally contoured Ca–

Mg–Fe phase-relation diagram

at 1.0 GPa (after Lindsley

1983). D Nomenclature of

amphibole after Leake et al.

(1997), and amphiboles are

plotted in the (Ca ? Na ? K)

vs Si (apfu) diagram after Giret

et al. (1980) to understand their

nature
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5.2 Enrichment of Zn- and Fe- in zincian chromite

during metamorphic alteration

Chromite is highly susceptible to modification during early

hydrous alteration and subsequent prograde metamorphism

of host rocks (Barnes 2000). Barnes (2000) explains that

the chromite compositions in komatiites are influenced by

metamorphic processes, particularly above 500 �C. The

studies of Evans & Frost (1975), Abzalov (1998), and

Barnes (2000) highlighted two important effects of alter-

ation commonly observed in chromite. First, chromites

become rimmed and progressively replaced by chromian

magnetite or ‘ferritchromit’. Second, chromite core com-

positions become progressively modified during prograde

metamorphism due to the exchange of components with

surrounding silicate minerals. As a result of Mg–Fe

exchange with silicates and carbonates. Chromite meta-

morphosed to amphibolite facies is enriched in Zn and Fe

and depleted in Ni, relative to lower metamorphic grades

(Barnes 2000). The observations reported here indicate that

the process of Zn enrichment (1.73 to 4.08 wt%) is entirely

secondary. Most of this chromite has a low Mg#, and some

have relatively high Fe?3#. In contrast, chromian spinel in

the mantle peridotites exhibits a low ZnO content (\ 0.4

wt%), though sometime Fe?3# increases during metaso-

matism (Downes et al. 2004).

Significantly, high Zn contents above 1% are restricted

to chromite undergoing metamorphic exchange.

Fig. 5 A Relationship between

(MnO ? ZnO) and MgO

contents of zincian chromite and

related spinels. B Relationship

between Cr/(Cr ? Al) atomic

ratio and Mg/Mg ? Fe2? ratio

of zincian chromite and related

spinels. C Relationship between

Cr-Al-Fe3? atomic ratio of

zincian chromite and related

spinels. Fields of different

spinels were taken from Arai

and Ishimaru (2011) and

metamorphic fields were taken

from Barnes (2000)

Fig. 6 Compositions of zincian

chromite from ultramafic

xenolith plotted against Mg/

(Mg ? Fe?2). The field of

chromite cores from

amphibolite and greenschist

facies terrains from Barnes

2000. Greenschist subdivided

into ‘primary’ and ‘altered’

according to the nature of

magnetite replacement
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Furthermore, Zn contents over 2% are limited to the cores

of chromite grains in amphibolite facies rocks (Figs. 5C

and Fig. 6). They are never observed in primary green-

schist facies chromite, whether in mineralised sequences or

not (Barnes 2000). The olivine is the major repository for

Mn, Zn, and Co in ultramafic rocks (chromian spinel can

host up to 50% of bulk content; O’Reilly et al. 1997; De

Hoog et al. 2010), and the availability of these elements in

solution is the main factor controlling their incorporation in

the lattice of chromian spinel (Sack and Ghiorso 1991), it

should be expected that complete alteration of olivine

would provide the necessary Mn, Zn and Co in the ser-

pentinised peridotites occur worldwide (Paraskevopoulos

and Economou 1981; Wylie et al. 1987; Bjerg et al. 1993;

Challis et al. 1995; Liipo et al. 1995; Melcher et al. 1999;

Tesalina et al. 2003; Downes et al. 2004; Pagé and Barnes

2009; Arai and Ishimaru 2011; Saumur and Hattori 2013;

Singh and Singh 2013; Matsumoto et al. 2017), which is

consistent with the present study. Matsumoto et al. (2017)

discussed zinc enrichment in chromite within Nagasawa

metaperidotites enclaves associated with sediments within

host granites as a contact metamorphic event at*500 �C

due to hydrothermal circulation. They also suggest that the

mobile zinc in these fluids was possibly derived from the

thermally metamorphosed sediments adjacent to the

granitic intrusion. The ultramafic has a spatial association

with the meta-sedimentary rocks in the present study area.

However, the clear field and petrographic evidence support

the role of altered olivine for the source and mobility of Zn.

The present study suggests that the transformation of

common chromite to zincian chromite in altered/meta-

morphosed ultramafic xenolith due to the high grade of

metamorphic exchange/transfer of Zn occurs during the

emplacement of Neoarchaean granitic magmatism in the

area (Fig. 8). However, the unusually high Mn, Zn, and Co

contents in Bou-Azzer chromian spinels suggest that

altering solutions should be anomalously rich in these

metals (Gahlan and Arai 2007; Fanlo et al. 2015) and can

be linked with polymetallic Cu-Pb–Zn mineralisation. In

the present study, the zincian chromite is not enriched with

Mn or Co; no such mineralisation is reported nearby.

Therefore, there is a very rare possibility of mineralisation

linked with the present study area.

6 Conclusion

The present study discussed the nature and origin of zin-

cian chromite in the ultramafic xenoliths within Neoar-

chaean Bengpal gneisses from the Dongripali area, Bastar

craton, Central India. The zincian chromite show high Cr#,

Al, and Fe with significant Zn content, respectively. Such

compositional variation generally represents their meta-

morphic origin rather than magmatic nature. The empirical

thermometric calculation from chromite, amphibole, and

pyroxene corroborated with the metamorphic nature. It

attested to post-magmatic changes in ultramafic xenolith,

form during low-P and high-T amphibolite grade facies of

metamorphism (*700 �C). Neoarchaean granitic magma-

tism has played a vital role in generating and transferring

heat during contact metamorphism with the hydration of

ultramafic xenoliths and their serpentinisation. The olivine

has a major repository for Mn, Zn, and Co in ultramafic;

these elements get mobilised during the metamorphism and

serpentinisation. This is a possible reason for the mobili-

sation of zinc and incorporation in chromite. As a result,

chromite subjected to the metamorphic process gets

enrichment of Zn and Fe due to elemental exchange. It

converts to the zincian chromite as reported in altered

ultramafics elsewhere.

Fig. 7 A. Primary compositions of chromite from the Neoarchean Sonakhan Greenstone Belt in terms of their Cr# [(Cr/(Cr ? Al)] versus Mg#

[(Mg/(Mg ? Fe2?)]. Podiform and stratiform fields are from Irvine (1967) and Leblanc and Nicolas (1992). B. Al2O3 melt versus Al2O3 zincian

chromite of ultramafic enclaves and field of Sonakhan Greenstone Belt (SGB) chromites from Manu Prasanth et al. 2017. Data for mid-oceanic

ridge basalts (MORB) and island arcs from Kamenetsky et al. (2001)
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