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(LA-ICPMS) of unaltered chromites indicates that the 
parental magma of the chromitite ore-bodies was a komati-
ite  lacking nickel-sulfide mineralization. In the Ga/Fe3+# 
versus Ti/Fe3+# diagram, the Byrapur chromites plot in 
the field of suprasubduction zone (SSZ) chromites while 
those from Bhaktarhalli lie in the MOR field. The above 
results corroborate our previous results based on major-
element characteristics of the chromites, where the calcu-
lated parental melt of the Byrapur chromites was komati-
itic to komatiitic basalt, and the Bhaktarhalli chromite was 
derived from Archean high-Mg basalt. The major-element 
chromite data hinted at the possibility of a SSZ environ-
ment existing in the Archean. Altered and compositionally 
zoned chromite grains in our study show a decrease in Ga, 
V, Co, Zn, Mn and enrichments of Ni and Ti in the fer-
ritchromit rims. Trace-element heterogeneity in the altered 
chromites is attributed to serpentinization. The trace-ele-
ment patterns of magnetite from the massive magnetite 
bands in the greenstone belt are similar to those from mag-
matic Fe–Ti–V-rich magnetite bands in layered intrusions, 
and magnetites from andesitic melts, suggesting that mag-
netite crystallized from an evolved gabbroic melt. Enrich-
ments of Ni, Co, Te, As and Bi in disseminated millerite 
and niccolite occurring within chromitites, and in dissemi-
nated bravoite within magnetites, reflect element mobility 
during serpentinization. Monosulfide solid solution inclu-
sions within pyroxenes (altered to actinolite) in pyroxen-
ite, and interstitial pyrites and chalcopyrites in magnetite, 
retain primary characteristics except for Fe-enrichment in 
chalcopyrite, probably due to sub-solidus re-equilibration 
with magnetite. Disseminated sulfides are depleted in plat-
inum-group elements (PGE) due to late sulfide saturation 
and the PGE-depleted nature of the mantle source of the 
sill-like ultramafic–mafic plutonic rocks in the Nuggihalli 
greenstone belt.

Abstract  The 3.1  Ga Nuggihalli greenstone belt in the 
Western Dharwar craton is comprised of chromitite-bear-
ing sill-like ultramafic–mafic rocks that are surrounded by 
metavolcanic schists (compositionally komatiitic to komati-
itic basalts) and a suite of tonalite–trondhjemite–granodior-
ite gneissic rocks. The sill-like plutonic unit consists of a 
succession of serpentinite (after dunite)–peridotite–pyrox-
enite and gabbro with bands of titaniferous magnetite ore. 
The chromitite ore-bodies (length ≈30–500  m; width 
≈2–15  m) are hosted by the serpentinite–peridotite unit. 
Unaltered chromites from massive chromitites (>80  % 
modal chromite) of the Byrapur and Bhaktarhalli chromite 
mines in the greenstone belt are characterized by high Cr# 
(100Cr/(Cr + Al)) of 78–86 and moderate Mg# (100 Mg/
(Mg  +  Fe2+)) of 45–55. In situ trace-element analysis 
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Introduction

Chromite is an efficient petrogenetic tool (Irvine 1965; Dick 
and Bullen 1984; Stowe 1994; Kamenetsky et  al. 2001; 
Ahmed and Arai 2002; Mondal et al. 2006; Rollinson 2008; 
Mukherjee et al. 2010), because its chemical composition is 
controlled by mantle melting processes that are typical of 
particular tectonic settings. Studying the secular changes 
of chromite composition in different chromitite deposits is 
therefore useful in understanding the evolution of Earth’s 
upper mantle through geological time (Stowe 1994; Arai 
and Ahmed 2013). Chromites in massive chromitites com-
monly retain primary compositions in terms of major ele-
ments and can thus be used to deduce the parental melt 
composition and the probable tectonic setting of the chro-
mitite deposits (e.g., Mondal et al. 2006, references therein). 
However, metamorphosed chromites from massive chromi-
tites within ophiolites may be altered in terms of their minor 
and trace elements (e.g., González-Jiménez et  al. 2013, 
2014; Colás et  al. 2014). The study of chromitite deposits 
in Archean greenstone belts helps to reveal the nature of the 
mantle and the tectonic processes prevalent in the Archean. 
The host ultramafic–mafic rocks to the chromitites in 
Archean greenstone belts typically are metamorphosed and 
hydrothermally altered and are not reliable indicators, thus 
making the chromites indispensable in petrogenetic studies.

In situ trace-element analysis using laser ablation ICP-
MS (LA-ICPMS) has revolutionized petrogenetic studies 
as one can investigate the minerals of interest without inter-
ference from the surrounding phases (e.g., Dare et al. 2009, 
2011, 2012; Pagé and Barnes 2009; González-Jiménez 
et al. 2013, 2014; Pagé et al. 2012; Colás et al. 2014). Com-
pared to major elements in chromites, the trace elements 
are more sensitive to parameters like temperature and 
oxygen fugacity, and they therefore show larger variations 
during partial melting and fractional crystallization (Dare 
et al. 2009; González-Jiménez et al. 2013, 2014). The trace 
elements that enter the trivalent (Cr, Al, Fe3+) octahedral 
site of the spinel structure, e.g., Ti, Ga, V and Co, are par-
ticularly sensitive to these processes. Thus, trace elements 
in chromites are useful for fingerprinting the parental melt 
compositions and tectonic settings of the chromite depos-
its. No work has been conducted so far to determine the in 
situ trace-element patterns of chromites in chromitites from 
Archean greenstone belts. In this respect, the in situ trace-
element data that have been generated in this study are sig-
nificant in understanding mantle conditions and tectonic 
processes of the Archean Earth.

Chromites from massive chromitites (>80 % modal) of 
the Archean Nuggihalli greenstone belt in southern India 
(Figs.  1, 2) have been analyzed for trace elements using 
LA-ICPMS. The in situ trace-element study was conducted 
on both unaltered chromites and in chromites with core-rim 
zoning, in order to compare the distribution of trace ele-
ments during primary magmatic conditions and second-
ary alteration. In addition to chromite, the trace elements 
of magnetite and sulfides (interstitial to chromite in mas-
sive chromitites and to magnetite in magnetite bands, and 
as inclusions in pyroxene within pyroxenite) from the Nug-
gihalli greenstone belt have been studied. This has been 
undertaken to understand their genesis and to identify the 
signatures of sub-solidus processes that modify their pri-
mary composition. Modification of primary magmatic com-
positions is expected in these minerals due to the extensive 
hydrothermal alteration and greenschist facies metamor-
phism experienced by the rocks within the greenstone belt. 

Geological setting

The Nuggihalli greenstone belt is situated in the Western 
Dharwar craton in southern India (Fig. 1). This craton com-
prises several early to Mesoarchean greenstone belts (3.4–
3.0 Ga; Mukherjee et al. 2012 and references therein), also 
known as the Sargur Group supracrustals (Swami Nath and 
Ramakrishnan 1981), which occur as discontinuous lin-
ear belts (30–60 km ×  2–6 km) over the entire length of 
the craton. The Nuggihalli greenstone belt belongs to the 
Sargur Group, which is represented by conformable meta-
morphosed (low-grade greenschist to lower amphibolite 
facies) volcanic (e.g., komatiite to komatiitic basalts and 
tholeiites) and sedimentary assemblages (e.g., fuchsite-
quartzites, banded-iron formations, bedded barites and 
kyanite-garnet-bearing quartzites and mica schists) that are 
surrounded by the tonalite–trondhjemite–granodiorite suite 
of gneisses (TTG; Fig. 1; Mukherjee et al. 2012). Sill-like 
chromitite-bearing layered peridotitic rocks and magnetite-
bearing gabbroic rocks commonly occur within the early 
to Mesoarchean volcano-sedimentary supracrustals, e.g., 
the Nuggihalli–Holenarsipur–Krishnarajpet–Nagamangala 
greenstone belts (Fig.  1). The chromitite-bearing plutonic 
rocks in the Nuggihalli greenstone belt have been dated at 
3125 ± 120 Ma by whole-rock Sm–Nd methods (Mukher-
jee et al. 2012).

The Nuggihalli greenstones (60 × 2 km) form a linear 
NNW–SSE trending belt in the Western Dharwar craton 
(Fig.  2). The belt is comprised of a plutonic chromitite-
bearing sill-like layered ultramafic–mafic unit that is sur-
rounded by metavolcanic schists (komatiitic to komati-
itic basalts), minor metasediments and the TTG. The 
chromiferous ultramafic rocks occur as dismembered en 
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echelon lenticular bodies (Fig.  2). The rocks of the Nug-
gihalli greenstone belt are deformed and metamorphosed 
to low-grade greenschist facies; despite this metamorphic 
overprint, primary igneous textures are preserved and the 
protoliths can still be identified.

The sill-like layered ultramafic–mafic sequence is well 
exposed in the Tagdur chromite-mining district in the state 
of Karnataka (Fig.  2). The stratigraphic column of the 
rocks exposed in the greenstone belt is shown in Fig. 3. The 
sequence commences with a serpentinite (after dunite) and 
peridotite (now tremolite–talc–chlorite–actinolite schist) 
unit that hosts the chromitite ore-bodies, which are then 
stratigraphically followed by the pyroxenite and gabbro 
units (Fig.  3). Contacts between the chromitite body and 
the host serpentinite are highly sheared. The gabbro shows 
layering and contains two conformable bands of titanifer-
ous–vanadiferous magnetite at its base and top (Fig.  3). 
The lower magnetite band (width ≈2  m) hosts dissemi-
nated pyrite, chalcopyrite and minor bravoite. The gabbro 
is followed by an upper ultramafic unit of chromitite-bear-
ing serpentinite and peridotite that are further surrounded 
by the metavolcanic schists and TTG (Fig. 3). The contact 
between the metavolcanic schists and the TTG is obscured 
by soil cover but appears to be concordant.

Description of analyzed samples

Chromitite

The chromites analyzed by LA-ICPMS are from chromitite 
ore-bodies and were collected from the underground chro-
mite mine at Byrapur and from open pits in the Byrapur, 
Bhaktarhalli and Tagdur mines (Fig.  2). Byrapur was the 
largest chromite mine that was operating with a total depth 
of ≈305  m (Mukherjee et  al. 2010). The chromitite ore-
bodies hosted within serpentinites range in length from 50 
to 500 m with a width of ≈15 m, while within the perido-
tite unit they are approximately 30 m long with a width of 
1–2 m. The chromitite ore-bodies occur as sigmoidal, len-
ticular, pod-shaped and folded bodies, owing to the super-
posed folding common in the greenstone belts (Mukherjee 
et  al. 2014). The upper chromitite body occurring above 
the gabbro unit in Tagdur (Fig. 3) appears as an elongate, 
lenticular body (length ≈100 m; width ≈15 m; N–S trend, 
dipping west) that is more altered with a higher mode of 
carbonate (mainly magnesite; Appendix A—available 
online), compared to the lower chromitite body in Tagdur. 
The chromitites preserve primary igneous layering with 
serpentinite (after dunite) in which the contact between the 
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two rock units is gradational. The strikes of the ore-bodies 
are predominantly N–S and NW–SE with a nearly vertical 
dip (75°–80°) toward the east; at places, the strike is E–W 
with dip toward the north.

The chromitites studied for trace elements are mainly 
massive chromitites from the Byrapur and Bhaktarhalli 
mine (≈70–85 % modal chromite), and silicate-rich chro-
mitites (≈50 % modal chromite) from the Tagdur chromite 
mine. The Byrapur chromites are coarse-grained, euhe-
dral, polygonal and less deformed (Fig. 4a). The chromitite 

contains relict olivine (Fo96–98; Mukherjee et al. 2010) and 
orthopyroxene [Mg#: (100  Mg/(Mg  +  Fe2+))  =  97–99; 
Mukherjee et al. 2010] grains that occur both interstitially 
to the chromite grains and as inclusions within chromite. 
These chromitites are relatively fresh and unaltered com-
pared to the chromitites in Tagdur. The massive chromitite 
in Bhaktarhalli is comprised of euhedral, polygonal chro-
mite grains with microfractures. The chromite grains are 
extremely coarse (>1  mm), and there is hardly any inter-
stitial material between the grains (Fig.  4b). The Byrapur 
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chromitites contain disseminated interstitial sulfide miner-
als (20–50 μm) represented by millerite and minor nicco-
lite (Fig. 4c). Inclusions (0.5–1.0 μm) of composite assem-
blages of millerite and niccolite are common within the 
Bhaktarhalli chromite grains (Fig. 4d).

The modes of altered silicate minerals vary consider-
ably (≈10–50 %) in the massive chromitites at Tagdur. The 
chromite grains in these massive chromitites are highly 
altered. In reflected light and in scanning electron micro-
scope (SEM), the altered grains exhibit strong composi-
tional zoning with a darker core that is surrounded by an 
outer highly reflectant rim of ferritchromit (Fig. 4e, f). Fer-
ritchromit often occurs as small irregular patches or along 
fractures within chromite grains (Fig. 4f). Locally, the fer-
ritchromit is surrounded by either a discontinuous or con-
tinuous rim of magnetite (Mukherjee et  al. 2010). Mag-
netite is rare compared to ferritchromit but may also occur 
along fractures within the chromite grains (Mukherjee et al. 
2010). The smaller broken chromite grains in the silicate-
rich chromitites from Tagdur are completely oxidized 
to ferritchromit and magnetite, while the larger cumulus 
grains are less altered (Fig.  4e, f). Lamellar Cr-bearing 

chlorite is a common associate in the alteration assemblage 
that occurs along veins and grain boundaries of chromite. 
Magnesite occurs as micro-veins within chromite, and at 
places, these veins transgress the antigorite.

Pyroxenite

Pyroxenite is poorly exposed at Tagdur but has been 
reported from other localities in the belt such as Byrapur 
(e.g., Radhakrishna 1957). At Tagdur, the pyroxenite is 
present between the chromitite-bearing serpentinite and 
peridotite and the magnetite-bearing gabbro units (Fig. 3). 
It shares sheared and conformable contacts with the lower 
magnetite ore band. The rock is composed of chlorite, 
actinolite, quartz, and minor tremolite and hornblende 
(Fig. 4g), and lacks an overall fabric as all grains are ran-
domly oriented. Common accessory phases include ilmen-
ite (Fig.  4h). Actinolite occurs as long prismatic blades 
(Fig.  4g). A few coarse grains of orthopyroxene (hyper-
sthene) are also present (Fig.  4g), and chlorite laths cut 
across actinolite and hypersthene grains. Small (2–15 μm) 
subhedral grains of sulfide occur as inclusions within the 
actinolite grains commonly in multiples and sometimes in 
isolation (Fig.  4i). These sulfides have been analyzed for 
trace elements.

Magnetite ores

The ores of magnetite are coarse-grained and have expe-
rienced extensive martitization (oxidation to hematite) 
(Fig.  4j) probably during the hydrothermal alteration 
events that affected the entire Nuggihalli greenstone belt. 
However, remnant patches of magnetite are still preserved 
in places. The martitized magnetites show exsolution of 
ilmenite along well-defined crystallographic planes, in a 
trellis texture (e.g., Haggerty 1991; Fig. 4j). Ilmenite also 
occurs as blebs within magnetite or at the oxide–silicate 
(chlorite) interfaces (Fig.  4j–l). This type of exsolution is 
termed granule oxy-exsolution, where ilmenite tends to 
migrate to magnetite grain boundaries at high temperatures, 
forming blebs (Buddington and Lindsley 1964; Haggerty 
1991). In contrast, at lower temperatures ilmenite is con-
fined within the host magnetite grain as lamellae due to the 
slower diffusion rates (Buddington and Lindsley 1964).

The rock is deformed, which has resulted in sintering 
of the oxide grains along with shearing of the interstitial 
chlorite. Coarse- to medium-grained subhedral chalcopy-
rite and pyrite occur within the oxide grains and also at 
oxide–chlorite and oxide–oxide interfaces (Fig. 4k–l). Bra-
voite (FeNiS2) replaces pyrite, with which it shares curved 
and matching boundaries; it also occurs as isolated grains 
within the chlorite matrix (Fig. 4k).
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Fig. 3   Lithostratigraphy of the plutonic sill-like ultramafic–mafic 
complex with the surrounding metavolcanic schists and TTG in the 
Nuggihalli greenstone belt (Mukherjee et  al. 2014). Samples col-
lected from each lithounit are indicated in the figure with detailed 
description in Appendix A (available online)
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Fig. 4   BSE images of chro-
mites in chromitites from the 
Nuggihalli greenstone belt 
a polygonal coarse-grained 
euhedral unaltered chromite 
(chr) from massive chromitite; 
sample DHR-07-29, b extremely 
coarse-grained euhedral 
unaltered chromite (chr) from 
massive chromitite; sample 
DHR-07-BH2, c interstitial 
disseminated millerite (mlr) 
in massive chromitite; sample 
DHR-07-27, d composite grain 
of millerite (mlr) and niccolite 
as inclusion within chromite 
from massive chromitite; 
sample DHR-07-BH2, e altered 
subhedral chromites (chr) from 
silicate-rich chromitite showing 
irregular grain boundaries and 
compositional zoning (larger 
grain). Remnant chromite core is 
replaced by high-reflectant fer-
ritchromit (fcmt) rim; adjacent 
unzoned grains are homogene-
ously altered to ferritchromit; 
sample DHR-07-22, f irregular 
ferritchromit (fcmt) occurrence 
along fractures in altered chro-
mite (chr); surrounding smaller 
chromites are homogeneously 
altered to ferritchromit; sample 
DHR-10-120, g photomicro-
graph in transmitted light (under 
crossed polars) showing actino-
lite (act), chlorite (chl), remnant 
orthopyroxene (opx) and quartz 
(qz) grains in the pyroxenite; 
sample DHR-07-26, h ilmenite 
grains (ilm) within the pyrox-
enite; in reflected light, sample 
DHR-10-103, i BSE image of 
multiple inclusions of small, 
rounded to subhedral grains 
of monosulfide solid solution 
(MSS) within actinolite grains in 
the pyroxenite; sample DHR-10-
103, j BSE image of magnetite 
grain showing oxidation to 
hematite (hem) and exhibit-
ing ilmenite exsolution (trellis 
texture); sample DHR-10-122, 
k photomicrograph in reflected 
light of interstitial disseminated 
sulfide grains of chalcopyrite 
(ccp), pyrite (py) and bravoite 
in the interstitial spaces within 
the magnetite; sample DHR-
10-122, l photomicrograph in 
reflected light of disseminated 
sulfide grains of pyrite (py) and 
chalcopyrite (ccp) within the 
magnetite; sample DHR-10-44. 
Mineral abbreviations are from 
Whitney and Evans (2010)
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Analytical methods

The in situ trace-element concentrations in chromite, mag-
netite and sulfides were measured by LA-ICPMS in the 
ARC Centre of Excellence for Core to Crust Fluid Systems 
(CCFS) and GEMOC National Key Centre in Macquarie 
University, Sydney (Australia). The compositions of these 
minerals were first obtained using EPMA (Appendix  B, 
D, E—available online), for internal standardization of the 
data acquired by LA-ICPMS. The major-element analyses 
were performed on the marked and mapped polished sec-
tions using a Cameca SX100 electron microprobe in the 
Geochemical Analysis Unit, GEMOC, Macquarie Univer-
sity (Sydney, Australia). The instrument was operated at 
15 kV acceleration voltage, 20 nA sample current and 10 s 
measurement time (peak) for Ca, Cr, Fe, K, Mn, Na, Ni, Ti, 
V, Zn, whereas 20  s measurement time was used for Mg 
and Si, and 30 s for Al. Standards used were a combination 
of natural and synthetic minerals and pure metals. Matrix 
corrections followed the method by Pouchou and Pichoir 
(1984).

The laser ablation (LA) ICP-MS system in the Geo-
chemical Analysis Unit at GEMOC consists of a New 
Wave UP 213 laser system connected to an Agilent 7700cs 
ICP-MS. Chromite and magnetite grains were analyzed 
for the following masses: 27Al, 47Ti, 51V, 53Cr, 55Mn, 57Fe, 
59Co, 60Ni, 66Zn and 71Ga. The beam size ranged from 20 
to 55 µm. Each analysis was conducted over 180  s (60  s 
for the gas blank and 120 s on the chromite and magnet-
ite) using a 5-Hz frequency and 4.16 mJ/pulse power. The 
instrument was calibrated against an external standard, the 
NIST 610 silicate glass (National Institute of Standards 
and Technology, Gaithersburg, USA (Norman et al. 1996)), 
and the in-house chromite standard LCR-1 (Lace mine, 
South Africa). The latter was analyzed as an unknown to 
assess the accuracy and precision of the analyses of Al, 
Ti, V, Co and Ni. The reference material BCR2 (Basalt, 
Columbia River; prepared as a glass) was also analyzed 
as an unknown to check the accuracy and precision. The 
NIST standard was checked for any drift during each ana-
lytical run. The certified values of the standards, and the 
average analysis of the in-house chromite standard against 

NIST 610 for different runs during the laser ablation pro-
cess, are tabulated in Appendix C (available online). All 
data were processed using the GLITTER software (Griffin 
et al. 2008) and are presented in Tables 1, 2. The NIST 610 
glass was used to determine trace-element concentrations 
other than PGE in chromite, using EMP values for Al as 
the internal standard. 

For sulfides, the in-house nickel–sulfide standard 
PGE-A (Alard et al. 2000) was used, with S (from EMP) as 
the internal standard. The beam size during analysis ranged 
from 30 to 40 µm. The PGE-A standard was also analyzed 
as an unknown to assess possible spectral interferences. 
The average values of PGE-A for different runs during the 
laser ablation analysis are tabulated in Appendix F (avail-
able online). The data were processed using GLITTER and 
are presented in Table 3.

Results

Chromite

The compositions of chromites from the Nuggihalli green-
stone belt have been characterized previously using elec-
tron microprobe analysis (Mukherjee et  al. 2010). Addi-
tional electron microprobe analyses were conducted on the 
laser-ablated chromites in this study as a pre-requisite for 
data acquisition by LA-ICPMS. The compositional field 
of chromites from our previous study (Mukherjee et  al. 
2010) and the newly acquired data from this study are 
presented in Fig. 5a, and the compositional data for chro-
mite cores are plotted in Fig. 5b. The unaltered chromites 
from Byrapur and Bhaktarhalli have high and almost con-
stant Cr# (100Cr/(Cr + Al)) of 85–86 and moderate and 
variable Mg# (100  Mg/(Mg  +  Fe2+)) of 45–48 (Fig.  5; 
Appendix B—available online). However, compared to the 
Byrapur chromites, the ones from Bhaktarhalli show higher 
Mg# (51–55) and a lower Cr# (78–79) due to their higher 
concentrations of Al2O3 and MgO (Fig.  5; Appendix B—
available online). The unaltered chromite grains follow the 
chr-1 trend, which is characterized by constant and high  
Cr ratios and variable Mg ratios (Fig. 5a–b).

(k) (l)
ilm

hem
ccp

py

ccp
py

bravoite

50µm50µm

ilm

chl

Fig. 4   continued
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Table 1   In situ trace-element data (LA-ICPMS; ppm) for unaltered and altered chromite grains from chromitites of the Nuggihalli greenstone 
belt

DHR-07-29A
Core
n = 2

DHR-07-29A
Rim
n = 3

DHR-07-27
Core
n = 2

DHR-07-27
Rim
n = 3

DHR-07-BH2
n = 3

DHR-07-22
Grain 1
Core
n = 1

DHR-07-22
Grain 1
Rim
n = 1

Sc 4.2
(0.1)

4.9
(0.2)

4.6
(0.2)

4.9
(0.2)

6.6
(0.2)

3.9
(0.1)

1.8
(0.1)

Ti 3116
(97)

3139
(98)

2658
(83)

2670
(84)

1795
(57)

1440
(46)

1517
(48)

V 628
(20)

637
(21)

488
(16)

491
(16)

543
(26)

853
(26)

467
(14)

Mn 2288
(72)

2310
(73)

2516
(80)

2548
(81)

2175
(81)

5355
(169)

3966
(125)

Co 244
(8)

236
(7)

223
(7)

232
(7)

201
(9)

866
(27)

350
(11)

Ni 749
(24)

939
(30)

785
(26)

731
(24)

776
(33)

432
(14)

584
(19)

Zn 693
(24)

684
(24)

706
(25)

710
(25)

422
(18)

8946 (376) 1816
(77)

Ga 25
(0.8)

25
(0.8)

21
(0.7)

22
(0.8)

25
(0.9)

26
(0.9)

5.9
(0.2)

DHR-07-22
Grain 2
Core
n = 1

DHR-07-22
Grain 2
Rim
n = 1

DHR-07-22
Grain 3
Core
n = 1

DHR-07-22
Grain 3
Rim
n = 1

DHR-07-22
Grain 3 (adjacent grain)
Core
n = 1

DHR-07-22
Grain 3 (adjacent grain)
Rim
n = 1

DHR-07-22
Grain 4
Core
n = 1

Sc 7.4
(0.2)

8.2
(0.3)

5.8
(0.2)

0.6
(0.02)

3.3
(0.1)

2.3
(0.1)

0.1
(0.01)

Ti 1651
(52)

6867
(217)

1680
(54)

545
(17)

2915
(93)

1946
(62)

198
(6)

V 893
(27)

2218
(68)

869
(27)

158
(5)

890
(27)

576
(18)

124
(4)

Mn 5554
(175)

19,534
(615)

5442
(173)

1292
(41)

7751
(247)

4783
(152)

843
(27)

Co 867
(27)

1695
(53)

863
(27)

113
(4)

675
(21)

411
(13)

127
(4)

Ni 571
(19)

2793
(91)

503
(17)

205
(7)

1161
(38)

744
(25)

49
(2)

Zn 8780
(368)

9721
(406)

9189
(394)

579
(25)

3561
(156)

2306
(100)

1260
(56)

Ga 31
(1)

27
(0.9)

30
(1)

1.6
(0.1)

10
(0.3)

6.6
(0.2)

1.5
(0.1)

DHR-07-22
Grain 4
Rim 1
n = 1

DHR-07-22
Grain 4
Rim 2
n = 1

DHR-07-22
Grain 4
Rim 3
n = 1

DHR-10-120
grain 1
Core
n = 1

DHR-10-120
Grain 1
Rim
n = 1

DHR-10-120
Grain 2
Core
n = 1

DHR-10-120
Grain 2
Rim
n = 1

Sc 9.9
(0.4)

4.9
(0.3)

7.5
(0.3)

2.3
(0.1)

5.7
(0.2)

2.0
(0.1)

31
(1)

Ti 8929
(285)

4975
(161)

6572
(211)

1158
(38)

2167
(70)

839
(27)

7444
(245)

V 2837
(87)

1409
(43)

1828
(56)

639
(20)

471
(15)

607
(19)

1689
(52)

Mn 25,176
(803)

12,295
(394)

16,187
(520)

2062
(67)

1284
(42)

1869
(60)

5861
(189)

Co 2255
(72)

1123
(36)

1336
(43)

630
(20)

250
(8)

598
(19)

1137
(37)
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Altered chromite grains from silicate-rich chromitites in 
Tagdur (both the lower and upper chromitite units; Fig. 3) 
show distinctly darker cores surrounded by high-reflec-
tance rims of ferritchromit and rarely magnetite (Fig. 4e–f) 
(Mukherjee et al. 2010). The cores are modified and show a 
range of Cr# from 64 to 79 and Mg# from 8 to 15 (Fig. 5a), 

while the rims show lower Mg# (2–6) and higher Cr# (85–
99) (Fig.  5a) and Fe3+# (100 ×  Fe3+/(Cr + Al +  Fe3+)) 
(23–77) (Appendix B—available online). The altered grains 
follow the chr-2 trend, which is characterized by sharply 
increasing Cr# with moderate decrease in Mg# (Fig.  5b). 
The core compositions of the altered grains lie either close 

In situ analysis on chromites from GEMOC and CCFS, Macquarie University, Sydney (Australia). Average values of core and rim presented for 
unaltered chromites within massive chromitites from Byrapur and Bhaktarhalli; n =  number of laser points; 1σ error denoted in brackets

Table 1   continued

DHR-07-22
Grain 4
Rim 1
n = 1

DHR-07-22
Grain 4
Rim 2
n = 1

DHR-07-22
Grain 4
Rim 3
n = 1

DHR-10-120
grain 1
Core
n = 1

DHR-10-120
Grain 1
Rim
n = 1

DHR-10-120
Grain 2
Core
n = 1

DHR-10-120
Grain 2
Rim
n = 1

Ni 3584
(119)

1953
(66)

2362
(79)

137
(5)

200
(7)

114
(4)

593
(22)

Zn 13,039
(575)

5162
(233)

7028
(320)

8537
(409)

2000
(100)

8350
(390)

9028
(418)

Ga 32
(1)

17
(1)

20
(1)

12
(0.4)

13
(1)

11
(0.4)

46
(2)

Table 2   In situ trace-element 
data (LA-ICPMS; ppm) 
for magnetite, ilmenite and 
hematite from magnetite 
ore-bodies of the Nuggihalli 
greenstone belt

In situ analysis on oxides from GEMOC and CCFS, Macquarie University, Sydney (Australia). n =  num-
ber of laser points; the 1σ error is denoted in brackets

DHR-10-44
Magnetite
n = 3

DHR-10-44
Ilmenite
n = 2

DHR-10-44
Hematite
n = 2

DHR-10-122
Ilmenite
n = 2

DHR-10-122
Hematite
n = 2

Sc avg
1σ

15
(0.5)

108
(4)

0.7
(0.03)

117
(4)

0.8
(0.1)

Ti avg
1σ

81,700
(2590)

299,700
(9480)

353
(11)

307,300
(9720)

673
(22)

V avg
1σ

13,237
(456)

2212
(81)

8540
(288)

2531
(90)

6638
(220)

Cr avg
1σ

1850
(59)

48.5
(1.8)

442
(14)

124
(4)

793
(25)

Mn avg
1σ

2194
(73)

7122
(247)

52.7
(1.7)

6121
(208)

53.2
(1.8)

Co avg
1σ

102
(4)

62.4
(2)

60.4
(1.9)

1821
(58)

48.5
(1.6)

Ni avg
1σ

859
(29)

37
(1.3)

504
(17)

1492
(49)

450
(15)

Zn avg
1σ

915
(34)

214
(9)

11.7
(0.5)

394
(16)

4.2
(0.3)

Ga avg
1σ

87
(2.9)

1.0
(0.1)

56
(1.8)

3.5
(0.2)

45
(1.5)

Ge avg
1σ

11
(0.5)

3.2
(0.2)

6.5
(0.3)

3.3
(0.2)

5.5
(0.3)

Zr avg
1σ

0.7
(0.1)

1.3
(0.1)

0.2
(0.01)

1.0
(0.1)

0.03
(0.01)

Nb avg
1σ

1.2
(0.1)

4.7
(0.2)

0.01
(0.0)

4.3
(0.2)

0.01
(0.0)

Hf avg
1σ

0.1
(0.02)

0.2
(0.03)

0.02
(0.01)

0.2
(0.03)

0.03
(0.01)

Ta avg
1σ

0.2
(0.01)

0.3
(0.02)

0.0
(0.0)

0.3
(0.02)
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Table 3   In situ trace-element 
data (LA-ICPMS; ppm) 
for sulfides from massive 
chromitite, magnetite and 
pyroxenite of the Nuggihalli 
greenstone belt

DHR-10-122
ccp
n = 2

DHR-10-122
py
n = 2

DHR-10-122
bravoite
n = 2

DHR-10-44
ccp
n = 2

DHR-10-44
py
n = 3

Co avg
1σ

0.6
(0.1)

212
(3)

72,874
(7230)

25
(164)

1870
(80)

Ni avg
1σ

18
(0.5)

9506
(355)

206,127
(7556)

334
(1220)

6766
(626)

Cu avg
1σ

199,437
(44,285)

11
(2.8)

2477
(555)

209,211
(15,485)

15
(99)

As avg
1σ

0.3
(0.1)

3.0
(0.3)

6.3
(0.6)

0.7
(0.2)

81
(3.5)

Se avg
1σ

158
(18)

242
(28)

565
(62)

176
(9)

325
(16)

Ru avg
1σ

0.01
(0.01)

0.14
(0.04)

0.1
(0.02)

0.01
(0.01)

Rh avg
1σ

2.0
(0.2)

0.0
(0.0)

0.02
(0.01)

3.7
(0.2)

0.0
(0.0)

Ag avg
1σ

0.4
(0.04)

0.3
(0.03)

29
(1.8)

5.7
(6)

0.3
(0.3)

Pd avg
1σ

0.1
(0.03)

0.03
(0.02)

0.01
(0.01)

Te avg
1σ

1.1
(0.2)

0. 6
(0.1)

74
(5.6)

1.1
(0.1)

0.9
(0.2)

Os avg
1σ

0.1
(0.01)

Ir avg
1σ

0.02
(0.01)

0.01
(0.01)

0.0
(0.0)

Pt avg
1σ

0.01
(0.01)

0.01
(0.0)

Au avg
1σ

0.0
(0.0)

0.02
(0.01)

0.01
(0.02)

0.01
(0.0)

Pb avg
1σ

6.4
(0.7)

3.0
(0.4)

25
(2.7)

7.0
(4.8)

1.0
(0.8)

Bi avg
1σ

0.2
(0.03)

0.2
(0.02)

3.4
(0.2)

0.4
(0.1)

0.2
(0.1)

DHR-10-44
bravoite
n = 1

DHR-07-27
mil
n = 3

DHR-07-27
interstitial niccolite
n = 5

DHR-07-BH2
inclusion millerite
n = 1

DHR-10-103
mss
n = 2

Co avg
1σ

82,486
(2256)

409
(36)

161
(13)

393
(55)

2091
(386)

Ni avg
1σ

254,460
(8101)

572,407
(19,703)

586,674
(23,811)

688,645
(21,679)

77,433
(2561)

Cu avg
1σ

660
(72)

51
(10)

66
(13)

82
(6.2)

37,326
(3360)

As avg
1σ

178
(3.6)

1083
(56)

189,994
(9620)

36,918
(1984)

0.32
(2)

Se avg
1σ

611
(27)

55
(7.9)

66
(8.6)

79
(30)

Ru avg
1σ

0.3
(0.04)

0.7
(0.1)

0.8
(0.2)

0.7
(0.2)

0.6
(0.5)

Rh avg
1σ

0.02
(0.0)

0.01
(0.01)

0.6
(0.2)

Ag avg
1σ

6.4
(1.1)

3.5
(0.4)

5.4
(0.6)

2.2
(0.3)

0.9
(0.2)

Pd avg
1σ

0.01
(0.01)

0.04
(0.02)

0.3
(0.1)

0.9
(0.1)
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to or within the field of chromites from komatiites that have 
been affected by greenschist facies metamorphism; some 
core compositions show very high Cr# (Fig. 5b).

In situ trace-element analysis was conducted on both 
unaltered chromite grains and grains that displayed distinct 
compositional zoning, in order to compare the distribution 
of trace elements across different types of chromite. Com-
positional variability in terms of major elements is very 
common in accessory chromites in primary ultramafic–
mafic igneous rocks and their altered counterparts (Irvine 
1965, 1967; Jackson 1969; Roeder et  al. 1979). Com-
positional variability may arise due to (a) sub-solidus re-
equilibration of the chromite with the surrounding silicate 
minerals or an interstitial melt (Hamlyn and Keays 1979; 
Scowen et al. 1991; Rollinson 1995; Mondal et al. 2006), 
(b) oxidation and alteration of chromites during serpenti-
nization of the host rock and its subsequent metamorphism 
(Bliss and Maclean 1975; Evans and Frost 1975; Loferski 
and Lipin 1983; Burkhard 1993; Abzalov 1998) and (c) 
during retrograde metamorphism, by the action of reduc-
ing fluids, as observed in podiform chromitites from differ-
ent ultramafic massifs of the central and eastern Rhodope 
metamorphic complex in southern Bulgaria (Gervilla et al. 
2012; González-Jiménez et al. 2013; Colás et al. 2014).

The unaltered chromite grains from the Nuggihalli 
greenstone belt do not show any variations in trace-ele-
ment concentration, which is similar to the uniformity 
observed for their major elements (Fig.  6a; Mukherjee 
et al. 2010), and therefore, they are ideal for petrogenetic 
study. There is a slight variation in the range of trace ele-
ments between the unaltered chromites from Byrapur and 

Bhaktarhalli; trace-element concentrations are slightly 
higher in the Byrapur chromites compared to the Bhak-
tarhalli chromites (Table 1). The trace-element distribution 
in altered chromite grains has been studied in silicate-rich 
chromitites hosted within serpentinites from the lower part 
of the plutonic ultramafic–mafic complex (e.g., DHR-07-
22) and the stratigraphically higher chromitite unit (e.g., 
DHR-10-120) in the Tagdur mine (Fig. 3). Trace-element 
concentrations in altered chromites show considerable 
variation across single grains (Fig. 6). In the altered chro-
mite grains from the chromitites of the lower ultramafic 
unit (DHR-07-22), Zn and Ga decrease from the core to 
the ferritchromit rim, whereas Ti and Ni show an increase 
in the rim (Fig.  6b–d; Table  1). Mn and V also decrease 
in the rim except for one grain (grain 2; DHR-07-22) that 
shows an increased concentration of these elements in the 
rim (Fig.  6c; Table  1). The drop in concentration of all 
trace elements and the sharp enrichment of Fe2O3, corre-
sponding to Rim 1 of grain 22-R3, reflects incorporation 
of a thin outer magnetite rim during ablation (Fig. 6d). The 
cores of the altered chromite grains from sample DHR-07-
22 show higher concentrations of Zn, Co, Mn and V, and 
a moderate enrichment of Ga compared to the unaltered 
chromite grains from Byrapur and Bhaktarhalli (Fig. 6b–d; 
Table 1). Chromite grains from sample DHR-07-22 show 
heterogeneous intensity of alteration and extent of fer-
ritchromit formation, as is evident from the BSE images 
(Fig.  6b–d). Despite this, all the chromite grains in the 
sample show similar distributions (except for Mn and V) 
and variations in trace-element concentration during alter-
ation to ferritchromit and magnetite.

Table 3   continued DHR-10-44
bravoite
n = 1

DHR-07-27
mil
n = 3

DHR-07-27
interstitial niccolite
n = 5

DHR-07-BH2
inclusion millerite
n = 1

DHR-10-103
mss
n = 2

Te avg
1σ

73
(2.8)

14
(1.1)

15.1
(1.3)

8.7
(1)

20
(2.5)

Os avg
1σ

0.2
(0.1)

14
(2)

Ir avg
1σ

0.3
(0.03)

0.2
(0.1)

Pt avg
1σ

0.1
(0.04)

0.1
(0.02)

Au avg
1σ

0.01
(0.0)

0.2
(0.02)

0.1
(0.01)

0.2
(0.04)

0.1
(0.04)

Pb avg
1σ

23
(2.1)

28
(3)

28
(2.3)

167
(19)

7.2
(1.2)

Bi avg
1σ

4.3
(0.3)

3.4
(0.2)

3.2
(0.3)

3.6
(0.3)

7.2
(0.7)

In situ analysis from GEMOC and CCFS, Macquarie University, Sydney (Australia). n = number of laser 
points; the 1σ error is denoted in brackets; ccp = chalcopyrite, py = pyrite, mil = millerite. Chalcopyrite, 
pyrite and bravoite occur interstitially in magnetites; interstitial and inclusions of millerite and niccolite 
occur within massive chromitites; and mss occurs as inclusions within pyroxenites from the Nuggihalli 
greenstone belt
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Altered chromite grains in massive chromitites (ser-
pentinite-hosted) from the upper ultramafic unit in Tagdur 
show inter-grain variation of trace elements, where one 
grain (e.g., grain 1; DHR-10-120) shows a trace-element 
distribution pattern that is similar to the chromites from 

the lower ultramafic unit (Fig.  6e; Table  1), while the 
other (e.g., grain 2; DHR-10-120) shows a different trend 
(Fig. 6f; Table 1). Grain 2 exhibits an increase in concen-
tration of all the trace elements (Zn, Mn, Ti, V, Ni and Ga) 
in the rim. In terms of major elements, the trend is simi-
lar, i.e., Fe2O3 increases from the core to the rim, while 
Cr2O3, Al2O3 and MgO decrease (Fig. 6e, f). The cores of 
the grains from the upper chromitite (DHR-10-120) show 
enrichment in Zn and Co, like the altered grains from the 
lower chromitite (DHR-07-22), while Mn and V show a 
range of concentrations similar to the unaltered grains from 
Byrapur and Bhaktarhalli (Fig. 6e, f).

Magnetite

Magnetite shows exsolution of ilmenite, which occurs as 
blebs within the magnetite grains or at the magnetite–sili-
cate interface. Ilmenite also occurs as lamellae along well-
defined crystallographic planes within magnetite (Fig. 4j–l). 
Magnetite itself has undergone extensive martitization (oxi-
dation to hematite) (Fig.  4j), but the primary magnetite is 
retained in the core of a few grains. The ilmenites have TiO2 
in the range of 49–52 wt%, FeO ≈ 47–49 wt% and V2O3 
≈1.7–1.9 wt% (Appendix D—available online). Hematites 
have Fe2O3 in the range of 64–67 wt%, FeO ≈30–31 wt% 
and V2O3 1.2–1.4 wt% (Appendix D—available online).

The binary plots of V and Ge versus Cr concentra-
tions in the oxide grains show a good positive correlation 
(Fig. 7a, b). Hematite and remnant magnetite have similar 
ranges of Cr, V and Ge except for one magnetite grain that 
has higher concentrations (Cr ≈3800  ppm; V ≈2.7  wt%; 
Ge ≈23 ppm; Table 2); ilmenite has lower concentrations 
of these elements than hematite and magnetite (Fig. 7a, b; 
Table 2). A similar positive correlation is observed between 
Ti and Cr, where magnetite shows a higher mean concen-
tration and range in Ti relative to hematite (Fig. 7c). In con-
trast, ilmenite shows no covariation of Ti with Cr.

Sulfide

The major-element data for the sulfides analyzed by EPMA 
are presented in Appendix E—available online. Dissemi-
nated sulfides occur in the interstices of massive chromi-
tites, and sulfides are found as inclusions within chromites 
from massive chromitites (millerite and niccolite) (Fig. 4c, 
d). Sulfide inclusions also occur within actinolite (earlier 
pyroxene) grains within the pyroxenite (Fig.  4i). In addi-
tion, the magnetite ores have disseminations of chalcopy-
rite, pyrite and bravoite in the interstitial spaces (Fig. 4k, l).

The Fe–Ni-bearing sulfides from this study are plotted 
in the Fe–Ni–S plot of Kullerud et al. (1969) in Fig. 8. The 
millerites occurring interstitially and as inclusion within 
chromite grains in massive chromitites (Fig. 8a) plot on the 
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Ni–S join as expected, and the pyrites interstitial to magnet-
ites plot on the Fe–S join (Fig. 8a). Bravoite (FeNiS2) plots 
between the pyrite and vaesite (NiS2) joins in the Fe–Ni–S 
diagram (Fig. 8a). The Cu–Fe-bearing sulfides are plotted 
in the Cu–Fe–S diagram of Craig and Scott (1974), where 
the field of chalcopyrite and pyrite is illustrated (Fig. 8b). 
The chalcopyrites interstitial to magnetite grains do not 
fall in the field of typical chalcopyrite, but show slightly 
higher concentrations of Fe. The trace-element data for the 
sulfides are presented in Fig. 9. In the binary trace-element 
diagrams, the millerite, niccolite and bravoite show higher 
concentrations of Ni, Co, Te, As and Bi compared to chal-
copyrite, pyrite and MSS (Fig. 9a–d; Table 3). A few of the 
pyrite samples show arsenic concentrations comparable to 
the lower range of its concentration in bravoite (Fig.  9b; 

Table 3). A similar observation can be made for Pb and Bi 
values in chalcopyrite (Fig. 9d; Table 3). Chalcopyrite and 
pyrite show higher concentrations of Ag and Pb (Fig.  9c; 
Table 3).

Discussion

Trace‑element fingerprint of altered chromites: 
implications for chromite alteration

The compositional trend of increasing Cr# with moder-
ately decreasing Mg# exhibited by the altered grains (chr-
2 trend; Fig.  5a, b) is due to the loss of Mg, Al and Cr, 
and enrichment in Fe3+, during alteration of the chromite 
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grain to ferritchromit (Mukherjee et  al. 2010) (Appen-
dix B—available online). The cores of the altered chro-
mite grains also have experienced modification, and they 
plot either close to or within the field of chromites from 
metamorphosed komatiites, while some core compositions 
show extreme Al-loss during alteration (Fig. 5b). Most of 
the altered chromite grains from the lower and upper chro-
mitite units in the Nuggihalli greenstone belt show simi-
lar patterns of trace-element distribution and an overall 
enrichment in Zn, Ga, Mn and V compared to the unaltered 
grains (Fig. 6b–f; Table 1), indicating that the enrichment 
is linked to secondary alteration processes. Also, enrich-
ment of these elements in the cores of the altered grains 
indicates that the core has been modified during the altera-
tion process. During alteration, the trivalent cations Ga and 
V decrease from the core to the rim concomitantly with 
Cr, while Fe3+ and Ti4+ are enriched in the rim. This indi-
cates that Ga and V behave similarly to Cr and are being 

substituted by Fe3+ and Ti during alteration. In general, Ga 
behaves similarly to Fe3+ due to their similar ionic radii 
(e.g., Dare et  al. 2009), and hence, these elements can 
substitute for one another. Such primary substitution is 
observed in the unaltered chromite grains from this study 
where the Ga concentration in the grains correlates with 
Fe3+# (100 × Fe3+/(Cr + Al + Fe3+)) (Fig. 10a). Ga also 
shows positive correlations with Al2O3 in the unaltered 
chromite grains, indicating that it can substitute for Al3+ 
but not Cr3+, as a negative correlation is observed with 
the latter (Fig.  10b, c). In the altered grains, the divalent 
cations Zn and Mn behave similarly to Mg during altera-
tion; they show lower concentrations in the rims and are 
substituted by Ni, which is enriched in the rim (Fig.  6b, 
e). The Ni concentrations in the core of the altered (114–
571 ppm; Table 1) as well as the unaltered chromite grains 
(661–1203 ppm; Table 1) from this study are comparable 
with the range of values found in chromites from podiform 
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chromitites (441–875 ppm) of the Thetford ophiolite (Pagé 
and Barnes 2009). However, some of the altered rims in 
chromites from this study show very high concentrations 
of Ni (2362–3584 ppm; Table 1), indicating its enrichment 
during the alteration process.

Although most of the altered chromite grains have 
similar trace-element distribution patterns, there are some 
differences. The inter-grain and inter-sample variations 
in the trace-element patterns of chromite grains help to 
confirm our earlier finding that the alteration of chro-
mite to ferritchromit and magnetite is heterogeneous and 
related to hydrothermal activity during serpentinization 
(Mukherjee et  al. 2010). The fluids responsible for ser-
pentinization were perhaps responsible for the addition of 
Ni (from altering olivine), Co and Ti in the altered grains. 
The local presence of carbonates was responsible for the 
enrichment of Zn and Mn in some grains (e.g., Barnes 
2000). The enrichment of all trace elements in Grain 2 of 

DHR-10-120 (Fig. 6f) may reflect the higher mode of car-
bonate in this sample (≈25–35 modal percent of magne-
site) compared to the other chromitites, and the predomi-
nance of interstitial carbonate around this grain compared 
to Grain 1 of the same sample (Fig. 6e). This observation 
suggests that different fluid media (during serpentiniza-
tion) have the effect of changing the trace-element dis-
tribution pattern in the chromite grains; carbonate-rich 
fluids are reactive enough to alter chromite. In the Nua-
sahi Massif (Singhbhum craton, eastern India), low-tem-
perature secondary carbonate-rich fluids have completely 
altered chromite grains to form the hydrous chrome car-
bonate, stichtite [Mg6Cr2(OH)16CO3∙4H2O], which com-
monly occurs in chromitites and in serpentinized dunite 
and peridotite. Stichtite occurs predominantly as veinlets 
or along fractures in chromite grains, but in dunites it may 
completely pseudomorph chromite grains (Mondal and 
Baidya 1996).
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Trace‑element fingerprint of magnetite

Trace-element data for magnetites (remnant), ilmenites 
and hematite from Nuggihalli are compared with data 
for magmatic Fe–Ti–V–P-rich magnetites from the upper 
parts of layered intrusions like the Bushveld Complex 
(South Africa) and the Sept Iles (Canada), from interme-
diate and felsic magmas like andesite and Granite-I type 
magmas, from high- (>500  °C) and low-temperature 
(<500 °C) hydrothermal fluids (Dare et al. 2014) and from 

massive Ni–Cu (PGE)-rich deposits like Sudbury (Dare 
et al. 2012).

In the Cr versus V diagram, the remnant magnetites plot 
closer to the magmatic Fe–Ti–V-rich magnetites and mag-
netites crystallizing from andesitic melts, while the ilmen-
ites plot closer to the Fe–Ti–P-rich magnetites (Fig. 7a). A 
similar distribution is apparent in the Cr versus Ti diagram 
(Fig. 7c); however, in this figure the hematites plot in the 
range of magnetites crystallizing from hydrothermal fluids 
and Granite-I type magmas. No such pattern is recogniz-
able in the Cr versus Ge diagram (Fig.  7b). The remnant 
magnetites from this study show higher Ti concentrations 
than the titanomagnetites associated with massive sulfides 
from Sudbury, with or without ilmenite exsolution (Dare 
et al. 2012) (Fig. 7c). In general, the oxides from massive 
sulfides of the Sudbury Igneous Complex (Dare et al. 2012) 
have lower concentrations of V and Ti and highly variable 
contents of Cr and Ga compared to the oxides from this 
study. These indicate that the magnetites from Nuggihalli 
have crystallized from a fractionated and relatively evolved 
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silicate melt rather than a high-temperature sulfide melt and 
have exsolved ilmenite during cooling. The high Ti concen-
trations in magnetites from Nuggihalli (Fig.  7c; Table  2) 
indicate their crystallization from a Ti-rich fractionated 
mafic or gabbroic magma. The V contents of the magnetite 
and ilmenite grains from our study are also high (Table 2); 
this indicates an oxygen fugacity near QFM, because high 
oxygen fugacity promotes the maximum partitioning of 
vanadium into magnetite (Toplis and Corgne 2002).

Trace‑element fingerprint of sulfides

In Fig.  8a, the compositions of sulfide inclusions within 
pyroxenite are seen to be representative of monosulfide 
solid solution (MSS) that segregated between 1000 and 
1100  °C (Fig.  8a). MSS is the high-temperature primary 
sulfide that exsolves from a silicate melt on attainment of 
sulfide saturation (Kullerud et  al. 1969). This indicates 
that despite alteration and metamorphism in the host rock, 
the primary compositions of sulfide were retained within 
the pyroxenes (now altered to actinolite). However, some 
of the MSS compositions have undergone sub-solidus re-
equilibration during later alteration and metamorphism of 
the host rock, producing a scatter about the MSS field in 
Fig. 8a.

Millerites (NiS) mostly represent a low-temperature 
sulfide (<379  °C; Kullerud et  al. 1969) that forms as a 
replacement of nickel-bearing sulfides (e.g., pentland-
ite and pyrrhotite), while bravoite (FeNiS2) and niccolite 

(NiAs) are low-temperature sulfides commonly formed 
during hydrothermal alteration (Kullerud et  al. 1969). In 
the Cu–Fe–S diagram (Fig.  8b), the chalcopyrites from 
our study do not fall in the expected field of chalcopyrite 
but show higher concentrations of Fe, which may be due 
to sub-solidus re-equilibration with the host magnetite. 
On the contrary, the composition of pyrite from our study 
is apparently unaffected, as it plots in the expected pyrite 
field in Fig. 8b. The enrichments of Ni, Co, Te, As and Bi 
in millerite, niccolite and bravoite relative to chalcopyrite 
and pyrite imply that the enrichment was related to low-
temperature hydrothermal processes such as the alteration 
that generated serpentinite in the ultramafic–mafic complex 
(Fig. 9a–d). The re-equilibrated MSS also shows increased 
concentrations of these elements compared to its primary 
unaltered counterpart (Fig. 9a–d). The high concentrations 
of Ag and Pb in chalcopyrite and pyrite (Fig.  9b–d) are 
expected, because these formed from a Cu–Fe-rich resid-
ual sulfide melt that evolved and fractionated from a pri-
mary high-temperature MSS, thus becoming progressively 
enriched in incompatible chalcophile and chalcogenide ele-
ments (Skinner et al. 1976).

PGEs are below the detection limit in all types of sulfides, 
with a few exceptions (Table 3). PGEs (Os, Ir, Ru, Rh, Pt, 
Pd) are chalcophile elements and should fractionate into a 
sulfide phase owing to their large partition coefficient into 
the sulfide phase (DPGE

sulfide-silicate melt ≈  103–108; Stone et  al. 
1990; Peach and Mathez 1996; Fleet et  al. 1999; Sattari 
et al. 2002). In the Nuggihalli greenstone belt, the sulfides 

Fig. 9   Binary variation 
diagrams of trace elements in 
sulfides a Co versus Ni, b As 
versus Pb, c Te versus Ag, d Bi 
versus Pb
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in massive chromitites (e.g., millerite and niccolite) and in 
magnetites (e.g., bravoite) are secondary low-temperature 
sulfides that cannot control the distribution of PGE. Moreo-
ver, sulfide saturation occurred late in the magmatic crys-
tallization history of the layered sill-like ultramafic–mafic 
rocks, i.e., during formation of pyroxenites in the Nuggihalli 
greenstone belt (Mukherjee et  al. 2014). The IPGEs (Os, 
Ir, Ru) were fractionated by PGMs (e.g., laurite) included 
in earlier crystallizing chromite within massive chromitites, 
thus depleting the sulfides (e.g., MSS within pyroxene in 
the pyroxenites and chalcopyrite and pyrite in magnetite) 
in the same elements. Moreover, the metavolcanic komati-
itic schists in the Nuggihalli greenstone belt are extremely 
PGE-depleted, thus suggesting the mantle source was also 
depleted in PGE (Mukherjee et al. 2014).

Constraints on parental magma composition 
and probable tectonic setting in the Mesoarchean

The compositions of unaltered chromites from Nuggihalli 
can be used to fingerprint the composition of their paren-
tal magma and relate it to a tectonic setting (e.g., Mondal 
et al. 2006). The unaltered chromites show the chr-1 trend 
of variable Mg# at constant Cr# (Fig. 5a) that is character-
istic of chromites in layered intrusions and reflects frac-
tional crystallization (Mukherjee et al. 2010 and references 
therein). The cores of these grains are apparently unaf-
fected by secondary alteration and metamorphism as they 
follow the magmatic (chr-1) trend (Fig. 5b). Although the 
Bhaktarhalli chromites plot in the field of chromites from 
metamorphosed (greenschist facies) komatiites, this does 
not mean that they are altered but reflects the overlap of 
the Cr# of these chromites with the uppermost limit of Cr# 
in the altered chromites from metamorphosed komatiites 
(Fig. 5b). The trace-element data from these chromites were 
used to evaluate the composition of the parental magma. 
In Fig.  11, the contents of trace elements and selected 
major elements in unaltered chromites from Byrapur and 
Bhaktarhalli are compared with high-Mg parental melts 
like boninites (Bonin Islands; Pagé and Barnes 2009) and 
nickel–sulfide mineralized and unmineralized komati-
ites (Norseman-Wiluna greenstone belt, Yilgarn craton; 
Yao 1999). The data have been normalized to MORB as 
no significant variation in trace-element abundances was 
observed between our chromites and the different parental 
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melts chosen for comparison, when the normalization was 
done using chondrites or the primitive mantle. The trace-
element data for the unaltered chromites from this study 
most closely resemble the pattern of komatiites that lack 
nickel–sulfide mineralization (Fig. 11).

The above results are consistent with the conclusions 
derived from a previous EPMA-based mineralogical study 
of these unaltered chromites (Mukherjee et al. 2010), where 
the Al2O3 (wt%), TiO2 (wt%) and FeO/MgO ratio of the 
parental melt was calculated using the composition of unal-
tered Nuggihalli chromites and the relationships of Mau-
rel and Maurel (1982) and Kamenetsky et al. (2001). The 
computed parental melt was found to resemble komatiites 
and komatiitic basalts reported from early Archean green-
stone belts (Sargur Group) in the Western Dharwar craton 
(Mukherjee et al. 2010).

Dare et  al. (2009) studied the trace-element composi-
tions (using LA-ICPMS) of chromites in mantle peridotites 
from oceanic and ophiolite settings, and introduced the Ga/
Fe3+# versus Ti/Fe3+# diagram that could efficiently differ-
entiate between chromites that formed in a suprasubduction 
zone (SSZ) environment from those that formed in a mid-
ocean ridge (MOR) setting. This diagram could further dif-
ferentiate between chromites that were hosted in residual 
peridotites (e.g., harzburgites), from those that were hosted 
in rocks formed by melt–rock interaction (e.g., dunite), in 
any of these tectonic settings. However, according to the 
authors this tectonic discrimination diagram should not be 
used for chromitite and lava spinels, as their history of sub-
solidus exchange is different to that of the peridotites. Dare 
et al. (2009) suggest that future work should determine the 
boundaries for chromitite and lava spinels. Presently, this is 
a limitation as there is a very small database available for in 
situ trace elements in chromite. Despite the constraints, we 
tried to plot unaltered chromites from massive chromitite 
of Nuggihalli in the Ga/Fe3+# versus Ti/Fe3+# diagram of 
Dare et al. (2009), where we found that the Byrapur chro-
mites plot in the SSZ field while those from Bhaktarhalli 
plot in the MOR field (Fig. 12). It is interesting to note that 
these observations match with our previous mineralogical 
study on these unaltered chromites (Mukherjee et al. 2010), 
where tectonic discrimination diagrams using major-ele-
ment data in chromite (e.g., Cr ratio vs. Mg ratio; Cr–Al– 
Fe3+; Al2O3 vs. TiO2) indicated their derivation from SSZ 
settings. Also, in terms of their major elements (e.g., MgO, 
Al2O3 and TiO2), the chromites from these two places 
showed differences in composition such that the paren-
tal magma compositions calculated using the Bhaktarhalli 
chromites were found to be Mg- and Al-rich and matched 
more with the composition of Archean high-Mg siliceous 
basalt (Mukherjee et al. 2010) considered to be equivalent 
to boninites (Parman et  al. 2001; Mondal et  al. 2006 and 
references therein). Based on the above results, a probable 

geodynamic model for the sill-like chromitite-bearing ultra-
mafic–mafic rocks in the Nuggihalli greenstone belt is pre-
sented in Fig. 13. 

Partition coefficients of trace elements in chromite 
and magnetite

Based on the in situ trace-element data, a quantitative esti-
mate of the partition coefficients of trace elements between 
chromite and komatiitic melts from Archean greenstone belts 
can be derived (Appendix G—available online). Any parti-
tion coefficient calculation is based on the assumption that 
the crystal and melt were in equilibrium. In our case since 
the actual melt composition is not preserved in the Nug-
gihalli greenstone belt, it is very difficult to obtain the real 
partition coefficient values for the trace elements. However, 
we have tried to estimate what the partition coefficients of 
trace elements would be, assuming komatiitic and boninitic 
parental melts. The reason for comparing with the former is 
that the parental melt composition using unaltered chromite 
data, as well as the closely associated metavolcanic rocks in 
the greenstone belt, hints at komatiitic compositions. Bonin-
ites have been used because of their SSZ lineage and because 
calculation of parental magmas for Bhaktarhalli chromite 
yielded a high-Mg siliceous basalt that is compositionally 
similar to boninites. The partition coefficients were calcu-
lated using the equation D = Ci

chromite/C
i
melt, where Ci

chromite 
is the concentration of trace element ‘i’ in chromite from the 
Nuggihalli massive chromitites, and Ci

melt is the concentra-
tion of trace elements in komatiites and boninites (Appen-
dix G, H—available online). Since massive chromitites are 
being studied, the mineral partition coefficient can be con-
sidered to be similar to the bulk distribution coefficient, as 
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Fig. 12   Unaltered chromite compositions from the Byrapur and 
Bhaktarhalli mines plotted in the Ga/Fe3+# versus Ti/Fe3+# tectonic 
discrimination plot of Dare et al. (2009). The Byrapur chromites plot 
in the SSZ field and the Bhaktarhalli chromites plot in the MOR field
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chromite was the only crystallizing phase (liquidus phase) 
from the melt that accumulated to form the massive chromi-
tites (e.g., Irvine 1977; Mondal and Mathez 2007). The parti-
tion coefficients were calculated with both Al-depleted and 
undepleted komatiites ranging from early to late Archean 
(Appendix G—available online). The partition coefficient 
calculations show that Ga (D = 4.4–5.2), V (D = 2.4–6.6), 
Co (D = 1.5–3.0) and Zn (D = 3.6–11) are compatible in 
chromites, while Mn (D =  0.9–1.7) and Ti (D =  0.9–1.3) 
are less strongly so (Appendix G—available online), and Ni 
and Sc are incompatible. The partition coefficients calculated 
with late Archean boninitic melts and boninites from Cape 
Vogel (Appendix H—available online) show similar results 
where V (D = 1.9–3.9) and Co (D = 3.2–4.6) are compatible 
in chromite, while Mn (D = 0.7–2.2) and Ti (D = 0.4–1.7) 
are less compatible. The only contrast in case of boninites is 
that Ni is observed to be compatible (D = 2.8–5.3) in chro-
mite. The altered chromites have a highly variable range 
of partition coefficients with a few altered rims showing 
extremely large D values for Zn, V, Co, Mn and Ni which 
are an artifact of alteration (Appendix G, H—available 
online). It is interesting to note that carbonate alteration in 
chromites (e.g., Grain 2, DHR-10-120) enhances the incor-
poration of Sc (Appendix G, H—available online). Although 
a distinct trend is not apparent, alteration in chromites seems 
to enhance incorporation of Ti and loss of Ga (Appendix G, 
H—available online).

We have compared our estimated D  values with the 
empirical partition coefficients calculated by Pagé and 
Barnes (2009) for accessory chromite–boninite (boninite 
from Thetford Mine ophiolite and Bonin Island; Appendix 
H—available online); the patterns are found to be similar, 
but the exact values of partition coefficients vary.

Recently, Klemme et al. (2013) conducted experiments 
to constrain the partition coefficients of trace elements 
between spinel and basaltic melt at 1 atm, 1200°–1430 °C 
and fO2 between log −12 and −0.7. The authors observed 

that the trivalent cations in the spinel structure control the 
partitioning of Ti, Sc and the high-field-strength elements 
(HFSE) such that their concentration is highest in Fe3+-
enriched spinel, followed by the Cr- and Al-enriched spinel 
species. The data from the Nuggihalli chromites show that 
Ti is moderately compatible in the chromite structure and 
becomes more compatible with alteration and enrichment 
of Fe3+ in the chromite structure (Appendix G, H—avail-
able online); Sc is always incompatible except in case of 
chromites with ambient interstitial carbonates (Appen-
dix G, H—available online). The concentrations of most 
HFSEs (e.g., Zr, Nb, Hf, Ta) are below the detection limits 
for the Nuggihalli chromites.

Trace-element partition coefficient data for magnetites 
hosted in greenstone belts are presented for the first time in 
this study (Appendix I—available online). However, the 
D  values that are presented here do not necessarily repre-
sent the magmatic distribution of trace elements between 
the oxide phases, as the magnetite has been hydrothermally 
altered and compositionally re-equilibrated. Previous work 
has mostly dealt with experimentally determined partition 
coefficients of HFSEs and V between magnetite and basal-
tic melts (e.g., Nielsen and Beard 2000; Toplis and Corgne 
2002), and partition coefficients of trace elements between 
co-existing sulfides and accessory magnetites from massive 
sulfide deposits such as the Sudbury Igneous Complex (Dare 
et al. 2012). In this study, partition coefficients of trace ele-
ments have been calculated between magnetite, ilmenite, 
hematite and an assumed komatiitic basaltic melt (Fan and 
Kerrich 1997). Komatiitic basalt was used in the calculations 
owing to the evolved nature of the melt from which magnet-
ite crystallizes. The D values indicate that distribution of Sc 
(D = 3.0–3.6), Ti (D = 88.9–93.5), Mn (D = 2.4–4.1) and 
Nb (D =  4.3–5.1) is controlled by ilmenite (Appendix I—
available online). Ti, Mn and Nb are compatible (DTi = 13.1–
59.3; DMn = 2.8; DNb = 3.1) in remnant magnetites but now 
reside in exsolved lamellae of ilmenite. Both magnetite and 

Fig. 13   Model showing the 
probable geodynamic setting of 
the chromitite-bearing sill-like 
ultramafic–mafic rocks, sur-
rounding metavolcanic schists 
and the TTG in the Western 
Dharwar craton (after Mukher-
jee et al. 2012)

high degree partial 
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hematite control the distribution of V (D =  15.3–24.8). V 
is also compatible in ilmenite, but the D values are slightly 
less (D = 9.4–11.6) relative to hematite and magnetite. The 
HFSEs and Cr are strongly incompatible in magnetite, ilmen-
ite (except Nb) and hematite (Appendix I—available online).

Conclusions

1.	 In situ trace-element analysis of unaltered chromite 
from massive chromitites indicates that the parental 
magma of the chromitite ore-bodies was a komatiite 
without nickel–sulfide mineralization. The Ga/Fe3+# 
versus Ti/Fe3+# plot based on in situ data of unaltered 
chromites suggests arc (Byrapur deposit) and rift-like 
(Bhaktarhalli) environments for the Nuggihalli chro-
mite deposit. The results from this study are consist-
ent with our previous inferences based on major-ele-
ment data, which suggested a SSZ environment in the 
Archean.

2.	 In situ trace-element study of altered and composi-
tionally zoned chromite grains showed a decrease in 
concentrations of Ga, V, Co, Zn, Mn and enrichment 
of Ni and Ti in the ferritchromit rim. The intra-grain, 
inter-grain and inter-sample variations in trace-element 
distribution in the altered chromites are attributed to 
serpentinization.

3.	 Estimated partition coefficients (D) of trace elements 
between unaltered chromites from our study and high-
Mg magmas like komatiite and boninite indicate com-
patibility of Ga, V, Zn and Co that are compatible in 
chromite, while Ti and Mn are less strongly compatible. 
Ni is found to be more compatible in chromites in boni-
nitic melts compared to komatiites. Carbonate altera-
tion in chromites seems to enhance incorporation of Sc.

4.	 In situ trace-element analyses of magnetite suggest 
similarity with magmatic magnetites from Fe–Ti–V-
rich magnetite bands in layered intrusions and those 
crystallizing from andesitic melts. The latter suggests 
that the parental silicate melt was quite evolved during 
crystallization of the magnetite.

5.	 Trace-element analyses of sulfides indicate enrichment 
of Ni, Co, Te, As and Bi in millerite, niccolite and bra-
voite during serpentinization. Inclusions of MSS in 
pyroxenite, and pyrite and chalcopyrite inclusions in 
magnetite, retain primary characteristics, except for 
Fe-enrichment in chalcopyrite by sub-solidus re-equi-
libration with magnetite grains. All types of dissemi-
nated sulfides are depleted in PGE due to late sulfide 
saturation and the PGE-depleted nature of the mantle 
source for the sill-like ultramafic–mafic plutonic rocks 
and the surrounding metavolcanic schists in the Nug-
gihalli greenstone belt.
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