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Abstract: Laser ablation MC-ICP-MS was used to measure the Os-isotope compositions of single
sulfide grains, including laurite (RuS2 ) and pentlandite [(Fe,Ni)9 S8 ], from two chromitite bodies
and host lherzolites from ophiolites of North Andaman (Indo-Burma-Sumatra subduction zone).
The results show isotopic heterogeneity in both laurite (n = 24) and pentlandite (n = 37), similar
to that observed in other chromitites and peridotites from the mantle sections of ophiolites.
Rhenium-depletion model ages (TRD ) of laurite and pentlandite reveal episodes of mantle magmatism
and/or metasomatism in the Andaman mantle predating the formation of the ophiolite (and the
host chromitites), mainly at ≈0.5, 1.2, 1.8, 2.1 and 2.5 Ga. These ages match well with the main
tectonothermal events that are documented in the continental crustal rocks of South India, suggesting
that the Andaman mantle (or its protolith) had a volume of lithospheric mantle once underlaying
this southern Indian continental crust. As observed in other oceanic lithospheres, blocks of ancient
subcontinental lithospheric mantle (SCLM) could have contributed to the development of the
subduction-related Andaman–Java volcanic arc. Major- and trace-element compositions of chromite
indicate crystallization from melts akin to high-Mg IAT and boninites during the initial stages of
development of this intra-oceanic subduction system.
Keywords: ophiolite; chromitite; platinum-group minerals; osmium isotopes; Andaman;
subduction zone

1. Introduction
The association of chromitites with dunite diking harzburgite, and to a lesser extent lherzolite, of
the mantle section of ophiolite complexes is well known [1–3]. Differences in the assemblages of mineral
inclusions found in the chromitite have led to a profusion of models to explain their formation and
evolution in the Earth’s upper mantle [4–30]. Other studies have analyzed the Re-Os isotopic systematics
of chromitites and host peridotites in order to understand the genetic processes of chromitites and host
peridotites within the oceanic mantle [8,31–33]. The in situ analyses of Re-Os isotopic composition of
platinum-group minerals (PGM) and base-metal sulfides (BMS) using of LA-MC-ICP-MS have revealed
significant isotopic heterogeneities in Os at all scales (km, hand-specimen, thin sections and within
single grain) in both chromitites and host peridotites in the upper mantle [32,34–42]. The high degree
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Discontinuous occurrences of ophiolitic rocks crop out along the east coast of North, Middle, South
Andaman and Rutland Islands (Figure 1b,c; [47–49]). An idealized coherent ophiolite stratigraphy is
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nowhere exposed in the islands; instead various lithologies comprising a tectonized, variably fertile
and restitic mantle sequence hosting chromitite pods, an intrusive crustal cumulate and volcanic
sequences occur as dismembered units [45]. U–Pb zircon dating of the plagiogranites from South
Andaman has dated the ophiolites at ≈95 Ma [50,51]. However, from the Ar/Ar dating of amphiboles
from the metamorphic sole [52] define the age of ophiolite formation as ≈105 Ma.
In terms of petrography and mineral chemistry of the mantle peridotites, a pronounced variation
exists between Rutland Island to the south and North Andaman to the north [53]. The mantle section on
the Rutland Island is harzburgite-dominated, consistent with 14–18% hydrous mantle melting [43] in a
suprasubduction zone environment [54]. In contrast, the ophiolites in north Andaman are dominated
by relatively fertile lherzolites that occasionally grade to clinopyroxene-bearing harzburgites [44].
Small chromitite pods, semi-oval to lenticular in shape, are restricted within dunite melt channels
diking the lherzolites [43,44]. Therefore, the podiform chromitites on north Andaman are atypical,
being hosted in lherzolites [55], unlike most other global occurrences, which are associated with
harzburgites [3,9].
3. Materials and Methods
3.1. Samples
The samples employed in this study were collected from two different chromitite pods known
as Cr-6, Cr-7 and corresponding host lherzolite (N-3, N-4, N-5, N-6) North Andaman (Figure 1).
Among these samples, the chromitite pods and one peridotite (N-3) were sampled from a quarry
section. The remaining samples of peridotites were collected from the surface exposures near to the
chromitite pods.
3.2. Chromite
The major element composition of chromite was determined on polished sections using a
Cameca SX-100 microprobe in the Geochemical Analysis Unit at Australian Research Council Centre of
Excellence for Core to Crust Fluid Systems (CCFS) and Key Centre for Geochemistry and Metallogeny of
Continents (GEMOC), Macquarie University. The system is equipped with five wavelength dispersive
spectrometers and a Princenton Gamma Tech energy dispersive system. The analyses were performed
using 15 kV acceleration voltage, 20 nA sample current, and a beam size of ≈2 µm. The following
counting times were employed: 10 s peak counting times for Ca, Cr, Fe, K, Mn, Na, Ni, Ti, V and Zn; 20
s for Mg and Si; and 30 s for Al. The counting times for background signals were half the peak counting
times on each side of the respective peak. Standards used were a combination of natural and synthetic
minerals and pure metals. Matrix corrections followed the method by [56]. Structural formulae of
chromite were calculated assuming stoichiometry following the procedure of [57]. Representative
electron-microprobe analyses of chromite are listed in Table S1.
The minor and trace element compositions of chromite were determined using a Wave UP 266
laser system connected to an Agilent 7500cs ICP-MS in the Geochemical Analysis Unit, CCFS/GEMOC.
For this study, the chromite was analyzed for the following masses: 45 Sc, 47 Ti, 51 V, 55 Mn, 59 Co, 60 Ni,
66 Zn and 71 Ga. The analyses were conducted using a ~55 µm beam diameter, 5 Hz frequency, and 4.16
mJ/pulse power, during 180 s analysis (60 s for the gas blank and 120 s on the chromite). The data
were processed using the GLITTER software [58]. The instrument was calibrated against the NIST 610
silicate glass (National Institute Standards and Technology, Gaithersburg, MD, USA) [59]. Aluminum
values obtained by electron-microprobe were used as the internal standard to determine the minor
and trace element concentrations. The basaltic glass BRC-2g [59,60] and the in-house standard LCR-1
(Lace mine, South Africa) were analysed as unknowns during each analytical chromite run to check for
accuracy and precision of the analyses. The results obtained during the analyses of these two standards
display very good reproducibility for most trace elements < 5%. Results of minor- and trace-element
analysis for chromite are provided in Table S2.
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The major-element composition of chromite obtained by electron-microprobe was used to calculate
the parental melt composition of the chromitite. This estimate was obtained applying the series of
algorithms mentioned below. The Al2 O3 content of the melt from which chromite crystallized was
computed using the equation proposed by [61]) (Equation (1)) and those implemented by [62] and [63]
for arc melts (Equations (2) and (3), respectively), which were partially derived from [64]:
(Al2 O3 )spinel = 0.035(Al2 O3 )2.42 melt

(1)

(Al2 O3 )melt = 5.2181·ln (Al2 O3 )spinel − 1.0505

(2)

(Al2 O3 )melt = 5.2253·ln (Al2 O3 )spinel − 1.1232

(3)

The regression expression for chromite from arc settings used inasmuch as the chromites from the
Andaman chromitites show compositions similar to chromites from arc lavas. The algorithm proposed
by [64] and redesigned by [62] and [63] for arc-derived melts was also applied to calculate the TiO2
content of the parental melt (Equations (4) and (5), respectively):
(TiO2 )melt = 1.0963(TiO2 )0.7863 spinel

(4)

(TiO2 )melt = 1.0897(TiO2 )spinel + 0.0892

(5)

The FeO/MgO ratio of the melt in equilibrium with chromite was estimated using the empirical
expression of [65]:
ln(FeO/MgO)spinel = 0.47 − 1.07Al#spinel + 0.64Fe3+ #spinel + ln(FeO/MgO)melt

(6)

with FeO and MgO in wt.%, Al#spinel = Al/(Cr + Al + Fe3+ ) and Fe3+ #spinel = Fe3+ /(Cr + Al + Fe3+ ).
3.3. Platinum-Group Minerals and Base-Metal Sulfides
Polished thin-sections of the chromitite samples were studied under the optical microscopy in
reflected and transmitted light to characterize rock textures and detect platinum-group minerals (PGM)
and base-metal sulfides (BMS). Once located, the PGM and BMS were then imaged and identified
qualitatively by their characteristic Energy Dispersive Spectra (EDS) using a ZEISS EVO MA15 Scanning
Electron Microscope (SEM) in the Geochemical Analysis Unit, CCFS/GEMOC, Sydney, Australia. Grains
larger than 2 µm across were later analyzed using the Cameca SX-100 electron-microprobe, under
the following operating conditions: accelerating voltage 20 kV, sample current 30 nA, and beam size
~2 µm. The X-ray lines measured were Kα for S, Fe, Co, Ni, Cu, Cr and As; Lα for Ru, Rh, Ir, Pt; Lβ
for Pd and Mα for Os. Pure metals were used as standards for Os, Ir, Ru, Rh, Pt, Pd, Ni, Co; FeS2 for
Fe, CuFeS2 for S and Cu; chromite for Cr and NiAs for As. Because of the small size of the particles,
the raw data show moderate Cr concentrations due to excitation of the chromite matrix. These data
were corrected, by subtraction of Cr and the corresponding proportion of Fe due to the host chromite
(determined from its Cr/Fe ratio), and the atomic concentrations were calculated from the corrected
analytical data. At least two analyses were performed on each large grain to check the homogeneity.
Representative electron-microprobe analyses of PGM are listed in Table S3.
Grains of PGM > 5 µm and BMS ≥ 50 µm across were selected for in situ Re-Os isotope analysis in
the Geochemical Analysis Unit at CCFS/GEMOC. A New Wave/Merchantek UP 213 laser microprobe
with a modified ablation cell was coupled with a Nu Plasma Multicollector ICP-MS. During the runs
for PGM analysis all ion beams were collected in Faraday cups. The laser was fired at a frequency
of 4 Hz, with energies of 1–2 mJ/pulse and a spot size of 15 µm. During ablation runs, a standard
NiS bead (PGE-A) with 199 ppm Os and 187 Os/188 Os = 0.1064 was analyzed between samples to
monitor any drift in the Faraday cups. These variations typically were less than 0.1% over a long
day’s analytical session. The overlap of 187 Re on 187 Os was corrected by measuring the 185 Re peak and
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using 187 Re/185 Re = 1.6742. All the analyzed grains had 187 Re/188 Os lower than 0.5, thus ensuring that
the isobaric interference of 187 Re on 187 Os was precisely corrected (c.f. [66]). The data were collected
using the Nu Plasma time-resolved software, which allows the selection of the most stable intervals of
the signal for integration. The selected interval was divided into 40 replicates to provide a measure
of the standard error. For PGM with grain sizes of 5 µm and Os contents > 1 wt.%, a typical run
duration of ~75 s was achieved and signal intensity of Os > 0.2 volts was obtained in the Faraday
cups, resulting a precision for 187 Os/188 Os ranging from 4.6 × 10−5 to 1.9 × 10−3 (2SE). The accuracy
of the data presented here is illustrated by independent analyses (different instruments, operating
protocols) of Os-Ir alloys from chromitites in the Luobusa (Tibet) ophiolite by [32]. They reported a
mean 187 Os/188 Os = 0.12646 ± 11 (1SE, n = 148) that is identical to 187 Os/188 Os = 0.12653 ± 7 (1SE, n =
80) reported by [42]. Several tests were carried out to verify the low contents of Re and Os in the host
chromite and silicates compared to the PGM. These tests showed that the partial inclusion of chromite
or silicate in the ablated volume gave negligible contributions to the sampled Re and Os budgets.
During the runs for BMS ion beams were collected using a mix of Faraday cups and ion counters.
The laser was fired at a frequency of 5 Hz, with energies of 1–2 mJ/pulse and a spot size of 20–80 µm.
During ablation runs, the PGE-A standard was also analyzed between samples to monitor drift in
the Faraday cups and ion counters. These variations typically were less than 0.1% over a long day’s
analytical session. During the analyses, a dry aerosol of Ir was bled into the gas line between the
ablation cell and the ICP-MS to provide a mass–bias correction with a precision independent of the
abundance of Os in the unknown. In this routine, the overlap of 187 Re on 187 Os was also corrected
by measuring the 185 Re peak and using 187 Re/185 Re = 1.6742 and all the analyzed grains also had
187 Re/188 Os < 0.5, ensuring that the isobaric interference of 187 Re on 187 Os was precisely corrected.
The data were collected using the Nu Plasma time-resolved software, which allows selection of the
most stable intervals of the signal for integration. The selected interval was divided into 40 replicates
to provide a measure of the standard error. Under the ablation conditions described above, for sulfide
grains having sizes of ≈50 µm and an average Os contents of ≈45 ppm, which is much lower than the
Os content of the PGE-A standard (i.e., 200 ppm), a typical run duration of 100 s was achieved and a
signal intensity of Os between 0.01 and 0.23 V, giving a precision for 187 Os/188 Os ranging from 3.60 ×
10−4 to 2.60 × 10−3 (2SE).
The Os isotope compositions of the PGM and BMS s can be recast as model ages, i.e., TMA and TRD
to reveal sequential events of mantle melting [67]. The TMA model age represents the time of separation
from a chondritic mantle reservoir calculated using the measured Re/Os ratio of the sulfide whereas
TRD (Re-depletion model age) assumes complete removal of Re (zero Re/Os) during melting, and is a
minimum age for separation from a chondritic reservoir. Both types of model ages are dependent on
the model reservoir selected to represent Os evolution in the upper mantle. In this study, we used the
Enstatite Chondritic Reservoir (ECR) (present-day 187 Os/188 Os = 0.1281 and 187 Re/188 Os = 0.421; [68]),
which has been demonstrated by independent geochronological data to be the best model for the
Os-isotope evolution of the lithospheric mantle [32]. The quoted uncertainties on model ages include
the uncertainties in the measured 187 Os/188 Os and 187 Re/188 Os, calculated according to the equation
of [69]. This estimate of the model age uncertainty does not take in account the uncertainty of the
values for the chondritic reservoir, but this does not change the relative position of age peaks. In this
study, the Os model ages were calculated relative to the Os-isotope evolution of Enstatite Chondrite
(present day 187 Os/188 Os = 0.1281, 187 Re/188 Os = 0.421; [68]), which has been demonstrated to be the
most accurate for studying the Os isotopic evolution of PGM in ophiolitic mantle [32,37,38]. In situ
LA-MC-ICP-MS analyses for Re-Os isotopes of PGM and BMS are listed in Tables S4 and S5.
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4. Results
4.1. Geochemistry of Chromite in Chromitite
Chromite from the studied samples lacks secondary alteration. Electron microprobe analyses of
these chromite grains in the samples studied in this work yield Cr2 O3 contents of 58.70–59.72 wt.%
with a correspondingly high Cr# [Cr/(Cr + Al) atomic ratio; 0.76–0.77] and TiO2 < 0.19 wt.%, which
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Figure 2. Chemical composition of chromite forming the North Andaman chromitites in terms of: (a)
Al2 O3 versus Cr2 O3 (wt.%); (b) TiO2 versus Cr2 O3 (wt.%); (c) Cr# [(Cr/Cr + Al) atomic ratio] versus
Al2O3 versus Cr2O2+
3 (wt.%); (b) TiO2 versus Cr2O3 (wt.%); (c) Cr# [(Cr/Cr + Al) atomic ratio] versus
Mg# [(Mg/Mg + Fe 2+ ) atomic ratio]; (d) Fe3+
—Cr—Al (atomic element) ternary diagram. Data sources
Mg# [(Mg/Mg + Fe ) atomic ratio]; (d) Fe3+—Cr—Al (atomic element) ternary diagram. Data sources
for chromian spinel of different tectonic settings are from [64,70]. Legend is inset in the figure.
for chromian spinel of different tectonic settings are from [64,70]. Legend is inset in the figure.

Laser ablation ICP-MS analyses of chromite from these Andaman samples yielded contents of
Laser ablation ICP-MS analyses of chromite from these Andaman samples yielded contents of
the minor- and trace-elements that are also similar to those of other high-Cr chromitites (Figure 3a–h).
the minor- and trace-elements that are also similar to those of other high-Cr chromitites (Figure 3a–
They are characterized by smaller amounts of Sc (<4.6–7.7 ppm), Ga (18–23 ppm), Co (158–212 ppm)
h). They are characterized by smaller amounts of Sc (<4.6–7.7 ppm), Ga (18–23 ppm), Co (158–212
and Zn (332–445 ppm) than V (463–637 ppm) and Mn (879–1018 ppm) (Table S2).
ppm) and Zn (332–445 ppm) than V (463–637 ppm) and Mn (879–1018 ppm) (Table S2).
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and (h) Ga in chromites from the Andaman ophiolite chromitites. Data sources for the compositional
and (h) Ga in chromites from the Andaman ophiolite chromitites. Data sources for the compositional
fields of other worldwide chromitites and accessory chromite from komatiites are from [12].
fields of other worldwide chromitites and accessory chromite from komatiites are from [12].
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grains
in
from different
ophiolite
plotted in Ru-Os-Ir
%) ternary
diagrams.
The data
for these
minerals
of the
laurite (RuS2)–erlichmanite
(OsS2) solid solution
series
in chromite
grains
in
chromitites
from
different
ophiolite
complexes,
plotted
in
Ru-Os-Ir
(atomic
%)
ternary
diagrams.
The
plots
are
from
the
compilation
by
[71].
chromitites from different ophiolite complexes, plotted in Ru-Os-Ir (atomic %) ternary diagrams. The
data for these plots are from the compilation by [71].
data for these plots are from the compilation by [71].

In situ LA-MC-ICP-MS analyses of 24 laurite grains reveal variability in the Os-isotopic
In situ LA-MC-ICP-MS
analyses
of thin
24 laurite grains
reveal
the low
Os-isotopic
Re/188variability
Os ratio isin
in most
compositions
among grains in
a single
The 187
In situ LA-MC-ICP-MS
analyses
of 24 section.
laurite grains
reveal
variability
invery
the Os-isotopic
187
188
compositions
among
grains
in
a
single
thin
section.
The
Re/
Os
ratio
is
very
low
in
most
grains (0.0004among
± 0.0001;
2σ uncertainty;
Figure
6a and
TMAin≈most
TRD grains
model
187Re/S4),
188Osthus
compositions
grains
in a single thin
section.
TheTable
ratioyielding
is very low
grains
(0.0004 ± 0.0001; 2σ uncertainty; Figure 6a and Table S4), thus yielding TMA ≈ TRD model ages that
(0.0004 ± 0.0001; 2σ uncertainty; Figure 6a and Table S4), thus yielding TMA ≈ TRD model ages that
span between 320 and 1000 Ma and cluster around single peaks at 0.5 Ga and 1.0 Ga (see cumulative
span between 320 and 1000 Ma and cluster around single peaks at 0.5 Ga and 1.0 Ga (see cumulative
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in Figure
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0.0003
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(2σ uncertainty;
187Os/
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plot
in The
Figure
6b).188The
ratios
vary ±±from
0.1259
± 0.0003
to 0.1210
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plot in Figure
6b).
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Os ratios
vary
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0.1259
0.0003
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± 0.0008
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Figure
6a).
uncertainty;
Figure 6a). Figure 6a).
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Figure 6.
6. Re-Os isotope systematics in the analyzed laurites (n =
= 24 grains) of the North
North Andaman
187
188
187
188
chromitites
Re/Re/
Os
Os/
Os;
(b)
plots
188 andand
187 Os/
188
chromitites in
in terms
termsof:
of:(a)
(a)Isotopic
Isotopicratios
ratios187187
Os;Cumulative-probability
(b) Cumulative-probability
in
terms
of:
(a)
Isotopic
ratios
Re/188Os Os
and 187Os/188
Os; (b)
Cumulative-probability
plots
and
histograms
(shaded
bars,
relative
probability)
of
Os
model
ages
(Ga)
where
uncertainties
plots
and histograms
(shaded
relative
probability)
modelages
ages(Ga)
(Ga) where
where uncertainties
and histograms
(shaded
bars,bars,
relative
probability)
of of
OsOsmodel
uncertainties
artificially
wereincreased
increased to 0.1
to allow
for uncertainty
inenstatite
the enstatite
chondritic
reservoir
artificially
GaGa
to allow
for uncertainty
in the
chondritic
reservoir
(ECR)
artificially were
were increasedtoto0.10.1
Ga
to allow
for uncertainty
in the enstatite
chondritic
reservoir
(ECR)
model-age
reference
curve.
This
plot
is
most
appropriate
for
estimates
of
the
absolute
depletion
model-age
reference
curve.
This
plot
is
most
appropriate
for
estimates
of
the
absolute
depletion
ages
of
(ECR) model-age reference curve. This plot is most appropriate for estimates of the absolute depletion
ages
of different
mantle and
domains,
and for between
comparison
between
datasets from platinum-group
different
mantle
domains,
for
comparison
datasets
from
platinum-group
minerals
(PGM)
ages of different mantle domains, and for comparison between datasets from platinum-group
minerals
(PGM)sulfides
and base-metal
(BMS).
and
base-metal
(BMS). sulfides
minerals
(PGM) and base-metal
sulfides (BMS).
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4.3. Isotopic Compositions of Base-Metal Sulfides in Peridotites
Base-metal sulfides in the peridotites are all pentlandite, which were identified under reflected
Base-metal sulfides in the peridotites are all pentlandite, which were identified under reflected
byby
means
of their
characteristic
Energy-dispersive
X-ray (EDS)
light and
andqualitatively
qualitatively
means
of their
characteristic
Energy-dispersive
X-rayspectra
(EDS)acquired
spectra
light and qualitatively by means of their characteristic Energy-dispersive X-ray (EDS) spectra
by
a
Scanning
Electron
Microscope
(SEM).
These
grains
are
much
larger
than
the
PGM
identified
the
acquired by a Scanning Electron Microscope (SEM). These grains are much larger than the in
PGM
acquired by a Scanning Electron Microscope (SEM). These grains are much larger than the PGM
chromitite,inwith
sizes varying
from
50 varying
to 500 µm,
and
typical
or holly-leaf
identified
the chromitite,
with
sizes
from
50exhibit
to 500 μm,
anddroplet
exhibit(Figure
typical7a)
droplet
(Figure
identified in the chromitite, with sizes varying from 50 to 500 μm, and exhibit typical droplet (Figure
morphology
interstitial
to theinterstitial
silicate minerals
(Figureminerals
7b).
7a)
or holly-leaf
morphology
to the silicate
(Figure 7b).
7a) or holly-leaf morphology interstitial to the silicate minerals (Figure 7b).

Figure 7.
(a,b) Backscattered
Figure
7. (a,b)
Backscattered electron
electron images
images of
of pentlandite
pentlandite grains
grains in
in peridotites
peridotites hosting
hosting the
the North
North
Figure 7. (a,b) Backscattered electron images of pentlandite grains in peridotites hosting the North
Andaman
Andaman chromitites.
chromitites.
Andaman chromitites.
187
188
All the
All
the BMS
BMS (37)
(37) grains
grains analyzed
analyzed in
in situ
situby
byLA-MC-ICP-MS
LA-MC-ICP-MShave
havesubchondritic
subchondritic 187Re/
Re/188Os
Os
All the BMS (37) 187
grains188analyzed in situ by LA-MC-ICP-MS have subchondritic 187Re/188Os
(<0.421;
ECR; [68])
[68]) and
Os/188Os
Osbetween
between0.10800
0.10800±±0.00011
0.00011and
and0.12535
0.12535 ±±0.00010
0.00010(Figure
(Figure 8a;
8a; Table
Table
(<0.421; ECR;
and 187
Os/
(<0.421; ECR; [68]) and 187Os/188Os between 0.10800 187
± 0.00011
and 0.12535
± 0.00010 (Figure 8a; Table
188 Os
187 Os/188
S5). In
In general,
Re/
Os, although
although significant
significant
S5).
general, there
there isisno
nocorrelation
correlationbetween
betweenthe
the 187
Re/188
Os and
and 187
Os/188
Os,
187
188
187
S5). In general, there is no correlation between the Re/ Os and Os/188Os, although significant
variation
in
these
isotopic
ratios
and
Os
model
ages
(main
peaks
at
~0.5,
1.2,
1.8,
2.1
and
2.5
Ga)Ga)
cancan
be
variation in these isotopic ratios and Os model ages (main peaks at ~0.5, 1.2, 1.8, 2.1 and 2.5
variation in these isotopic ratios and Os model ages (main peaks at ~0.5, 1.2, 1.8, 2.1 and 2.5 Ga) can
observed
between
grains
separated
a
few
millimeters
within
a
single
thin
section
(Figure
8b;
Table
S5).
be observed between grains separated a few millimeters within a single thin section (Figure 8b;
be observed between grains separated a few millimeters within a single thin section (Figure 8b;
Table S5).
Table S5).
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5. Discussion
5. Discussion
5.1. Genesis of the Andaman Chromitites in the Upper Mantle
5.1. Genesis of the Andaman Chromitites in the Upper Mantle
Pioneering models suggested the formation of chromitite and host dunite at low pressures in
Pioneering part
models
suggested
formation
of chromitite
and
dunite at low pressures
in
the uppermost
of the
mantle the
in oceanic
settings
as a result
ofhost
the disequilibrium
reaction of
the
uppermost
part
of
the
mantle
in
oceanic
settings
as
a
result
of
the
disequilibrium
reaction
of
mantle peridotites with foreign melts [4,5]. Crystallization of chromite in such scenarios is interpreted
mantle
foreignmingling
melts [4,5].
Crystallization
chromite
scenarios is
to
be theperidotites
result of thewith
small-scale
of basaltic
melts thatof
had
differentin
SiOsuch
2 contents within
interpreted
to
be
the
result
of
the
small-scale
mingling
of
basaltic
melts
that
had
different
dunite representing melt–flow channels [6–9]. The identification of minerals that typically form inSiO
the2
contents
within
dunite
representing
melt–flow
channels
[6–9].
The
identification
of
minerals
that
continental crust (e.g., zircon, quartz, K-feldspar, almandine, andalusite, apatite and kyanite) in some
typically form in
the continental
(e.g., zircon, quartz,
K-feldspar,
mantle-hosted
chromitites
links crust
the aforementioned
foreign
melts toalmandine,
subductionandalusite,
processes, apatite
where
and
kyanite)
in
some
mantle-hosted
chromitites
links
the
aforementioned
foreign
meltsasto
crustal material is delivered into the mantle at subduction zones and is then returned to the crust
a
subduction
processes,
where
crustal
material
is
delivered
into
the
mantle
at
subduction
zones
and
is
component of mantle-derived magmas [10–13]. The mechanisms of transfer of these crustal minerals
then returned
to the crust
a component
of mantle-derived
magmas
[10–13]. volcanic
The mechanisms
of
from
the subducting
slab toasthe
overlying mantle
wedge beneath
intra-oceanic
arcs where
transfer
of
these
crustal
minerals
from
the
subducting
slab
to
the
overlying
mantle
wedge
beneath
the parental melts of the chromitite are formed include: (1) slab window created in subducted slab
intra-oceanic
volcanic
arcs where
the underlying
parental melts
of the chromitite
aretoformed
include:
(1) slab
during
subduction
initiation,
allowing
asthenosphere
and melts
rise in order
to generate
window
created
in
subducted
slab
during
subduction
initiation,
allowing
underlying
asthenosphere
Cr-rich mafic magmas [14,15] or (2) cold plumes comprising partially molten hydrated peridotite,
and solid
meltsmantle,
to rise in
order
to generate
Cr-rich
[14,15]
or (2) necessary
cold plumes
dry
and
subducted
oceanic
crustmafic
able magmas
to generate
the melts
forcomprising
chromitite
partially
molten
hydrated
peridotite,
dry
solid
mantle,
and
subducted
oceanic
crust
able
to
recycled
formation [12,13]. In some chromitites (e.g., Tibet, Northwestern Mexico), however, these generate
the melts
necessary
for with
chromitite
formation
[12,13].
In under
some chromitites
(e.g.,conditions
Tibet, Northwestern
crustal
minerals
coexist
minerals
that typically
form
super-reducing
(e.g., native
Mexico), however,
these recycled
crustal as
minerals
coexist with
typically
form under
elements,
alloys, carbides,
nitrides; known
SuR assemblage
[16])minerals
and/or at that
ultra-high
pressures
(UHP
super-reducing
conditions
(e.g., native
elements, alloys,
carbides,
nitrides;
known that
as such
SuR
≥
0.4 GPa; diamond,
TiO2 II, stishovite
pseudomorphs).
Some authors
[12,16–20]
suggested
assemblage
[16])
and/or
at
ultra-high
pressures
(UHP
≥
0.4
GPa;
diamond,
TiO
2 II, stishovite
mixtures of crustal minerals and the mantle SuR and UHP assemblages reflect a complex evolutionary
pseudomorphs).
Some authors
[12,16–20]
suggested
that
such
mixtures of
minerals
the
history
of the chromitites
in the upper
mantle.
An initial
stage
of formation
of crustal
chromitite
might and
involve
mantle
SuR
and
UHP
assemblages
reflect
a
complex
evolutionary
history
of
the
chromitites
in
the
a melt–rock reaction and subsequent melt–melt mixing processes in mantle wedges above a subducting
upper
mantle.
An
initial
stage
of
formation
of
chromitite
might
involve
a
melt–rock
reaction
and
slabs, followed by subduction to the Mantle Transition Zone where they become metamorphosed at UHP
subsequentand
melt–melt
mixing
processes
in mantle
a subductingatslabs,
followed
by
conditions,
finally return
back
to the surface
with wedges
their hostabove
dunite/harzburgite
spreading
centers
subduction
to
the
Mantle
Transition
Zone
where
they
become
metamorphosed
at
UHP
conditions,
as mantle diapirs. The proposed recycling of chromitites is apparently recorded in the chromite by
and finallyofreturn
backand
to the
surface
with their
host dunite/harzburgite
at spreading
centers
as
exsolution
pyroxenes
coesite,
suggesting
inversion
from a high-P polymorph
of chromite
[17,21]
mantle
diapirs.
Thefor
proposed
recycling
of chromitites
is apparently
recorded
in the chromite
by
and
by the
evidence
inclusions
of the high-pressure
polymorph
of olivine
(wadsleyite)
in chromites
exsolution
of
pyroxenes
and
coesite,
suggesting
inversion
from
a
high-P
polymorph
of
chromite
from the Luobusa ultramafic body in Tibet [22]. Alternative models [23–27] involve mantle plumes
[17,21] and by the evidence for inclusions of the high-pressure polymorph of olivine (wadsleyite) in
chromites from the Luobusa ultramafic body in Tibet [22]. Alternative models [23–27] involve
mantle plumes which originate from the lower mantle through the MTZ or directly from the MTZ,
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which
originate
from athe
lower mantle
through
the MTZ
directly from the
MTZ, rise
collecting
rise
while
collecting
mixture
of crustal
materials
and or
super-reducing
minerals
fromwhile
the transition
a
mixture
of
crustal
materials
and
super-reducing
minerals
from
the
transition
zone.
These
are then
zone. These are then carried though the upper mantle by an upwelling plume to be incorporated
in
carried
though
the
upper
mantle
by
an
upwelling
plume
to
be
incorporated
in
the
magma
that
is
the magma that is generated beneath a spreading system. The interaction of deep-seated plumes
generated
beneath
a
spreading
system.
The
interaction
of
deep-seated
plumes
with
subduction
zone
with subduction zone peridotite has also been suggested to explain the origin of some chromitites
peridotite
has mantle
also been
suggested
to explainfrom
the origin
of some chromitites
in the works
mantleby
section
hosted
in the
section
of ophiolites
the Dominican
Republic hosted
[28]. Recent
[29]
of
ophiolites
from
the
Dominican
Republic
[28].
Recent
works
by
[29]
and
[30]
based
on
the
study
and [30] based on the study of chromitites from the eastern Cuban and Central Mexican ophiolites
of chromitites
fromminerals
the eastern
Cuban
and Centraland
Mexican
ophiolites showed
that some
minerals
showed
that some
of the
super-reducing
ultrahigh-pressure
(SuR-UHP)
assemblages
of the
and ultrahigh-pressure
(SuR-UHP)zone
assemblages
not necessarily
formduring
at the
do
notsuper-reducing
necessarily form
at the mantle transition
but theydo may
easily form
mantle
transition
zone
but
they
may
easily
form
during
serpentinization-related
processes.
Therefore,
serpentinization-related processes. Therefore, a low-pressure origin of chromitites in the
a low-pressure origin
of chromitites
in the suprasubduction
island arcs
suprasubduction
mantle
beneath intra-oceanic
island arcsmantle
seemsbeneath
to be aintra-oceanic
common scenario
for
seems
to
be
a
common
scenario
for
ophiolitic
chromitites,
although
there
is
still
much
debate
about
ophiolitic chromitites, although there is still much debate about the complex processes involvedthe
in
complex
processes
involved in the
generation
of mantle-hosted chromitites [3,28].
the
generation
of mantle-hosted
chromitites
[3,28].
Chromite forming
forming the
the Andaman
and TiO
TiO2
Chromite
Andaman chromitite
chromitite has
has relatively
relatively high
high Cr
Cr22O
O33,, and
and low
low Fe
Fe22O
O3 and
contents, overlapping
typical
for chromitite
from chromitites
hosted hosted
in the mantle
contents,
overlappingthe
therange
range
typical
for chromitite
from chromitites
in thesequence
mantle
of
ophiolite
complexes
(Figure
2a–d).
This
chemical
composition
also
correlates
well
with
the well
chemistry
sequence of ophiolite complexes (Figure 2a–d). This chemical composition also correlates
with
of
chromian
spinel
from
arc
sources
(Figure
9a–c).
In
addition,
we
did
not
identify
minerals
diagnostic
the chemistry of chromian spinel from arc sources (Figure 9a–c). In addition, we did not identify
of the SuR
or UHP of
assemblages
the assemblages
Andaman chromitites,
suggesting
that they
are ordinary
minerals
diagnostic
the SuR or in
UHP
in the Andaman
chromitites,
suggesting
that
(low-pressure)
chromitites
such
as
those
defined
by
[17].
they are ordinary (low-pressure) chromitites such as those defined by [17].

Figure 9.
9. (a)
(a)Chemical
Chemicalcomposition
compositionofofchromite
chromiteforming
forming
the
North
Andaman
chromitites
in terms
Figure
the
North
Andaman
chromitites
in terms
of
of TiO
versus
Al
O
(wt.%);
(b,c)
composition
of
the
parental
melt
in
equilibrium
with
the
studied
TiO
Al
O
(wt.%);
(b,c)
composition
of
the
parental
melt
in
equilibrium
with
the
studied
2 versus
2
3
2
2 3
chromitite in
in terms
terms of
of TiO
versus Al
Al22O
O33(wt.%)
(wt.%)and
andratio
ratioFeO/MgO
FeO/MgO versus
versus Al
Al22OO33(wt.%)
(wt.%)respectively.
respectively.
chromitite
TiO22 versus
Data sources
sources for
for chromian
chromian spinel
spinel of
of different
different tectonic
tectonic settings
settings are
are from
from [64,70,72].
[64,70,72]. Legend
Legend is
is inset
inset in
in
Data
the figure.
figure. Keys
Keys for
for figure
figure (a):
(a): LIP
LIP (Large
(Large Igneous
Igneous Provinces),
Provinces), OIB
OIB (Ocean
(Ocean Island
Island Basalts),
Basalts), MORB
MORB
the
(Mid-ocean Ridge Basalts).

The calculation
calculation of
of the
the parental
parental melt
melt compositions
compositions indicates
indicates that
that the
the melts
melts that
that produced
produced the
the
The
chromite
of
the
Andaman
chromitites
contained
11–12
wt.%
Al
O
and
relatively
low
TiO
(between
chromite of the Andaman chromitites contained 11–12 wt.% Al22O33 and relatively low TiO22 (between
0.25 and
and 0.30
0.30 wt.%),
wt.%), with
with FeO/MgO
FeO/MgO ratios
ratios varying
varying between
between 0.51
0.51 and
and 0.57.
0.57. This
This composition
composition is
is akin
akin to
to
0.25
high-Mg
island
arc
tholeiite
(IAT)
and
boninites
and
broadly
similar
to
that
previously
estimated
by
[48]
high-Mg island arc tholeiite (IAT) and boninites and broadly similar to that previously estimated by
for chromitites
fromfrom
Rutland
Island,
located
nearlynearly
300 km
south
of the of
present
study area,
well as
as
[48]
for chromitites
Rutland
Island,
located
300
km south
the present
studyasarea,
otheras
suprasubduction-zone
podiformpodiform
chromitites
(Table S6).(Table
Chromites
crystallizedcrystallized
from meltsfrom
with
well
other suprasubduction-zone
chromitites
S6). Chromites
identical
Al
O
contents
to
those
analyzed
here
are
known
to
constitute
the
high-Cr
chromitites
from
3
melts with 2identical
Al2O3 contents to those analyzed here are known to constitute the high-Cr
the suprasubduction
ophiolite of Kempirsai–Batamshink
in Kazakhstan [6], the
Massif[6],
in
chromitites
from the zone
suprasubduction
zone ophiolite of Kempirsai–Batamshink
in Mayarí
Kazakhstan
Cuba
[12],
and
the
podiform
chromitites
of
the
fore-arc
ophiolite
of
Thetford
Mines
in
Canada
[72].
All
the Mayarí Massif in Cuba [12], and the podiform chromitites of the fore-arc ophiolite of Thetford
these chromitites
to have formed
the shallowto
upper
mantle–crust
Mines
in Canadawere
[72].interpreted
All these chromitites
wereininterpreted
havemantle,
formedwithin
in thethe
shallow
upper
transition
zonethe
(i.e.,mantle–crust
Moho Transition
Zone).
mantle,
within
transition
zone (i.e., Moho Transition Zone).
The idea
idea that
that the
the podiform
podiform chromitites
chromitites at
at Andaman
Andaman were
were formed
formed from
from high-Mg
high-Mg IAT
IAT and/or
and/or
The
boninitic
melt
within
a
fore-arc
setting
is
also
supported
by
the
distribution
of
minor
elements
in
boninitic melt within a fore-arc setting is also supported by the distribution of minor elements in
chromite. Figure 10 shows the composition of the studied chromitites and other known chromitites
formed in both fore-arc and back-arc setting in intra-oceanic arcs. Remarkably, the
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mantle
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but
different
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Ga) from
andGa)
high-Al
formed
in
zonedistinctively
(SSZ) mantle
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different
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and lower
from chromites
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settings.
chromites
formed in back-arc settings.

Figure 10.
10. Spider
Spider diagrams
diagrams showing
showing the
the composition
composition of
of minorminor- and
and trace-elements
trace-elements of
of chromites
chromites from
from
Figure
chromitites of
of the
the two
two chromitite
chromitite bodies
bodies analyzed
analyzed in
in this
this study
study from
from the
the North
North Andaman
Andaman ophiolite.
ophiolite.
chromitites
Comparisons
Comparisons with
with other
other low-pressure
low-pressure chromitites
chromitites from
from supra-subduction
supra-subduction zone
zone ophiolites
ophiolites in
in fore-arc
fore-arc
and
and back-arc
back-arc regions
regions are
are shown
shown in
in (a,b)
(a,b) respectively.
respectively. Data
Data sources
sources for
for high-Cr
high-Cr chromitites
chromitites of
of the
the
Thetford
Thetford Mine
Mine ophiolite
ophiolite are
are from
from [72]
[72] and
and those
those for
for the
the high-Al
high-Al chromitites
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channels [2].
5.2. Significance of Re-Os Data in Platinum Group Minerals and Base-Metal Sulfides
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leaving their Re-Os systematics undisturbed, so they did not interact with external Re-Os-bearing
fluids [18,38,79,80]. Likewise, the absence of highly radiogenic isotopic ratios shows that the PGM
were not significantly affected by interaction with melts derived from outer core-related reservoirs
(i.e., deep-rooted plumes; [81]). Therefore, the measured 187Os/188Os ratios in these PGM are reliable
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contemporaneously with laurite and Os-Ir alloys [2]. As noted above, melt mixing or mingling
within dunite conduits is also the most probable mechanism for the genesis of the Andaman
chromitites.
These two models proposed above assume ab initio that PGM and millerite crystallized directly
from the basaltic melt(s) from which chromitite crystallized. However, experimental [88] and
empirical work [89] has shown that laurite and Ru-Os-Ir alloys may also form as a result of partial
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As noted above, melt mixing or mingling within dunite conduits is also the most probable mechanism
for the genesis of the Andaman chromitites.
These two models proposed above assume ab initio that PGM and millerite crystallized directly
from the basaltic melt(s) from which chromitite crystallized. However, experimental [88] and empirical
work [89] has shown that laurite and Ru-Os-Ir alloys may also form as a result of partial melting
(>1000 ◦ C) of BMS subjected to decreasing f S2 . According to these researchers, Os-rich alloys should be
released during the highest percentages of melting necessary for the exhaustion of BMS, which usually
occurs in mantle peridotites at >20–30% depending on temperature, pressure and sulfur abundance at
the onset of melting. In contrast, lower rates of partial melting over the last five percent of melting
prior to complete consumption of the BMS are expected to facilitate the exsolution of laurite from the
mantle BMS instead the IPGE alloys [89].
These experimental and empirical results support the idea that some laurite (and Os-Ir alloy) now
hosted in chromite from the Andaman chromitites could also form at the expense of a high-temperature
base-metal sulfide subjected to decreasing f S2 during partial melting of pyroxenes from the host
lherzolite that originated the dunite channels. Therefore, not all the PGM now hosted in the Andaman
chromitites were necessarily formed by direct precipitation from the basaltic melt parental to the
chromitite. Some of them could represent grains that were physically entrained by a melt that was
extracted from the sulfides in the source peridotite or during melt–rock reactions associated to the
migration of this melt through the mantle peridotite. Interestingly, all the laurite grains analyzed
here yield Os model ages much older than crystallization age of the igneous rocks in the Andaman
ophiolite (95 Ma), suggesting that they provide the insights of melt depletion or metasomatic events
predating the chromitite formation. Ancient laurite grains have been found associated with younger
metasomatic sulfides in fertile lherzolites from the Lherz massif [90]. Indeed, laurites now found
hosted in the chromitites might represent exotic material, not belonging to the local oceanic mantle
lithosphere [32,40] but the subcontinental lithosphere or sub-arc mantle wedge.
It is worth noting that laurite exhibiting Re-Os isotope model age-peaks older than the supposed
age of chromitite formation in the mantle section of ophiolites has already been reported worldwide
(see review by [71]) and previously interpreted as reflecting that these PGM inherited the Os-isotopic
signature of older events that affected the host mantle peridotite (e.g., [37]). In fact, laurites from
chromitite and pentlandite from host peridotite analyzed in this study preserve two common Os
model age peaks at ≈0.5 and 0.1 Ga (Figure 6a,b and Figure 8a,b). The latter BMS also show a
wide variation in Re/Os ratios as is typical of the BMS found in upper mantle peridotites that have
experienced a multistage history of melt depletion or metasomatism. In mantle peridotites, only those
sulfides with 187 Re/188 Os < 0.07–0.08 can be regarded as isotopically “undisturbed” and representative
of real melting/refertilization events in the mantle [91,92]. Most (24/37) of our pentlandite grains
have 187 Re/188 Os < 0.08 (Figure 8a; Table S5), whereas the remaining grains still yield subchondritic
187 Re/188 Os = 0.1–0.28. The latter grains yield T
MA ≈ T RD as is typical of grains with relatively
undisturbed Re-Os signature, which still preserve their original 187 Os/188 Os ratios. Therefore, for
all those sulfides, the zero-Re assumption used in the calculation of TRD is probably valid, and they
provide meaningful Os model ages with useful chronological information on tectonothermal events in
the mantle.
5.3. Interpretation of Os Model Ages
As noted in the previous section the Os isotopes measured in laurite from chromitite and
pentlandite from peridotite can be used to constrain the nature and age of depletion and metasomatism
events of the Andaman upper mantle. Figures 6b and 8b display the distribution of TRD model ages in
individual grains of laurite from chromitites and pentlandite from host peridotites from Andaman,
which exhibits a multistage evolution of the upper mantle that extends back to 2.5 Ga. The TRD
ages calculated for laurites cluster around two main peaks: ≈0.5 and 1.0 Ga whereas the distribution
of TRD in pentlandites show five major peaks at ≈0.5, 1.2, 1.8, 2.1 and 2.5 Ga. Considering the
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uncertainties inherent in model ages calculations, they collectively match well with zircon U-Pb ages
of tectonothermal events at ≈0.5, 1.0, 1.8 and 2.5 Ga within the Indian Plate [93]. Although the total
number of analyses of laurite is too small to be statistically robust, there is an interesting correlation
with the data obtained for pentlandite from the host peridotite. The most recent peaks in both the
distributions correspond to the Cambrian (≈0.5 Ga) and to the Mesoproterozoic–Neoproterozoic
boundary (≈1.0 Ga). The younger age ~0.5 Ga may be correlated with the Pan-African orogeny that
deformed the ancient Dharwar and Singhbhum cratons and the Eastern Ghats mobile belt forming
the South Indian block. Likewise, the age peaks at 2.5, 2.1 and 1.8 Ga identified in the PGM-BMS
analyzed here match with the magmatic events that resulted in the intrusion of different generations
of dike swarms of mafic rocks and tonalite–trondhjemite–granodiorite (TTG) gneiss between ≈2.5
and ≈2.0–1.8 Ga ago into the Neoarchean greenstone belts (2.7 Ga) of the Dharwar craton [93–97].
Grenvillian ages of ≈1.2 Ga identified in our Os-model age dataset also fit with the Cuddapah orogeny
and also recorded in the granulites of the Eastern Ghats Belt [98].
All these ages are clearly older than the supposed Cretaceous age of the igneous rocks in the
ophiolite sequence of the Andaman Islands. It is worth noting that old tectonothermal events have
previously been recognized in chromitites and host peridotites from modern oceanic lithosphere
and Phanerozoic ophiolites [11,18,32,37,40]. These ages have been interpreted to reflect large-scale
isotopic heterogeneities (i.e., the coexistence of variably Re-depleted reservoirs; [99–101]) and/or the
presence of ancient subcontinental lithospheric domains (or at least ribbons of them) within the
oceanic upper mantle [91]. Geophysical evidence and geochemical tomography of the oceanic mantle
seems to support the second alternative, as rigid (buoyant) fragments of cratonic subcontinental
lithospheric mantle (SCLM) have been found embedded in the oceanic lithosphere [101]. Therefore,
we suggest that in the context of convergence of the Indian and Eurasian plate during the Mesozoic to
Tertiary, dismembered blocks of ancient SCLM could have spread, colliding with passive margins (e.g.,
Sino-Burma microcontinent; [102] and references therein), and thus contributing to the development of
the subduction-related Andaman–Java volcanic arc. We suggest that these major tectonic events have
stripped off most of the old continental crust, leaving behind the residues of an ancient subcontinental
mantle now signaled by the osmium isotopes of the Andaman chromitites and host lherzolites.
Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/8/686/s1,
Table S1: EPMA analyses of chromite from Andaman chromitites, Table S2: EPMA analyses of the studied laurite
from Andaman chromitites, Table S3: In situ LA-ICP-MS data of minor and trace elements of chromite from
Andaman chromitites, Table S4: In situ LA-ICP-MS Re-Os data of laurite from Andaman chromitites, Table S5: In
situ LA-ICP-MS Re-Os data of pentlandite from Andaman chromitite, Table S6: Calculation of Al2 O3 and TiO2
contents and FeO/MgO ratios of the melts in equilibrium with chromite from the samples analyzed in this study
and other mantled hosted ”podiform” array high-Cr chromitites of the literature.
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