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Abstract: The Andaman Ophiolite, India, is located at the southeastern end of the Tethyan ophiolites.
We examine petrology and mineralogy of two lherzolites and a completely serpentinized dunite
associated with lherzolite from the middle Andaman Island. Major and trace element compositions of
minerals in the lherzolites suggest their residual origin after low-degree of partial melting with
less flux infiltration, and are similar to those of abyssal peridotites recovered from mid-ocean
ridges. The dunite with spinels having low-Cr/(Cr + Al) ratio was formed by interaction between
peridotite and mid-ocean ridge basalt-like melt. The 87Sr/86Sr and 143Nd/144Nd isotopic systematics
of clinopyroxenes of the two lherzolites are consistent with MORB-type mantle source. Petrology and
light rare earth element (LREE)-depleted patterns of clinopyroxene from the studied lhezolites are
the same as those from some of the western Tethyan ophiolites. The age-corrected initial εNd values
of the Tethyan lherzolite clinopyroxenes with LREE-depleted patterns are likely to be consistent with
the depleted mantle evolution line.
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1. Introduction

The Mesozoic peri-Gondwanan ophiolites are distributed in the Alpine-Himalayan orogenic belt,
the Indo-Myanmar (Burma) Range and the Sunda subduction zone [1–4]. These ophiolites were formed
by the closing of the Tethyan oceans with different ages, such as the Paleo-Tethys (Devonian–Triassic),
Meso-Tethys (late Early Permian–Late Cretaceous) and Neo-Tethys (Late Triassic–Late Cretaceous) [2].
Based on the abundances of dominant ultramafic rocks in the Tethyan ophiolites, two subtypes
of peridotite bodies have been recognized: the lherzolite-subtype ultramafic bodies and the
harzburgite-subtype ultramafic bodies e.g., [5]. Peridotite samples obtained from Western and Central
Europe, such as the Alpine Tethys, the Pyrenian domain, the Dinarides and Hellenides, and the
Ibrea-Newfoundland rifted margins, were reviewed in petrology and mineralogy by Picazo et al. [6].
Some of the harzburgite-subtype bodies have been interpreted to be formed as residue after high
degree of partial melting, enhanced by infiltration of subduction-induced fluids e.g., [7]. On the other
hand, lherzolitic peridotites in the lherzolite-subtype bodies in these areas are akin to the present day
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abyssal peridotites from mid-ocean ridges, and appears to be least modified by late subduction events.
The lherzolite-dominated bodies in the Tethyan ophiolites will, therefore, provide an opportunity to
explore the nature and variation of the Tethyan oceanic upper mantle.

A number of dismembered ophiolitic slices are exposed in the N–S trends all along the
Andaman Islands and are referred to as the Andaman ophiolite [8–10]. The Andaman ophiolite
is located in the southeast end of the Tethyan ophiolite belt. In terms of petrography and mineral
chemistry of the ophiolitic rocks, especially peridotite bodies, there exists a pronounced variation
between the Rutland Island in the south and middle/north Andaman [9,11,12]. The Rutland Island
peridotites are mainly composed of harzburgite and high-Cr chromitite indicating their formation in
supra-subduction zone environments, whereas lherzolite-dominated outcrops are well observed in the
middle/north Andaman Island [4,8,9,12]. The Middle Andaman lherzolite is the southeastern end of
the lherzolite-subtype Tethyan ophiolites.

We analyzed Sr and Nd isotopic compositions of clinopyroxene separates of two representative
lherzolite samples from the middle Andaman ophiolite. The first order objective of this study was to
characterize the Middle Andaman lherzolite and to address the key question concerning the nature of
lherzolitic mantle domain of Tethyan ophiolite.

2. Middle Andaman Peridotites: Geological Background, Samples and Their Petrography

The Andaman Islands constitute the central part of the Burma-Sunda-Java subduction zone
(Figure 1). The oceanic part of the Indian Plate is subducting towards the east below the Southeast
Asian Plate at the western side of the Andaman Islands [13]. Sensitive high-resolution ion microprobe
(SHRIMP) U-Pb isotope analyses of zircons from the granitic rocks in the Andaman Ophiolite assign
an age >95 Ma [14,15] and 116–119 Ma [16], respectively. Most of these granitic rocks intrude into
volcanic rocks/plutons of the Andaman ophiolite and have arc-related geochemical affinities [15–17].
The U-Pb zircon age of these granitic rocks may represent later arc stage magmatism in the Andaman
Ophiolite [4].

The peridotites at Andaman and Rutland islands are generally serpentinized/weathered
with variable degrees (40–80 vol.% in general) [4,9,12]. However, the primary mineralogy of the
serpentinites is mostly preserved irrespective of serpentinization. Lherzolities with small amounts of
dunitic/harzburgitic rocks are exposed along the coast line of the middle Andaman (Figure 2) whereas
most of the land areas are covered with soil and thick vegetation. Lherzolitic samples are usually
protogranular to porphyroclastic in textures (Figures 2 and 3), although highly foliated to mylonitic
textures are sometimes observed in boulders (Figure 3). Pyroxenite and gabbro veins, a few millimeters
to a few centimeters thick, rarely cut the host peridotites (Figure 3).

To avoid mineralogical and geochemical modifications caused by serpentinization, deformation
and infiltration of late melts related to the formation of pyroxenite/gabbro veins, we selected two least
serpentinized, less deformed and vein-free spinel lherzolites for further mineralogical and geochemical
investigations: one from a massive outcrop of a quarry where no visible variations in terms of modal
abundances of pyroxene were observed on the weathered surface (M21), and the other is one of
the least altered/deformed clinopyroxene-rich lherzolite boulders (M31) recovered from the strand
line (Figures 2 and 3). Both lherzolite samples are moderately serpentinized showing protogranular
texture with 15 vol.% (M31) and 12 vol.% (M21) of modal clinopyroxene (Figure 4). Coarse-grained
porphyroclastic clinopyroxene is observed in M31 (Figure 4). One dunite sample (M42DH), which is
completely serpentinized, in a lherzolite host is also examined (Figure 3). The lithological boundary
between dunites and the lherzolite host is sharp in terms of mineral mode variation. Chromian spinel
in M42DH is mostly altered to magnetite, but the relict primary spinel remains with thick magnetite
rim is still observed in coarser grains (Figure 5).
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Figure 1. Geology of the Andaman Islands (simplified after [12] showing the sample localities from 
the Middle Andaman Ophiolites (green in color)). 
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Figure 2. (a) Upper, massive lherzolite exposure in a quarry (location of M21). Lower, close-up of 
M21. (b) Upper, pyroxene-rich peridotite boulders along the cost. The studied M31. Lower, close-up 
of M31. Emerald green clinopyroxene (Cpx) and relatively dark orthopyroxene (Opx) are visible on 
weathered surface (b). 
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(b) Upper, pyroxene-rich peridotite boulders along the cost. The studied M31. Lower, close-up of M31.
Emerald green clinopyroxene (Cpx) and relatively dark orthopyroxene (Opx) are visible on weathered
surface (b).
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Figure 3. Dunite is easily distinguished from the host lherzolite (a) (rough surface because of 
pyroxene porphyroclasts) by smooth weathered surface, (b) indicating that mineral mode is abruptly 
changed from the host peridotite to the dunite pod (yellow arrows). 
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Figure 4. Photomicrograph of the studied lherzolite samples. (M31) (a) Plane-polarized light and (b) 
cross-polarized light images of M31. Coarse-grained clinopyroxene porphyroclast is observed. (c) 
Plane-polarized light and (d) cross polarized light images of M21. Cpx = clinopyroxene, Opx = 
orthopyroxene, Spl = spinel. 
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Opx = orthopyroxene, Spl = spinel.
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Figure 5. Photomicrograph of the dunite sample (M42DH). (a) Plane-polarized light. (b) 
Cross-polarized light. Reddish brown-colored primary spinel is observed in an altered spinel (Spl). 
Fully altered spinels, now magnetites, occur in totally serpentinized olivine matrix. 
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and a beam current of 20 nA, using a 3 µm diameter beam. X-ray peaks were counted for 10s to 50 s, 
and both high and low backgrounds are measured. JEOL software (JEOL, Tokyo, Japan) using ZAF 
corrections was also employed. The following standards were used: quartz = Si; KTiPO4 = K and Ti; 
corundum = Al; eskolaite = Cr; fayalite = Fe; manganosite = Mn; periclase = Mg; wollastonite = Ca; 
jadeite = Na; and nickel oxide = Ni. In-house mineral standards (olivine, chromian spinel, diopside, 
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Figure 5. Photomicrograph of the dunite sample (M42DH). (a) Plane-polarized light. (b) Cross-polarized
light. Reddish brown-colored primary spinel is observed in an altered spinel (Spl). Fully altered spinels,
now magnetites, occur in totally serpentinized olivine matrix.

3. Analytical Methods

In this study, two lherzolite (M21 and M31) and one dunite (M42DH) samples have been used for
geochemical analyses. Major-element compositions of minerals (Tables 1–3) are determined using an
electron probe micro-analyzer (EPMA, JEOL JXA-8800 Superprobe) at Kanazawa University, Kanazawa,
Japan. The analyses are performed under an accelerating voltage of 15 kV and a beam current of
20 nA, using a 3 µm diameter beam. X-ray peaks were counted for 10s to 50 s, and both high and
low backgrounds are measured. JEOL software (JEOL, Tokyo, Japan) using ZAF corrections was also
employed. The following standards were used: quartz = Si; KTiPO4 = K and Ti; corundum = Al;
eskolaite = Cr; fayalite = Fe; manganosite = Mn; periclase = Mg; wollastonite = Ca; jadeite = Na; and
nickel oxide = Ni. In-house mineral standards (olivine, chromian spinel, diopside, and K-feldspar)
are measured repeatedly to monitor data quality. The measured concentrations in these minerals are
consistent with the averaged values from long-term analyses, within one standard deviation for every
element. Data precision established through multiple analyses of one point in the house-prepared
standard minerals is better than 5% and 10% relative standard deviation from the averaged values for
elements with abundances of >0.5 wt.% and <0.5 wt.%, respectively. Rare earth element (REE) and
trace element (Li, Ti, Sr, Y, Zr, Nb and Hf) compositions of their clinopyroxenes were already reported
by [4]. Complete data sets of both major and trace element compositions of clinopyroxenes are shown
in Table 3. Here we use trace element data [4] for further discussions.

For Sr and Nd isotopes, the samples are first thin sliced and lightly crushed. Clinopyroxenes are
carefully handpicked under a binocular microscope to select fresh, uniform in color, fracture-free and
inclusion-free pure grains. These clinopyroxenes are leached repeatedly following the methods of [18]
to eliminate the effects of seawater alteration. The Sr and Nd isotopes of clinopyroxenes are measured
by thermal-ionization mass spectrometry (TIMS) on a Thermo-Finnigan MAT 262 instrument at Beppu
Geothermal Research Laboratory, Kyoto University, Japan. Details of the Sr-Nd isotope analyses can
be found in [19,20]. Data are shown in Table 4.



Minerals 2018, 8, 410 6 of 16

Table 1. Representative compositions of olivine and orthopyroxene.

Sample M21

Mineral Olivine Average STD (N = 7) OPX-3-core OPX-3-rim OPX-10-core OPX-10-rim

SiO2 41.2 0.18 55.1 57.5 55.6 56.5
TiO2 <0.04 <0.04 <0.04 <0.04 <0.04

Al2O3 <0.03 4.5 2.2 4.0 3.6
Cr2O3 <0.05 0.74 0.40 0.73 0.57
FeO 8.9 0.16 5.8 5.6 5.8 5.7
MnO 0.13 0.05 0.19 0.13 0.14 0.14
MgO 50.3 0.17 32.9 35.2 33.5 34.1
CaO 0.03 0.02 0.75 0.43 0.62 0.70

Na2O <0.03 <0.03 <0.03 <0.03 <0.03
K2O <0.03 <0.03 <0.03 <0.03 <0.03
NiO 0.37 0.02 0.08 0.08 <0.08 0.14
total 100.9 0.3 100.1 101.6 100.5 101.4
XMg 0.909 0.152 0.910 0.918 0.911 0.915
XCr 0.100 0.107 0.108 0.095

Sample M31

Mineral Olivine Average STD (N = 8) OPX-6-core OPX-6-rim OPX-3-core OPX-3-core

SiO2 41.1 0.19 53.8 55.1 54.3 55.4
TiO2 <0.04 0.12 0.10 0.10 0.07

Al2O3 <0.03 5.7 4.6 5.1 3.8
Cr2O3 <0.05 0.70 0.50 0.52 0.30
FeO 9.6 0.14 6.1 6.4 5.9 6.3
MnO 0.14 0.03 0.12 0.19 0.19 0.13
MgO 49.7 0.22 32.5 32.8 32.5 33.4
CaO 0.03 0.02 0.64 0.67 0.76 0.63

Na2O <0.03 0.07 0.06 <0.03 <0.03
K2O <0.03 <0.03 <0.03 <0.03 <0.03
NiO 0.38 0.04 0.08 0.10 0.14 <0.08
total 101.1 0.4 99.9 100.5 99.5 100.1
XMg 0.902 0.001 0.904 0.902 0.907 0.905
XCr 0.076 0.068 0.064 0.050

STD = standard deviation, OPX = orthopyroxene, N = numbers of analyses, XMg = Mg/(Mg + Fetotal), XCr = Cr/(Cr +Al).

Table 2. Representative spinel compositions.

Sample M21 M31 M42DH

Average STD (N = 7) Average STD (N = 15) Average STD (N = 5)

wt.%
TiO2 0.05 0.03 <0.04 0.12 0.02

Al2O3 45.7 0.9 55.9 0.8 47.0 0.5
Cr2O3 21.9 1.3 11.6 0.7 20.2 0.6
Fe2O3 1.8 0.3 1.5 0.4 2.3 0.3
FeO 11.9 0.3 10.1 0.3 10.8 0.2
MnO 0.17 0.05 0.12 0.03 0.16 0.03
MgO 17.7 0.2 19.9 0.2 18.6 0.2
NiO 0.22 0.02 0.34 0.04 0.28 0.05
total 99.6 0.5 99.5 0.5 99.7 0.9
XMg 0.726 0.007 0.778 0.006 0.753 0.006
XCr 0.243 0.015 0.122 0.007 0.224 0.006

YFe3+ 1.8 0.3 1.4 0.4 2.4 0.3
YAl 74.3 1.4 86.5 0.9 75.7 0.6
YCr 23.9 1.4 12.1 0.7 21.9 0.6

Fe2O3 and FeO wt.% are calculated based on stoichiometry. STD = standard deviations, N = numbers of analyses,
XMg = Mg/(Mg + Fe2+ for spinel, X Cr = Cr/(Cr + Al), YFe3+ = Fe3+/(Fe3+ + Al + Cr) for spinel, YAl = Al/(Fe3+ + Al
+ Cr) for spinel, and YCr = Cr/(Fe3+ + Al + Cr).
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Table 3. Representative clinopyroxene compositions.

Sample M31

Occurrence 4-Core 4-Rim 10-fine 10-fine 11-fine 11-fine 12-fine 14-Core

wt.%
SiO2 51.0 51.0 51.6 52.3 51.9 52.3 51.4 51.6
TiO2 0.25 0.24 0.37 0.35 0.31 0.34 0.3 0.32

Al2O3 6.9 5.1 5.6 5.6 6.2 5.3 6.5 6.9
Cr2O3 1.06 0.71 0.78 0.8 0.93 0.74 0.9 1.03
FeO 2.4 2.7 2.5 2.7 2.5 2.6 2.5 2.4
MnO 0.14 0.09 0.13 0.07 0.09 0.06 0.08 0.2
MgO 14.6 16.3 15.6 15.9 15.4 15.7 14.9 14.9
CaO 21.7 20.9 21.8 21.4 21.4 21.8 21.3 21.6

Na2O 0.95 0.7 0.92 0.88 1.01 0.86 1.07 1.05
K2O <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
NiO <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08
Total 99.0 97.9 99.5 100.0 99.9 99.7 99.1 99.9
ppm

Li 3.52 3.27 3.1 3.52 3.68 3.74 3.85 3.68
Ti 1802 2127 2105 2214 2004 2000 1946 1814
Sr 1.93 2 1.85 1.75 1.91 2.03 1.95 1.94
Y 12.23 12.76 12.07 12.66 11.77 11.26 11.7 11.74
Zr 3.31 4.04 4.15 4.04 3.61 3.54 3.56 3.21
Nb 0.12 0.1 0.1 0.1 0.1 0.09 0.12 0.11
La < < < < < < < <
Ce 0.16 0.17 0.14 0.16 0.16 0.15 0.16 0.16
Pr 0.09 0.10 0.08 0.08 0.09 0.08 0.10 0.09
Nd 1.04 1.03 0.94 0.97 1.04 0.95 1.07 1.05
Sm 0.72 0.77 0.72 0.76 0.79 0.70 0.84 0.70
Eu 0.35 0.36 0.34 0.35 0.36 0.35 0.36 0.34
Gd 1.39 1.42 1.34 1.41 1.39 1.30 1.44 1.35
Tb 0.28 0.32 0.25 0.27 0.28 0.25 0.26 0.25
Dy 2.12 2.23 2.10 2.20 2.10 2.00 2.12 2.05
Ho 0.47 0.50 0.47 0.49 0.45 0.44 0.46 0.45
Er 1.42 1.45 1.39 1.40 1.37 1.28 1.35 1.29
Tm 0.21 0.20 0.19 0.20 0.20 0.20 0.18 0.19
Yb 1.37 1.44 1.33 1.42 1.34 1.21 1.31 1.29
Lu 0.18 0.19 0.18 0.20 0.17 0.17 0.19 0.18
Hf 0.23 0.28 0.30 0.30 0.26 0.28 0.29 0.21

Sample M21

Occurence 1 5-fine 7-Core 8-fine 8 13-fine 14-Core

wt.%
SiO2 52.3 52.2 52.1 52.2 52.0 52.5 52.2
TiO2 0.2 0.22 0.12 0.18 0.19 0.19 0.17

Al2O3 5.3 5.3 5.6 4.8 4.8 5.0 5.4
Cr2O3 1.21 1.34 1.49 1.18 1.28 1.35 1.4
FeO 2.2 2.4 2.4 2.3 2.0 2.3 2.5
MnO 0.07 0.1 0.12 0.15 0.1 0.09 0.1
MgO 15.5 15.6 15.5 16.2 15.9 15.7 15.5
CaO 21.8 21.7 21.8 21.5 21.8 22.2 22.0

Na2O 1 1.03 1.01 0.94 0.91 0.96 0.96
K2O <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
NiO <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08
Total 99.8 99.8 100.2 99.6 99.1 100.4 100.2
ppm DL
f Li 2.51 2.43 2.63 2.42 2.35 2.17 2.99 0.25
Ti 972 1064 940 1008 972 1178 1012 0.51
Sr 3.08 3.08 2.95 2.63 2.73 2.53 2.46 0.01
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Table 3. Cont.

Sample M21

Occurence 1 5-fine 7-Core 8-fine 8 13-fine 14-Core

Y 6.17 7.37 6.53 6.35 6.53 6.8 6.44 0.01
Zr 1.87 2.06 1.75 1.72 1.72 1.92 1.65 0.02
Nb 0.18 0.17 0.19 0.14 0.16 0.18 0.15 0.01
La < < < < < < < 0.01
Ce 0.18 0.17 0.16 0.14 0.14 0.14 0.14 0.01
Pr 0.06 0.06 0.06 0.05 0.05 0.05 0.05 0.01
Nd 0.50 0.55 0.49 0.41 0.45 0.47 0.45 0.03
Sm 0.35 0.39 0.34 0.29 0.32 0.31 0.31 0.05
Eu 0.17 0.19 0.17 0.18 0.16 0.17 0.17 0.02
Gd 0.65 0.75 0.67 0.66 0.69 0.76 0.66 0.03
Tb 0.13 0.16 0.14 0.15 0.14 0.14 0.14 0.01
Dy 1.05 1.26 1.16 1.08 1.11 1.15 1.05 0.03
Ho 0.24 0.28 0.26 0.23 0.24 0.26 0.25 0.01
Er 0.71 0.87 0.77 0.77 0.74 0.78 0.79 0.02
Tm 0.11 0.13 0.11 0.11 0.10 0.14 0.11 0.01
Yb 0.75 0.89 0.86 0.74 0.77 0.82 0.78 0.03
Lu 0.11 0.13 0.12 0.10 0.11 0.13 0.12 0.01
Hf 0.10 0.10 0.09 0.10 0.11 0.13 0.10 0.04

Data of trace element compositions are from [4]. DL = typical detection limit of analyses for 60 µm laser diameter.

Table 4. Sr and Nd isotopic compositions of clinopyroxene from the lherzolite samples.

Sample# 87Sr/86Sr 2 sigma 143Nd/144Nd 2 sigma Sm
ppm

Nd
ppm

εNd at
Present

εNd at
100 Ma

εNd at
150 Ma

M21 0.702941 0.000017 0.513038 0.000043 0.4624 0.59938 7.8 4.4 2.6
M31 0.702817 0.000018 0.513303 0.000020 0.8373 1.1023 13.0 9.6 7.9

4. Results

4.1. Major and Trace Element Compositions of Minerals

The Fo (=100Mg/(Mg + Fe) atomic ratio) and NiO content of olivine are 90 (M31)–91 (M21) and
0.4 wt.% (Figure 6), respectively. The XMg [=Mg/(Mg + Fe2+) atomic ratio], Cr# [=Cr/(Cr + Al) atomic
ratio] and YFe3+ [100Fe3+/(Cr + Al + Fe3+)] of spinel are 0.79, 0.12 and 1.4 for M31, 0.73, 0.24 and 1.8
for M21, and 0.75, 0.22 and 2.4 for M42DH (dunite), respectively (Figure 7). The TiO2 content of spinel
is usually lower than the detection limit of the analyses for lherzolites (<0.06 wt.%), whereas that in the
dunite (M42DH) is 0.12 wt.%. The XMg (=Mg/(Mg + Fetotal) atomic ratio) of orthopyroxene increases
from M31 (0.90) to M21 (0.91). The Al2O3 content of orthopyroxene usually decreases from core to
rim in both lherzolites. The Al2O3 content of orthopyroxene cores is 5.7 wt.% in M31 and 4.5 wt.% in
M21 (Figure 8). The TiO2 content of orthopyroxene is usually low (<0.1 wt.%). Clinopyroxenes are
high in Al2O3 contents, up to 5.6 wt.% and 6.9 wt.% for M21 and M31, respectively. The Na2O and
TiO2 contents of clinopyroxene are 1 wt.% and 0.1–0.3 wt.%, respectively. Chondrite-nomalized REE
patterns of clinopyroxene are depleted in light rare earth elements (LREE) and fluid-mobile elements
(Figure 9).
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Figure 6. Compositional relationships between the Fo and NiO contents of olivine, and the Fo content
of olivine and the Cr# of coexisting spinel. Mantle Olivine Array (Olivine Array in the diagram) is
from [21]. Olivine-Spinel Mantle Array shows the compositional range for residual peridotites in spinel
peridotites [22,23]. Compositional ranges of the OSMA for the Middle-North Andaman peridotites [11]
are also shown in a dashed line.
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Figure 7. Relationship between the Mg# and Cr# of spinel. (a) Chemical comparison between the
studied samples vs the compositional ranges for mid-ocean ridge lherzolite (MOR Lherz: solid line),
harzburgite (MOR Harz: dark) and dunite (MOR Dun: broken line) [24], for forearc peridotites (broken
line) compiled by [7] and for the Andaman dunites (pinkish) and Peridotites (light blue) are from [9].
(b) Chemical comparison between the studied sample and detrital chromian spinels from the Middle
Andaman Island [11].
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samples. The sample M21 (143Nd/144Nd = 0.513038) is relatively more enriched than the depleted 
MORB mantle (DMM), whereas the M31 (143Nd/144Nd = 0.513303) is more depleted than the DMM. In 
the Sr-Nd isotopic systematics the plots for these spinel lherzolites extend to the peridotite field 
recovered from the SWIR. There is no visible evidence for enriched isotopic compositions in these 
samples.  

We have calculated εNd isotopic composition from the present to 100–150 Ma using the 
measured 147Sm/144Nd data (Figure 8, Table 4). Because of very low Rb/Sr ratios in residual 
clinopyroxenes, age correction has not been considered for the Sr isotopic compositions.  

5. Discussion 

Figure 8. Relationship between the Al2O3 contents of orthopyroxene porphyroclast core and the Cr#
of spinel. The compositional ranges for mid-ocean ridge peridotites (MOR Peridotites) and Forearc
peridotites are compiled by [25], and for the Andaman ophiolites are from [9].
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Figure 9. (a) Chondrite-normalized REE patterns and (b) primitive-mantle-normalized trace element
patterns of the M21 (Red) and M31 (Blue) lherzolite clinopyroxenes. Data are from [4]. The typical
detection limit of elemental analyses is also shown for 60 µm that was used for obtaining trace element
compositions of clinopyroxenes. Chondrite and primitive mantle values are from [26].

4.2. Sr and Nd Isotopic Compositions of Clinopyroxene

Figure 7 shows the variation in the relationships between 143Nd/144Nd and 87Sr/86Sr for
clinopyroxenes. Clinopyroxenes from abyssal peridotites recovered from the Southwest Indian Ridge
(SWIR) is also plotted in Figure 7. High Sr-isotopic compositions in the SWIR abyssal peridotites
are interpreted as the Sr contributions due to seawater alteration [27]. According to Sr-isotopic
compositions, the effect of seawater contamination appears to be least in the selected samples.
The sample M21 (143Nd/144Nd = 0.513038) is relatively more enriched than the depleted MORB
mantle (DMM), whereas the M31 (143Nd/144Nd = 0.513303) is more depleted than the DMM. In the
Sr-Nd isotopic systematics the plots for these spinel lherzolites extend to the peridotite field recovered
from the SWIR. There is no visible evidence for enriched isotopic compositions in these samples.

We have calculated εNd isotopic composition from the present to 100–150 Ma using the measured
147Sm/144Nd data (Figure 8, Table 4). Because of very low Rb/Sr ratios in residual clinopyroxenes, age
correction has not been considered for the Sr isotopic compositions.
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5. Discussion

5.1. Petrogenesis of Lherzolites in the Mantle Section of the Middle Andaman Ophiolite

The mantle section of the Andaman ophiolite is characterized by variable depletion in melt
components and consists of a broad spectrum of peridotites ranging from harzburgite (Rutland Island)
to lherzolite (middle/north Islands) [12]. Fresh rock exposures are limited in the eastern part of the
Andaman Islands, which covers our study area. Ghosh et al. [11] examined the chemical variations of
the least altered detrital spinel to understand the general characteristics of the Andaman Ophiolite.
Detrital spinel compositions of the Middle Andaman cover a wide range of variations (Figure 7b).
The spinel heterogeneity with their low TiO2 wt.% and Fe3+/(Cr + Al + Fe3+) ratio [11] could be
attributed to the large variation in the degree of partial melting. The studied lherzolites are plotted at
high-Cr# (M21) and low-Cr# (M31) ends of the chemical range for the lherzolitic samples of abyssal
peridotites recovered from the the mid-ocean ridges (Figure 9).

As a first-order consideration for the Middle Andaman lherzolites, low-Cr# in spinels (Figures 6–8)
together with slight depletion in LREEs in the coexisting clinopyroxenes (Figure 9) suggest a residual
origin formed after low-degree of partial melting.

Spinel chemistry and clinopyroxene HREEs contents indicate that M21 has likely suffered a slightly
higher degree of melting than M31 (Figure 9). However, highly incompatible elements, such as LREEs
and Sr, are not much depleted in M21 than that expected from fractional melting (Figure 6). It is also
noted that the degree of melting undergone by the Middle Andaman lherzolites correlates inversely
with their 143Nd/144Nd ratios (Figure 10). Similar inverse correlations have also been documented from
the Mid-Atlantic Ridge [28] and also from the Southwest Indian Ridge [27]. The inverse relationships
between the degree of partial melting and 143Nd/144Nd ratios can be explained by the interaction
between depleted peridotite and a migrating isotopically enriched melt [27,28].
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= 0.05 spinel + 0.45 orthopyroxene + 0.75 clinopyroxene − 0.25 olivine (simplified after [31]). Trace 
element pattern of M31 clinopyroxene is consistent with a residue after 2–5% fractional melting (the 
first-stage melting) (Figure 11a). Then we assumed that a residue resulted from fractional melting of 
DMM (the first stage melting), such as M31, reacted with an accumulated melt also generated during 
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Figure 10. 143Nd/144Nd-87Sr/86Sr isotopic compositions of clinopyroxene in the Middole Andaman
lherzolites. The compositional ranges for mid-ocean ridge basalts (MORB) and peridotites (light grey
square) are from [27]. The dark gray area (MORB*) is a compositional range with a higher density
among the MORB data. The DMM and D-DMM values are from [29,30], respectively. Mantle-seawater
mixing curve (broken arrow) is referred from [28].

We initially compared residues after fractional melting from depleted MORB mantle (DMM) [30]
at spinel peridotite stability pressure-temperature conditions. Melting stoichiometries are 1 melt =
0.05 spinel + 0.45 orthopyroxene + 0.75 clinopyroxene − 0.25 olivine (simplified after [31]). Trace
element pattern of M31 clinopyroxene is consistent with a residue after 2–5% fractional melting
(the first-stage melting) (Figure 11a). Then we assumed that a residue resulted from fractional melting
of DMM (the first stage melting), such as M31, reacted with an accumulated melt also generated during
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the first stage fractional melting. We modeled the clinopyroxene trace element patterns using an
open-system melting model, in which the input and output of fluids/melts are associated with partial
melting and melt extraction of the peridotite itself [32,33]. We considered the starting composition and
the influx compositions as a residue following 2.5% fractional melting of DMM under spinel peridotite
conditions; and their accumulated melt, respectively. Additional 2.5–10% melting was also used for the
second stage melting (flux-induced open-system melting). Melting proportions for the open system
melting are the same as the fractional melting model. We used reasonable parameters for open-system
melting: (1) the presence of a critical melt fraction in the system, at which the system becomes open
to melt separation at a constant rate of α = 0.02, and (2) a dimensionless influx rate (influxed mass
fraction of the initial solid, divided by the degree of melting) of β = 0.25. The effect of trapped melt
crystallization was not considered. Trace element patterns of the M21 clinopyroxene, higher degree of
partial melting coupled with higher LREE/HREE ratio than the M31, are quantitatively reproduced by
this model (Figure 11b).

It is concluded that the major and trace element characteristics of the studied lherzolite samples
can be explained by partial melting from the DMM and interaction with their melts. The tectonic
setting for these melting and melt-rock interactions is suitable for mid-ocean ridge and/or back-arc
where adiabatic partial melting and melt migration are expected. Although we cannot constrain the
melting age of the studied samples, the minimum age is constrained by zircon dating >95 Ma from
plagiogranite [14–17]. The age-corrected εNd isotopic compositions for the 100 Ma to 200 Ma M31 are
9.6–6.3 (Figure 7), and are in consistent with the MORB-type mantle source.
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5.2. Dunite Petrogenesis and Its Implication for Tectonic Evolution 

The boundary between the studied dunite and its host peridotite is very sharp. The Cr# of 
spinel (0.22) in the studied dunite is not high enough to be a residue after high-degree of partial 
melting. These characteristics suggest that the dunite was formed by melt-rock reaction [34,35]. 
Spinel composition in the dunite is within the chemical range of mid-ocean ridge dunite [24,36,37], 
whereas spinels in chromitites from the North Andaman region has two populations: high- and 
intermediate-Cr# [4]. The high Cr# chromitites are interpreted to be formed by interaction with 
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Figure 11. Averaged and modeled primitive-mantle-normalized trace element patterns for
clinopyroxenes. Details of how the data were obtained are outlined in the text. (a) Modeled
clinopyroxene trace element compositions after fractional melting under the spinel peridotite
stability field. The 2.5, 5, 7.5, 10 and 12.5 degrees of partial melting after fractional melting are
shown. (b) Modeled clinopyroxene compositions after influx melting under conditions of the spinel
peridotite stability field. The influx composition is the accumulated melt after 2.5% fractional melting
modeled in (a). The 2.5, 5, 7.5, and 10 degrees of partial melting after influx-induced open-system
melting are also shown. Mineral/melt partition coefficients are from [31,33]. Melting models were
obtained using the spreadsheet of [33].

5.2. Dunite Petrogenesis and Its Implication for Tectonic Evolution

The boundary between the studied dunite and its host peridotite is very sharp. The Cr# of spinel
(0.22) in the studied dunite is not high enough to be a residue after high-degree of partial melting. These
characteristics suggest that the dunite was formed by melt-rock reaction [34,35]. Spinel composition
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in the dunite is within the chemical range of mid-ocean ridge dunite [24,36,37], whereas spinels in
chromitites from the North Andaman region has two populations: high- and intermediate-Cr# [4].
The high Cr# chromitites are interpreted to be formed by interaction with arc-related magmas. The
distinctive characteristics of spinel compositions of the dunite and chromitites in the Middle-North
Andaman mantle section suggest involvement of at least two distinctive melts, at least, in the
formation of the Andaman ophiolite: (1) mid-ocean ridge-like melt for the low-intermediate Cr#
dunites/chromitites and (2) arc-related magmas for high-Cr# dunites/chromitites.

In summary, it is concluded that although the Andaman Ophiolite is modified by arc-related
magmatism later in its history, the studied peridotites in the Middle Andaman are least affected by
this process and represent a window to explore the upper mantle materials below the southeastern
end of the Tethyan ocean.

5.3. Comparison with Other Tethyan Ophiolites

Both spinel lherzolite and plagioclase peridotite are observed in the western Tethyan ophiolites
e.g., [38] and references therein. Trace element compositions of clinopyroxenes in these spinel
peridotites can be divided into two types: (1) moderately depleted trace element pattern with a
weak LREE to HREE fractionation (e.g., External Liguride [39]), and (2) significant fractionation of
LREE to HREE (e.g., Internal Liguride; [40]). The lherzolites in this study are almost identical to the
latter one (Figure 9).

We compiled εNd isotopic data of clinopyroxene of spinel lherzolites with LREE-depleted patterns
from the western Tethyan ophiolites [39–42] (Figure 9). Although the melting age for the Middle
Andaman Ophiolite has not been well constrained yet, it is presumed to be older than 100 Ma of
the plagiogranite intrusion ages [14–17]. The estimated initial εNd values of the Tethyan lherzolite
clinopyroxenes with LREE-depleted patterns are likely to be consistent with the depleted mantle
evolution line (Figure 12).
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6. Conclusions 

We examined two lherzolites and associated dunite from the Middle Island of the Andaman 
Ophiolite. Field occurrence and mineral chemistry of these samples indicate their origin as residue 
after partial melting from the DMM compositions for the lherzolites and a reaction product with 
MORB-like melt for the dunite. Although the melting ages for the studied samples have not been 
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Figure 12. (a) Primitive-mantle-normalized trace element patterns of averaged clinopyroxene from
the Middle Andaman and those of clinopyroxenes in spinel lherzolites from the Internal Liguride and
External Liguride peridotites [39,40]. (b) Relationships between εNd of clinopyroxene and time for the
studied Middle Andaman Ophiolite and the western Tethyan ophiolites. The εNd values at 275 Ma for
Internal Liguride [40], at 160 Ma for Corsica [41], and at 175 Ma for Cesina [42] are interpreted as initial
εNd values. The εNd value of the Erro-Tobbio at 300 Ma is the value at the time of emplacement of the
massif [43]. Depleted mantle evolution model (large arrow) is from [44].
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6. Conclusions

We examined two lherzolites and associated dunite from the Middle Island of the Andaman
Ophiolite. Field occurrence and mineral chemistry of these samples indicate their origin as residue after
partial melting from the DMM compositions for the lherzolites and a reaction product with MORB-like
melt for the dunite. Although the melting ages for the studied samples have not been well constrained
yet, the εNd of clinopyroxene of the lherzolite samples are consistent with MORB-type mantle source.
Clinopyroxene in the studied Andaman lherzolites are depleted in LREEs and are similar to those
from the western Tethyan ophiolites. The εNd isotopic data of the Tethyan lherzolite clinopyroxenes
with LREE-depleted patterns are likely to be consistent with the depleted mantle evolution line.
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