Ofioliti, 2013, 38 (2), 121-142 - doi: 10.4454/ofioliti.v38i2.422 121

CHARACTERIZATION OF THE ACCRETED OPHIOLITE SLICES
OF RUTLAND ISLAND, ANDAMAN SEA: EVOLUTION
IN A SUPRASUBDUCTION ZONE SETTING

Anindya Bhattacharya* =, Tapan Pal** and Biswajit Ghosh***

*  Central Petrological Laboratory, Geological Survey of India, Kolkata, India.
*%  Petrology Division, Geological Survey of India, Kolkata, India.
**% Department of Geology, University of Calcutta, Kolkata, India.

™ Corresponding author, e-mail: anindya_gsi@rediffmail com

Keywords: Melt-rock interaction, accreted ophiolite slices, suprasubduction zone, boninite. Andaman.

ABSTRACT

Detailed mapping of 110 km? area of the Rutland Island has demarcated four dismembered thrust slices of Cretaceous ophiolite which are interleaved with
Eocene sediments. The ophiolite sequence is represented by tectonite, chromitite pods, transitional peridotite, layered ultramafic-mafic, intrusives of pla-
giogranite-diorite suite and extrusives of basalt and boninite capped by pelagic sediments.

The layered ultramafics and the massive chromitites are characterized by high Mg-olivine (Foy, 4;), high Mg-orthopyroxene (Engg o)), low CaO (X M? =
0.01 to 0.03), low alumina (Al,O; = 0.66 to 1.20 wt %) and high Cr-chromites, which is typical of boninitic melts in suprasubduction zone (SSZ) environ-
ments. The estimated Al,O; contents of the parental melt (10.80 wt%) correspond to a boninitic parental melt. The Type-2 low-Ca boninite extrusives with
SiO, < 58 wt%, MgO = 8.4 to 9.5 wt% is the extrusive equivalent of boninitic parental lava. As boninitic rocks show higher depletion of Zr and Y than the
basaltic rocks, the source rock for boninite was more depleted than that of basalts.

Tectonites showing embayed clinopyroxene grains and irregular shaped Cr-spinel as residual phases preserve records of partial melting. The degree of
partial melting of the mantle tectonite has been estimated as ~ 20%, based on Cr content of the spinel. Petrographic features of the transitional peridotites
show dissolution of orthopyroxene and clinopyroxene grains and development of small fresh olivine grains along the embayed margins and fractures, display-
ing melt-rock interaction effects in the mantle rocks. The melt-rock interaction features as well as the bivariant relation of TiO, wt% vs. Al,O; wt% of the

chromites reflect the evolution of the Rutland ophiolite in a SSZ setting.

INTRODUCTION

Petrological attributes of many of the ophiolites suggest
their origin either at suprasubduction zone (SSZ) or ocean
ridge environment (Pearce et al., 1984; Stern et al., 1989;
Taylor et al., 1992). In SSZ settings the mineralogy and
geochemistry of mantle-crustal rocks are influenced by
melt-percolation and consequent melt-rock interaction
(Kelemen et al., 1990; 1995; McKenzie and O’Nions, 1991;
Zhou et al., 1996; 2005; Parkinson and Pearce, 1998; Proen-
za et al., 1999; Suhr et al., 2003; Zanetti et al., 2006; Piccar-
do et al., 2007).

The Rutland Island is situated to the south of the South
Andaman Islands belongs to an arcuate chain of islands in
the central part of the Burma-Andaman-Java subduction
complex. The island comprises: 1) thrust-emplaced Creta-
ceous ophiolite slices and 2) Tertiary sediments. It exposes
almost all the major units of an ophiolite, viz. tectonites,
transitional peridotite, ultramafic-mafic cumulates, dioritic-
plagiogranitic intrusives and extrusives. Geodynamic mod-
els and petrological studies of the Andaman ophiolite have
been so far carried out in the ophiolite belt exposed in the
main Andaman Islands (Pal et al., 2003; Pal, 2011). Ray et
al. (1988) and Jafri et al., (1990; 1995) studied the basalt
and the plagiogranites of the South Andaman Island. The
mineralogical study of the chromites attempted earlier by
us, suggested the possible boninitic parentage of the Rutland
ophiolite in a SSZ setting (Ghosh et al., 2009).

However, the Rutland Island comprising nearly 40% of
the total ophiolite volume exposed in the Andaman and
Nicobar Group of Islands has not been studied in detail with
respect of field distribution and petrological characterization

of the ophiolites. Sheeted dolerite dykes which are very rare
in other islands, and the boninitic extrusive equivalent to the
estimated boninitic parental melt of the ophiolite, do occur
in the Rutland ophiolite sequence. This ophiolite also bears
the signature and evidence of melt-rock interaction and oth-
er features of SSZ settings. In this paper, new observations
from geological mapping and studies on petrological, miner-
alogical and geochemical aspects of the different lithologi-
cal units of the Rutland ophiolite will add significant infor-
mation for understanding the petrogenesis and tectonic set-
ting of the Andaman ophiolite as a whole.

This study involved detailed mapping (1:25,000 scale),
petrography, mineral chemistry and bulk chemistry (major
and trace element) analyses of the different members of the
ophiolite. The distribution of the different thrust slices is
shown in the geological map, and the petrological evolution
and tectonic setting of the Rutland Ophiolite are discussed
here.

GEOLOGICAL SETTING

The Andaman and Nicobar group of islands in the Bay of
Bengal form a part of the 5000 km long chain running from
Arakan-Yoma in the North to Sumatra and Java in the South
(Fig. 1a, b) along which the Indian Plate subducts along the
geophysically traced Andaman-Java trench (Curray et al.,
1974; Karig et al., 1979; Mukhopadhyay, 1988).

The Andaman Islands expose dismembered slices of Cre-
taceous ophiolites and Tertiary sediments representing a
trench-slope-fore-arc setting. A number of N-S trending dis-
membered ophiolite slices of Cretaceous age, occurring at
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Fig. 1 - a) Regional tectonic elements of the Andaman-Nicobar group of islands in relation to the Java-Burma trench (after Mitchell,
1985); b) location of Rutland Island within the geologic framework of the Andaman group of Islands, with generalized stratigraphy; c)
geological map of Rutland Island showing the different ophiolite thrust slices and the different members of the ophiolite, d) geological
cross section along line AB on the geological map; e) schematic sequences of the different ophiolite slices.
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different structural levels within Eocene trench-slope sedi-
ments, were uplifted and emplaced by a series of east-dip-
ping thrusts (Pal et al., 2003). The foraminiferal assemblage
of pelagic sediments indicates a Cretaceous age for the An-
daman ophiolite (Roy et al., 1988). The Mithakhari Group
of sediments of the Andaman Islands contains Eocene fos-
sils (Ray, 1982) and is interpreted a a trench deposit
(Chakraborty et al., 1999). The Andaman Flysch Group
(stratigraphic age of Late Eocene to Oligocene) represents a
turbidite sequence of sandstone-shale with no fossil record,
whereas a Mio-Pliocene age is assigned to the Archipelago
Group of sediments from the characteristic foraminiferal
and nannofossil assemblages (Ray, 1982).

ANALYTICAL TECHNIQUES

X-Ray Fluorescence (XRF): The bulk rock samples rep-
resenting the different lithologic units of the Rutland ophio-
lite were analyzed for bulk chemistry. Fresh parts of the
samples were crushed and washed thoroughly in water. The
crushed and dried rock samples were powdered using a
Cup and Ball Mill pulverizer. The finely powdered (-200
mesh) samples were fused into glass discs and analyzed by
Wave length dispersive XRF spectrometer (Panalytical
Magix 2424 with End window Rh tube) at 30-60 kV and
40-100 mA conditions for bulk major and trace elements.
Natural standards supplied by the United States Geological
Survey and Centre de Recherches Pétrographiques et
Géochimiques (France) were used. Precision and accuracy
of the bulk chemical analyses of the different rock types of
the Rutland ophiolite, compared with the standard values
are given in Appendix 1.

Electron Micro Probe Analysis (EMPA): Polished sec-
tions were analyzed with a CAMECA SX100 Electron
Probe Micro Analyzer at 15 kV, 12 nA using 1 pum beam di-
ameter for mineral and glass compositions. The natural stan-
dards were supplied by BRGM, France (Appendix 2). Re-
sults were corrected with a PAP matrix correction program.
Fe?* and Fe** were distributed based on stoichiometry. The
standards were analysed at regular intervals to check the
precision of sample analysis and 4-8 analytical points were
used to calculate the average composition.

LITHOTYPES OF THE RUTLAND OPHIOLITE

The Ophiolite Group of rocks occurs in dismembered
slices and consists of the following different members as:
a) highly serpentinized and feebly foliated ultramafic se-
quence at the base, described henceforth as mantle tec-
tonite, b) partly serpentinized harzburgite with apparently
massive character, described henceforth as transitional peri-
dotite, c) layered ultramafic-mafic sequence described as
cumulate, d) intrusives of dolerite and diorite-plagiogranite
compositions and e) extrusives of two types of lava in the
form of green lower lava and dark brown to grey upper la-
va. The pelagic sediments are represented by bedded chert
and limestone.

Mantle tectonite

The tectonite unit consists of tectonized and highly ser-
pentinized greenish black ultramafic rocks (lherzolite to
harzburgite) showing variably oriented incipient foliation.
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In the generalized ophiolite stratigraphy it represents the
mantle sequence and is also called residual peridotite/tec-
tonite. Locally it contains small pods of dunite, harzburgite
and rare chromitite (Fig. 2e).

Petrographically the mantle tectonite unit is represented
by highly serpentinized and chloritized lherzolite to
harzburgite containing pseudomorphs and relict grains of
orthopyroxene, olivine, clinopyroxene and amphibole after
pyroxene, where the silicates are dominantly (60-90 vol%)
altered. Harzburgites contain 50-70 vol% olivine, 10-40
vol% orthopyroxene, and 2-4 vol% clinopyroxene, 0.5-3.5
vol% chromite. On the other hand lherzolite contains olivine
(44-65 vol%), orthopyroxene (23-39 vol%) and clinopyrox-
ene (6-13 vol%).

The pyroxene grains in the tectonite occur both as ex-
solved and unexsolved (homogenous) grains. Homogenous
pyroxene in tectonite is diopside in composition, whereas
the exsolved orthopyroxene grains are enstatitic with ex-
solved lamellae of diopsidic composition (Table 2). Acces-
sory chromites of both lherzolitic and harzburgitic tec-
tonites are anhedral and resorbed with embayed margins
(Fig. 3a), and classified as Cr-spinel. Parallel to sub-paral-
lel alignments of orthopyroxene grains and chrome-spinel
define the crude foliations. Orthopyroxene grains contain
poikilitic inclusions of olivine and chrome-spinel. The
olivines within the harzburgite are highly serpentinized
and occur as pseudomorphs and relict grains. The serpen-
tine mass shows a mesh, non-pseudomorphic to hourglass
textures.

Chromitite pods

The chromitite pods are spheroidal to ellipsoidal in shape
ranging from 5 to 25 cm in diameter. A thin serpentinite
mass envelopes the chromitite pods. The pods dominantly
consist of chromite (~ 90%) with minor serpentine and chlo-
rite. Chromite grains show an overall cumulate texture with
adcumulus growth at certain places. Large chromite grains
are brecciated into smaller grains which are concentrated in
a zone possibly due to post magmatic deformations. The
chromite grains contain silicate inclusions, which are also
altered to serpentine.

Dunite pods

Dunite pods occur as small elliptical to spheroidal bod-
ies ranging in size from 15 to 60 cm within the mantle tec-
tonite unit. The pods are brownish to buff coloured spheri-
cal bodies showing evidence of exfoliation. Dunite pods
contain subhedral grains of olivine (~ 92 vol%) and
chromite. Olivine occurs both as cumulus and intercumulus
phases and is serpentinized, showing relict grains set within
a highly serpentinized groundmass of lizardite (Fig. 3d).
Chromite occurs as small, rounded, disseminated accessory
grains and shows a subsolidus re-equilibration effect where
the grains have resorbed boundaries with silicates. The
overlapping crystallization of olivine and chromite is
demonstrated by the mutual inclusion of chromite and
olivine within one another.

Transitional peridotite

The transitional peridotite overlies the tectonite unit with
gradational contact and is represented by serpentinized mas-
sive harzburgite with different sized pods of dunite.
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Harzburgites contain 60-70 vol% olivine, 15-35 vol% or-
thopyroxene, and 2-3 vol% clinopyroxene, 2-4 vol%
chromite. The transitional harzburgites are less altered than
mantle tectonites. In altered transitional harzburgites the
olivine grains are serpentinized and the pyroxene grains are
chloritized, with the presence of relict unaltered grains of
pyroxene and minor olivine. Orthopyroxene occurs both as

o

exsolved and unexsolved grains. Both the orthopyroxene
and clinopyroxene grains are marginally replaced by
olivine. The olivine grains occur in two following different
modes: a) as larger relic grains within the serpentinized
mass, and b) as small rounded olivine grains, which are
fresh and occur mainly along the grain fractures and bound-
aries of the embayed pyroxene grains. The dissolution of

Fig. 2 - a) Layered harzburgite unit showing irregular cracks and joints exposed along the eastern coast of Rutland Island; b) serpentinized dunite with thin
(mm to cm scale) stringers of chromite, eastern coast of the island; c) apophyses of altered dolerite in the plagiogranite mass, southeastern coast of the island;
d) pillow structure in the red basalt (upper lavas) of the Rutland ophiolite, western coast of the island; ) small dunite pods within the mantle tectonite and, f)

sheeted dykes of altered diabase intruded into layered ultramafics, Rutland Island.
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clinopyroxene is more common than orthopyroxene, with as well as along fractures of large grains (Fig. 3c). The ac-
strongly lobate and irregular clinopyroxene boundaries at cessory chromite occurs in the form of both irregular and

olivine front (Fig. 3b). Orthopyroxene grains are also re- euhedral grains.
placed by small olivine neoblasts along the grain boundaries

Fig. 3 - a) Fractured chromite grains with irregular boundaries, cut by a thick serpentine vein, within the tectonite unit of the Rutland ophiolite (plane polar-
ized light); b) clinopyroxene grains showing embayed margins replaced by small neoblastic olivine grains through melt-rock interaction (crossed nicols); c)
margin of a large orthopyroxene grain surrounded by late small olivine neoblasts (crossed nicols; d) relics of olivine grains in serpentinized dunite (crossed
nicols); e) photomicrograph of plagiogranite with subhedral grains of plagioclase and quartz and accessory amphibole showing hypidiomorphic granular tex-
ture (crossed nicols), f) porphyritic boninite showing phenocrysts of both orthopyroxene and clinopyroxene in a fine grained matrix containing microlites of
albite (crossed nicols).
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Layered cumulate

Layered cumulates are composed of ultrabasic and basic
rocks. The ultrabasic ones are represented by dunite-harzbur-
gite, whereas the basic cumulate is made of repeated se-
quences of gabbro and pyroxenite. Harzburgite occurs as a
layered and jointed unit, where relict grains of pyroxene are
set in the serpentinized mass (Fig. 2a). Dunite is highly al-
tered and contains relict grains of olivine in a serpentinized
groundmass. Stringers and disseminations of mm- to cm-scale
chromitite bands occur within the dunite (Fig. 2b). Layering
in the basic cumulates is defined by alternate pyroxene and
plagioclase-rich bands. The gabbro compositionally grades
from olivine gabbro to gabbro. Clinopyroxene and plagio-
clase phases show overlapping crystallization. Plagioclase is
often saussuritized and pyroxene is uralitized and chloritized.

Massive intrusives

This unit intrudes into the cumulate and is represented
by closely intermingled homogenous gabbro, diorite and
plagiogranite.

The homogenous gabbro is a very coarse-grained pegma-
toidal rock containing prismatic crystals of primary amphi-
bole as hornblende and laths of plagioclase feldspar. Plagio-
clase occurs in dual mode, both as unzoned and zoned grains
with minor clinopyroxene. It has a restricted field occurrence
and is exposed along the southeastern coast of the island.

Diorite is medium to coarse grained and comprises amphi-
bole, plagioclase and biotite. [lmenite occurs as inclusions
both in amphibole and plagioclase.

Plagiogranite occurs as small intrusive bodies within cu-
mulate, with restricted field occurrence and mutual intrusive
relationships with diorite. The plagiogranite consists of sub-
hedral grains of plagioclase and quartz with accessory am-
phibole showing hypidiomorphic granular texture (Fig. 3e).
Apophyses of dolerite within plagiogranite unit are also
common (Fig. 2c). Parallel to sub parallel dykes of altered
dolerite (diabase) within the cumulate sequence occur as
sheeted dyke sequence along the south-eastern coastal sec-
tion of the island (Fig. 2f). In the entire Andaman ophiolite
belt the sheeted dyke complex is restricted only to a small
area in the Rutland Island.

Extrusive lavas

The extrusive lavas can be classified into two units, low-
er and upper lavas, based on their lithology and mineralogy.

Lower lavas (rhyodacite - boninite)

Lower lavas are light green, fine grained rocks with re-
stricted field occurrence, along the coastal sections overly-
ing the dyke unit and underlain by the upper lavas.

The mineral composition of the lower lavas varies wide-
ly. In some varieties, the rock is fine-grained porphyritic
with phenocrysts of oligoclase, sanidine, quartz and minor
biotite, set in an aphanitic to glassy, light to intermediate
coloured matrix. The fine-grained groundmass constitutes
85% of the rock, whereas oligoclase, the dominant phe-
nocryst constitutes nearly 7% of the rock, followed by
quartz (4%), sanidine (3%) and biotite (~ 1%). Mineral
composition and modal abundances suggest that it is a rhyo-
dacite. Instead, the other varieties of lower lavas are glassy
rocks containing phenocrysts of clinopyroxene, minor or-
thopyroxene and olivine set in a groundmass of microlitic
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feldspar, epidote, chlorite, and glass (Fig. 3f).

Boninites in general contain different varieties of pyrox-
ene, minor olivine and chromite as phenocrysts in a glassy
matrix, where laths of plagioclase and amphibole are very
rare (e.g., Crawford et al., 1989). Therefore the variety of the
lower lavas with phenocrysts of pyroxene and olivine set in a
glassy matrix suggests a boninitic nature of the melt. The
petrological classification for the lower lavas has also been
corroborated by major oxide analyses, as described later.

Upper lavas (basalt)

The upper lavas are greenish to reddish-black, massive,
brecciated and pillowed volcanics (Fig. 2d) with very limit-
ed aerial extent and occur in association with cherts. The ex-
trusive upper lavas are porphyritic with phenocrysts of
augite and plagioclase laths set in a glassy to chloritic fine-
grained matrix. Fine pyroxene grains are also present in the
matrix. Locally the groundmass exhibits subophitic, inter-
sertal or vitrophyric textures. The upper lavas are character-
ized by glass droplets within the matrix with intricate sec-
ondary veins of carbonate, silica and zeolite. Pelagic sedi-
ments occurring in association with basalt are represented
by greenish to white cryptocrystalline cherts.

DISTRIBUTION OF THE RUTLAND
OPHIOLITE SLICES

Detailed field study in the Rutland Island showed dis-
membered ophiolite bodies, which overlie the finer facies of
the Mithakhari Group of sediments with a thrust contact.

Ophiolite slices

On the basis of their mode of occurrence, interrelation-
ship of the ophiolite members with the associated sediments
and thrust contacts, four ophiolite slices have been demar-
cated in the geological map of Rutland Island (Fig. 1c).
Three of the four slices, three slices rest over the Mithakhari
sediments (Eocene) with a thrust contact and the fourth one
is demarcated on the basis of the repetition of the ophiolite
sequence as well as the presence of a thrust contact between
two ophiolite slices (Fig. Ic, d).

First slice

This is the westernmost ophiolite slice, which is restrict-
ed to the southwestern part of the island. It has a gentle dip
towards the northwest, which is in contrast with the east-
ward dip of other slices. This dismembered slice rests over
the Mithakhari sediments exposed in the lower contours as a
klippe and occupies the higher contours of the hillocks. The
north-south striking westerly dipping thrust represents a
back- thrust in contrast to the easterly dipping thrusts of oth-
er slices. The slice comprises highly serpentinized lherzo-
lite/harzburgite (tectonite), partly serpentinized harzburgite
(transitional peridotite), layered dunite-lherzolite-gabbro-
pyroxenite (cumulate), dykes of plagiogranite-diorite suite,
volcanics of both boninite-rhyodacite and basalt, and minor
chert - limestone (pelagic sediments) (Fig le) The pelagic
sediments occur as disjointed small bodies, which are un-
mappable at the scale used.

Second slice

This slice has a gentle dip towards the east and is ex-
posed as small isolated patches occupying the higher con-
tour levels in the southeastern part of the island. The second
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slice consists dominantly of partly serpentinized harzburgite
(transitional peridotite) with minor proportions of layered
dunite-lherzolite-gabbro-pyroxenite (cumulate), intrusives
of plagiogranite-diorite-non cumulate gabbro suite (exposed
at the eastern extremity of the island) and volcanics of both
boninite and basalt compositions (Fig. 1e).

Third slice

This is the largest slice having steep dips with N-S strike
for kilometers and is exposed as large N-S trending
hills/hillocks. The slice rests over the shale facies of the
Mithakhari Group along a north-south striking easterly dip-
ping thrust contact. The dip of the thrust plane is steeper com-
pared to those of the first and second slices. The third slice
comprises highly serpentinized lherzolite / harzburgite (tec-
tonite) in the lower part and is followed upwards by partly
serpentinized harzburgite (transitional peridotite), layered
dunite-lherzolite-gabbro-pyroxenite (cumulate) and volcanics
of both boninite-rhyodacite and basalt compositions (Fig. 1e).

Fourth slice

This slice, occurring east of the third slice is the eastern-
most slice. It is distinguished from the third slice on the basis
of repetitive ophiolite unit (transitional peridotite overlying
cumulate gabbro of the third slice) with a thrust contact be-
tween the units. The fourth slice consists dominantly of part-
ly serpentinized harzburgite (transitional peridotite), basalt
volcanics, and chert-limestone (pelagic sediments, Fig. le).

MINERAL CHEMISTRY (EMPA)
Olivine

The relict olivine grains within the harzburgitic tectonite
are forsteritic in composition (Fog,4,) with no variation
from core to rim (Table 1). In the transitional peridotite,
relics of large olivine grains and small fresh olivines have
similar Mg content (Fogy ) with a slight decrease in Mg
content from core to rim and are compositionally similar to
those of the tectonites (Table 1).

Pyroxene

The pyroxene grains in harzburgitic tectonites are ensta-
tite (Engs ¢o) (after Morimoto et al., 1988) (Table 2). In the
lherzolitic tectonites the orthopyroxene grains occur both as
symplectite with spinel (Engg) and also as exsolved grains of
enstatitic composition. In the lherzolite, clinopyroxene oc-
curs as exsolved grains where a diopsidic (En,Wo,g) host
contains lamellae of enstatite (Eng,). In the transitional peri-
dotites, orthopyroxene also occurs both as exsolved and un-
exsolved grains. In the exsolved grains, the host enstatite
(Engy) shows exsolved lamellae of diopside (Wo,,En,g)
(Table 2). The discrete unexsolved grains of orthopyroxene
in the transitional harzburgites show high En content (Eny).
the cumulate gabbro, the cumulus orthopyroxenes are ensta-
tite in composition (En,,) (Table 2). The clinopyroxene
grains in homogenous gabbro are of augite (En,,Wo,y) com-
position (Table 2). The pyroxene phenocrysts in boninite are
represented by augite (Enyy s,Wo,,.43) With no apparent
chemical variation from core to rim (Table 2). The pyroxene
grains in basalts are essentially augite with a minor variation
from core (Eng,Wos,) to rim (Ens;Wos,). The fine grains of
pyroxene in the matrix however show lower En content
(En,sWos;) than the phenocrysts in the basalt (Table 2).

o

Table 1 - Electron microprobe analysis of olivine from Rutland Ophiolite.
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The Al,O, content of the pyroxene grains in the mantle
rocks (tectonite and transitional peridotite) ranges between
0.91 and 2.76 wt% which is a lower value than that of the
crustal rocks (cumulates and extrusive lavas) (Al,O; = 1.06-
3.56 wt%). The Na,O content of the pyroxenes (0.02 to 0.60
wt%), however, does not show any regular variation from
mantle to crustal rocks.

Chromites

Chromites of the both lherzolitic and harzburgitic tec-
tonites are high-Al, low-Cr-chromites with Al content vary-
ing from 20 to 28 wt% Al,O, and Cr content varying from
32 to 38 wt% Cr,0, (Table 3). The chromite grains in the
transitional peridotite show a narrow range in composition
(42-43 wt% Cr,0; and 18-19 wt% Al,O,). The chromites of
the chromitite pods are high Cr- low-Al type (58 wt% Cr,0,
and 11 wt% Al,O;) (Table 3).

Plagioclase

The unaltered discrete grains of plagioclase in the layered
gabbro are of labradorite-bytownite composition (Ang,; ),
whereas the altered grains at places show anorthitic compo-
sition (Anyg_;o0). The unzoned plagioclase grains in the ho-
mogenous gabbro are more calcic (Ang, 4¢) compared to the
zoned plagioclase. The zoned plagioclases are sodic at the
cores (An,y) and more calcic at the rim (Ang)). The discrete
grains of plagioclase in plagiogranite are typically of albite
composition (Abgy, ;o). In the dioritic rocks the discrete grains
of plagioclase are of intermediate composition (Ans, 55). The
plagioclase in the groundmass is present as secondary albite
(Aby; o). Fresh to altered plagioclase phenocrysts in basalt
are oligoclase to albite in composition (Abgg.g, Abg, ;)
(Table 4).

Amphibole

The amphibole inclusions within the harzburgitic tec-
tonite show a narrow range of chemical compositions with
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MgO = 18.75 to 19.32 wt%, CaO = 11.98 to 12.22 wt%,
Na,0 =2.12 t0 2.17 wt%, K,O = 0.13 to 0.25 wt% (Table 5).
The homogenous gabbro also shows a narrow range of
chemical composition with MgO = 13.30 to 14.44 wt%, CaO
=11.38 to 11.75 wt%, Na,O = 2.04 to 2.49 wt%, K,0 =0.24
to 0.38 wt% (Table 5). The amphiboles in the dolerite how-
ever show a wide range in composition with MgO = 5.70 to
16.37 wt%, CaO = 10.35 to 12.47 wt%, Na,0 = 0.59 to 1.26
wt%, K,0 = 0.06 to 0.16 wt% (Table 5). The amphiboles in
harzburgitic tectonites ranges between pargasite and edenite
(after Leake et al., 1997). The amphibole in homogenous
gabbro ranges in composition from pargasite to magnesio-
hastingsite (Leake et al., 1997). The amphibole in the dior-
ites is magnesiohornblende (Leake et al., 1997) (Table 5).

PETROCHEMISTRY
Major oxides

The ultramafics of the Rutland ophiolite are highly ser-
pentinized with loss on ignition (LOI) varying from 4.7 to
17.8 wt% (Table 6). The oxides are generally recalculated
on a volatile-free basis to minimize the element dilution by
serpentinization (e.g., Parkinson and Pearce, 1998). Howev-
er, the oxide values in the present study are not recalculated,
because the petrogenesis of the peridotite will be dealt with
the concentration and variation of immobile trace elements,
such as Sc, V, Ga, Ti, Zr, Nb (e.g., Lee et al., 2003; Niu,
2004).

The homogenous gabbro has higher CaO (12.03 wt%)
and lower SiO, contents (46.51 wt%) than the cumulate
gabbro (CaO = 8.33 wt%, SiO, = 52.65 wt%). Total iron
content in the homogenous gabbro (9.79 wt%) is lower than
that for cumulate gabbro (11.70 wt%) (Table 6).

The lower lava is represented by boninite and rhyodacite.
The composition of the boninite is comparable to Type-2
low-Ca boninite (CaO/Al,O, < 0.55, FeO < 7%, SiO,
< 58%, MgO: 8.03 to 10.39) (Crawford et al., 1989). On the
other hand, the rhyodacite member has SiO,: 74.51wt%
ALO;: 12.71 wt% ad CaO: 0.17 wt%. The upper lava is

Table 3 - Electron microprobe analysis of chromites from Rutland Ophiolite.
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Table 5b - Electron microprobe analyses of amphibole from Rutalnd Ophiolite.

tholeiitic basalt with SiO,: 42.21-50.28 wt%, MgO: 5.06-
6.30 wt%, AL,O; 10.92-14.36 wt%, CaO: 6.44-15.79 wt%,
total alkalis (Na,0+K,0): 3.28 to- 5.44 wt% (Table 6).

Trace elements

The trace element distribution pattern of the homogenous
gabbro and diorite shows strong enrichment in Rb and Ba
and a slight enrichment in Nb whereas Sr shows a wide
variation from enrichment to depletion. Few samples how-
ever, show depletion in Zr and Y (Fig. 4). Thus the trace el-
ement signature suggests that the source rock was enriched
in Rb, Ba, Nb and depleted in Zr and Y.

Both the lower and upper lavas show enrichment in Rb,
Ba, Sr compared to N-MORB. But the basaltic lavas have

stronger enrichment in those elements than the boninitic
lavas. The upper lavas have Zr and Y compositions compa-
rable to those of N-MORB. The lower lava (boninitic) main-
ly shows Zr and Y compositions comparable with N-MORB
but one sample showing depleted Zr and Y suggests that the
source for boninitic lavas was slightly depleted in nature
(Fig. 4). The trace element pattern, therefore, shows a modi-
fied MORB nature for both the variations of volcanic rocks.

The crystallization products ranging from homogenous
gabbro to diorite and extrusives (basalt and boninite) are
therefore enriched in Rb, Ba, Nb and depleted in Zr, Y.
Thus the trace element behaviour in these rocks indicates
that the mantle source rock was already depleted in Zr, Y
and enriched in Rb, Ba, Nb during melt generation of the
crustal sequence.
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Fig. 4 - Trace element plot showing enrichment of Rb and Ba, slight en-
richment in Nb; Sr shows a wide variation from enrichment to depletion,
compared to N-MORB (after McDonough and Sun, 1995) from volcanics
and intrusives of the Rutland ophiolite. Few samples, however, show de-
pletion in Zr and Y.

DISCUSSION
Melt-rock interaction at a suprasubduction zone (SSZ)

Petrographic features of the transitional peridotites show
that both clinopyroxenes and orthopyroxenes were replaced
by olivine (Fig. 3b, c¢). Deformed grains of clinopyroxene
are set in an undeformed olivine matrix (Fig. 3b). These tex-
tures develop due to melt-rock interaction involving dissolu-
tion of pyroxenes and crystallization of olivine (Dick, 1977;
Quick, 1981; Kelemen et al., 1990; Pal, 2011). Petrographic
observations as well as trace element geochemistry of man-
tle rocks with high Fo content in olivines could therefore be
attributed to the melt-rock interaction, rather than to a high
degree of melting (Kelemen et al., 1995; Zhou et al., 1996;
2005).

The widely variable chromite chemistry (42-56% Cr,O,
and 9-19% Al,0;) can also be attributed to the melt-rock in-
teraction process (e.g., Kelemen et al., 1995; Zhou et al.,
1996). As a result of the continuous reaction of melt and
rock, the composition of the melt continuously evolved and
crystallization paths got modified resulting in precipitation
of chromite alone to form chromitite bodies that occur as
pods (Zhou et al., 1994).

The chemical plots of the chromites on TiO, wt% vs.
AlLO; wt% (Fig. 5) diagrams indicate a SSZ setting for the
Rutland ophiolite, corroborating with the boninitic affinity
of the parental magma.

Melting of the source rock

Tectonite showing lobate grain boundaries of clinopyrox-
ene grains represents a residual phase during partial melting
(Menzies, 1973; Parkinson and Pearce, 1998). Very irregu-
lar shapes of the Cr-spinel as well as high aluminum content
of the chromites within tectonite suggest its residual nature
(e.g., Dare et al., 2009). The modal content of clinopyrox-
ene is used to predict the extent of melting (e.g., Niu, 1997).

The presence of ~ 15% modal clinopyroxene represents
no melting whereas full consumption of clinopyroxene indi-
cates to ~ 25% melting (Jaques and Green, 1980; Pearce and

o

Parkinson, 1993). The modal 6-13 vol% clinopyroxene
within lherzolite of the mantle segment however indicates 5
to 17% melting (e.g., Niu, 1997). But clinopyroxene may
persist even for a higher degree of partial melting in case of
hydrous melting of peridotite (cf. Parkinson and Pearce,
1998). The clinopyroxene content of the transitional peri-
dotites has not been used as an indicator of melting as the
rocks have been influenced by melt-rock interaction.

As fluid activity is common in subduction zone environ-
ments; clinopyroxene content cannot be a good indicator for
melting. In peridotite, Fo content of olivine is a better indica-
tor for understanding the degree of melting, as olivine-melt
equilibria are not changed by fluid activity (Gaetani and
Grove, 1998). In olivine, a high Fo content could be related
to a high degree of melting but high Fo olivine is also pro-
duced during melt-rock interaction (Dick and Fisher, 1984;
Zhou et al., 1996; 2005). In the Rutland ophiolite the wide
range of Fo content (Fog,,) of olivine as well as the petro-
graphic features showing replacement of pyroxene by small
olivine grains may be attributed to melt-rock interaction
rather than to melting. Trace element patterns of mantle
rocks usually reflect the influence of both melting and melt-
rock interaction processes and it is quite difficult to assess
and distinguish the contribution of each of the two processes.
Nearly constant trace element concentrations of the mantle
rocks of the ophiolite do not give any comprehensive infor-
mation about the degree of partial melting of the Rutland
ophiolite. Under this condition, the Cr# of chromites (Cr# =
Cr/Cr + Al), can give significant information about the
degree of melting. (e.g., Arai, 1992; Zhou et al.1996; Parkin-
son and Pearce, 1998). The Cr# vs TiO, diagram shows ~
20% melting for both harzburgite and lherzolite of the
tectonite rocks (Fig. 6). The degree of partial melting was
also calculated based on Cr# of spinel following the formula
F = 10 In(Cr# ) + 24 after Hellebrand et al., (2001) which
yields 16 to 18% melting.

These melting estimates represent the total amount of
melting (comprising melting in a mid-ocean ridge environ-
ment and further melting of the accreted MORB mantle
from fluxing by subduction zone fluids). The same diagram
(Fig. 6) also shows the influence of melt-rock interaction
rather than melting alone in transitional peridotites.

The nature of melting, as for example batch melting or
fractional melting can be evaluated by the bivariant relations
of MgO with other major oxides (Niu, 1997). At a given
MgO value, SiO,, Al,O; and CaO data are dispersed and do
not provide any information on the nature of melting (Fig.
7). The Na,O and TiO, abundances in tectonite are consis-
tent with the calculated residues. The TiO, contents of tec-
tonite show closer to batch melting but Na,O values are
closer to fractional melting (Fig. 7). The Al,O;, CaO and
Na,O abundances in transitional peridotites are lower than
the calculated residues and can be due to addition of olivine
(Niu, 1997). Thus the present results do not give any clear
idea about the nature of melting.

Nature of magma

To assess the nature of the melts characterizing the evo-
lution of the Rutland ophiolites we have considered the
features of the ultramafic rocks, intrusives and extrusives.
The chemical compositions of chromite and olivine are
used for petrogenesis since they are sensitive petrogenetic
indicators (Irvine, 1967; Dick and Bullen, 1984; Barnes,
1986; Auge, 1987; Arai, 1992; Zhou et al., 1996; Melcher
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et al., 1997; Bedard, 1999). Euhedral chromites in chromi-
tite pods/stringers and in cumulates crystallize from a re-
acting melt, whereas anhedral chromites are indicative of
the residual nature of the mantle lherzolite/harzburgite
(e.g., Dare et al., 2009). As the residual rocks (mantle tec-
tonites) of the Rutland ophiolite show anhedral chromites,
we have used chromite compositions for these rocks to de-
termine the degree of melting. The euhedral chromites ob-
served in chromitite pods have been used to assess the na-
ture of melt as they represent liquidus chromites. The tran-
sitional peridotites of the Rutland Island are characterized
by high Mg-olivine (Fogy4,) and high Mg-orthopyroxene

o

Fig. 5 - Chemical plot of TiO, (wt%) vs Al,O5
(wt%) showing overlapping fields of MOR
and SSZ basalts for the tectonites, whereas
the layered peridotites and chromitite pods
plot in the SSZ field, Rutland ophiolite.

Fig. 6 - Plot of Cr# vs. TiO, (wt%) for
chromite (Pearce et al., 2000) showing the de-
gree of melting of mantle rocks (curve la-
belled 5%, 10%, 15%, 20%) and the reaction
trends with boninite melts (#1), island arc
tholeiite melts (#2) and MORB melts (#3).
The Rutland mantle lherzolite and harzburgite
are consistent with their residual nature after
~ 20% melting of a fertile MORB mantle
(FMM) source. The transitional peridotite
shows influence of melt-rock interaction
rather than melting alone. Chromites in the
chromitite pods have compositions corre-
sponding to melt-rock interaction with boni-
titic (BON) melts.

(Engg_gy). The chromitite pods show high Cr-chromites
(Cr# 77.67). Orthopyroxenes show very low contents of
calcium [X,(M,) = 0.01 to 0.04 a.p.f.u] and aluminium
(ALLO; = 091 to 2.76 wt%). This assemblage is typical of
boninitic melts in supra subduction zone (SSZ) environ-
ments (Crawford et al., 1989). The Al,O, content of the
parental melt of the chromitite pods is determined as 10.80
wt% (Table 3) following the equation of Maurel and Mau-
rel (1982) cited in Auge (1987). This value suggests a
boninitic parental melt composition (Robinson et al., 1983;
Auge, 1987). Boninitic parentage has also been reported
earlier by Ghosh et al. (2009). The (FeO/MgO),,, value for

mel
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Fig. 7 - Variation diagram of MgO with reconstructed bulk analyses of major oxides (SiO,, TiO,, Al,O;, CaO and Na,O) (after Niu, 1997) of tectonite and
transitional peridotite showing that SiO,, Al,O; and CaO against MgO values are dispersed and do not provide clear information about the nature of melting.
The TiO, contents of tectonite, however, suggest batch melting, whereas the Na,O values point toward fractional melting.

liquidus chromites, estimated using the empirical formula
by Maurel (1984) cited in Auge (1987) is 0.67 which also
supports a boninitic source. The Cr# vs TiO, relation also
indicate a boninitic source of the chromitite pods (Fig 6).
During adiabatic uprise of the mantle the boninitic
parental melt could have escaped from diapirs into a big
magma chamber to form cumulates (e.g., Gass, 1990). Dur-
ing the late phase of crystallization enrichment of water in
the magma chamber yielded primary amphibole in homoge-
nous gabbro (e.g., Falloon and Green, 1987; Hebert and
Laurent, 1990). Sometimes MORB-type melt is generated in
SSZ environment (Morishita et al., 2010) and MORB melt
migration along open fractures can produce such gabbro
dykes (e.g., Piccardo et al., 2007 and references therein).
The plagiogranite-diorite suite of rocks enriched in Rb, Ba,

Nb and depleted in Zr and Y were possibly derived from
mafic to intermediate magmas at higher levels (Kistler and
Peterman, 1973; Jafri et al., 1995).

The boninitic lower lava is the direct evidence of the
boninitic parentage. Chromite phases in lavas are sometimes
also used as indicators for their composition (Morishita et
al., 2010; 2011). But chromite phases are absent in the low-
er lava of the Rutland ophiolite. The lower lava (boninitic)
shows depletion in Zr and Y compared to N-MORB, sug-
gesting that the source for the lower (boninitic) lava was
slightly depleted. Despite the high SiO, content in the
boninites, depletion of Zr and Y could not result from frac-
tional crystallization of any phases observed in these rocks.
Therefore, the trace element data indicate that the source
rock for boninite was depleted.
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The Zr and Y values for the upper (basaltic) lava are
comparable with those of N-MORB. Basaltic rocks show
enrichment of Rb, Ba, Sr with respect yo N-MORB and
similarity to HFSE and Y with respect to MORB. This im-
plies that the basalts were generated from relatively fertile
upper mantle peridotite, which was enriched by a subduc-
tion zone component (SZ) (Rogers et al., 1985; Elliot et al.,
1997; Turner et al., 1997; Bedard, 1999). However Rb en-
richment could also occur during secondary alteration.

Trace element characteristics of the volcanic rocks
therefore indicate that at least two phases of the subduc-
tion-related magmatism produced the Rutland extrusive se-
quence. The field features showing occurrence of the
basaltic lava above the boninitc lava suggest that the upper
basaltic lava was produced at a later stage than the
boninitic lower lava.

The enriched trace element pattern of the magmas in the
mantle wedge is derived from subducting slab (Rogers et
al., 1985; Turner et al., 1997; Bedard, 1999).

During the first stage, the stratigraphically older boninite
rocks formed from a relatively depleted source and may
have experienced an influx of recycled sediments. During
the second stage, with continuing subduction the magmas
were generated from a less depleted, possibly MORB-like
source forming the stratigraphically younger basalts, which
were contaminated principally by fluids from the down-go-
ing slab. With continuing subduction, either a change in the
dip of the subducting plate or a variation in the sediment im-
put with time changed the nature of the magmatism from the
first to the second phase.

CONCLUSIONS

The Rutland Island is an integral part of the Andaman-Ja-
va subduction complex and comprises dismembered tecton-
ic slices of Cretaceous ophiolite interleaved with Eocene
sediments. It represents a modern-day subduction complex
where the ophiolite slices occur at different structural levels
and are emplaced by N-S trending thrust sheets.

The field exposures on Rutland Island show that the ma-
jority of thrusts have N-S to NNE-SSW strike with easterly
dips and the amount of dip increases from west to east. The
tectonic contact of the ophiolite with underlying sediments
indicates a thrust-controlled emplacement of these slices (cf.
Moores et al., 1984; Platt, 1986; Condie, 1989).

The ophiolite stratigraphy of Rutland Island exposes both
the mantle and crustal sections. The mantle tectonite in the
form of highly serpentinized lherzolite and harzburgite unit
contains spheroidal chromitite pods of high-Cr - low-Al
type chromites. The trace element budget and chromite
chemistry indicate low to moderate percentages of melting
of the source mantle. The residual character of the tectonite
is reflected by irregular/embayed grain margins of pyrox-
ene, chromites and high-Al, low-Cr-composition of
chromites. Replacement of orthopyroxene and diopsidic
clinopyroxene by forsteritic olivine in transitional peri-
dotites suggests melt-rock interaction for the Rutland ophio-
lite in a SSZ setting. The boninitic parental melt of the ophi-
olite as estimated from the chromite chemistry is also evi-
denced by the presence of boninitic extrusives. The crust-
mantle behaviour and the evolution of the Rutland ophiolite
in a suprasubduction zone setting would be useful to the un-
derstanding of the petro-tectonic elements of other parts of
the Java - Andaman subduction complex.

o
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Appendix 2 - Composition of the standard used during EMPA study of the different minerals of
Rutland ophiolite.



