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Abstract 

The ophiolite suite from south Andaman islands forms part of the Tethyan Ophiolite Belt and preserves 

the remnants of an ideal ophiolite sequence comprising a basal serpentinized and tectonised mantle 

peridotite followed by ultramafic and mafic cumulate units, basaltic dykes and spilitic pillow basalts 

inter-layered with arkosic wacke. Here we present new major, trace, rare earth (REE) and platinum 

group (PGE) element data for serpentinized and metasomatized peridotites (dunites) exposed in south 

Andaman representing the tectonized mantle section of the ophiolite suite. Geochemical features of 

the studied rocks, marked by Al2O3/TiO2>23, LILE-LREE enrichment, HFSE depletion, and U-shaped 

chondrite-normalized REE patterns with (La/Sm)N>1 and (Gd/Yb)N<1, suggest contributions from 

boninitic mantle melts. These observations substantiate a subduction initiation process ensued by rapid 

slab roll-back with extension and seafloor spreading in an intraoceanic fore-arc regime. The boninitic 

composition of the serpentinized peridotites corroborate fluid and melt interaction with mantle 

manifested in terms of (i) hydration, metasomatism and serpentinization of depleted, MORB-type, sub-

arc wedge mantle residual after repeated melt extraction; and (ii) refertilization of refractory mantle 

peridotite by boninitic melts derived at the initial stage of intraoceanic subduction. Serpentinized and 

metasomatized mantle dunites in this study record both MOR and intraoceanic arc signature 

collectively suggesting suprasubduction zone affinity. The elevated abundances of Pd (4.4-12.2 ppb) 

with high ∑PPGE/∑IPGE (2-3) and Pd/Ir (2-5.5) ratios are in accordance with extensive melt-rock 

interaction through percolation of boninitic melts enriched in fluid-fluxed LILE-LREE into the 

depleted mantle after multiple episodes of melt extraction. The high Pd contents with relatively lower 

Ir concentrations of the samples are analogous to characteristic PGE signatures of boninitic magmas 

and might have resulted by the infiltration of boninitic melts into the depleted and residual mantle 

wedge peridotite during fore-arc extension at the initial stage of intraoceanic subduction. The PGE 

patterns with high Os+Ir (2-8.6 ppb) and Ru (2.8-8.4 ppb) also suggest rejuvenated by infiltration of 

melts derived by high degree of mantle melting. The trace, REE and PGE data presented in our study 

collectively reflect heterogeneous mantle compositions and provide insights into ocean-crust-mantle 

interaction and associated geochemical cycling within a suprasubduction zone regime.  

Keywords: South Andaman Ophiolite; Mantle peridotite; Metasomatism; Geochemical cycling; 

Subduction initiation 
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1. Introduction 

 Ophiolites are slivers of ancient oceanic lithosphere comprising fossil oceanic crust and upper 

mantle fragments that preserve comprehensive record of magmatic, tectonic and mineralization 

processes associated with construction and consumption of ancient ocean basins (Dilek, 2014; 

Coleman, 1984; Dilek and Furnes, 2011). In general, ophiolites are broadly characterized byspatially 

and temporally related refractory mantle lithologies, ultramafic-mafic plutonic rock assemblage 

associated with volcanic intrusions, sedimentary and metamorphic rock units that collectively provide 

insights into the various evolutionary stages in the life cycle of an ocean basin from rift-drift, sea-floor 

spreading to subduction initiation, final closure and incorporation onto continental margins during 

collisional orogenic events (Karipi et al., 2006; Pagé et al., 2009; Pearce and Robinson, 2010;Saccani 

et al., 2015). Geochemical studies of these obducted slabs of old oceanic lithosphere are particularly 

important for understanding different stages of melt generation during magmatic evolution of oceanic 

crust in ancient spreading centres and constraining the tectonic processes involved in the emplacement 

history of accreted units of arc-basin systems (Shervais, 2001; Pearce, 2003; Aldanmaz et al., 2008).  

Mantle peridotites from ophiolite suites represent the upper mantle section and their detailed 

geochemical studies provide important information on melting processes, melt extraction episodes and 

interaction of oceanic crust, mantle melts and fluids in the paleo-oceanic lithosphere-asthenosphere 

system under active tectonic conditions (Kelemen et al., 1992; Barth et al., 2003; Dilek et al., 2007; 

Ishiwaka et al., 2007). Fluid/melt percolation and fluid/melt-mantle interaction are considered as 

dominant factors modifying the composition of sub-arc mantle, whereas the arc magmas derived by 

partial melting of mantle wedge preserve the geochemical imprints in response to subduction inputs 

into mantle, mantle wedge metasomatism and serpentinization (Parkinson and Pearce, 1998). Apart 

from the extensively studied abyssal peridotites from mid-oceanic ridge settings, the suprasubduction 

zone (SSZ) peridotites in ophiolite complexes attracted considerable attention as they include 

intraoceanic fore arc peridotites and those from spreading centres above subduction zones. Peridotites 

in the SSZ suites provide important constraints on mantle process and extent of interaction of fluids 

and melts with the wedge mantle during subduction initiation and fore-arc extension (Dai et al., 2011; 

Kapsiotis, 2013; Moghadam et al., 2014).  

The Late Mesozoic to Early Cenozoic evolution of the Tethyan Ophiolite Belt is linked to the 

closure of the Tethyan Ocean and collision of Indian and Eurasian plates (Pal et al., 2003; Ghosh et 

al., 2017). These two tectonic events were marked by plate convergence, subduction of oceanic 

lithosphere, ophiolite obduction, high pressure-low temperature metamorphism and collision-accretion 

activities leading to the construction of the Alpine-Himalayan and Burmese-Indonesian arc systems 
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(Dilek et al., 1999; Robertson, 2002; Aldanmaz et al., 2008). The Tethyan Ophiolite Belt extends from 

Baltic Cordillera and rift of Spain and Africa eastwards through Alps, the Denirides in Yugoslavia, 

through Greece, Turkey, Iran, Oman, Pakistan and the Himalayas, Burma, Andaman-Nicobar islands 

and Indonesia (Haldar, 1984; Saha et al., 2010). The Andaman-Java arc trench system in the Andaman 

sea/Bay of Bengal is the manifestation of active subduction of the Indian oceanic lithosphere beneath 

the Burmese plate spanning from the Cretaceous to the present (Bandyopadhyay, 2005; Chakraborty 

and Pal, 2001; Jafri et al.,1990). The ophiolite suite from south Andaman islands represents an ideal 

sequence comprising a basal-serpentinized and tectonised mantle peridotite followed by ultramafic 

and mafic cumulate units, basaltic dykes and spilitic pillow basalts interlayered with arkosic wacke. 

Podiform chromites and chromian spinels from mantle rocks of Andaman ophiolite have been studied 

to understand the petrogenesis and geodynamic setting (Ghosh et al., 2009, 2013; Ghosh and Bhatta, 

2014). However, trace and platinum group element (PGE) compositions of serpentinized mantle 

peridotites of Andaman ophiolite have not been considered so far in understanding the geochemical 

cycling through ocean-crust-mantle and upper mantle evolution through melt extraction and 

refertilization processes. In this study, we present major, trace including rare earth element (REE) and 

platinum group element (PGE) compositions of serpentinized  mantle peridotites from the Andaman 

Ophiolite Belt with a view to evaluate their petrogenesis and geodynamic implications. Our results 

provide insights into: (i) the subduction initiation processes in an intraoceanic setting ensued by forearc 

spreading (ii) metasomatism and melting of depleted mantle wedgeby influx of slab-dehydrated fluid 

(iii) percolation of subduction-derived melts, melt-rock interaction and mantle refertilization (iii) 

serpentinization of peridotitic mantle by slab-dehydrated fluids and (iv) geochemical cycling during 

subduction initiation and ocean-crust-mantle interaction. 

2. Geological setting 

 Cretaceous ophiolite occurrences in India have been recorded as part of the Alpine-Himalayan 

and Indo-Burman orogenic belts. The Andaman Ophiolite Belt (AOB) marks the southern extension 

of the Manipur and Burmese Arakan Yoma Belt, which is the easternmost continuation of the Tethyan 

Ophiolite Belt (Fig.1). The Andaman-Nicobar group of islands form an arcuate chain extending for 

about 850km bounded by latitude 6° 45΄ N to 13° 45΄N and by longitude 92° 15΄ E to 94° 00΄E.These 

islands together with the Mentawi islands (southern extension of Andaman-Nicobar) belong to distinct 

structural and topographical belt that trends north-south and then curves eastward from Sumatra 

towards Java (Vohra et al., 1989; Sengupta et al., 1990). The Andaman, Nicobar, Nias and Mentawai 

islands represent the subaerial parts of the forearc ridge in the Sunda-Burmese double chain arc system 

and form a continuation of the Indo-Burma ranges in the north and Indonesian islands in the south. 
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The AOB represents the central part of the 5000 km long Burma-Java subduction complex and 

comprises tectono-stratigraphic units of an accretionary prism in an outer-arc setting (Pal et al., 2003; 

Pal, 2011). The AOB occurs in the outer arc region of the active Andaman-Java subduction system. 

Previous studies have recorded the occurrence of ophiolite sequences in several parts of south 

Andaman, including Haldar (1984), Ray et al., (1988), Shastry et al. (2001, 2002), Pal et al. (2005, 

2010) (Fig.2A).  According to Pal et al. (2003), this accretionary prism contains numerous north-south 

trending slices of Cretaceous-Palaeocene ophiolites and abundant Tertiary sedimentary rocks. 

However, the largest number of ophiolite slices are exposed in south Andaman, where a complete 

preservation of ophiolite suite extending from Port Blair (6° 45΄ N to 13° 45΄E) to Chiriyatapu (6° 45΄ 

N to 13° 45΄E) stretch of south Andaman (Fig. 2B) and thrusted sequence of mantle peridotite near 

Badmash pahar and Chouldari (Fig.2C) have been documented (Saha et al., 2010).  

3. Sampling and analytical techniques 

 Representative samples from mantle peridotite section of ophiolite suite were collected 

systematically from Badmash pahar(11°39´ N: 92°39.6´ E) area of south Andaman (Fig.2C). Selected 

samples were finely powdered in an agate mortar and were analyzed for major, trace and REE 

compositions along with matrix matching geochemical reference materials for quality control at CSIR-

National Geophysical Research Institute (NGRI), Hyderabad. Major element concentrations were 

determined by X-ray fluorescence spectrometry (XRF; Phillips MAGIX PRO Model 2440), on pressed 

pellets prepared from powdered whole-rock samples following the method of Krishna et al. (2007). 

Pressed pellets (40 mm diameter) were prepared by using collapsible aluminium cups (10). These cups 

were filled with boric acid and about 2g of the finely powdered sample was evenly sprayed and pressed 

under a hydraulic press at 25-ton pressure to get a pellet (Hydraulic Press, Herzog, Germany). Certified 

reference material UB-N was used in order to validate the results. The trace elements including rare 

earth elements (REE) were analyzed by employing closed digestion method. The trace and REE 

concentrations were determined by using closed digestion method and the analysis was done on 

Inductively Coupled Plasma Mass Spectrometer (ICP-MS; Perkin Elmer SCIEX ELAN DRC II) at 

NGRI. Certified reference materials UB-N were run as standards and 103Rh was used as an internal 

standard for the analysis.  The analytical procedure for ICP-MS are referred to Manikyamba et al. 

(2013). 

Platinum Group Element (PGE) concentrations were estimated by using the nickel sulphide 

fire-assay pre-concentration method followed by Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS: Perkin Elmer Ellan DRC II) for PGE analysis at NGRI, Hyderabad. The analytical 

procedures described in Balaram et al. (2006) were adopted for determining the PGE concentrations 
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of the studied samples.  WMG-1 and WPR-1were used as international reference materials for PGE 

analyses (Balaram, 2008).  The precision and accuracy obtained for the standards for major, trace, REE 

and PGE analyses are given in Table S1. Major, trace, REE and PGE concentrations of the mantle 

peridotites from south Andaman ophiolitesuite are given in Table 1. 

4. Petrology 

 Mantle peridotite forms the basal portion of the investigated South Andaman ophiolite suite as 

exposed in the Badmash pahar area (Figs.2C and 3A). This unit is highly serpentinized and it represents 

the mantle tectonite portion. Olivine represents the dominant mineral composition and most of the 

olivine grains are serpentinized and forms a mesh like texture (Fig. 3B). Serpentine formed as a 

secondary mineral after olivine and shows a prominent enrichment in magnesium and iron in relation 

to that of primary olivine. Opaque minerals occur along the grain boundaries and also as secondary 

veins (Fig. 3C). Electron microprobe analysis of representative primary olivine grains in a previous 

study by Saha et al. (2010) shows Fo content in the range of 80.1 to 86.2 (Saha et al., 2010) reflecting 

a restitic nature of mantle peridotite. In terms of variations of CaO (wt. %) and Mn (apfu) with respect 

to Fo content, the olivine compositions depict a distinct seclusion from the lherzolite field of Group I 

peridotite (Saha et al., 2010).  

5. Geochemistry 

5.1 Major elements 

 The mantle peridotites from South Andaman ophiolite suite show low and restricted  contents 

of SiO2 (40.4-42.1 wt. %), with low abundance of  Al2O3 (0.55-0.95 wt. %), TiO2 (0.01-0.02 wt. %), 

CaO (0.03-0.17 wt. %), MnO (0.1-0.2 wt.%), Na2O (0.01-0.1 wt. %), and K2O (0.01-0.03 wt. %), 

P2O5(0.2 wt. %), moderate Fe2O3 (8.43-12.1 wt.%) and elevated MgO (34.33-37.73 wt. %). The Mg# 

ranging from 0.72 to 0.81 implies a primitive, less differentiated character of these ultramafic rocks. 

Relatively higher loss-on-ignition values (Table1) for the studied samples suggest possible sea-floor 

alteration and serpentinization by hydrothermal fluids. The CIPW normative compositions of these 

mantle peridotites (Table S2) show an olivine normative character and are marked by the dominant 

presence of hypersthene. In the ACM (Al2O3-CaO-MgO) diagram (after Coleman, 1977) (Fig.4A), the 

plots fall in the field of mantle peridotites and are comparable with the harzburgites from Izu-Bonin-

Mariana fore arc. The mantle peridotite Samples are marked by typically high Al2O3/TiO2 ratios 

ranging from 33-100 and low CaO/Al2O3 varying between 0.01 and 0.15 which collectively attest to 

their boninitic affinity.  The boninitic peridotites are characterized by distinctively low Si-high Mg 

compositions as also reported by Umino et al. (2015) from Ogasawara (Bonin) Archipelago, Japan. 
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Further, the low CaO/Al2O3 (<0.75) classify these samples as low Ca-boninites reflecting relatively 

more depleted source than their high-Ca counterparts (Crawford et al., 1989).    

5.2 Trace elements (including REE) 

 The studied mantle peridotites possess markedly high concentrations of Ni (2068-3432 ppm) 

and Cr (1067-2972 ppm) with 91-126 ppm Co. The Ni and Cr concentrations are higher than the 

primitive mantle values (Ni: >400 and Cr: >800 ppm). The major, trace and REE compositions 

conform to the distinct boninitic signatures for the studied mantle peridotites showing 

characteristically high Al2O3/TiO2 ratios at (La/Sm)N> 1 and(Gd/Yb)N< 2 (Table 1). The low Ti and 

V contents for these rocks are analogous to dunites and harzbugites from Izu-Bonin-Mariana fore arc 

and substantiate their boninitic affinity. (Fig. 4B). Chondrite normalized REE patterns for the studied 

samples (Fig. 5) reflect pronounced LREE/MREE fractionations with (La/Sm)N = 2.84-5.2 and 

(Gd/Yb)N= 0.55-1.53 representing depleted MREE/HREE trends thereby corroborating MREE 

depletion and relative LREE-HREE enrichment. Primitive mantle normalized multi-element 

abundance of the mantle peridotites display negative anomalies at Nb, Ta, Zr, Hf, P and Ti with positive 

anomalies at Nd and relative enrichment in La (Fig.5). Therefore, the overall trace element chemistry 

of these rocks is characterized by LILE-LREE enrichment with relatively depleted HFSE 

concentrations.  

5.3 Platinum Group Elements 

 The mantle peridotites samples show low (<100 ppb) total PGE contents with ΣPGE varying 

between 11.6-41.2 ppb.  These rocks are characterized by higher concentrations of Palladium Group 

PGE (PPGE) than Iridium Group PGE (IPGE) marked by ΣPPGE/ΣIPGE ratios in the range of 2-3 

and Pd/Ir ranging from 2-5.5. The studied samples exhibit coherent chondrite normalized PGE patterns 

(Fig.6) with prominent enrichment of Ni, Cu, Y, Pd, Ru and relative depletion of Ir, Pt and Rh. 

6. Discussion 

6.1 Tectonic Implications 

 Based on different tectonic and petrological parameters including spreading rate and thickness 

of oceanic crust, proximity to plumes and trenches, fertility and temperature of mantle, as well 

ascirculation of fluids through upper mantle lithologies, ophiolites have been classified as subduction-

related and subduction-unrelated types (Dilek, 2014). Subduction-related ophiolites include 

suprasubduction zone (SSZ) and volcanic arc (VA) ophiolites that preserve  subduction signatures and 

are associated with the closure of ocean basins. Subduction-unrelated ophiolites such as continental-

margin, plume-proximal, plume-distal and trench-distal mid-oceanic ridge and plume-type ophiolites 
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develop under rift-drift conditions during sea-floor spreading and are geochemically characterized by 

MORB compositions (Dilek, 2003; Dilek et al., 2007; 2008; Dilek and Furnes, 2009). Further, the 

concept of suprasubduction zone (SSZ) ophiolites brought up a new paradigm envisaging paleo-

oceanic lithosphere evolution.Studies on SSZ ophiolites particularly addressed diagnostic geochemical 

signatures of ophiolite suites that are suggestive of multiple episodes of mantle melting and changing 

tectonic scenario linked to initial stages of subduction and associated sea-floor spreading in fore-arc 

region (Santosh et al., 2013; Yang et al., 2016). Therefore, mantle sections of SSZ ophiolites differ 

from abyssal peridotites of ‘MORB’ ophiolites in their association with fore-arc extension above 

subducted oceanic lithosphere and evolution through magmatic and tectonic processes of intraoceanic 

subduction environments (Shervais, 2001; Ishikawa et al., 2002; Moghadam et al., 2014; Xiong et al., 

2017). 

Th and Nb serve as useful proxies for interpreting geochemical and tectonic affinities of a wide 

variety of basaltic magmas generated in divergent, convergent and intra plate environments 

(Saccani,2015). Discrimination figures (Figs. 7A and 7B) based on Th and Nb systematics distinguish 

three different types of convergent plate margin settings (Figs. 7A and 7B) demarcating distinct fields 

for island arcs with (i) complex polygenetic crustal signatures (ii) increasing Th/Nb indicating 

interaction between subduction components and mantle wedge and (iii) decreasing Th/Nb 

compositions defining an array of mantle depletion without input from subduction derived 

components. Back-arc basin basalts have been distinguished into immature and mature intraoceanic 

back-arcs separated by fields marked by variable contribution from subduction/crustal components 

(Back arc ‘A’) and no contribution from subduction/crustal materials (Back arc ‘B’). In (Th)N vs. (Nb)N 

tectonic discrimination plot (Fig.7A) all the mantle peridotite samples in this study correspond to the 

volcanic arc array thereby showing affinity towards subduction zone settings associated with 

intraoceanic convergent plate margins. The plots for the studied samples fall close to the field for island 

arc tholeiites and boninites implying increasing contributions from subduction components. Further, 

the sample array for the mantle peridotites of south Andaman Ophiolite suite reflects forearc and intra-

arc oceanic subduction-related environment (Fig.7B) with SSZ signature. The V vs. Ti relations further 

reveal a boninitic affinity (Fig. 4B). Chondrite-normalized REE patterns for these rocks with MREE 

depletion and relative LREE-HREE enrichment are comparable with that of boninites and boninitic 

peridotites from South Sandwich fore arc, Dazhuka and Bainang ophiolites from Yarlung Tsangpo 

suture zone, Tibet (Fig. 7C). In the Al2O3 vs. CaO diagram (Fig. 8A), the studied mantle peridotite 

samples cluster within the field of forearc peridotites, while Mg/Si vs. Al/Si relations show their 

geochemical and tectonic compatibility with peridotites from Mariana forearc (Fig. 8B). These 
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geochemical attributes suggest that the studied samples bear a strong boninitic signature derived from 

subduction initiation processes in a typical island arc environment. These mantle peridotites with low 

Al2O3 contents correspond to the compositional range for intraoceanic fore arc peridotites and 

serpentinites (Fig. 8C). The overall tectonic and geochemical fingerprints of the mantle peridotites 

from south Andaman ophiolite suite suggest hydration, serpentinization and metasomatism of 

refractory mantle by slab-dehydrated fluids under extending upper plates of a fore arc subduction zone 

and refertilization of peridotitic mantle by boninitic melts derived during initial stages of intraoceanic 

subduction, typical of SSZ setting. The subduction-modified, arc-like character of the mantle 

peridotites with a boninitic trend particularly provides evidence for subduction initiation and serves as 

a key to link Andaman ophiolites with intraoceanic subduction and fore arc extension in a SSZ 

environment (Whattam and Stern, 2011). The genesis of Late Jurassic (~165 Ma) and Late Cretaceous 

(~90 Ma) ophiolites in the Eastern Mediterranean–Persian Gulf region is often related to initial stages 

of oceanic subduction (Stern, 2004; Pearce and Robinson, 2010; Moghadem et al. 2010). Arc-like to 

MORB-like geochemical imprints for Izu-Bonin-Mariana forearc and Tethyan ophiolites suggest that 

ophiolite complexes attest to diverse compressional and extensional tectonic processes operative 

during juvenile to matured stages of intraoceanic subduction and ocean floor spreading.  

6.2 Geochemical characterization of serpentinized mantle peridotites and protolith signature 

 The geochemical composition of serpentinized peridotites is governed by various factors 

including: (i) temperature and nature of hydrating fluids and (ii) geodynamic setting in which they are 

formed. Based on the geochemical signatures and tectonic affinity, three types of serpentinized 

peridotites viz. abyssal, mantle wedge, and subducted have been distinguished (Deschamps et al., 

2013). Abyssal serpentinites represent hydration of oceanic peridotites by seafloor hydrothermal 

activity and seawater alteration. Mantle wedge serpentinitesare mantle peridotites hydrated by fluid 

released from the subducted slabs. Subducted serpentinites are more heterogeneous in terms of timing 

of serpentinization and are found mostly in suture zones and associated with HP–LT metamorphic 

rocks. They originate either from abyssal peridotites hydrated at ridges, trenches or within the 

subduction channel and also from the ocean–continent transition zone (OCT). Their boninitic 

geochemical signatures attestto their linkage with initiation of oceanic plate subduction at convergent 

margin settings and their SSZ affinity. In ancient and modern subduction systems, the two principle 

contributors to convergent margin magmatism are the mantle wedge and the subducting oceanic 

lithosphere (Tatsumi, 2005; Kimura and Yoshida, 2006; Dilek et al., 2008; Iwamori and Nakamura, 

2015; Santosh et al., 2015; Yang and Santosh, 2017). The complex geochemical characteristics and 

dynamics of the mantle wedge are controlled by (i) continuous input from subducted slab in terms of 
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percolation by fluids released from the dehydration of subducted lithologies such as sediments, altered 

basalts and gabbros causing metasomatism and serpentinization, (ii)  partial melting and melt 

extraction for arc magmas (Stern, 2002; Deschamps et al., 2011) and (iii) presence of fluids and 

magmas resulting from the slab dehydration that reduce the viscosity of the mantle and influence the 

geodynamics of the mantle wedge (Korenaga and Karato, 2008; Kelemen et al., 2003; Currie et al., 

2004). Water released from the dehydrated subducted slab migrates upward by buoyancy, induce the 

hydration of the mantle wedge, and in particular cause serpentinization (DeShon and Schwartz, 2004; 

Guillot et al., 2000; Hattori and Guillot, 2003; Deschamps et al., 2013). The boninitic geochemical 

signatures of mantle peridotites from south Andaman ophiolite suite attest to their linkage with 

initiation of oceanic plate subduction at convergent margin settings and SSZ affinity. These 

serpentinized mantle peridotites are thus associated with a sub arc mantle wedge in an intraoceanic 

subduction zone and thus characterized as mantle wedge serpentinites. 

The samples in this study are analogous to forearc peridotites and reflect distinct signatures of 

serpentinization with melt depletion trend and increasing partial melting compared to mid-oceanic 

ridge (MOR) peridotites (Fig. 8A). These features suggest a chemically depleted mantle modified by 

contributions from melts of high degree partial melting and serpentinization within an intraoceanic 

fore arc. Petrographic characters and geochemical attributes suggest that these mantle wedge 

serpentinites are mainly derived from dunite in a highly refractory mantle that witnessed extensive 

partial melting and melt extraction (Fig. 9A). Preservation of the refractory signature of their protoliths 

(Deschamps et al., 2010; Marchesi etal., 2009), and geochemical evidence of mantle wedge 

metasomatism by melts and/or fluids prior to serpentinization (Deschampset al., 2010; Parkinson and 

Pearce, 1998; Savov et al., 2005; 2007) provide reliable clues for geochemical characterization and 

identification of protoliths of the serpentinized mantle wedge dunites. The geochemistry of mantle 

rocks have been employed to assess increasing degrees of melt extraction, from passive margins to 

mature oceans to subduction zones (Bonatti and Michael, 1989). Moreover, numerous processes like 

fluid-rock and/or melt/rock interactions prior to serpentinization could also modify the compositions 

of peridotites, within the mantle wedge (Pearce et al., 2000). The REE chemistry of serpentinites can 

be used to decipher the nature of the protolith and the interactions with fluid/melt. The (LREE)CN 

contents of the studied samples are comparable to serpentinites formed from mantle wedge dunites, 

with a range of ~0.005 to ~0.1 ppm and (HREE)CN from ~0.02 to ~0.2 ppm and serpentinites after 

harzburgites with (LREE)CN content varying from ~0.001 to ~0.2 ppm and (HREE)CN from ~0.02 to 

~0.5 ppm. The U-shaped REE patterns marked by relative LREE and HREE enrichments and MREE 

depletion [(La/Sm)N = 2.84-5.2 and (Gd/Yb)N= 0.55-1.53], and the negative Eu anomalies displayed 
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by these rocks are geochemically analogous to serpentinized mantle wedge serpentinized dunites. 

Their Mg, Al and Si contents are analogous to those of the Mariana forearc peridotites (Fig.8B). The 

LREE enriched signatures of the serpentinized mantle dunites are interpreted as the result of the 

combination of extensive partial melting and subsequent percolation of LREE-rich fluids or melts 

through the mantle wedge, whereas their HREE compositions are similar to those observed in 

ultramafic rocks that experienced high degree of melt extraction (Bodinier and Godard, 2003). The 

distinct U-shaped REE patterns for the studied samples suggest a multi-stage petrogenetic process for 

mantle wedge dunite protolith that experienced extensive melt extraction (Fig.9A) rendering a depleted 

mantle residue and fertilization of the refractory mantle residue by infiltration of melts of boninitic 

compositions. The boninitic melts were derived by fluid-fluxed metasomatism of mantle wedge during 

initial stage of subduction followed by hydrous melting at shallow depth. The characteristic U-shaped 

REE patterns for serpentinized mantle wedge peridotites of south Andaman ophiolite suite are 

comparable with those of the Zhangbo ophiolite from Yarlung-Zhangbo suture zone (Dai et al., 2011), 

the Antalya and the Ortaca ophiolite in southwestern Turkey (Uysal et al., 2007; Aldanmaz et al., 2009; 

Caran et al., 2010), the Sapat peridotite in Kohistan, northwestern Pakistan (Bouilhol et al., 2009), the 

Othris and the Kallidromon ophiolite in Greece (Karipi et al., 2006; Barth et al.,2008), the Khoy 

ophiolite in northwestern Iran (Monsef et al., 2010), the Yushigou ophiolites in the North Qilian (Song 

et al., 2009), the Wutaishan peridotites in North China (Polat et al., 2006), and the Luobusa, Zedang 

and the Xigaze ophiolite in southern Tibet (Bédard et al.,2009; Bezard et al., 2011; Li et al., 2015). 

Primitive mantle normalized trace element patterns for the studied samples (Fig.5) show 

distinct depletion in HFSE with relative LILE and LREE enrichment. The HFSE depletion in the 

samples is interpreted in terms of high degrees of melt extraction, however, retention of fluid immobile 

HFSE can also result in negative, Nb, Zr, Hf anomalies (Parkinson and Pearce,1998). The LILE-LREE 

enrichment in conjunction with HFSE depletion corroborates fluid/rock or melt/rock interactions prior 

to serpentinization process as observed for South Sandwich arc and Tso Morari massif (Pearce et al., 

2000;Deschamps et al., 2010). The studied rocks are particularly enriched in elements which are 

mobile in aqueous fluids, similar to serpentinites from the Izu-Bonin- Mariana arc (Savov et al., 2005). 

The geochemical observations endorse selective trace element enrichment prior to serpentinization, 

and reflects extensive metasomatism of the mantle protolith. Ti is considered as a useful tracer in 

identifying the protolith of serpentinized ultramafic rocks. Mantle wedge peridotites, which experience 

extensive partial melting, have highly refractory compositions showing marked depletion in Ti 

(Deschamps et al., 2013). Serpentinized peridotites from Mariana forearc are characterized by low 

bulk rock Ti (10–25 ppm; Ishii et al., 1992; Parkinson et al., 1992). The Ti contents  of the studied 
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mantle peridotites correspond to mantle wedge serpentinites and the rocks in this study inherited their 

geochemical signature (MgO, Mg#, Ni, Co, Cr) from highly refractory and residual dunite in the 

mantle wedge after extensive melt extraction and which experienced interaction with boninitic melts 

during intraoceanic subduction initiation prior to serpentinization.   

6.3 Mantle processes and petrogenetic implications 

The trace elemental budget of subduction zone mantle peridotites reflect contribution of mantle 

wedge and slab derived components (Defant and Drummond, 1990; McCulloch and Gamble, 1991; 

Plank and Ludden, 1992; Konig et al., 2010). The incompatible trace element abundance patterns of 

the studied samples on primitive mantle normalized multi-element plots (Fig.5) depict enrichment in 

LILE and depletion in HFSE relative to primordial mantle compositions. This depletion in HFSE 

relative to fluid-mobile large ion lithophile elements is substantiated by negative Nb, Zr, Hf anomalies 

with respect to LILE and LREE abundances on multi-element diagrams that can be characteristically 

attributed to selective retention of HFSE in the subducting slab at subduction zone magmatic regime 

associated with typical island arc environments (Zhao et al., 1995; Ray et al., 2013). The selective 

enrichment of alkali and alkaline earth metals, incompatible elements like Rb, Ba, Sr, Th and relative 

depletion in HFSE like Nb, Ta are distinct geochemical signatures of magmas generated in subduction 

zone settings. The LILE enrichment in the studied rocks suggests metasomatism of a depleted MORB-

type mantle by LILE rich fluids derived through the dehydration of the subducted slab and transported 

to the overlying mantle by fluid-transfer processes (Saunders et al., 1980; Pearce et al., 1995; 

Aldanmaz et al., 2008; Ganguly et al., 2016). The LREE-enriched geochemical fingerprints in the 

studied samples have been attributed to mantle wedge metasomatism by subduction components 

derived from ocean sediment and altered oceanic crust, transferred by melts or fluids derived from the 

subducted slab (Pearce et al., 1984; Plank and Langmuir, 1993; 1998). Therefore, the trace and rare 

earth element chemistry of the investigated mantle peridotites is consistent with their refractory 

compositions accounting for prior melt extraction and incompatible element depletion in the mantle 

regime with post-subduction enrichment processes contributing towards elevated LILE-LREE 

abundances.   

The overall geochemical characteristics of the serpentinized mantle dunites from south 

Andaman ophiolite suite, marked by high Al2O3/TiO2 ratios ranging from 33-100 and low CaO/Al2O3 

varying between 0.01 and 0.15, U-shaped chondrite-normalized REE patterns (Fig. 5) and with LREE 

and HREE enrichment and relative MREE depletion at (La/Sm)N> 1 and (Gd/Yb)N<2 collectively 

suggest the role of boninitic melts in their genesis. The MgO, Ni, Cr concentrations and Mg# for the 

studied samples invoke a refractory composition that experienced multiple episodes (~20%) of melt 
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extraction (Fig.9A). Fluid/melt-rock and fluid/melt-mantle interactions modify the depleted mantle 

restites either by percolation of sulfide melt or by refertilization by silicate melts (Luguet et al., 2003; 

Becker et al., 2006; Fischer-Gödde et al., 2011). Generally, harzburgites are regarded as the depleted, 

refractory residues produced by partial melting in the mantle; however, bulk chemical compositions 

of the studied south Andaman mantle dunites indicate that they have also undergone melt-rock 

interactions and their formation in the mantle sections of the ophiolite is ascribed to interaction 

between infiltrating melts and upper mantle peridotites (Kelemen and Dick,1995). This process results 

in the selective dissolution of pyroxene and precipitation of olivine. Dunite may form as cumulates of 

mafic magmas. Dunite also forms as a reaction product of primitive mafic melt with peridotiteswhere 

pyroxene is replaced by olivine. Dunite may form as the result of high degrees of partial melting after 

fusion of clinopyroxene and orthopyroxene (Bernstein et al., 2007). Such highly refractory dunite 

forms through influx fusion in mantle wedges. The mantle dunites from south Andaman ophiolite suite 

have well-developed, U-shaped REE patterns indicating significant LREE enrichment following 

partial melting, although their origin as a residuum from partial melting of primitive mantle is not 

consistent with the observed geochemical features (Prinzhofer and Allègre, 1985; Freyet al., 1991). 

Tb/Yb variations with respect to Al2O3 for the studied samples attest to the occurrence of spinel as 

stable aluminous phase in the mantle residue and thus reflect shallow level partial melting of a garnet 

free mantle regime in the compositional domain of spinel peridotite (Fig. 9B). Prinzhofer and Allègre 

(1985) proposed the sequential integrated disequilibrium melting model beginning in the garnet 

lherzolite facies and ending in the plagioclase facies to explain the U-shaped patterns of the New 

Caledonian peridotites. U-shaped REE patterns are now believed to reflect partial melting coupled 

with melt-rock interactionas observed in other ophiolitic mantle peridotites worldwide (Xiaet al., 2003; 

Dubois-Côté et al., 2005; Zhou et al., 2005; Polat et al.,2006; Song et al., 2009; Caran et al., 2010; 

Ulrich et al., 2010). It is unlikely that the melt that reacted with these mantle dunites to generate the 

U-shaped REE patterns had MORB compositions because MORB magmas have LREE-depleted 

chondrite-normalized REE patterns. However, boninites commonly possess U-shaped chondrite-

normalized REE patterns (Crawford, 1989; Hickey and Frey, 1982; Falloon, 2008), resembling that of 

the mantle dunites from south Andaman ophiolite suite. These observations substantiate the potential 

of a boninitic melt which reacted with the studied mantle dunites and produced the U-shaped REE 

patterns observed in this study. The low-Ca boninitic compositions for the studied samples further 

advocate a depleted mantle source. Plots fall away from the field of impregnated, refractory, abyssal 

peridotites in Ni vs. Mg# diagram (Fig. 9C) and conform to refertilization of mantle wedge peridotites 

by boninitic melts. The LREE-enriched samples with (La/Sm)N >1 plot on HZ1-HZ2-HZ3-CC 

intersection curve in (La/Sm)N vs. (1/Sm)N  diagram (Fig. 9D) thereby corroborating melt percolation 
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and re-enrichment of depleted MORB-type mantle, fluid-mantle, mantle-melt and mantle-crust 

interactions in SSZ setting.  

Experimental studies and trace element modelling have indicated that high water contents, 

elevated mantle temperature and mantle decompression are the essential precursors to the generation 

of boninitic melts (Sobolev and Danyushevsky, 1994; Falloon and Danyushevsky, 2000; Xia et al., 

2012) that are suggested to be derived through high degree of partial melting of a depleted mantle 

fluxed by slab-derived fluids/melts in subduction regime at high temperature (1130-1275°C), shallow 

depths (0.3-1.7 GPa); and under hydrous condition (Crawford et al., 1989; Defant and Drummond, 

1990, Pearce et al., 1992; Manikyamba et al., 2005; 2015). Subduction of an active spreading ridge or 

a young oceanic slab, and initiation of subduction along transform fault in an active ridge-transform 

system are indicated as favourable conditions for generation of boninites. The depleted nature of 

mantle and unusual melting conditions at high temperature with volatile flux substantiate the melt 

depletion and re-enrichment processes experienced by the mantle wedge during generation of boninitic 

melts. The boninitic composition and associated geochemical fingerprints of the serpentinized mantle 

wedge dunites of the south Andaman ophiolite suite reflect intraoceanic subduction initiation, fore-arc 

extension and formation of spreading centre above subduction zone. The geochemical features of the 

studied rocks invoke multistage petrogenetic process involving the following mechanisms.  (i) 

Multiple episodes of extraction of basaltic melt rendering a depleted, refractory upper mantle residue 

where (HREE)N>(MREE)N>(LREE)N. (ii) Intraoceanic subduction initiation ensued by downwelling 

of oceanic slab counter balanced by upwelling of asthenospheric mantle, thinning of the overlying 

lithosphere, decompression melting of a fertile, lherzolitic, asthenospheric mantle wedge giving rise 

to MORB-type magmas in an arc regime, leaving behind a refractory, harzburgitic mantle restite. (iii) 

Dehydration of subducted slab, release of fluids through slab-dehydration, which are enriched in 

incompatible elements (LILE, LREE) (iv) LILE and LREE enrichment of depleted mantle wedge by 

influx of slab-dehydrated fluids and melts causing metasomatism. (v) High-temperature, shallow level 

melting of metasomatized mantle wedge generating boninitic melts (vi) Interaction between mantle 

wedge dunite and boninitic melts. (vii) Melt percolation, melt-rocks interactions transforming mantle 

harzburgites to mantle dunites. (viii) Serpentinization of mantle wedge dunites by slab-dehydrated 

hydrous fluids. 

6.4 Implications on PGE systematics 

 The PGE abundances of mantle-derived ultramafic-mafic rocks are controlled by (i) nature of 

the mantle source; (ii) previous melt extraction episodes; (iii) extent of mantle metasomatism; (iv) 

conditions of mantle melting including the degree and depth of partial melting; and (v) crustal 
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assimilation and fractional crystallization processes during the ascent and emplacement of magma 

(Arndt et al., 2005; Naldrett, 2010; Shellnutt, 2014; Manikyamba and Saha, 2014). Most ultramafic- 

mafic magmas are considered to be generated  from a mantle source having peridotitic composition 

marked by olivine, orthopyroxene, clinopyroxene and an aluminous phase that varies with the depth 

of melting domain i.e. plagioclase at <0.9 GPa, spinel at 0.9-3 GPa, and garnet at >3 GPa. The minor 

phases that are associated with a peridotitic source mantle include hydrous silicates, carbonates, 

sulphides and/or PGE-rich alloy. PGE distribution in arc magmas is not only attributed to partial 

melting of mantle, but infiltration of fluids and hydrous metasomatism of mantle wedge collectively 

account for their PGE concentrations. The behaviour of highly siderophile elements (HSE) including 

Re, Os and PGE (Os, Ir, Ru, Rh, Pt, Pd) in boninites provide important constraints on their mobility in 

slab fluids and melts, melting of a metasomatised mantle wedge and the role of subduction components 

in genesis of arc magmas (Wood et al., 1992; Kepezhinskas et al., 2002; Dale et al., 2008; Saha et al., 

2015; Singh et al., 2016). 

Mantle Melting 

 Based on their melting temperatures, PGE are classified as the Iridium group (IPGE, Os, Ir, 

and Ru) having melting temperature of ~2000°C) and the Palladium group (PPGE, Rh, Pt and Pd) with 

melting temperature below 2000 °C) (Woodlandet al., 2002). These two groups of PGEs occur within 

different mantle phases in peridotites or mantle rocks derived through high degrees of partial melting 

that removed most of the base metal sulphides (Barnes et al., 1985; Aldanmaz and Koprubasi, 2006; 

Mondal, 2011). PGE fractionation trends during partial melting suggest that IPGEs are more 

compatible, occur as discrete minerals or sulphides, alloys oroxides, often hosted within silicate grains, 

with their abundance increasing in the residual mantle with high degrees of partial melting. In contrast, 

the PPGE are relatively incompatible, occur as sulphides and alloys, often as interstitial grains with 

enriched PPGE in resultant melts and subchondritic Rh/Ir andPd/Ir ratios in residual mantle after melt 

extraction (Barnes et al., 1985; Shirey and Walker,1998; Alard et al., 2000; Rehkämper et al., 1999; 

Lorand et al., 2000). The sulfur content of primitive mantle peridotite has been estimated as 200-300 

ppm with sulfide disappearing into the melt at 17 to 25 % partial melting (McDonough and Sun, 1995; 

Rehkämper et al., 1999). O'Neill et al. (1995) and Lesher and Stone (1996) have suggested that 

depleted mantle peridotite, which is the source of many mafic-ultramafic magmas, may contain as little 

as 125 ppm S which would require lower degrees of melting to consume all the sulfides. Melt partition 

co-efficient of PGEs in sulphide-silicate association is very high suggesting that magmas generated by 

low degree of partial melting are relatively enriched in Pd and Pt than those derived by higher degree 

of mantle melting (Keays, 1982; Naldrett, 1997, 2010; Herzberg et al., 2010; Luguet et al., 2001).   
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The mantle peridotites (dunites) in this study show characteristic higher concentrations of PGE 

including Pd (4.4-12.2 ppb) and Pd/Ir (2-5.5) compared to the relatively low values of Pt (2.4-12 ppb) 

and Pt/Pd (0.4-1.6). These features suggest contribution from slab-dehydrated fluids and hydrous 

melting of depleted mantle wedge under high temperatures and fluid pressure in an intraoceanic 

subduction setting. PGE compositions of the studied samples with relative enrichment of PPGE over 

IPGE, and pronounced enhancements of Pd relative to Ptprovide evidence for a multi-stage 

petrogenetic process marked by fluid influx, mantle metasomatism and selective enrichment of 

incompatible and less refractory siderophile elements in the mantle environment. The elevated Pd and 

Au concentrations in high-Ca boninites of northern Tonga arc provide evidence for residual 

monosulphide solution and indicate subduction influx into the mantle source (Karrei et al., 2008). The 

mantle peridotites of AOB also have higher Pd and Pd/Ir ratios which suggest retention of sulphides 

by influx of slab-derived fluids into mantle wedge via subduction and high fluid pressure. Chondrite 

normalized PGE patterns of the studied mantle peridotites (PPGE/IPGE>1) reflect higher degrees of 

mantle melting that result in PGE fractionation.  The Pd and Pt contents (4.4-12.2 ppb Pd, 2-12 ppb 

Pt) account for higher degrees of mantle melting for the generation of parent melts. PGE compositions 

of the fertile primitive upper mantle is characterized by 3.5 + 0.4 ppb Ir, 3.9 + 0.5 ppb Os, 7.0 +0.9 

ppb Ru, 7.6 + 1.3 ppb Pt, 7.1 + 1.3 ppb Pd and 1.9 + 0.6 ppb Au (Becker et al., 2006).  The IPGE and 

PPGE contents for the studied samples compared to the primitive mantle values suggest a depleted to 

enriched mantle source for their generation.  The studied rocks with Pd/Ir values ranging from 2 to 5.5 

correspond to higher degrees of mantle melting. On Pd/Ir vs. Ni/Cu discrimination plot (Fig. 10A) the 

studied samples cluster in the field for mantle. On Pd/Ir vs. Pt/Pt* plot (Fig.10B) the studied samples 

correspond to the partial melting trend of asthenospheric mantle. However, it has to be noted that 

partial melting of mantle is not the sole factor that accounts for PGE fractionation which is also 

influenced by melt percolation and metasomatic processes operating in the mantle. The PGE chemistry 

of mantle peridotites from south Andaman ophiolite suite, as observed in this study, is marked by 

relative enrichment of PPGE over IPGE and pronounced enhancement of Pd/Ir relative to Pt/Pd. This 

feature cannot be explained by simple in situ melt extraction and removal of sulphide phases but 

suggest mobilization of less refractory siderophile elements, selective incompatible element 

enrichment of mantle, melt percolation and input from subduction-derived fluids. The enriched Ir and 

Ru compositions of these rocks are analogous to mantle restite. Chondrite-normalized PGE patterns 

for these samples suggest that they have marked enrichments in Pd with depletion in Pt which may be 

attributed to interaction between mantle wedge and subduction-derived fluids which mobilize Pd and 

retain insoluble Pt-rich sulphide phase. The percolation of slab-dehydrated fluids into the arc mantle 

accounts for PPGE and IPGE fractionation during mantle metasomatism. The studied samples have 
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lower Pt/Pd which reflect decoupling of Pt from Pd during fractional crystallization of silicates like 

olivine and oxides like chromite in early stages of magmatic differentiation (Crocket and Paul, 2004; 

Said et al., 2011).  

Melt-rock interaction 

 PGE compositions provide important clues to identify the protoliths of serpentinized mantle 

peridotites. IPGE, especially Ir are not mobile during hydrothermal alteration and even during intense 

metasomatism (Wang et al., 2008), and are therefore good indicators for evaluating the protoliths of 

ultramafic rocks. The concentrations and ratios of IPGE to Pt may be used to identify the protoliths of 

ultramafic rocks (Guillot et al., 2001; Hattoriet al., 2010). Among PPGE, Pd is mobile in hydrothermal 

fluids, which control enrichment and depletion of Pd in serpentinites. Most serpentinites from 

subduction zones contain high IPGE, similar to primitive mantle values, suggesting that these 

serpentinites are residual mantle peridotites. Chondrite-normalized PGE patterns for the studied mantle 

peridotites of south Andaman ophiolite suite are comparable with that of Northwest Anatolian 

peridotites and peridotites from Sumail, Zhongba, and Luqu ophiolites in terms of Ru and Pd 

enrichments and negative Ir anomalies (Fig. 6). The elevated abundances of Pd (4.4-12.2 ppb) with  

high ∑PPGE/∑IPGE (2-3) and Pd/Ir (2-5.5) ratios in the studied samples of serpentinized mantle 

dunites conform to extensive melt-rock interaction through percolation of boninitic melts enriched in 

fluid-fluxed LILE-LREE into the depleted mantle residual after several episodes of melt extraction. 

This boninitic geochemical imprints of the studied rocks is imparted by the infiltration of boninitic 

melts into the depleted and residual mantle wedge peridotite. The high Pd contents with relatively 

lower Ir concentrations of the samples are analogous to characteristic PGE signatures of boninitic 

magmas. The PGE compositions of the samples marked by higher Os and Ru concentrations 

corroborate higher degree of partial melting of mantle. Similar geochemical features have been 

observed in mantle peridotites of the Zhongba ophiolites (Dai et al., 2011).  The PGEpatterns of the 

studied samples with high Os+Ir (2-8.6 ppb) and Ru (2.8-8.4 ppb) suggest them to be rejuvenated by 

infiltration of melts derived by high degree partial melting of subduction-related mantle wedge. The 

imprints of melt-rock interaction make them geochemically comparable with Samail harzburgites from 

Oman ophiolite (Lorand et al., 2009) and Luobusa peridotites (Zhouet al., 2005), the Luobusa 

peridotites. The compositional array of the studied samples on ∑PGE vs. ∑PPGE/∑IPGEplot (Fig. 

10C) suggest that in terms of PGE compositions they are analogous to serpentinites of Kempirsai 

ophiolites from the Urals (Singh et al., 2013). 
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Fractional crystallization 

 It has been envisaged that during fractional crystallization, IPGEs (Os, Ir, Ru) are primarily 

concentrated in cumulus silicate minerals whereas Cu-rich interstitial sulphides mostly host PPGEs 

(Pd and Pt; Lorand et al., 1999; Alard et al., 2000; Said et al., 2011). Fractionation of sulphides, 

chromites and olivine predominantly control the concentration of Pd and Ir (Barnes et al., 1985; Lorand 

and Alard, 2002; Luguet et al., 2001). Sulphides enclosed in silicate phases have high Os and Ir 

resulting in low Pd/Ir ratios (Alard et al., 2000; Barnes et al., 1985; Naldrett, 2010).  Interstitial 

sulphides formed by crystallization of sulphide bearing melts have low melting points whereas partial 

melting of silicate hosted sulphides requires higher temperatures. Increasing degree of partial melting 

lead to fusion of silicate enclosed sulphides and IPGE alloys producing lower Pd/Ir ratios. The IPGEs 

and PPGEs have different solubilities in silicate magmas. The IPGEs like Ir and Os are more refractory 

and compatible during mantle melting whereas PPGE are incompatible. This observation has led Pd/Ir 

to be considered as an effective index of PGE fractionation during petrological processes.  Pd/Ir ratio 

increase with differentiation in magmatic fractionation and it is ~1 in unfractionated materials.  Low 

Pd/Ir ratios for the studied mantle peridotite samples are attributed to (i) higher degrees of partial 

melting that induce fusion of IPGE forming a melt enriched in IPGE with lower Pd/Ir ratios (ii) 

fractional crystallization of silicate phases like olivine and chromite with high Ir and Ru.  In Ni/Pd vs. 

Cu/Ir diagram the sample arrays define two dominant trends consistent with olivine and sulphide 

fractionation in the parent magma (Fig. 11A) indicating that PGE distribution in these rocks was 

dominantly controlled by olivine and sulphide fractionation. PGE fractionation in magmas is 

associated with mantle melting and crystallization processes. The studied mantle peridotites with 0.8-

3.6 ppb Ir suggests partitioning of Ir into the early crystallizing mineral phases like olivine.  The 

elevated MgO contents (35.8-42.2 wt.%) of the studied samples are consistent with lower degrees of 

magmatic differentiation and account for the lower Pd/Ir ratios.  The high MgO mantle peridotites in 

this study marked by higher Ir contents and lower Pd/Ir conform to higher degrees of partial melting 

accompanied by Ir partitioning into early crystallizing minerals. It has been suggested that Pt/Pd ratios 

are significantly diminished by early fractionation of silicates, chromites, PGE and decoupling of Pt 

from Pd by crystal fractionation (Crocket and Paul, 2004; Said et al., 2011). The Pt/Pd ratios for these 

rocks (0.4-1.4) are lower than primitive mantle (1.82; McDonough and Sun, 1995) attesting to early 

fractionation of silicates, chromites and PGE.  The Pd/Pt ratios (0.6-2.2) are higher than average Pd/Pt 

ratios of the mantle (0.57; Taylor and McLennan, 1985) which is attributed to PGE depletion in parent 

magma.  It has been envisaged that PGE fractionation is largely controlled by (i) the exhaustion of 

sulphide in the mantle source, which is dependent on the degree of both partial melting and prior melt 
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depletion and (ii) the retention of IPGE in the mantle residue by platinum group minerals and Cr-

spinel. The Cu, Ru, Pd, Ir and Pt concentrations for the studied samples indicatethat these elements 

were compatible and were incorporated into early crystallizing phases like olivine. 

Sulphide saturation history 

 PGE contents in magma are controlled by two factors: 1) sulphur solubility in the magma which 

is increased due to decompression leading to S-undersaturation and 2) evolution of S-undersaturated 

magma through crustal assimilation and fractional crystallization (AFC) which reduces sulphur 

solubility (Said et al., 2011). Sulphur abundance of magma is controlled by (a) degree of mantle 

melting where sulphur concentration decreases with increasing degree of partial melting and (b) 

combination of mantle metasomatism and interaction with fluids. According to Chen and Xia (2008), 

formation of S-saturated and S-undersaturated melts are related to the partial melting of primitive 

mantle.  During the formation of S-saturated melts, the immiscible sulphide liquid will be separated 

and retained in the residual mantle resulting in a PGE-poor melt as PGE are siderophile in nature. PGE 

abundances vary in the order of increasing compatibility (Ir<Ru<Pt<Au<Pd) for the melt in sulphur 

undersaturated conditions (Naldrett, 2010; Barneset al., 1985; Keays, 1995; Vogel and Keays, 1997).   

The removal or incorporation of sulphides are suggested to be the key processes leading to the 

variation in relative PGE abundances of both melt and residual products of mantle melting (Rëhkamper 

et al., 1999; Bennett et al., 2000; Bockrath et al., 2004). Platinum group elements are strongly 

chalocophile in nature owing to their high sulphide/silicate partition co-efficient ranging from 103-105. 

The distribution of PGEs in mantle derived melts is related to the solubility of sulphur in the magma 

(Keays and Campbell, 1981; Peach et al., 1990).  Sulphur solubility in magma is reduced by 

decompression, crustal assimilation and fractional crystallization (AFC), which in turn result into S-

undersaturation in magma (Lightfoot and Keays, 2005). The concentration of sulphur in magma 

decreases with increasing degree of partial melting, mantle metasomatism and interaction with fluids 

(Barnes et al., 1985; Naldrett, 2004; Arndt et al., 2005). At higher degree of partial melting (~25%) S-

undersaturated magma is expected to form in which PGE will be retained in the mantle 

residue.Therefore, wide variation in relative PGE abundances of melt and residual products of mantle 

melting are attributed to processes associated with varying degrees of sulphide removal or 

incorporation in magma. During magmatic differentiation, sulphur and Cu behave similarly and 

therefore, Cu serves as a proxy for sulphur.  Pd being the most chalcophile of all PGEs, its abundance 

is controlled by S-saturation and S-precipitation from a melt. Thus, the relationship between Cu and 

Pd has been identified as a useful indicator of the degree of S-saturation of magmas (Vogel and Keays, 

1997; Woodland et al., 2002; Chen and Xia, 2008). The trace element and PGE compositions of the 
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studied mantle peridotites marked by Ni=25-37 ppm, Cr=39-64 ppm, ∑PGE=26.23-68.35 ppb and 

ΣPPGE=24.1-63.3 ppb suggest a crustally uncontaminated, sulphide unsaturated and PGE depleted 

character of the parent magma. The Pd and Cu relationships indicating sulphur under saturated 

character of the serpentinized peridotites (Fig.11B) along with their boninitic affinity suggest 

modification and rejuvenation of depleted mantle composition by subduction-derived fluids and 

boninitic melts derived through high degree partial melting. 

6.5 Metasomatism and serpentinization: Subduction initiation and geochemical cycling 

 Serpentinites and serpentinization occurring at mid-oceanic ridge-rift systems and subduction 

zones provide significant clues for understanding elemental cycling and ocean-crust-mantle interplay. 

Serpentinites are hydrated ultramafic rocks with up to 15–16 wt.% and average of 13 wt.% H2O content 

and formed through the alteration of olivine- and pyroxene-dominated ultramafic rocks at temperatures 

lower than 650–700°C (Evans et al., 2013).The studied mantle wedge peridotites from south Andaman 

ophiolite suite experienced extensive serpentinization and metasomatism thereby resulting in marked 

enrichments in fluid-mobile elements (FME) that are ascribed to fluid-rock interactions during 

subduction by percolation of fluids released from different lithologies from the dehydrating oceanic 

slab. Geophysical and geochemical studies of modern and ancient subduction systems have 

emphasized the presence of serpentinites and the role of serpentinization in subduction zone tectonics 

and global geochemical cycle (Deschamps et al., 2013). Experimental studies and detailed 

observations on geochemical database of serpentinites have suggested their hydrated nature and 

stability over a relatively wide P–T range and their potential as a sink of fluid mobile elements (FME) 

and also as an effective carrier of water to depths up to 120 to 170 km (Ulmer and Trommsdorff, 1995; 

Deschamps et al., 2011).  Geochemical attributes of the studied serpentinized mantle peridotites 

provide insights into the process of fluid-induced metasomatism and serpentinization processes and 

their implications within island arc settings.  The migration of slab-dehydrated fluids promotes 

mobilization of elements and contributes to 3-25% of melting of mantle wedge at a depth of 30-50 km 

and at 1250-1350ºC mantle temperatures (Kimura and Nakajima, 2014; Plank et al., 2013). Therefore, 

fluid transportation from slab to mantle wedge and its role in subduction zone magmatism supports the 

contention that island arc tholeiites contain 1-8 wt.% of subduction derived hydrous fluids compared 

to the mid oceanic ridge basalts (MORB, 0.2 wt.%) and ocean island basalts (OIB, 0.8 wt.%; Saal et 

al., 2002; Kimura and Nakajima, 2014; Volker et al., 2014). On Nb/Zr vs. Th/Zr plot the studied 

samples depict a trend consistent with fluid related enrichment of mantle during the subduction process 

(Fig.11C). 



 
 

20 | P a g e  
 

The geochemical exchange of elements between the subducted oceanic slab and sub-arc mantle 

wedge, the different stages of subduction from initiation to maturation and associated melt generation 

processes, interaction between subduction-derived magmas and overlying arc crust, subduction-driven 

asthenospheric upwelling collectively account for the diverse compositional spectrum of magmas 

produced in the subduction factory and even those associated with subsequent rift events (Straub and 

Zellmer, 2012; Spandler and Pirard, 2013; Iwamori and Nakamura, 2015; Santosh et al., 2015, 2018; 

Yang et al., 2016). During the course of subduction, from initiation to maturation, the mantle wedge 

is chemically modified and enriched by the influx of hydrous fluids released by the dehydration of the 

downgoing oceanic crust, siliceous slab melts derived by melting of subducted slab and subduction-

derived sediments which in turn serve as the most viable agents for transfer of different elements from 

slab to mantle wedge (Stern et al., 1990; Kimura and Yoshida, 2006; van Keken et al., 2011). These 

subduction-derived components eventually trigger metasomatism and flux-controlled partial melting 

of mantle wedge (Tatsumi, 2005; Kimura and Nakajima, 2014; Liu et al., 2015). The intraoceanic fore 

arc crust is either deeply submerged or the exposed ones are vulnerable to tectonic erosion which 

restricts their study for understanding their nature and origin (Falloon et al., 2008; Stern, 2004; Stern 

et al., 2012). However, drilled samples of fore-arc peridotites (upper mantle) exposed in the inner 

trench walls of Izu-Bonin-Mariana, Tonga and South Sandwich subduction zones provide a window 

to the complete crustal section at shallower depth along with the crust mantle transitional zone at 

Moho. The fore-arc oceanic lithosphere along with the uppermost boninitic layer further substantiates 

sea floor spreading during the initial stage of subduction (Crawford, 1989; Pearce et al., 1992). As the 

subduction progresses, the subducting slab reaches to melting stage. The relative concentrations of Nd 

and Hf provide important constraints in understanding the nature of subduction components in SSZ 

mantle melting regions. It has been suggested that the possible roles of slab-derived components like 

aqueous fluids released from the subducted slab during dehydration or silicate melts generated by 

partial melting of slab components are crucial in characterizing the geochemical signatures of 

subduction zone magmas (Pearce et al., 1999; Aldanmaz et al., 2008). According to the general 

consensus, Hf is soluble to varying degrees in siliceous melts, but, has a low solubility in aqueous 

fluids derived from subducted materials  and does not get transported to the mantle by the fluids 

originated from slab dehydration (Aldanmaz et al., 2008). In contrast, Nd is more soluble in both 

subduction derived fluids and melts. In this case, the Nd/Hf ratios of the studied mantle peridotites 

ranges from 4.9-14.3 and such high values are not consistent with partial melting of subducted 

sediments or oceanic crust and support the contention of release of aqueous fluids through dehydration 

of subducted slab in making up the subduction component. Further, the high Nd/Hf and low Hf/Yb 

(0.2-1.00) ratios of the investigated rocks attest to their SSZ character. 
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A schematic diagram demonstrates the magmatic and tectonic processes involved in the 

evolution of serpentinized mantle wedge peridotite of south Andaman ophiolite suite (Fig. 12). The 

“subduction factory” at intraoceanic convergent plate margin settings is marked by the subduction of 

Indian plate beneath Burmese plate. Geochemical signature of the studied SSZ mantle wedge 

peridotites provide viable tools to understand subduction initiation and fore arc extension processes, 

elemental cycling and chemical variability. During the initial stages of subduction, the dehydrating 

oceanic slab releases hydroxyl molecules at shallow levels and mantle wedge metasomatism by influx 

of slab-dehydrated fluidsis attributed to flux-melting and boninite magmatism. The depleted mantle 

wedge peridotite is refertilized by boninitic melt percolation and serpentinized by the subduction-

derived fluids. The serpentinization is driven by fluids released through dehydration of subducted 

oceanic slab lithologies.  The serpentinized mantle wedge peridotites from south Andaman ophiolite 

suite represent the upper mantle residue or the lowermost unit in an intraoceanic forearc section and 

preserve a comprehensive record of oceanic crust trapped on commencement of subduction, the 

magmatic and tectonic processes that were operative during subduction initiation, fore arc extension 

and subsequent oceanic crust generation in a SSZ environment. Therefore, we envisage (Fig.12) that 

the boninitic feature of the mantle wedge peridotites from south Andaman ophiolite attests to the 

following processes; (i) Fore arc lithospheric extension and asthenospheric upwelling in response to 

subduction initiation in a SSZ setting (ii) Fluid-transfer from subducted slab to mantle wedge, 

metasomatism and flux-melting (iii) Interaction between boninitic melts and depleted MORB-type 

mantle wedge (iv) Refertilization of refractory mantle peridotite of harzburgite-dunite assemblages by 

boninitic melts. The geochemical andtectonic attributes in this study provide evidence for 

metasomatism, serpentinization and refertilization of depleted mantle wedge peridotite during 

initiation and fore arc extension in SSZ settings of Phanerozoic intraoceanic arc systems and 

geochemical cycling at SSZ through ocean-crust-mantle interaction. 

7. Conclusions 

 The serpentinized dunites with relict olivine in the Badmash pahar area of south Andaman 

represent the tectonized mantle section of south Andaman ophiolite suite.  

 The dunitic protolith point corresponds to restitic mantle peridotite which was subjected to 

extensive melt extraction. 

 Geochemical features marked by LILE-LREE enrichment, HFSE depletion, and U-shaped 

chondrite-normalized REE patterns suggest multistage petrogenetic processes including 
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refertilization of a depleted, refractory mantle wedge by subduction-derived fluids and melts 

operative in an intraoceanic fore-arc environment.  

 The distinct boninitic signature in conjunction with trace, rare earth and PGE compositions is in 

accord with subduction initiation with subsequent slab roll-back triggering extension and seafloor 

spreading in the upper plate of intraoceanic fore-arc regime collectively endorsing a 

suprasubducion zone (SSZ) setting. 

 This boninitic imprint of the studied rocks with distinct PGE patterns characterized by high Os+Ir 

(2-8.6 ppb) and Ru (2.8-8.4 ppb), elevated abundances of Pd (4.4-12.2 ppb) with  high 

∑PPGE/∑IPGE (2-3) and Pd/Ir (2-5.5) conform to extensive melt-rock interaction through 

infiltration of boninitic melts, derived by high degree of mantle melting and enriched in fluid-

fluxed LILE-LREE into the depleted and residual mantle wedge peridotite at initial stage of 

intraoceanic subduction. 

 Petrogenetic evolution is marked by hydration, metasomatism and serpentinization of depleted, 

MORB-type, sub-arc wedge mantle residual after repeated melt extraction episodes by fluids 

released from dehydrated subducted slab  and refertilization of refractory mantle peridotite by 

boninitic melts derived at initial stage of intraoceanic subduction.  

 Serpentinized and metasomatized mantle wedge dunites from south Andaman ophiolite suite 

record both MOR and intraoceanic arc signatures collectively suggesting SSZ affinity and 

represent ocean-crust-mantle interaction and associated geochemical cycling.  
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Figure Caption: 

Figure 1. Location ofthe Tethyan ophiolite belt in the geological map of Indo-Burma-Sumatra 

subduction zone. Plate boundaries, faults and rates are modified after NASA/Goddard Space Flight 

Centre, Digital Tectonic Activity, Map of the Earth, 2000; Plates project, University of Texas at 

Austin; Hall, 2002) 

Figure 2. (A) Geological map of the south Andaman (modified after Ray et al., 1988). (B) Geological 

map of the studied area (modified after Saha et al., 2010). (C) Geological map of the Badmash pahar 

area. 

Figure 3. (A) Field photograph showing occurrence of serpentinized mantle peridotite near Badmash 

pahar area. (B) Photomicrographs showing typical mesh texture in serpentinized mantle peridotite 

from the study area. (C) Photomicrographs showing occurrence of opaque minerals (magnetite) along 

the weak plane of olivine grains and secondary veins. 

Figure 4. (A) Al2O3-CaO-MgO plots for mantle peridotites from the study area. Field of mantle 

peridotite is after Coleman (1977). Data from hartzburgite from Izu-Bonin-Mariana forearc have also 

been plotted (Data source: Parkinson and Pearce, 1998). (B) Ti vs. V diagram illustrating the studied 

samples in distinct fields of boninite (after Shervias, 1982). Data from hartzburgite and dunite from 

Izu-Bonin-Mariana forearc have also been plotted (Data source: Parkinson and Pearce, 1998) 

Figure 5. Chondrite normalized REE patterns and primitive mantle normalized trace element patterns 

for studied mantle peridotite. Normalizing factors are from Sun and McDonough (1989). 

Figure 6. Chondrite normalized platinum group element patters for mantle peridotite (after Dai et al., 

2011). Normalizing factors are from McDonough and Sun (1995). The fields of Northwest Anatolian 

peridotites are from Aldanmaz and Koprubasi (2006); the fields of Luqu peridotites, Xigaze ophiolites 

from Chen and Xia (2008); both of them represent subduction zone peridotites; the fields of Sumail 

peridotites, Oman ophiolite from Lorand et al., 2009. 

Figure 7. (A) and (B) (Th)N vs. (Nb)N diagrams (after Saccani, 2015) showing the tectonic affinity for 

the studied mantle peridotite samples. (C) Chondrite normalized REE patterns for studied mantle 

peridotite. Compositional field for the south Sandwich forearc peridotitesis from Pearce et al. (2000) 

and field for Dazhuka and Bainang peridotites is from Dubois-Côté et al. (2005). Boninite field is 

adopted from Hickey and Frey (1982). 

Figure 8. (A) CaO vs. Al2O3 variation plot (Pearce et al., 1992, Ishii et al., 1992) forstudied mantle 

peridotite. (B)Plot of weight ratios of Mg/Si vs. Al/Si for mantle peridotites, in comparison with fields 

of peridotites of different origins. The diagram was based on the compositional variation of mantle 

peridotites compiled by Pearson et al. (2003) and Palme and O'Neill (2003), and abyssal peridotites by 

Niu (2004). The expected compositional change of residual mantle peridotites during partial melting 

is shown with a thick gray arrow originating from the primitive mantle values (McDonough and Sun, 

1995). Mariana forearc peridotites are from Ishii et al. (1992). (C)Al2O3 contents of the whole-rock of 

the studied mantle peridotite compared with those from other tectonic settings (Azer and Khalil, 2005; 

Abdel Al et al., 2016). 
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Figure 9. (A) Chondrite normalized REE patterns mantle peridotites from south Andaman ophiolite 

suite. The shaded area is also shown for comparison and is the range of model residual mantle 

compositions (based on Aldanmaz and Korrubasi, 2006). (B)Tb/Yb vs. Al2O3 plots for mantle 

peridotite from south Andaman ophiolite suite. The trends for spinel and garnet melting are from 

Bodinier et al. (1988) and McDonough and Frey (1989). (C)Ni vs. Ca# plot of compositions of mantle 

peridotite from south Andaman ophiolite suite. Field of refractory and impregnated abyssal peridotite 

is also shown (Bodinier and Godard, 2003). (D)Chondrite-normalized (La/Sm)N vs. (1/Sm)N diagram 

(Sharma and Wasserburg,1996) showing plots of mantle peridotites from south Andaman ophiolite. 

MORB: Mid-ocean ridge basalts; UM: Upper mantle composition; CC: Continental crust composition: 

UDM: Ultra-depleted melt composition; HZ1, HZ2 and HZ3: Model harzburgite compositions. 

Figure 10. (A) Pd/Ir vs. Ni/Cu diagram showing the plots of mantle peridotite occupying the fields of 

mantle. Fields are after Barnes, 1990. (B) Pt/Pt* vs. Pd/Ir plots for the studied mantle peridotite. 

Fractionation and partial melting trends are from Garuti et al., 1997. Fields for mantle peridotite and 

alpine type peridotite (Garuti et al., 1997) and peridotites from Manipur ophiolite belt (Singh, 2013) 

are also shown. (C) Chondrite-normalized PPGE/IPGE vs. ∑PGE plot for south Andaman mantle 

peridotites. Upper mantle values and ophiolitic trend are from Leblanc (1991) and Melcher et al. (1999) 

respectively. For comparison, fields for podiformchromitites and peridotites from the Manipur 

Ophiolite Complex (Singh et al., 2013; Singh, 2013); main ore field chromitites, Kempirsaiophiolite 

massif, Urals (Melcher et al., 1999), podiformchromitites, Eskisehir ophiolite NW-Turkey (Uysalet 

al., 2009) are shown. 

Figure 11. (A) Ni/Pd vs. Cu/Ir plot (after Barnes et al., 1985) showing olivine, chromite and sulphide 

fractionation trends.  The studied samples exhibit olivine and sulphide fractionation trend. (B) Cu vs. 

Pd (after Hoatson and Keays, 1989) plot showing sulphur undersaturated nature of studied mantle 

peridotite. (C) Nb/Zr vs. Th/Zr plot showing the studied in an array consistent with fluid-related 

enrichment of mantle through subduction process (after Zhao and Zhou, 2006). 

Figure 12. Cartoon showing schematic model of subduction initiation and fore arc extension in the 

genesis of mantle peridotite with boninitic lineage in south Andaman ophiolite suite.  
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