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Abstract 

This paper reports new geochemical data for submarine volcanic pumice sampled from two 

volcanoes (SM-1 and SV-1) which are part of the Andaman subduction system. SM-1 volcano is 

located closer to the Andaman back-arc spreading axis while SV-1 volcano is part of a linear chain 

of arc volcanoes in the southern Andaman Basin. The pumice are products of phreatomagmatic 

eruptions and are highly vesicular in nature, however immediately after eruption of these lava froth, 

sea-water entering into the vesicles made them sink to the sea-floor. A sheet of dull grey to white 

colored pumice observed on top of the SM-1 volcano indicates a non-explosive eruption referred to 

as Tangoroan type. Pumice from these two spatially apart volcanoes share uniform physical 

properties but display minor variations in mineralogical compositions and distinct characteristics of 

selected major and trace elements. Pumice from SM-1 comprises plagioclase, hornblende, and spinel 

while those from SV-1 are composed of plagioclase and quartz as main crystalline phases. 

Geochemically, the pumice samples from SM-1 volcano are classified as medium-K calc-alkaline 

rhyolites, while those from SV-1 volcano show low-K tholeiitic compositions. Trace and REE 

compositions for these rhyolitic pumice collectively reflect LILE-LREE enriched, HFSE depleted 

signatures of subduction zone magmatism and implicate an oceanic arc tectonic affinity. Selective 

enrichment in LILE and LREE with relative HFSE depletion is attributed to infiltration of fluid-

mobile LILE and LREE into the mantle via fluids released from slab-dehydration with retention of 

fluid-immobile HFSE in the subducted slab. Elevated abundances of LILE/HFSE, LREE/HFSE and 

LREE/HREE for the medium-K calc-alkaline rhyolitic pumice relative to their low-K tholeiitic 

counterparts invoke increased fluid-flux into the mantle with progressive maturation of oceanic slab 

subduction.  The precursor magmas parental to the SM-1 and SV-1 volcanic pumice were derived by 

partial melting of a mantle wedge metasomatized by variable slab-mantle interactions, and influx of 

slab-dehydrated fluids and sediments. Pronounced REE fractionation trends suggest evolution of 

resultant melts in a cold, hydrous, oxidizing regime of intraoceanic arc setting that eventually 

reheated, remelted, remobilized and assimilated lower oceanic arc crust and erupted as rhyolites. The 

volcanic pumice from Andaman are geochemically and tectonically analogous to those from Mariana 

arc and Okinawa Trough of Pacific Ocean.   
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1. Introduction 

In the Phanerozoic Earth (~540 Ma to present day), subduction comprises a major component of 

global plate tectonics and it is the most significant mechanism for recycling of rocks, sediments, 

water and volatiles from the surface into the mantle that posit profound effect on the geological, 

geochemical and geophysical evolution of the Earth. Three quarters of the Earth’s volcanic activity 

occurs beneath the sea. Submarine volcanism constitutes an important component of active island arc 

systems. Arc-back arc magmatism associated with active oceanic subduction systems provide the 

best window to understand the sinking of oceanic lithosphere into the mantle and the consequent 

processes such as partial melting, mantle wedge metasomatism and hybridization, dehydration, 

melting, delamination and recycling of subducted oceanic slab. These processes collectively enhance 

ocean-crust-mantle interaction, hydrothermal activity, ore mineralization and magmatism of diverse 

compositional spectra. Felsic magmatism shows marked genetic correlation with subduction related 

tectonic activities in terms of both ocean–ocean and ocean–continent convergence and their 

emplacements provide viable evidence for distinct episodes of oceanic and continental crust 

generation (Stern, 1991; Leat and Larter, 2003). Arc-back arc magmatism in active intraoceanic 

convergent plate margin setting is distinctly characterized by bimodal mafic–felsic volcanism and 

tholeiitic to calc-alkaline BADR (basalt-andesite-dacite-rhyolite) varieties that play key role in 

generation, evolution and accretion of juvenile oceanic crust. Partial melting of sub-arc mantle 

wedge and altered, metamorphosed subducted oceanic lithosphere are the two principal proponents 

for arc magmatism with variable extents of slab-mantle-crust interaction spanning over incipient to 

matured stages of subduction (Saha et al., 2018a). Felsic magmatism is predominantly a product of 

subcrustal and intracrustal melting associated with magmatic arcs at convergent plate margins 

(Brown, 2009). In oceanic and continental arc systems, the overriding plate (oceanic or continental), 

the subducted oceanic slab and the mantle wedge contribute to the generation of felsic magmas and 

crust formation (Maruyama et al., 2009). The geochemical trends in young arc volcanic rocks are 

attributed to contributions from slab components as well as to melting, assimilation, storage and 

homogenization (MASH) processes in the arc crust (Stern, 1991; Goss et al., 2013). 

The Andaman arc-back arc system in the north-eastern Indian Ocean exemplifies an active 

intraoceanic convergent margin with minimal effect of continental crust assimilation and a potential 

site for elemental fractionation between subducted oceanic crust, adjacent mantle wedge and 

overriding oceanic plate. Arc magmatism is characterized by calc-alkaline volcanism with andesites 

as main rock types. The extreme fractionation product of the calc-alkaline volcanism is dacite/ 

rhyolite which occurs in the form of pumice and is considered as volcanic froth. There are many 
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reports of ophiolites and subduction zone volcanism from various islands of the Andaman Sea 

(Haldar et al., 1992; Pal et al, 2003; 2007; Haldar and Luhr, 2003; Ray et al., 2012; Sheth et al., 

2009; 2010; 2011, Sheth, 2014, Saha et al., 2010; 2018b and references therein) especially the 

recently erupted Barren Island volcano. However, there are almost no studies on the submarine arc 

volcanics from the Andaman subduction zone. In this paper a comprehensive physical, petrological 

and geochemical study of pumice dredged from two far apart submarine volcanoes of the Andaman 

subduction zone is presented. The observations and interpretations have been used to discuss the 

styles of eruption, mantle melting conditions, crust-mantle interactions, petrogenetic processes, and 

tectonic implications to address the origin and evolution of felsic magmas in an active intraoceanic 

arc- back arc regime.  

2. GEOLOGICAL SETTING 

The oblique under-thrusting of the Indo-Australian Plate under the Eurasian Plate due to the 

northward movement of the Indian Plate has resulted in the formation of a subduction zone in the 

north eastern portion of the Indian Ocean. The subduction zone is marked by the presence of the 

trench- arc – back arc system. Andaman - Java - Sumatra trench and Andaman subduction system are 

part of this tectonic setup. The Andaman Basin (~8,00,000 sq. km area), situated between 6°N and 

14°N, and 91°E and 94°E, extends for 1200 km from Myanmar in the north to Sumatra in the south 

and 650 km wide with the Malay Peninsula in the east and the Andaman and Nicobar Islands in the 

west (Rodolfo,1969; Roy, 1992) (Fig. 1A). In a regional tectonic setup, the Andaman Basin lies 

along the Indian and Eurasian plate boundary which extends from the Sunda Arc and trench off Java 

and Sumatra, along the west side of the Andaman- Nicobar Ridge and northward through the Indo-

Burmese Ranges (Curray et al., 2005) (Fig. 1A). Bathymetry of the Andaman Sea reveals an average 

depth of ~1000 m with the northern region being shallow (~600 m) due to continuous sedimentation 

from the Irrawaddy River draining Myanmar region. Less than 5% of the Andaman Sea has more 

than 3000 m deep seafloor comprising the submarine valley system with depths of ~4000m (Rodolfo, 

1969). Important physiographic features of the Andaman Basin include the Central Andaman 

Trough, Sewell Seamount in north and Alcock Seamount to the south of the spreading axis (Rao et 

al., 1996) (Fig. 1A). Andaman Sea is an active back arc extensional basin lying behind the Sunda 

subduction zone (Kamesh Raju et al., 2004; Curray, 2005) and also identified as a pull-apart basin or 

leaky transform fault basin that is typical of highly oblique convergence and/ or ridge trench 

collision (Lodolo et al., 2013). The Indo-Australian plate subducts beneath the SE Asian plate with 

variations in terms of speed and direction which has resulted in the oblique convergence in the 

Andaman-Nicobar sector (Kamesh Raju et al., 2004, Subrahmanyam et al., 2008). Seismic activity 
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with earthquake centers located along the Sunda arc, extending from the eastern Himalayan syntaxis 

to the Banda arc (Kamesh Raju, 2005) is prominent in the northern part of Andaman arc-back-arc 

system. The presence of an active volcanic arc is represented by Barren and Narcondam volcanoes 

with recent volcanic eruptions on Barren Island. Kamesh Raju et al. (2012) reported dacites and 

rhyolites from a volcano situated exactly in the central part of an earthquake swarm.  

3. PHYSICAL PROPERTIES OF PUMICE 

The rocks are identified as pumice because of their extremely low density, high vesicularity 

and volcanic mode of formation (Whitham and Sparks, 1986). Physically the rocks are relatively 

dense and cannot be broken easily, however they float in water. 

Physical properties like, specific gravity, dry density, porosity, saturated density of 

representative pumice samples from SM-1 and SV-1 volcanoes were determined (Table 1). These 

measurements were made using the representative cubes or small blocks of pumice samples from 

SM-1 and SV-1, taking into account the maximum variation in vesicle morphology, vesicle density 

and apparent density within the rock. Physical properties data (Table 1), indicate that the pumice 

from SM-1 has low vesicularity/ porosity with high specific gravity (2.28) and high density (0.813) 

as compared to pumice from SV-1 with high vesicularity with low specific gravity (1.84) and low 

density (0.407). These pumice blocks were also subjected to settling velocity experiment in fresh 

water and it was observed that SM-1 pumice, having high density, almost immediately sank as 

compared to SV-1 pumice which took long time; around ≥ two weeks to sink. This suggests that high 

density is not the sole important property for sinking but vesicles also need to be interconnected, due 

to which water seeps easily throughout the rock and SM-1 pumice sank faster, while porosity of SV-

1 pumice is high but the vesicles being not connected, took longer time to sink. It might be due to the 

type of volcanic eruption that also contributed to the sinking of pumice. The specific gravity of SM-1 

pumice is approximately 1.3 times the value of SV-1. Data (Table 1) reveals relatively higher dry 

density for the SM-1 pumice as compared to SV-1. The porosity values for pumice from both 

submarine volcanoes show high porosity attributed to the presence of vesicles.  

Pumice from SM-1 and SV-1 volcanoes are deep-sea pumice as sampling locations for SM-1 

is ~1600m while for SV-1 it is ~1650m which is an important factor that affects the vesicularity 

(Allen et al., 2010) and other physical properties. The porosity of SV-1 is much higher than SM-1. It 

seems that the pumice from both volcanoes must have sunk after the phreatic eruption after getting 

saturated with water which can be called as sinkers (Fiske et al., 2001). Identifying the rocks under 
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study as pumice suggests a highly vesicular rock and this is reflected in the high porosity for both 

sets of pumice from SM-1 and SV-1. 

4. SAMPLING AND ANALYTICAL TECHNIQUES 

Andaman arc- back arc region has been surveyed using different ships like ORV Sagar Kanya, RV 

Sagar Shukti, MV AA Sidorenko, RV Sonne, etc. During these surveys various geomorphic features 

including volcanic seamounts were mapped by multibeam system and sampled using dredges. These 

geomorphic features have been identified and correlated with the regional tectonic setting of the 

Andaman back arc basin (Kamesh Raju et al., 2004).  

A large symmetrical and conical shaped seamount identified as SM-1 (Kamesh Raju et al., 

2004), is located in the northern part of volcanic arc (north of the back-arc spreading axis) in the 

Andaman Sea where it meets West Andaman fault. SM-1 is positioned at 10° 33.646’ N and 93° 

52.149’ E and rises from a depth of 3200m to ~1600m below MSL. The seamount has a typical 

conical shape with a single high that is centrally located with respect to the circular base of the 

seamount. The flanks/ slopes of the seamount are jagged/ rough, may be due to the slumping during 

past volcanic episodes. The SW slope of SM-1 is much steeper than the NE flank of the seamount; 

characterized by the closely spaced contour lines. SM-1 was dredged and large quantities of fresh 

unaltered highly vesicular pumice was recovered. (Fig. 1B). During one of the surveys SM-1 volcano 

was surveyed by Television grab (TV grab) and the observations showed a dull white to grey colored 

pumice on top. SM-1 volcano does not exhibit any volcanic crater or orifice for eruption of lava.  

Another seamount identified as SV-1, is part of a linear chain of volcanoes that form a 

volcanic arc within the Andaman back-arc basin (Kamesh Raju et al., 2012). SV-1 is located at 07° 

26.745’ N and 94° 20.645’ E and rises from comparatively shallow depth of ~2200m to ~1650m i.e. 

it is only about 550 m in height. SV-1 has 4 prominent mounds, each at a common depth of ~1650 m. 

The volcano is irregular in shape and the base can best be described as oval surrounded by smaller 

volcanic cones at a minimum depth of ~2100 m. The volcano shows steep slopes on all sides except 

the NE slope havinga gentler gradient. Pumice was recovered from this seamount top by dredging. 

(Fig.1C).  

Pumice from SM-1 and SV-1 were mega- and macroscopically observed. Based on nature, 

density and size and shape of the vesicles, pumice were sub-sampled. Consequently, 9 types of 

pumice were identified from SM-1 while 10 pumice types were identified from SV-1. These samples 

were thoroughly cleaned using distilled water in an ultra-sonic bath to remove sediments and salt 

entrenched during exposure to seawater conditions (Nicholson et al., 2004). Thin sections of pumice 
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were prepared for mineralogical and vesicle morphology as well for modal analyses. For the 

determination of physical properties like specific gravity, density, porosity, dry density, etc. small 

cubes of pumice were prepared from large pumice blocks. Pumice pieces were washed using 

ultrasonic bath and dried overnight and finely powdered. These finely ground sample (0.5gm) was 

thoroughly mixed with Merck's Spectromelt® A12 flux and borate beads were prepared with 

Minifuse2 induction furnace for major element oxide content analyzes with PANalytical's Axios 

WD-XRF.  

All selected pumice from SM-1 and SV-1 were analyzed for their major oxides, trace and rare 

earth elements using XRF and ICP-MS respectively at CSIR-National Institute of Oceanography. 

Trace and rare earth element concentrations were determined by digesting sample powders (50 mg) 

with 10 ml of NAM (Normal Acid Mixture, NAM= HF: HNO3:HClO4 in the ratio of 7:3:1). Later 

the solid residue was dissolved in a 4 ml of 1:1 HNO3 to prepare the clear solution to which 1ml of 

1ppm Rh solution was added as a spike and this solution was diluted to 100 ml with MilliQ water for 

the ICP-MS (Thermo® X Series) analysis. Japanese rock standards namely, JR-1 (Rhyolite), JR-3 

(Rhyolite) and JA-1 (Andesite), were used as standards to monitor precision and accuracy of the data 

for both XRF and ICP-MS analyses. Based on these data, accuracy for major element oxides is ± 3-

4% while for the trace element data it is ± 8%. Major, trace and rare element concentrations for the 

analyzed pumice samples are listed in Table 2. 

5. PETROGRAPHY 

5.1 Megascopic Characters 

Macroscopically pumice from both volcanoes show minor variation in color and vesicularity. 

However, another important observation is that the SM-1 pumice shows presence of small dark 

colored crystal clots within the glassy matrix, while no mineral or mineral clots are seen in SV-1 

pumice. Pumice from SM-1 are off-white in color with black encrustation on localized scale. SV-1 

pumice are off-white to grey in color and locally stained yellow with minor signs of charring.  

5.2 Microscopic Characters 

SM-1 

SM-1 Pumice is merocrystalline with colorless anhedral mineral grains/clots of dark black, prismatic, 

sub-vitreous crystals within amorphous groundmass. The pumice shows variation in morphology 

from highly vesicular and brittle to dense and resistant. The vesicles are poly-modal and range in 

shape from elongate to circular and range from a few mm to a few cm in length. The vesicle density 

is moderate to high (Fig. 2A). Some samples of this pumice show compaction and flow texture. The 
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vesicles, unlike the samples of the SV-1, show lack of orientation. The larger vesicles appear to have 

formed from the coalescence of smaller vesicles. Deep-sea TV observation on the top of SM-1 

volcano shows dull white to grey colored sheets of pumice capping on the surface, suggesting that 

these might have erupted without explosive volcanic activity (Rotella et al., 2013).  

The glass shows flow texture (Fig. 2B) that might have developed due to the flow of viscous 

glass before it is completely quenched, dragging and changing the morphology of the vesicles along 

with it. Porphyritic texture is prominently seen in the SM-1 with phenocrysts of plagioclase, green 

colored pleochroic hornblende showing typical cleavage pattern and in some places large plagioclase 

grains are clustered together and floating on a glassy groundmass depicting glomeroporphyritic 

texture (Fig.2C). 

In SM-1 pumice, glass is the dominant phase (54.96%) followed by the phase of vesicles 

(38.55%) and mineral phases like plagioclase, hornblende, quartz & opaques, that occur as 

phenocrysts, consists of approximately 5.88%. Some of the plagioclase grains show typical zoning 

due to reaction failure (Fig. 2D). Of these minerals plagioclase is predominant (4.37%) followed by 

hornblende (0.77%), quartz (0.59%) and opaques (0.15%). Presence of clear phenocryst (Fmanik) is 

indicative of contemporaneous crystallization along with the hosted melt. Similar observation has 

been reported for quartz crystals (Roberge et al., 2005) for the Bishop tuff rhyolites from Owens 

Valley, California, United States.  

In addition, few isolated grains/ crystals of Ti-rich spinels, ilmenite, were observed within the 

glassy groundmass of SM-1 pumice. Few iron-rich hematitic crystals are also seen. These two 

minerals are from the differentiated magma before the eruption. These minerals are in solid solution 

at temperatures more than 10500 C (Deer et al., 1978). 

SV-1 

SV-1 Pumice shows holocrystalline texture showing the presence of both glass and crystals, with 

anhedral crystals, 1-2 mm in size. Vesicles are dense, elongated (5 - 8 mm longest axis) and show 

parallel to sub-parallel arrangement and are 3 to 4 mm circular (shortest axis). Usually pumice breaks 

along the long axis of the vesicles. Most vesicles contain glass filaments strewn across it, indicating 

the explosive nature of the eruption. The glass in pumice is the dominant phase and is dark greenish 

to locally black in color. Rare subhedral plagioclase phenocrysts (modal >0.05%) are present in most 

of the pumice samples. The near absence of any minerals suggest that the aphyric pumice lava was 

super-heated when erupted (Tamura et al., 2003).  
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The vesicles are the second most dominant feature under the microscope after glass. The 

vesicles are mostly unimodal however, in few samples, size and shape of vesicles is polymodal and 

show a preferential orientation parallel to each other (Fig. 2F). The vesicles are elongated to circular 

in shape and appear to have pushed the glass during their formation. In another sample from SV-1, 

swirling of the vesicles is seen probably due to the flow of the glass along with the vesicles after the 

eruption, which could probably be of an effusive type. The modal analysis reveals that highest modal 

percentage is of glass (70.94%) followed by most dominant phase i.e. vesicles (29.76%) in SV-1 

with the plagioclase (0.13%) constituting the sole mineral phase.  

6. WHOLE ROCK GEOCHEMISTRY 

The volcanic pumice samples from Andaman arc-back-arc system are characterized by >65 wt.% 

silica contents (Table 2) that testify the silicic nature of parent melt. Total alkali vs. silica (TAS) 

contents for the studied pumice samples classify them as rhyolites (Fig. 3A, after Le Bas et al., 

1986). K2O vs. SiO2 variations further qualify these rhyolites from SV-1 volcano as low K and from 

SM-1 volcano as medium K varieties (Fig.3B, after Le Maitre et al., 1989). Variations in the K2O 

concentrations with respect to SiO2 distinctly implicate tholeiitic and calc-alkaline composition of 

precursor magmas for SV-1 and SM-1 rhyolitic pumice (Fig. 3B).  The low K and medium K 

rhyolites share overall uniform major element chemistry in terms of restricted range of SiO2 (73.7-

77.6 wt.%), moderate Al2O3 (13-15 wt.%), extremely low TiO2 (0.2-0.3 wt.%), MgO (0.4-0.7 wt.%), 

CaO (1.8-2.6 wt.%), MnO (0.1-0.2 wt.%) and P2O5 (0.04-0.06 wt.%). Total alkali content ranges 

from 5.7 to 7.01 wt.%.  Na2O (4.1-5.96 wt.%)> K2O for low K (1.1 wt.%) and medium K (1.8-1.93 

wt.%) samples.  

Transitional trace elements like Ni, Co and Cr show extremely low concentrations for the low 

K and medium K rhyolitic pumice. Among large ion lithophile elements (LILE), the medium K 

rhyolitic pumice (SM-1) samples are characterized by higher abundances of Rb (41.91-47.31 ppm) 

and Ba (340.6-396ppm) relative to their low K (SV-1) counterparts (Rb: 21.43-25.52 ppm; Ba: 

226.9-290ppm). High field strength element (HFSE) compositions reveal higher concentrations of Zr 

and Y for the low K rhyolites (Zr: 133-149 ppm, Y: 25.4-26.8 pm) than that of the medium K type 

(Zr: 81-88ppm, Y: 19.62-22.12 ppm). In contrast to this, the medium K rhyolites (U: 1.2-1.3 ppm, 

Th: 5.98-6.73 ppm) are characterized by relatively greater abundances of U and Th than that of the 

low K rhyolites (U: 0.90-0.97, Th: 3.81-4.3 ppm). Chondrite normalized REE profile (Fig.4) reflects 

pronounced LREE enrichment with relative MREE and HREE depletion. The low and medium K 

pumice uniformly exhibit strong LREE/MREE (La/SmN: 2.32-3.50) and LREE/HREE (La/YbN: 

3.04-4.99) fractionation trends. However, MREE shows feeble fractionation over HREE (Gd/YbN: 
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0.90-0.93). Chondrite normalized REE patterns depict negative Eu anomalies (Eu/Eu*: 0.74-0.93) 

thereby indicating fractionation of plagioclase in the mantle residue.  Primitive mantle normalized 

incompatible trace element abundance patterns (Fig. 4) reflect distinct negative anomalies at Nb with 

positive anomalies for LILE and LREE collectively attesting to LILE-LREE enriched-HFSE 

depleted chemistry of the precursor magma.   Primitive mantle normalized Th positive anomaly 

attributes to fluid-fluxed Th enrichment in the   source mantle.  

7. DISCUSSION 

7.1 Tectonic Implications 

Geochemical compositions of precursor magmas resulting into ultramafic- mafic-felsic volcanism 

are primarily governed by the tectonic setting and mantle source characteristics. Geochemical 

characters of modern volcanic rocks such as MORB, OIB and IAB are strongly controlled by their 

geodynamic conditions of eruption. High field strength elements (HFSE, such as, Nb, Ta, Zr) serve 

as reliable geochemical proxies to constrain the tectonic environments associated with magmatism in 

oceanic and continental realms. The REE and HFSE are least sensitive to alteration and their ratios 

have been successfully applied to distinguish different geodynamic conditions involved in the 

process of magmatism (Condie, 2001; Song et al., 2008; He et al., 2010). The studied rhyolitic 

pumice from both of the submarine volcanoes in Andaman subduction zone share comparable trace 

and REE characteristics marked by relatively low HFSE and high LILE concentrations thereby 

indicating an analogous tectonic setting for the eruptions. The low values of Ti, Nb; high values of 

Zr/Nb, Zr/Y (Table 2) and Rb abundances (>100ppm) and Y+Nb values (<100ppm) suggest island 

arc setting for both the submarine volcanoes (Pearce et al., 1984; Foley and Wheller, 1990; Pal et al., 

2004). The enrichment of LILE (e.g. Rb Ba, Th, K and U) and depletion of HFSE (e.g. Zr, Hf, Nb, 

Y, Ti) relative to typical primitive mantle values, negative Nb-Ta, Zr-Hf anomalies, and positive Th 

anomalies (Fig. 4) for the studied rhylolitic pumice from SM-1 and SV-1 volcanoes are in 

compliance with the geochemical characteristics of magmas generated in subduction zone setting. 

LILE, LREE and HFSE compositions in terms of Ba/Nb vs. La/Nb (Fig. 5A), La/Yb vs. Th/Yb (Fig. 

5B) and Ba/Yb vs Ta/Yb (Fig.5C) variations conform to intraoceanic arc affinity for these rhyolitic 

pumice. The studied samples further show a geochemical and tectonic coherence with the pumice 

from Okinawa trough of Izu-Bonin-Mariana arc system in the Pacific Ocean (Fig. 5C and Fig.5D). 

The pumice samples from SV-1 volcano are characterized by low K tholeiitic compositions with 

relatively low Rb (21-43-25.52 ppm), Ba (226.9-290.9 ppm), U (0.90-0.97 ppm), Th (3.81-4.3 ppm), 

Ba/Yb (78.5-96.3), Ba/Nb (84.2-109) with respect to the medium K calc alkaline pumice 

corresponding to SM-1 volcano (Rb: 41.91-47.31 ppm; Ba: 340.6-396.1 ppm; U:1.2-1.3ppm; Th: 
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5.98-6.73 ppm; Ba/Yb: 128.8-145.4; Ba/Nb: 135.75-145.96). The elevated abundances of LILE, U, 

Th with higher values for LILE/HFSE and LILE/HREE ratios in the SV-I pumice samples compared 

to their SM-1 counterparts can be accounted in terms of increasing influx of subduction-derived 

fluids containing fluid-mobile elements during different stages of subduction. Tholeiitic arc magmas 

are erupted during initial stages of subduction, while calc-alkaline nature of parent melts with 

gradually enhanced influx of slab-dehydrated fluids and subducted slab sediments commensurate 

with progressive increase subduction maturity. Nb vs. Y (Fig. 6A) and Rb vs. Y+Nb (Fig. 6B) plots 

for the rhylolitic pumice in this study distinctly correspond to the volcanic arc field thereby 

conforming to their eruptions in an arc regime.      

7.2 Eruptive Style 

The studied pumice samples from SM-1 and SV-1 volcanoes, forming a part of Andaman 

volcanic arc, have high percentage of vesicles (Table 1) indicating either volatile exsolution and/or 

steam explosivity. The morphology and density of these pumice reflect the rates of rising of bubbles, 

ascent and the discharge of magma (Houghton and Wilson, 1989). SM-1 samples show a high degree 

of interconnectivity of the vesicles. Complete interconnection of the vesicles could occur during 

explosive eruption, by thermal contraction during cooling of the pumice or perhaps by hydration of 

the glass (Whitham and Sparks, 1986). SV-1 pumice show elongated, parallel to sub parallel vesicles 

that are very closely spaced and mostly trimodal which are indicative of  three vesiculation events: 

(a) in the magma chamber, (b) in the conduit and (c) as a result of explosive eruption of the pumice 

(Whitham and Sparks, 1986). The samples reflect phreatomagmatic eruptions of the submarine 

volcanoes SM-1 and SV-1, which are generally a consequence of thermal contraction instead of 

thermal expansion in other types of eruptions. The interaction of superhot magma with cool water 

results in highly explosive eruptions. The occurrence of explosive volcanism at deeper water levels is 

poorly understood and has been a controversial subject over the past few decades (Kokelaar and 

Busby, 1992; Fiske et al., 2001). Cas and Wright (1987) suggested that it is improbable that 

explosive eruptions can occur at depths more than a few tens of meters, while others report caldera 

forming silicic volcanism occurring at considerable depths. Such explosive eruptions do exist (except 

in very deep waters) and are usually seen at island arc settings (Allen et al., 2010; Fiske et al., 2001; 

Stern, 2010; Resing et al., 2011). The submarine volcanoes that are sampled have erupted in an 

explosive nature under the water column of greater than 1.5 km depth. However, recently, Rotella et 

al. (2013) have proposed a new volcanic type of eruption called as Tangaroan type where in eruption 

is not explosive but it produces vesicular siliceous pumice. The dry density of all samples range from 

0.40 gm/cc to 0.81 gm/cc, both being less dense than sea water (1.035 gm/cc). To understand the 
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behavior of the pumice in the submarine environment we must consider however, not the dry density 

of the rock, but rather the wet/saturated density (Fiske et al., 2001). The saturated density of the 

samples (i.e. pores filled with sea water) range from 1.2gm/cc to 1.5gm/cc, thus suggesting that they 

might have sunk immediately. Whitham and Sparks (1986) experimentally proved that hot pumice, 

when exposed to cold water immediately absorbed water through its vesicles and sank immediately. 

Kato (1987) further recognized that the volatiles that filled the vesicles are heated, and when exposed 

to cold water, they collapse causing further influx of the sea water into the rock. These factors along 

with the hydrostatic pressure of the water column above the submarine volcanoes would suggest 

saturation of pumice with seawater almost immediately after the eruption (White, 2003). 

7.3 Crystal Fractionation and Assimilation 

Pumice are predominantly made up of glass and vesicles with a subordinate amount of phenocrysts. 

The presence of porphyritic and glomero-porphyritic textures exhibited by few minerals within a 

glassy ground mass indicate a phase of crystallization and a phase of quenching. Petrographical 

studies of the pumice reveal a distinct difference in the vesicularity and the mineralogical 

compositions. The vesicles of pumice from SV-1 are elongated and show parallel to sub parallel 

alignment, while the SM-1 pumice show a great variation in shape, size and orientation of the 

vesicles. The SM-1 seamount shows the presence of phenocrysts of plagioclase, hornblende and 

quartz along with the presence of opaques. The zoned plagioclase from SM-1 pumice indicate two 

possible conditions, fresh magma influx in the chamber/magma mixing or crystallization during 

cooling; the former process results in reversed zoning and the later results in normal zoning of the 

plagioclase crystal (Pal et al., 2007). Hornblende is common in medium to high K2O content pumice. 

Its presence is important as it is stable only if the melt contains >3 wt. % of H2O at pressures in 

excess of 0.1 to 0.2 GPa and thereforeprovides information on both H2O content as well as depth of 

magma segregation (Winter, 2010). Major oxide contents suggest that the pumice under study are 

essentially rhyolitic and are rich in alkali and poor in Fe-Mg minerals, indicating that either the 

process of partial melting or fractional crystallization operated between the time of formation of melt 

and its extrusion on the ocean floor. The small negative Eu anomaly can be attributed to the removal 

of plagioclase, as Eu shows a deviation from +3 oxidation state to +2 under certain conditions of 

oxygen fugacity and replaces Ca in the plagioclase crystal structure. The presence of high amounts of 

Ba and Sr in relation to Rb and low Rb/Sr and Rb/ Ba ratios are consistent with predominant 

plagioclase rather than K rich feldspar fractionation. This is further supported by the presence of 

plagioclase phenocrysts observed in the specimens of SM-1 and also in SV-1 thereby suggesting that 

the crystallization of plagioclase commenced during the residence time of the silicic magma. Plots of 
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studied samples on Sr vs. Ba diagram (Fig. 7A) invoke role of assimilation of lower oceanic arc crust 

in the genesis of these rhyolites.   

Hydrous basalt and / or andesite are plausible source rocks from which rhyolites could be 

produced by partial melting (Tamura, 2002). Simple fractionation, however, is not the answer for 

magmatism in oceanic island arcs (Nicholson et al., 2004). Studies of silicic volcanism along the Izu-

Bonin arc, Japan suggests that the partial melting of solidified calc-alkaline andesites within the crust 

generated rhyolites; these partially melted felsic melts, enriched with volatiles cause a caldera 

forming eruption of aphyric rhyolitic pumice (Tamura, 2002 and Shukuno et al., 2006). The injection 

of mafic magma in the crustal magma chamber may trigger the eruption due to combined efforts of 

increased mass, heat and volatile input into the andesite (Zellmer and Turner, 2007) till then these 

volcanoes might be just erupting small amounts of ash and or gases as in fumarolic activity which 

has been suggested for Barren Island volcano by Sheth (2014). It can be envisaged that in Andaman 

subduction zone, at SV-1, simple partial melting of the calc-alkaline source resulted in the rhyolitic 

volcanism while at SM-1, the calc-alkaline source containing high H₂O content is partially melted, 

indicated by the presence of hornblende crystals. When the magma ponded under the volcanic arc 

(Tamura, 2002) the fractional crystallization of plagioclase within the silicic froth began. Change in 

the conditions of the chamber resulted in the explosive extrusion of the magma that was quickly 

quenched to form a pumice containing phenocrysts of plagioclase and hornblende. 

7.4 Intraoceanic subduction signature and variable slab-mantle interaction 

Rhyolites constitute an integral component of the tholeiitic to calc-alkaline basalt–andesite–dacite–

rhyolite (BADR) association of convergent margin setting. A combination of magmatic processes 

such as influx of slab-derived fluids and melts into mantle wedge, wedge melting, assimilation of 

crustal materials by arc magma and magma mixing play a very significant role in the petrogenetic 

evolution of tholeiitic to calc-alkaline mafic to felsic magmas (Gao et al., 2012; Guan et al., 2012; Qi 

et al., 2012; Yang et al., 2013). Rhyolites commonly occur in intraoceanic arc, continental arc and 

continental rift settings and their geochemical features are attributed to different petrogenetic 

processes (Ayalew and Ishiwatari, 2011). Rhyolitic magmas in intraoceanic arc settings (e.g. Izu-

Bonin arc) are inferred to be partial melts derived by dehydration melting of calc-alkaline andesites 

in upper to middle oceanic arc crust (Tamura and Tatsumi, 2002), whereas continental arc rhyolites 

(e.g. Mt. Wasso rhyolites of Japan) are generated by partial melting of metamorphosed basalts of 

thickened lower crust associated with fractional crystallization and crustal assimilation (Deering et 

al., 2008). Continental rift zone rhyolites (e.g. rhyolites from Ethiopia) are interpreted as products of 

fractional crystallization and crustal contamination of basaltic magma derived by intracrustal melting 
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(Garland et al., 1997). Oceanic arc rhyolites are interpreted to have geochemical compositions 

conformable with that of partial melts produced by dehydration-melting of calc-alkaline andesites at 

low-pressure (<7 kbar). The Izu-Bonin volcanic arc represents a modern-day intraoceanic convergent 

margin where generation of rhyolite magmas is triggered by dehydration melting of calc-alkaline, 

andesitic component of oceanic crust and this melting is influenced by influx of hot basaltic magma 

derived by subduction-processed mantle wedge melting (Straub and Zellmer, 2012; Manikyamba et 

al., 2014a; b; c). Pumice from the Andaman island arc systems have a characteristic low Ti content 

along with depleted HFSEs and enriched LILE concentrations concomitant to typical ‘arc signature’ 

(Foley and Wheller, 1990). Trace and rare earth element data (Table 2) with chondrite normalized 

REE profile and primitive mantle normalized multi-element spider diagrams (Fig. 4) show that 

pumice from both volcanoes in this study show comparable geochemical trends endorsing a coherent 

mantle source and analogous magmatic processes that were active before and during eruption of 

these pumiceous lavas. The rhyolites from both SM-1 and SV-1 volcanoes in this study exhibit 

enrichment of LILE and LREE with depletion of HFSE relative to typical primitive mantle values 

which are in accordance with the geochemical characteristics of subduction zone magmas generated 

in arc settings. The trace and REE compositions of the studied volcanic rocks, marked by negative 

Nb-Ta anomalies, Ti depletion, Th/Ta >2, La/Nb >1.4, Nb/Y = 0.1–1, Nb/Th <10, Zr/Nb >10, 

La/Sm>1.5, and Nb/La <<1 (Table 2), exclude their association with mid-oceanic ridge, oceanic-

island, or oceanic plateau settings and imply a subduction-related ocean–ocean convergence. 

Geochemical signatures of modern arc-related magmatism suggest that the Ba/Nb ratio is an 

effective geochemical proxy to evaluate the fluid/water content in the mantle source, while Ba/La 

can be used as a tracer for the total slab-derived input into the sub-arc mantle wedge (He et al., 

2017). The Ba/Nb ratios for the Andaman volcanic pumice, ranging from 84-146, corroborate the 

presence of hydrous minerals (e.g., phlogopite or amphibole) in the source region, and their Ba/La 

(18.5-24.25) ratios endorse subduction input in the source of the parent magmas (He et al., 2017). 

Ba/Nb vs. La/Nb (Fig. 5A), La/Yb vs. Th/Yb (Fig. 5B) and Ba/Yb vs Ta/Yb (Fig.5C) plots attest to 

LILE-LREE enriched, HFSE depleted nature of the magmas parental to the studied rocks. This 

signature was inherited through fluid-controlled metasomatism of sub-arc mantle wedge driven by 

dehydration of subducted Indian oceanic lithosphere and influx of fluid mobile non-conservative 

large ion lithophile elements into the adjacent mantle with selective retention of fluid immobile 

conservative HFSE in the subducted slab. Thus, the generation of these felsic volcanic rocks is 

marked by contributions from subduction components and their LILE-LREE enrichment over HFSE 

is attributed to slab-dehydration, fluid infiltration and flux melting processes. Nd-Hf compositions of 

arc magmas reveal that in comparison with Hf, Nd behaves as a mobile element in slab-derived 
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fluids/melts. It has been suggested that subduction-metasomatized mantle wedge have increased 

concentrations of Nd compared to Hf. The LILE-LREE-HFSE systematics of the pumice marked by 

elevated abundances of Nd with Hf depletion manifested in terms of high Nd/Hf ratios (4.12-6.4) in 

combination with Ba/Nb, Ba/La, Ba/Yb, La/Sm, La/Yb, Th/Ce ratios conform to metasomatism of 

mantle wedge melts by addition of dehydrated fluids and sediments released from the subducted 

Indian ocean lithospheric slab.   

HFSE ratios involving Nb, Th, and Yb provide significant insights into the genesis of volcanic rocks 

in different tectonic settings. Plots of studied rocks on Th/Yb vs. Ta/Yb (Fig. 5D) and Th/Yb vs. 

Nb/Yb (Fig.7B) diagram reflect pronounced subduction input for their genesis in an oceanic arc 

environment and indicate their geochemical and tectonic coherence with Mariana arc and Okinawa 

trough magmatism in the Pacific Ocean. Mobility of Th over HFSE and HREE in fluids released by 

dehydration of subducted oceanic slab accounts for the elevated abundances of Th in the resultant arc 

magmas (Figs. 5D and 7B).  Th/Ce ratios (>0.1) and LREE enrichment over HFSE and HREE 

particularly point towards contribution from the subducted sediments which are characteristic to 

island arc magmas. The plots of the studied rhyolitic pumice on Nb/Zr vs. Th/Zr diagram (Fig.7C) 

suggest variable enrichment of mantle by subduction-derived fluids for resulting into the low K 

tholeiitic and medium calc-alkaline K types magmas which is correlatable with progressive 

intraoceanic subduction process. The studied volcanic rocks with high Ce/Nb (9.5-13.5 and low 

Th/Nb (1.4-2.7) reflect the involvement of a depleted MORB-type mantle (DMM) in their genesis. 

However, the low (Nb/La) and relatively high Th/Nb ratios in combination with enrichment in fluid-

mobile, non conervative elements and depletion of fluid immobile, conservative elements attest to 

prominent contributions from subduction-derived components (SDC) in the mantle triggering 

metasomatic enrichment and melting process.  Zr/Hf, Zr/Sm and Nb/Ta ratios have identified 

different mantle sources that are responsible for the generation of Cenozoic island arc lavas viz. (a) 

depleted MORB source in the sub-arc mantle wedge, (b) MORB like source with signatures of slab 

melts having rutile-eclogite residues of cold, deep slabs and (c) melts from hot shallow slabs having 

amphibole-garnet residue (Konig and Schuth, 2011; Manikyamba et al., 2014 a, b).  The Zr/Hf, 

Nb/Ta and Zr/Sm ratios for the studied rhyolitic pumice show higher Zr/Hf and Zr/Sm in conjunction 

with lower Nb/Ta values (Table 2) compared with the primitive mantle (Zr/Hf = 36, Nb/Ta = 17 and 

Zr/Sm = 25) implying subduction-driven metasomatism of depleted MORB like mantle source in the 

sub-arc mantle wedge through variable contributions from subduction components.  Geochemical 

characteristics of convergent plate magmatism are also influenced by the subduction geometry and 

age of the subducting lithospheric slab. A global correlation between the age of subducting oceanic 
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lithosphere and the composition of arc magmas suggest that tonalities, trondhjemites, adakites and 

dacites having low Yb (<1.9 ppm) and Y (<18 ppm) contents are produced by partial melting of 

basaltic crust of the slab (eclogitic composition) with residual garnet during steep subduction of hot, 

young lithosphere (<30 Ma; Defant and Drummond, 1990; Defant et al., 1992; Drummond et al., 

1996).  In contrast to this, tholeiitic to calc-alkaline association of basalt–andesite–dacite–rhyolite 

(BADR) magmas have higher Yb (>2 ppm) and Y in the range of 20–25 ppm. These are derived by 

shallow subduction of older oceanic lithosphere (>30 Ma) with slab dehydration-wedge melting and 

wedge hybridization by melting of metamorphosed basaltic crust (low-Mg amphibolitic composition) 

of subducted oceanic slab without residual garnet. The studied rhyolites with Yb contents mostly 

ranging from 2.34 to 3.1 ppm and Y contents varying between 19.62 and 26.8 ppm are in compliance 

with subduction of older Indian oceanic lithosphere beneath a relatively younger Burmese an oceanic 

plate in the Northeastern Indian Ocean exemplifying an active ocean-ocean convergent plate margin 

with pronounced slab-mantle interaction, variable fluid-sediment flux into wedge mantle concurrent 

with progressive subduction processes resulting into oceanic arc rhyolites of low K tholeiitic to 

medium K calc-alkaline compositions . The Zr/Sm (24.9–42.8) and Nb/Ta (1.75-9.3) values for these 

rhyolites with respect to primitive mantle values (Zr/Sm: 25 and Nb/Ta: 17) reflect contributions 

from a depleted mantle wedge that was enriched and metasomatized by subduction-derived fluids 

and sediments in an intraoceanic arc setting. 

7.5 Mantle-crust interaction and magma evolution 

Magmas of intermediate to acidic compositions are generated and evolved through variable extents 

of mixing between crustal and mantle components. Partial melting of thickened crustal materials or 

solidified mafic magma stalled in the lower crust and fractional crystallization with or without crustal 

assimilation are the principal mechanisms that control the generation of rhyolite magmas in various 

tectonic settings (Ayalew and Ishiwatari, 2011). The principal mechanism for felsic magmatism in 

all kinds of tectonic settings include extraction of residual melt from crystal mushes during (i) partial 

melting within crust and/or (ii) crystallizing mush zones stalled in mid to lower crustal levels and fed 

by mafic-intermediate magmas. Melting processes in the mantle invoke two dominant lineage of 

magmatism and magma differentiation: (1) partial melting of mantle wedge in a subduction zone 

triggered by influx of fluids released from dehydrating subducted slab ensued by a cold, hydrous, 

oxidized differentiation trend of the resultant magma and (2) adiabetic decompressional melting of 

upwelling mantle in continental rift zones, intraplate hotspots and mid-oceanic ridge (MOR) settings 

with magma differentiation in a hot, dry and reduced regime. Silicic magmas generated under cold, 

wet, oxidizing environments in convergent plate margin settings show comparable major element 
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concentrations but distinct trace and REE chemistry with respect to those produced under hot, 

anhydrous, reducing conditions in hotspots, rift zones associated with continental and oceanic 

divergence. The REE profile for the Andaman rhyolitic pumice are analogous to wet rhyolites (Fig. 

8; after Bachmann and Bergantz, 2008) and reflects a distinct fractionated pattern that may be 

attributed to sequestration of MREE by crystallization of amphibole in a cold, wet, oxidized domain 

associated with intraoceanic arc setting. Absence of negative Eu anomaly can be correlated with 

delayed plagioclase crystallization in hydrous environment.  The evolution of magmas parental to the 

studied oceanic arc rhyolites from Andaman were controlled by fractionation of hydrous, oxidizing 

magmas carrying subduction-derived fluid and sediment influx and show clear distinction from rift-

type felsic magmas involving fractionation of anhydrous, reducing melts (Christiansen, 2005; 

Deering et al., 2008; Ayalew and Ishiwatari, 2011; Pankhurst et al., 2011). The overall geochemical 

attributes for the submarine rhyolitic pumice from Andaman Sea suggest that they were erupted in an 

intraoceanic arc system and their petrogenesis involved (i) melting of mantle wedge fluxed with 

subduction components (ii) ascent of this melt, reheating, remobilization, partial melting and 

assimilation of andesitic component of lower oceanic crust and (iii) magma differentiation under 

cold, hydrous, oxidizing conditions in an oceanic arc regime. 

8. Conclusions 

 Submarine volcanic pumice dredged from SV-1 and SM-1 volcanoes of Andaman subduction 

zone are classified as low K and medium K oceanic arc rhyolites showing tholetiic and calc-

alkaline compositions respectively. 

 Trace and REE compositions of these volcanic pumice corroborate strong subduction 

signatures in the parent melts that is reflected in elevated abundances for LILE-LREE with 

relative HFSE depletion. LILE-LREE enriched- HFSE depleted chemistry collectively 

suggest mantle wedge metasomatism by influx of slab-dehydrated fluids and sediments that 

transported the  fluid mobile elements into the mantle, while the conservative, fluid immobile 

HFSE were retained in the dehydrated oceanic slab. 

 Increased influx of slab-dehydrated fluids and subduction-derived components with 

subduction maturity account for the low K tholeiitic and medium K calc-alkaline 

compositions of rhyolitic pumice from SV-1 and SM-1 volcanoes respectively. 

 Parental magmas evolved through under cold, hydrous oxidizing environments associated 

with convergent plate margin settings.  
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 Trace element signatures invoke subduction of older Indian oceanic lithosphere beneath a 

relatively younger Burmese oceanic plate in the Northeastern Indian Ocean with pronounced 

slab-mantle interaction and variable fluid-sediment flux into wedge mantle, resulting into 

mantle metasomatism. 

 Petrogenetic aspects and tectonic implications (i) partial melting of mantle wedge fluxed with 

subduction-derived fluids and sediments (ii) ascent of this melt, reheating, remobilization, 

partial melting and assimilation of calc-alkaline andesitic component of lower oceanic crust 

(iii) magma differentiation under cold, hydrous, oxidizing conditions in an oceanic arc regime 

(iv) eruption of rhyolitic magma in an intraoceanic arc regime. 

 The tectonic affinity and geochemical attributes for Andaman rhyolitic pumice are akin to 

those from Mariana arc and Okinawa Trough of Pacific Ocean and wet rhyolites of 

subduction zones thereby marking comparable intraoceanic subduction processes and 

magmatism operative in active, Phanerozoic ocean-ocean convergent margin settings. 
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Figure Caption 

Figure 1.  
A. Regional geology of Andaman Basin with all important tectonic and geomorphic features 

present within basin. 

B. Detail multi-beam bathymetry of SM-1 volcano 

C. Detail multi-beam bathymetry of SV-1 volcano 
 

Figure 2. (A) Scanning Electron Microscope (SEM) photograph showing the mesh pattern formed 

by the vesicles in rhyolitic pumice (B) Photomicrograph showing the primary flow texture in 

the pumice (C) Photomicrograph showing oscillatory zoning in plagioclase phenocryst in 

rhyolitic pumice (D) Photomicrograph showing oscillatory zoning in plagioclase phenocryst 

(E) SEM photograph showing the occurrence of crystalline quartz in pumice (F) 

Photomicrograph showing parallel orientation of elongated vesicles in rhyolitic pumice 

Figure 3.  
A. Total alkali vs. silica diagram for the rhyolitic pumice from Andaman back arc basin (after 

LeBas et al., 1986) 

B. K2O vs. SiO2 variations depicting a medium and low K affinity for studied samples from SM-

1 and SV-1 respectively (after Le Maitre et al., 1989) 

Figure 4.  
Chondrite normalized REE patterns and primitive mantle normalized multi-element spider 

diagram for the studied samples (normalization values are from Sun and McDonough, 1989) 
 

Figure 5.  
A. Ba/Nb vs. La/Nb  diagram for the studied samples showing arc affinity. Data sources for 

other fields: PM: primitive mantle (Sun and McDonough, 1989); CC: continental crust and 

Clastic sediment average (Condie, 1993); MORB, OIB and Dupal OIB (Le Roux, 1986) 

B. Plots of studied samples showing intra oceanic arc affinity in La/Yb vs. Th/Yb diagram (after 

Condie 1989) 

C. and D. Plots of studied samples from the Andaman basin in Ba/Yb and Th/Yb vs Ta/Yb 

diagram. The figure is modified from Pearce et al.(2005) and Chen et al. (1995). Data of 

Okinawa Trough basalt cited from Shinjo et al. (1999), is average; data ofN-MORB, E-

MORB and primitive mantle are cited from Sun and McDonough (1989); data of Okinawa 

Trough pumice from Shinjo and Kato (2000); data of mariana trough basalt from Pearce et al. 

(2005) 

Figure 6.  
Plots of studied corresponds to volcanic arc field in (A) Nb vs Y and (B) Rb vs. Y+Nb  

discrimination diagrams (Pearce et al., 1984) 

Figure 7.  
A.  Plots of studied samples on Sr vs. Ba diagram. 

B.  Th/Yb vs. Nb/Yb plots for the studied samples showing calc-alkaline lineage in intra oceanic 

arc domain (Pearce, 2008). 

C. Nb/Zr vs. Th/Zr diagram (after Zhao and Zhou, 2007) showing the studied samples in an   

array consistent with fluid-related enrichment of mantle through subduction process 

Figure 8.  
Chondrite noramalized REE patterns (Avg.) for rhyolitic pumice from SM-1 and SV-1 

volcanoes. Background REE patterns for the two types of high-SiO2 rhyolite (cold-wet-

oxidized and hot-dry-reduced) adopted from Bachmann and Bergantz, 2008.  
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Table 1 Physical properties of rhyolitic pumice from SM-1 and SV-1  

  SM-1 SV-1 

Physical properties 

Specific Gravity 2.280 1.845 

Dry Density 0.813 0.407 

Porosity 60.100 77.470 

Saturated density 1.500 1.207 
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Table 2 Major and trace element composition of rhyolitic pumice from Andaman back arc basin 

 
wt.% SM-1-2 /1 SM-1-2 /2 SM-1-2/3 SM-1-2/4 SM-1-2/5 SM-1-2 /6 SM-1-2/7 SM-1-2/8 SM-1-2/ 9 

SiO2 73.94 75.43 73.66 73.69 75.26 74.47 75.95 75.09 73.16 

TiO2 0.29 0.29 0.25 0.26 0.25 0.25 0.24 0.23 0.30 

Al2O3 14.39 13.75 14.93 14.97 13.82 14.25 13.48 14.37 14.42 

FeO 2.28 2.20 1.93 2.12 1.88 1.98 1.89 1.98 2.26 

MnO 0.10 0.10 0.09 0.10 0.08 0.08 0.13 0.08 0.11 

MgO 0.64 0.66 0.53 0.62 0.56 0.58 0.51 0.55 0.69 

CaO 2.39 2.36 2.56 2.55 2.31 2.48 2.29 2.35 2.57 

Na2O 4.33 4.20 4.49 4.41 4.26 4.24 4.10 4.46 4.48 

K2O 1.93 1.77 1.90 1.84 1.84 1.89 1.81 1.91 1.83 

P2O5 0.06 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.06 

Total 100.34 100.81 100.39 100.60 100.31 100.27 100.43 101.05 99.87 

Na2O+K2O 6.27 5.98 6.39 6.25 6.10 6.13 5.90 6.37 6.31 

ppm 
         

Cr 6.86 7.22 6.50 7.90 5.34 7.56 7.54 7.36 8.29 

Co 4.47 4.69 4.07 4.76 3.77 4.17 5.88 3.87 4.57 

Ni 3.26 3.36 3.82 4.06 2.15 2.86 4.61 3.38 4.09 

          
Rb 46 44 46 47 42 43 43 46 43 

Sr 130 132 141 147 129 135 127 128 140 

Cs 1.69 1.59 1.74 1.89 1.47 1.52 1.55 1.60 1.59 

Ba 358 341 354 396 320 327 336 338 352 

          
Sc 5.02 4.86 4.37 3.96 4.33 4.94 4.12 4.61 5.05 

V  41.17 36.68 28.04 29.12 31.91 31.14 28.47 24.77 32.74 

Ta 0.46 0.31 0.32 0.37 0.37 0.02 0.30 0.31 0.51 

Nb 2.56 2.49 2.43 2.81 2.25 2.35 2.30 2.49 2.42 

Zr 81.26 88.26 83.04 81.69 80.56 85.51 86.61 83.59 85.28 

Hf 2.50 2.38 2.46 2.41 2.26 2.33 2.34 2.51 2.30 

Th 6.65 6.26 6.54 6.73 5.98 6.07 6.20 6.49 6.03 

U 1.30 1.21 1.29 1.26 1.19 1.22 1.24 1.30 1.23 

Y 22.12 21.25 21.01 19.62 19.91 21.49 20.26 21.62 21.24 

          
La 16.31 15.67 16.14 16.33 15.05 15.37 15.33 15.87 15.51 

Ce 33.91 32.12 33.12 33.62 30.41 31.11 30.93 32.23 31.71 

Pr 3.55 3.38 3.41 3.39 3.19 3.33 3.22 3.41 3.36 

Nd 15.96 15.26 15.44 15.26 14.42 14.92 14.53 15.22 15.12 

Sm 3.27 3.15 3.14 3.01 2.96 3.03 3.02 3.15 3.14 

Eu 0.83 0.78 0.82 0.85 0.75 0.76 0.75 0.77 0.80 

Gd 2.86 2.71 2.73 2.56 2.57 2.72 2.60 2.75 2.73 

Tb 0.52 0.49 0.48 0.44 0.46 0.49 0.47 0.51 0.50 

Dy 2.91 2.86 2.75 2.54 2.65 2.80 2.65 2.89 2.76 

Ho 0.60 0.57 0.56 0.53 0.54 0.57 0.55 0.60 0.59 

Er 2.06 1.94 1.93 1.80 1.87 1.94 1.86 1.99 1.99 

Tm 0.37 0.36 0.36 0.33 0.33 0.37 0.34 0.37 0.34 

Yb 2.62 2.45 2.47 2.35 2.34 2.54 2.36 2.57 2.42 

Lu 0.43 0.40 0.41 0.38 0.38 0.40 0.39 0.43 0.40 

∑REE 86.18 82.14 83.76 83.37 77.91 80.35 78.99 82.74 81.37 

          
Cu 25.44 15.56 21.6 38.27 14.04 15.34 47.74 19.03 26.82 

Zn 71.29 48.13 61.52 52.77 38.51 45.63 56.25 64.43 44.84 

Ga 11.79 11.33 11.4 11.77 10.74 11.05 11 11 11.31 
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Table 2 Contd... 

        
  SM-1-2 /1 SM-1-2 /2 SM-1-2/3 SM-1-2/4 SM-1-2/5 SM-1-2 /6 SM-1-2/7 SM-1-2/8 SM-1-2/ 9 

(La/Yb)CN 4.47 4.60 4.69 4.99 4.62 4.35 4.65 4.43 4.60 

(La/Sm)CN 3.22 3.21 3.32 3.50 3.28 3.28 3.28 3.25 3.18 

(Gd/Yb)CN 0.90 0.92 0.91 0.90 0.91 0.89 0.91 0.88 0.93 

Eu/Eu* 0.83 0.81 0.86 0.93 0.83 0.81 0.82 0.80 0.84 

Ce/Ce* 0.18 0.18 0.18 0.19 0.19 0.18 0.19 0.18 0.18 

Zr/Nb 31.80 35.49 34.20 29.03 35.80 36.33 37.59 33.54 35.25 

La/Nb 6.38 6.30 6.65 5.80 6.69 6.53 6.65 6.37 6.41 

Nb/Ta 5.62 8.07 7.61 7.71 6.02 112.10 7.68 7.94 4.71 

Zr/Sm 24.89 28.03 26.45 27.14 27.23 28.23 28.68 26.50 27.12 

Th/Ce 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.19 

Zr/Hf 32.56 37.15 33.81 33.94 35.66 36.65 37.03 33.36 37.06 

Zr/Y 3.67 4.15 3.95 4.16 4.05 3.98 4.27 3.87 4.02 

Ba/Yb 136.70 139.30 143.48 168.70 136.83 128.80 142.15 131.74 145.37 

Nb/Zr 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Ba/Nb 139.96 136.95 145.96 140.76 142.18 138.70 145.79 135.75 145.31 

Y+Nb 24.68 23.74 23.44 22.43 22.16 23.84 22.56 24.11 23.66 

Ba/La 21.93 21.74 21.96 24.26 21.26 21.24 21.91 21.32 22.66 

Ce/Nb 13.27 12.92 13.64 11.95 13.52 13.22 13.42 12.93 13.11 

Th/Nb 2.60 2.52 2.69 2.39 2.66 2.58 2.69 2.60 2.49 

Nb/La 0.16 0.16 0.15 0.17 0.15 0.15 0.15 0.16 0.16 

Th/Ta 14.62 20.34 20.49 18.45 15.99 289.19 20.67 20.66 11.73 

Nb/Y 0.12 0.12 0.12 0.14 0.11 0.11 0.11 0.12 0.11 

Nb/Th 0.38 0.40 0.37 0.42 0.38 0.39 0.37 0.38 0.40 

La/Sm 5.00 4.98 5.14 5.43 5.09 5.07 5.08 5.03 4.93 

Nd/Hf 6.39 6.42 6.29 6.34 6.38 6.40 6.21 6.07 6.57 

Normalization values are from Sun and McDonough, 1989 

    

          



 36 

Table 2 Contd...  

       

wt.% 

SV-1-

08/1 

SV-1-

08/2 

SV-1-

08/3 

SV-1-

08/4 

SV-1-

08/5 

SV-1-

08/6 

SV-1-

08/7 

SV-1-

08/8 

SV-1-

08/9 

SiO2 76.67 76.18 77.09 75.01 77.25 75.23 77.58 76.96 77.11 

TiO2 0.18 0.17 0.17 0.16 0.16 0.16 0.17 0.17 0.18 

Al2O3 13.38 13.17 13.36 12.87 13.30 12.91 13.40 13.35 13.48 

FeO 2.09 1.84 1.69 1.53 1.79 1.54 1.63 1.75 1.87 

MnO 0.12 0.12 0.12 0.12 0.12 0.12 0.17 0.12 0.12 

MgO 0.55 0.54 0.44 0.54 0.41 0.52 0.39 0.44 0.45 

CaO 1.95 2.02 1.98 1.79 1.89 1.82 1.96 2.08 2.11 

Na2O 4.66 5.10 4.97 5.96 4.72 5.84 4.71 4.84 4.61 

K2O 1.10 1.08 1.06 1.06 1.07 1.07 1.07 1.09 1.08 

P2O5 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 

Total 100.73 100.25 100.92 99.05 100.76 99.25 101.10 100.82 101.04 

Na2O+K2O 5.76 6.18 6.03 7.01 5.79 6.91 5.78 5.92 5.70 

ppm 

         Cr 13.15 11.20 16.02 8.23 7.45 13.30 10.41 9.45 7.71 

Co 3.33 3.51 2.85 2.28 2.65 2.42 3.24 2.81 2.95 

Ni 7.04 4.75 4.64 3.03 3.01 4.16 10.14 3.53 3.47 

          Rb 25 24 24 21 23 22 23 24 26 

Sr 130 137 137 128 132 133 130 140 142 

Cs 1.14 1.06 2.23 0.84 0.95 0.87 0.98 1.03 1.88 

Ba 247 253 291 227 251 238 243 260 272 

          Sc 4.68 4.46 4.65 4.12 4.40 4.21 4.33 4.52 4.65 

V  24.32 23.09 20.28 13.11 20.66 23.78 17.60 15.48 16.59 

Ta 0.39 0.37 0.29 0.35 0.37 - 0.39 0.46 1.64 

Nb 2.93 2.84 2.67 2.71 2.83 2.73 2.81 2.86 2.86 

Zr 134.50 135.90 148.90 133.40 138.90 135.10 138.30 140.60 142.90 

Hf 3.14 3.28 3.54 3.23 3.31 3.25 3.36 3.32 3.39 

Th 4.18 4.09 4.06 3.81 4.03 3.88 4.06 4.24 4.28 

U 0.93 0.96 0.95 0.86 0.92 0.90 0.91 0.95 0.97 

Y 25.81 26.10 26.63 25.39 26.72 25.70 26.76 26.67 26.79 

          La 13.01 13.08 12.98 12.27 12.99 12.47 13.05 13.21 13.58 

Ce 27.94 28.23 27.98 26.76 28.16 27.16 28.27 28.75 29.36 

Pr 3.19 3.22 3.20 3.05 3.24 3.14 3.24 3.30 3.35 

Nd 14.29 14.41 14.60 13.89 14.55 14.08 14.49 14.93 15.02 

Sm 3.45 3.45 3.48 3.29 3.59 3.48 3.57 3.61 3.64 

Eu 0.85 0.85 0.87 0.80 0.85 0.80 0.86 0.87 0.88 

Gd 3.17 3.12 3.25 3.05 3.24 3.16 3.28 3.31 3.29 

Tb 0.58 0.61 0.61 0.57 0.60 0.60 0.61 0.61 0.62 

Dy 3.39 3.45 3.47 3.38 3.57 3.41 3.52 3.56 3.62 

Ho 0.71 0.70 0.73 0.70 0.73 0.71 0.73 0.75 0.71 

Er 2.37 2.45 2.44 2.33 2.44 2.34 2.43 2.49 2.46 

Tm 0.42 0.43 0.44 0.41 0.44 0.43 0.44 0.45 0.44 

Yb 2.90 3.01 3.02 2.89 3.00 2.94 3.05 3.05 3.07 

Lu 0.48 0.48 0.49 0.47 0.50 0.48 0.51 0.52 0.52 

∑REE 76.74 77.49 77.56 73.86 77.90 75.20 78.04 79.41 80.54 

          Cu 14.39 12.87 14.64 15.52 13.43 13.5 13.31 15.98 14.34 

Zn 73.15 69.16 63.3 55.35 60.64 54.16 57.48 78.43 67.58 

Ga 11.1 11.25 12.95 10.09 10.96 10.36 11.3 11.16 12.06 
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Table 2 Contd... 

        

  

SV-1-

08/1 

SV-1-

08/2 

SV-1-

08/3 

SV-1-

08/4 

SV-1-

08/5 

SV-1-

08/6 

SV-1-

08/7 

SV-1-

08/8 

SV-1-

08/9 

(La/Yb)CN 3.22 3.11 3.08 3.04 3.11 3.04 3.07 3.11 3.17 

(La/Sm)CN 2.44 2.45 2.41 2.41 2.33 2.32 2.36 2.36 2.41 

(Gd/Yb)CN 0.91 0.86 0.89 0.87 0.89 0.89 0.89 0.90 0.89 

Eu/Eu* 0.79 0.79 0.79 0.77 0.77 0.74 0.77 0.77 0.78 

Ce/Ce* 0.18 0.18 0.18 0.19 0.18 0.18 0.18 0.18 0.18 

Zr/Nb 45.90 47.87 55.79 49.32 49.05 49.58 49.18 49.23 50.04 

La/Nb 4.44 4.61 4.86 4.54 4.59 4.58 4.64 4.63 4.75 

Nb/Ta 7.57 7.69 9.30 7.73 7.76 - 7.25 6.22 1.75 

Zr/Sm 39.03 39.36 42.78 40.55 38.67 38.88 38.78 38.95 39.30 

Th/Ce 0.15 0.14 0.15 0.14 0.14 0.14 0.14 0.15 0.15 

Zr/Hf 42.85 41.47 42.04 41.30 41.98 41.53 41.12 42.32 42.14 

Zr/Y 5.21 5.21 5.59 5.25 5.20 5.26 5.17 5.27 5.33 

Ba/Yb 85.15 83.88 96.26 78.46 83.66 81.01 79.70 85.15 88.60 

Nb/Zr 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Ba/Nb 84.16 89.05 108.99 83.88 88.59 87.38 86.42 90.97 95.24 

Y+Nb 28.74 28.94 29.30 28.10 29.55 28.43 29.57 29.53 29.65 

Ba/La 18.95 19.33 22.41 18.49 19.31 19.09 18.62 19.67 20.03 

Ce/Nb 9.54 9.94 10.48 9.89 9.94 9.97 10.05 10.07 10.28 

Th/Nb 1.43 1.44 1.52 1.41 1.42 1.42 1.44 1.48 1.50 

Nb/La 0.23 0.22 0.21 0.22 0.22 0.22 0.22 0.22 0.21 

Th/Ta 10.80 11.09 14.14 10.90 11.04 - 10.47 9.23 2.61 

Nb/Y 0.11 0.11 0.10 0.11 0.11 0.11 0.11 0.11 0.11 

Nb/Th 0.70 0.69 0.66 0.71 0.70 0.70 0.69 0.67 0.67 

La/Sm 3.78 3.79 3.73 3.73 3.62 3.59 3.66 3.66 3.73 

Nd/Hf 4.55 4.40 4.12 4.30 4.40 4.33 4.31 4.49 4.43 

Normalization values are from Sun and McDonough, 

1989 

      

 


