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Abstract 

 Three sediment cores near the spreading axis in the Andaman backarc basin 

(ABB) were studied for bulk and clay mineralogy, major, trace and rare earth element 

(REE) geochemistry in bulk and three selective leaches, to identify sediment sources to 

this region and to decipher probable hydrothermal contribution. REE and other 

geochemical data suggest a strong influence of the Irrawaddy River as a major 

continental source to the ABB sediments. Low carbonate content in the sediments is 

due to dilution by higher detrital input as well as reduced foraminiferal carbonate 

contribution because of low sea surface salinity. The contribution from local volcanic 

sources was identified from the presence of volcanic glass in the sand-sized sediment 

fraction; higher smectite content in the clay fraction and the trace element data. Mn 

concentrations in the upper 12 cm are well above those found in pelagic carbonate-free 

sediments. Mn distribution pattern and oxide nature suggest a hydrothermal source. 

Other discriminants such as Eu anomaly and Y/Ho ratio also suggest the role of 

hydrothermal activity.  In addition, the association of Mo with Pb, Zn and Cu in the HCl–

insoluble residue suggests the presence of sulfidic material probably of hydrothermal 

origin.  

 

Keywords: Andaman backarc basin, Irrawaddy River, rare earth elements, geochemical 

tracers, volcanic sources, hydrothermal mineralization 
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1. Introduction  

 The tectonics and geological history of the Andaman Sea is fairly well known 

(Rodolfo, 1969; Curray et al., 1979; Rao et al., 1996; Kamesh Raju et al., 2004), but 

limited studies have been carried out on the sediments (Cronan and Wijayananda, 

1991; Roonwal et al., 1997; Venkatesan et al., 2003). According to Rodolfo (1969), the 

main sources of sediments to the Andaman basin are the Irrawaddy, Salween and 

Sittang Rivers from Myanmar. Recent studies (Ramaswamy et al., 2004; Rao et al., 

2005) have shown that the sediment influx from these rivers is transported along the 

shelf by monsoon currents and carried to the deep sea floor through submarine 

canyons.  

 Apart from fluvial sources (Roonwal et al., 1997), the ABB should also receive 

material from pelagic, eolian, weathering of sea-floor rocks, and possible hydrothermal 

sources (Rao et al., 1996; Chernova et al., 2001; Venkatesan et al., 2003; Siby, 2004).  

Assessing the sources to the ABB assumes importance in view of the following:  

1) Rodolfo (1969) reported high smectite content for the deep Andaman sea 

sediments, though the main fluvial source of sediments to the region has low 

smectite content (Konta, 1985).  

2) Paleoclimatic reconstructions on the sediments of ABB were conducted (e.g. 

Colin et al., 1999) on the assumption that the main source of sediments to the 

Andaman Sea is the Irrawaddy River. However, other sources are likely to 

play a role in the basinal sedimentation in view of its tectonic setting.  

3) Backarc basins are known for hydrothermal mineralization (e.g. Sumisu Rift, 

Izu Bonin Island Arc, Okinawa Trough, Mariana Trough, Mariana Basin, 
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Manus Basin, North Fiji Basin, Lau Basin etc. (Rona and Scott, 1993 and 

references therein)). The ABB has a well defined spreading axis (Kamesh 

Raju et al., 2004) and the possibility of hydrothermal signatures in the basin is 

reported by Rao et al., (1996). So, it is interesting to see if any hydrothermal 

signatures are seen in the ABB sediments.  

With the above objectives,  we have studied 3 short sediment cores collected on 

either side of the rift valley in the ABB for 1) mineralogy of clay-sized fraction and 

bulk sediments; 2)  comprehensive geochemical studies on a) whole-sediments 

and b) on three chemically separable phases (both leach and residue), extracted 

using selective leaching techniques.  

 

2. Materials and methods  

2.1 Study area  

 The ABB is a semi-enclosed basin in the eastern Indian Ocean. The basin is 

marked by prominent morphological features such as the Nicobar deep, Barren-

Narcondam volcanic islands, Invisible bank and Alcock and Sewell seamount 

complexes (Rodolfo, 1969a). The southwestern part of the basin is dominated by N-S- 

trending fault systems. The backarc basin is bisected by a prominent trough (with a 

vertical drop of about 500m), which makes the Andaman backarc spreading center 

(Kamesh Raju et al., 2004). The western part is dominated by volcanic features which 

are related to arc volcanism and backarc spreading activity, whereas the eastern part 

has a smooth topography resulting from  sediment infill from the Irrawaddy and Salween 

River system located to the north of the study area (Fig.1).  
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 The Andaman Sea experiences the seasonally reversing Asian monsoon (Wyrtki, 

1973). Circulation in the Andaman Sea is cyclonic during the southwest monsoon (May- 

September) and anti-cyclonic during the northeast monsoon (December-February). 

Surface salinities are variable owing to intermittent dilution by monsoonal precipitation 

and runoff from the Irrawaddy and Peninsular Myanmar. This results in low surface 

salinity (<30 PSU) in the northern area, which increases southwards to more normal 

marine values (Rodolfo, 1969). The surface seawater temperatures are quite uniform 

throughout the year, ranging between 27° and 30° C.  

 

2.2 Sample Collection 

 In the present study, three short spade cores SPC-1 (11.17°N, 94.73°E), SPC-2 

(10.58°N, 94.72°E) and SPC-5 (10.31°N, 94.39°E) [~20 - 30 cm long] were collected 

during the 168th expedition of O.R.V. Sagar Kanya in 2001. They were sub-sampled at 2 

cm intervals and divided into two aliquots. One aliquot was frozen for geochemical 

studies, while the second half was dried at 65°C for sedimentological analyses. Based 

on a sedimentation rate of ~10 cm kyr-1 in the basin (Colin et al., 1999; Ahmad et al., 

2000 and the unpublished data with the authors), the sediments sampled are not older 

than ~3 kyr. While the core SPC-1 was sampled from the northern side of the rift valley, 

SPC-2 and SPC-5 were collected from the southern side of the rift valley (Fig. 1). Three 

surface sediment samples and suspended sediment from the inner continental shelf 

were also analyzed to represent the fluvial contribution from Irrawaddy and Salween 

Rivers (Fig. 1).  
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2.3 Mineralogy  

 Observations under binocular microscope show that the coarse fraction (>63 µm) 

is a mixture of biogenic particles such as radiolarians and foraminifera, with 

ferromanganese micronodules noticed in a few samples. Small quantities of palagonitic 

material, muscovite, biotite and glass fragments (brown and white colored) were also 

observed at deeper sediment intervals. 

 

 2.3.1 Bulk mineralogy: Sediment samples were washed until salt free, treated with 

H2O2 to remove organic carbon and freeze dried for bulk mineralogical analysis. 

Homogenised sediment samples were pressed into sample holders taking care to 

minimize orientation of the particles. Samples were scanned from 3° to 32° 2θ at 0.5° 2θ 

min-1 on a X- ray Diffractometer using Cu Kα radiation. The percentages of various 

minerals were determined following the method of Biscaye (1965). 

 

2.3.2 Clay mineralogy: Sediment fractions <2µm were separated for clay mineral 

analysis based on the settling velocity (Folk, 1968). Salt and organic carbon- free clay 

fractions were prepared as a thick slurry, pipetted onto glass slides, glycolated overnight 

at 60°C and kept in the desiccator. The slides were scanned from 3° to 32° at 2° 2θmin-1 

with slow speed (24° to 26° at 0.01° 2θ sec-1) on X- ray Diffractometer using Cu Kα 

radiation. The relative abundance of the clay minerals was determined according to the 

method described in Biscaye (1965) using weighted peak areas (4 x illite, 2 x (kaolinite 

and chlorite) and 3.33 x quartz). For Identification of smectite types, sediment samples 

<2 µm fraction were freeze dried, homogenized and pressed into holders (less oriented) 

and were scanned from 48° to 64° 2θ on the X- ray diffractometer using Cu Kα 



 7

radiation. This scanning range includes smectite (060) at 1.501-1.503°A, quartz peak 

(112) at 1.817°A and quartz peak (211) at 1.524°A +/- 0.001°A.  

 

2.4 Bulk Geochemistry  

In the laboratory, the dried samples were grinded to fine powder using an agate 

mortar and pestle. The calcium carbonate content was measured using a CO2 

Coulometer following acidification of the sample with 1N HCl. The organic carbon (Corg) 

content was determined by the wet oxidation method (El Wakeel and Riley, 1957). The 

precision and accuracy of the analysis were better than 0.01% and 7-10% respectively 

(Nath et al., 1997). Analysis for REEs and other trace elements were carried out at 

NGRI, Hyderabad, using an ICP-MS. Sediments and geochemical standard (MAG-1 

from the USGS) were dissolved following acid dissolution procedure described in 

Balaram and Rao (2003). Potential polyatomic and doubly charged ion interferences 

were minimized by choosing the least interfering isotopes of each element as well as by 

diluting the solutions considerably (5000 times). The results showed better than 1% 

agreement for the REEs with respect to MAG-1. Co, Ni, Cu, La, Nd, Er analyses had a 

precision of 1%, while all other elements has displayed precisions better than 5%. The 

error calculated in the Eu anomaly is <0.02 anomaly unit, hence the Eu anomaly has 

been considered in the discussion only if the variation between samples exceeds this 

value. 

Ba and K were analyzed in two cores (SPC-1 and SPC-5) using an X-ray 

fluorescence spectrometer (RIGAKU RIX 2000) equipped with a Rh cathode. About 2 g 

of finely powdered (<200 mesh) sediment with silica gel 60 (Merck) added as binder and 

compacted into pellets (30 mm in diameter and 10 mm thick) under 20 x 103 Kg cm-2 
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pressures. The pellets were analyzed at an acceleration voltage of 50kV and a current 

of 50 mA. The accuracy of the analytical method, determined by analyzing the standard 

reference materials (GBW 07315 and GBW 07316 [marine sediments]), was better than 

3%.  

 

2.5 Leach studies  

Selective leach studies were carried out following the method described by Cronan 

(1976). Three splits of 1g sediment were leached separately using 1) 10% acetic acid, 

2) mixed acid-reducing agent (acetic acid and hydroxylamine-HCl) and 3) with hot 50% 

HCl. The leach solutions and residues were analyzed for REEs and other elements by 

means of ICP-MS. Using the three selective leaches (L1, L2 and L3), the following 

element associations were established. (1) Acetic acid (L1) dissolves carbonate mineral 

constituents, loosely sorbed ions, and interstitial water evaporates and possibly some 

colloidal iron. (2) The acid reducing agent (L2) removes all the above phases together 

with ferromanganese oxide and some amorphous Fe-oxides. (3) Hot HCl (L3) removes 

phase 1, phase 2, along with bulk of remaining amorphous Fe-oxide, crystalline Fe-

oxide and partially dissolves clays and other weathered detrital phases. 4) Any material 

not dissolved by the HCl consists  of resistant silicates and aluminosilicates (Cronan, 

1976; Hodkinson et al., 1994). The elements (wt %) soluble in each phase such as 

acetic acid soluble (L1), hydroxylamine-HCl soluble (L2-L1), HCl soluble (L3-L2) and 

detrital fraction (HCl insoluble fraction) were calculated from these results.  
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3. Results 

3.1 Mineralogy 

 The down core variations of bulk minerals (quartz and plagioclase) and clay 

minerals (smectite, illite, chlorite and kaolinite) from the ABB are listed in Table 1. The 

quartz concentration increased down core for SPC-1 sediments, while those from SPC-

2 decreased. Plagioclase ranged between 6 to 11% for all the samples with low values 

in the deeper sample intervals. The major clay minerals present are smectite (34-60%), 

Illite (19-35%), kaolinite (7-16%) and chlorite (6-12%) (Table1). The illite concentration 

ranged between 20- 35% for SPC-1 and SPC-5 with high values corresponding to a low 

smectite abundance. Kaolinite abundance was higher than that of chlorite with an 

average K/Ch ratio of 1.3 (Table 1). The Smectite type was identified as dioctahedral 

montmorillonite and beidellite based on d (060) spacing (1.501-1.503°A). The beidellite 

could be either Al-beidellite or Al-Fe beidellite (Parra et al., 1991).  

3.2 Bulk Geochemistry  

 The CaCO3 content is low for the surface samples of all the three cores ranging 

from 0.3 - 2.8 (wt %), and increased to 8 (wt%) for the deeper sediment intervals (SPC-

1 and SPC-5) and to 18 (wt%) for SPC-2 (Table 2). The organic carbon content in the 

surface sediments of SPC-1 was low (0.44%), but varied between 1.26-1.96% for all 

other samples from the ABB (Table 2). The concentrations of a few important major, 

trace elements and REEs for sediments from the ABB and Irrawaddy shelf are 

presented in Tables 2 and 3. The Al concentrations did not show much variation (8- 9%) 

for the samples from the ABB and Irrawaddy shelf. Fe concentration ranged between 

4.3 to 5% for SPC-1 and SPC-5 sediments, but a relatively low concentration (3.6 -

4.6%) was recorded in SPC-2 and a high concentration in sediments from Irrawaddy 
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shelf (6- 6.3%). K concentration ranged between 1.8- 2.04 % for SPC-1 and SPC-5 

sediments with low concentration for the surficial samples. Elements such as Mn, Ba, 

Co, Ni, Cu displayed low concentration in the deeper sediment intervals (Table 2). Mn 

showed high concentration (1 to 4%) in the top 6 cm after which they rapidly decreased 

and reached uniformly low concentration (<0.4%) in the deeper sample intervals. Similar 

high values are also noted for Mo (Table 2).  

 The REEs are normalized to Post Archaean Australian Shale (PAAS) 

concentrations taken from Taylor and McLennan (1985) and the shale-normalized 

patterns are shown in Figure 2. SPC-1 and SPC-5 showed higher total REE 

concentrations (ΣREE) for the deeper samples (Fig. 3a). Shale normalized patterns 

(Fig.2) are nearly flat except positive Eu anomalies for all the cores (1.1 to 1.28). The 

Ce anomaly is not significant in these samples (Table 3), while the Eu anomaly 

decreases gradually with increasing sediment depth (Fig. 3b). Shale-normalized La/Yb 

ratios showed low values for surface samples (0.85) which increase towards the base of 

the core (1.23) (Table 3). The variation is more marked for core SPC-1. 

3.3 Leach studies  

The weight percent of elements soluble in each phase viz. 1) acetic acid; 2) 

hydroxylamine-HCl; 3) soluble in HCl; and 4) HCl insoluble residue (detrital fraction) are 

shown in Table 4. About 13-28% of sediment fraction was leached out by acetic acid 

(biogenic fraction), 18-32% in hydroxylamine-HCl and 30-46% in HCl. Resistant detrital 

and volcaniclastic phases contribute to 60-70% in the HCl insoluble residue (Table 4).  

Mn showed high percentage in the hydroxylamine-HCl soluble phase 

(ferromanganese oxide) with high values for the surface samples. Elements like Fe, Cr, 

Co, Ni, Cu, Zn showed higher percentage in the HCl soluble fraction indicating that 
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these elements are more associated with crystalline Fe-oxides. The high field strength 

elements such as Ga, Nb, Th. are more associated with detrital fraction (HCl insoluble 

residue is about 65-95%), while their contribution to other phases is negligible (Table 4). 

The total REE content (ΣREE) showed a low percentage in acetic acid fraction for all 

the three cores with relatively high values for the deeper sample intervals. The 

contribution of ΣREE to the HCl soluble fraction is 30-40%. Shale-normalized patterns 

of acetic acid soluble phase (biogenic carbonates) in the surface sediments showed 

HREE enrichment and negative Ce anomaly (Fig. 4) mimicking the seawater REE 

pattern (Palmer, 1985; Chavagnac et al., 2005). The deeper samples showed flat or 

insignificant positive Ce anomaly. 

  

4. Discussion 

4.1 Source of Andaman backarc basin sediments 

 Deciphering the provenance of hemipelagic sediments is complicated owing to 

their fine-grained nature of the sediment and the multiple processes of transport and 

resuspension controlling their distribution (e.g. Hathon and Underwood, 1991; Stow, 

1985). In addition, the Andaman basin also receives sediment inputs directly from the 

Myanmar shelf through the Martaban canyon (Ramaswamy et al., 2004; Rao et al., 

2005). Seismic studies show that the Irrawaddy River as the major source of detrital 

sediment in the abyssal plain in the eastern part of the ABB (Kamesh Raju et al., 2004). 

 

 4.1.1. Terrigenous source: 

  The similarity in shale-normalized REE patterns with positive Eu anomaly for 

sediments from both the ABB and the Irrawaddy shelf (Fig 2) suggest that the Myanmar 
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Rivers are the major continental source to the ABB sediments (Roonwal et al., 1997). 

Flat shale-normalized patterns for the ABB and Irrawaddy shelf sediments indicate a 

mixed felsic and basic source (Piper, 1974; Sholkovitz, 1990; McLennan, 1989; Nath et 

al., 2000). However, there are dissimilarities in the patterns between the ABB and 

Irrawaddy shelf sediments (Fig. 2) which are discussed in the subsequent sections. The 

fractionation index (La/Yb)n [Table 3] shows high values for the deeper samples (typical 

of continentally-derived detrital material) which suggest a larger detrital component in 

the older sediments (Piper, 1974; Sholkovitz, 1990; Nath et al., 1997).  

  

4.1.2. Biogenic source: 

Although the organic carbon content in the core tops (0.44 to 1.82%; Table 2) is 

within the range expected of hemi-pelagic sediments, the CaCO3 content is very low 

(0.5 to 2.8 wt %). It is surprising to find such a low carbonate content in a modern 

hemipelagic sedimentation area at a depth of 3000 m. In a similar setting and water 

depth in the Arabian Sea, carbonate percentages are around 30-40% (e.g., Sirocko et 

al., 2000). The extremely low carbonate content in the surface of  the  core tops from 

the ABB are both due to the dilution from large detrital sedimentation and   the lower 

foraminiferal  carbonate productivity induced by  sharp changes in surface salinity (<30 

PSU) during the southwest monsoon in the northern Bay of Bengal and Andaman Sea 

(Ramaswamy and Gaye, 2006; Stoll et al., 2007). Contributions from the Irrawaddy 

shelf is mainly fluvial sediment having low carbonate content (<1%, Table 2). 

 

4.1.3. Volcanic source: 
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Tephra  present in the sand-sized sediment fractions from the ABB sediments 

indicates contribution from arc volcanism and numerous seamounts in the western 

backarac basin (Rao et al., 1996; Kamesh Raju et al., 2004). Although the shale-

normalized patterns of the sediments from the ABB and Irrawaddy shelf are broadly 

similar, the relative LREE depletion in the ABB sediment (Fig. 2) suggests a possible 

contribution from local basaltic sources. The higher smectite content (~50%) in the clay 

fraction of ABB sediment compared to that of Irrawaddy shelf sediment (15%) also 

supports the contribution from volcanic rocks (Fig 5).  

The smectite in ABB sediments is identified as dioctahedral montmorillonite and 

beidellite. The occurrence of Al-smectite in the sediments could indicate the presence of 

terrigenous smectite (Aoki and Kohyama, 1991; Chamley, 1989) or smectite derived 

from the hydrothermal alteration of volcanic formation and soils (Parra et al., 1991). The 

higher smectite content in the clay fraction of ABB sediments compared to Irrawaddy 

source could therefore indicate mixed sources of continental, volcanic and hydrothermal 

smectite.  Alternatively, smectite usually the clay mineral having the smallest particles  

could be transported furthest away from the Irrawaddy River,  increasing its relative 

concentration in the deep ABB sediments.  

Basaltic rocks were recovered from the ABB spreading centre and flanks of the 

rift valley by Rodolfo (1969), Rao et al., (1996) and Curray, (2005). The compositional 

data also supports a basaltic contribution to the sediments for e.g. Sc concentrations in 

residue 3 are closer to the basaltic field (Table 4). 

 

4.2. Hydrothermal signatures:  
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While the mineralogical and geochemical signatures clearly suggest the 

contribution from Irrawaddy and other Myanmar Rivers and local basaltic sources, some 

of the geochemical data requires additional diagenetic and hydrothermal inputs to 

explain the variations. The following discussions are to differentiate between the 

diagenetic and hydrothermal signatures, for which we have used Mn, Ba, Mo 

enrichment, Eu anomaly, Y/Ho variation and Irrawaddy normalized HCl insoluble 

residue. 

 

(i) 4.2.1. Enrichment of Mn,  Ba and Mo: 

 The possible sources of Mn enrichment at the surface (Fig. 6) could be either 

diagenetic or hydrothermal. Mn profiles for SPC-1 show significant enrichment (1- 4%) 

in the top 12 cm (Fig. 6), well above those in normal pelagic carbonate-free sediments 

(e.g., Rutten and De Lange, 2003).  The deeper samples of the cores have very low Mn 

content and thus can be clay mineral-Mn or carbonate-Mn (Table 4). Leach studies 

(Table 4) and PAAS normalized REE patterns (Fig.4) confirm that Mn in the surficial 

sediments is predominantly in the oxide/oxyhydroxide form.  Positive Ce anomalies (1.2 

to 1.3) and MREE enrichment (Fig. 4), typical of deep-sea Fe-Mn oxyhydroxides 

(Elderfield and Greaves, 1981; Glasby et al., 1987; Nath et al., 1992; 1994) are seen 

here. 

Lack of sharp peaks of  MnO2,  which is typical of migration of oxidation fronts in 

a diagenetic system (e.g., Froelich et al., 1979; Thomson et al., 1995; Reitz et al., 

2006), suggests that Mn enrichment in the upper sediment zone are not due to 

diagenetic processes and  hydrothermal input  play a major role (Reitz et al, 2006). 
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Barium in the surficial sediments is also high (>1000ppm) up to a depth of 12 cm, 

which corresponds well with the Mn enriched layers (Table 2, Fig. 6).  The enrichment 

of Ba, Mo and Mn is possible in sediments with hydrothermal/metalliferous components. 

Hydrothermal sediments, particularly those in proximity to hydrothermal vents may be 

rich in Ba (Plank and Langmiur, 1998). Although, the barium enrichment can also result 

from the biological productivity in the overlying waters, a lack of correlation between Ba 

and other biological proxies (CaCO3, Corg) suggests a limited role of productivity on the 

Ba enrichment in the surficial layers.  

Mo enrichment, as high as 200 ppm, is seen in TAG metalliferous sediments 

(Mills et al., 1993). Similar concomitant increases of Mn and Mo were seen by Schaller 

et al. (2000) in a sediment core recovered from near an active hydrothermal location on 

the southern East Pacific Rise and were attributed to the scavenging of dissolved Mo 

onto Fe and Mn oxides in hydrothermal plumes and diagenetic cycling of Mn in the 

sediments. The sharp increase in Mo concentrations (from 0.8 to 44 ppm in SPC-1) at 

the surface in the ABB sediments (Table 2) indicates probable hydrothermal 

enrichment. 

 

4.2.2. Eu anomaly: 

 Larger positive Eu anomalies in the ABB sediments (Table 3) compared to the 

Irrawaddy shelf sediments, could be possibly due to a hydrothermal input. The 

hydrothermal solutions and the sediments resulting from high-Temparature basalt 

alteration along the mid-ocean ridges and back-arc spreading centers (Michard et al., 

1983; German et al., 1993) display positive Eu anomalies. While the surface sediments 
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from the ABB showed (Eu/Sm)n ratios (1.24) closer to hydrothermal plume particle ratio 

of 1.23 (e.g. Barrett et al., 1990), lower ratios in deeper sediment intervals are more 

closer to the Irrawaddy shelf sediments (1.1) [Table 3]. This suggests a reduced 

influence of detrital contribution with time. The larger detrital contribution for the deeper 

samples is also supported by an increase in down core K content (Table 2). The Eu 

anomaly, however, can also be a result of eolian input (Elderfield, 1988) or merely due 

to the variation in plagioclase content. Eolian input to the ABB is not expected as the 

main-land around the Andaman Sea (Myanmar, Thailand, Andaman islands) is well 

vegetated and has a humid climate. Hydrothermally-derived metalliferous sediments 

typically show shale-normalized pattern with HREE enrichment, positive Eu anomaly 

and negative Ce anomaly similar to seawater (e.g. Bender et al., 1971; Dymond et al., 

1973; Mills et al., 1993). However, ABB sediments show a down core decrease in 

positive Eu anomaly and with no Ce fractionation suggesting that detrital sedimentation 

in ABB dominates over a hydrothermal contribution. 

 

4.2.3. Y-Ho variation: 

Yttrium and the redox-insensitive REEs are very similar, being trivalent with similar ionic 

radii. These similarities often lead to extremely coherent behavior resulting in negligible 

Y-Ho fractionation in igneous rocks and clastic sediments (Bau and Dulski, 1999). A plot 

of Y/Ho (molar ratio) versus Y/Fe x 105 (molar ratio) for ABB samples (Fig. 7) shows 

that the values are close to plume particles from other hydrothermal area indicating 

affinity to plume characteristics. When we consider the estimates of Y/Ho molar ratio for 

particles precipitated from varying mixtures of hydrothermal fluids and seawater, the 

average molar Y/Ho ratios of 57.5, 58.1 and 57.7 obtained for leach-3 of sediments from 
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the ABB (SPC-1, 2 and 5 respectively) match well with the published values of particles 

of other areas having ~10% hydrothermal component (Bau and Dulski, 1999).  

4.2.4. Concentrations of HCl insoluble fraction normalized to Irrawaddy shelf sediment 

data:  

 Normalized to the Irrawaddy sediment, elements such as Mo, Cu, Pb showed 

enrichment (0.9- 2.4) which is probably due to the hydrothermal input (residue devoid of 

adsorbed and diagenetic phases). Association of Mo and Cu can be possibly due to 

sulfide like material, probably of a hydrothermal nature.  

Leaching studies reveal a major contribution from resistant detrital and 

volcaniclastic phases to the ABB sediments (~65%), and thus a mixture of biogenic, 

authigenic and hydrothermal inputs will account for about 30-40 % (Table 4) in these 

sediments. The Pb, Zn and Cu content in the present study is 8-10 times lower than in 

near-vent sediment cores closer to the hydrothermal vents from the EPR area (German 

et al., 1999). The influence of hydrothermal contribution in the sediments considered 

here must therefore be limited, compared to other active hydrothermal areas (German 

et al., 1999) suggesting that these sediments do not represent a near field component 

derived from erosion and mass wasting of seafloor hydrothermal sulfide deposits but 

probably represent a weak plume related component (German et al., 1993; Mills et al., 

1993). 

 

5. Summary and conclusions  

  Mineralogical and geochemical studies of the sediments from the ABB 

show that the principle sediment sources to the basin are (a) the continental source of 
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Irrawaddy and other Myanmar rivers; (b) biogenic sources; (c) altered products of 

basinal volcanic rocks which are further subjected to diagenetic and hydrothermal 

alterations.  

  High terrigenous and low biogenic carbonate content in the ABB sediment 

is due to direct input of fluvial sediments through the Irrawaddy sub-marine canyon and 

low carbonate productivity in the overlying surface waters of the northern Andaman 

Sea. 

   Our study indicates a significant enrichment of trace metals (Mn, Ba, Mo, 

Cu, Pb) in upper 10 cm of the sediment core mainly due to hydrothermal activity. Other 

hydrothermal signatures such as Eu anomaly, Y/Ho variation, Irrawaddy normalized HCl 

insoluble residue also support hydrothermal activity during the late Holocene. 

 Future studies targeting fresh hydrothermal precipitates on basaltic rocks in the 

rift valley may provide insights into the hydrothermal processes operating in the area.  
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List of Figures 

Figure 1. Core locations shown in relation to the topographic features of Andaman 

Backarc basin (Base map from Kamesh Raju et.al. 2004). Irrawaddy and 

Salween Rivers and the locations of the surficial sediments from the shelf are 

shown in the inset. 

Figure 2. Shale-normalized (PAAS) patterns for the bulk sediments from the ABB and 

surface sediments from the Irrawaddy shelf. PAAS concentrations are from 

Taylor and McLennan, (1985). 

Figure 3. Down core variation of (a) the ΣREE content of the sediment cores; (b) Eu 

anomaly in the sediment cores. 

Figure 4. PAAS normalized pattern for leaches 1 (Acetic acid), 2 (Hydroxylamine-HCl) 

and 3 (hot 50% HCl) representing carbonate, Fe-Mn oxyhydroxides and 

crystalline Fe-oxides. 

Figure 5. XRD patterns for core tops from the ABB studied compared with suspended 

sediment and surficial sediments from the Irrawaddy shelf. 

Figure 6. Down core variation of Mn, Ba, Mo in bulk sediments of the core SPC-1  

Figure 7. A plot of Y/Ho (molar ratio) versus Y/Fe x 105 (molar ratio) for the bulk and 

Leach-3 samples of cores SPC-1, 2 and 5 related with plume particles from TAG 

mound (Bau and Dulski, 1999) 

 

 



 

 

Table 1. Concentration of bulk and clay minerals in the sediment cores from the ABB 

                       Bulk minerals (%)  
 

Clay minerals (%) 
 

Depth 
(cm) Quartz Plagioclase 

  
Smectite Illite Chlorite Kaolinite K/Ch 

SPC-1        
 0-2  31.41 10.24 51.9 21.2 10 12.3 1.23 
 4-6 31.34 10.8 25.5 35.5 12.2 15.6 1.28 
 8-10 35.69 8.98 48.4 26.4 8.4 11.8 1.40 
12-14 35.25 8.51 47.9 24.8 8.6 12.4 1.44 
22-24 37.88 7 55.1 20.3 9 12.6 1.40 
        
SPC- 2        
 0-2  33.45 11.12 53.4 19.3 8.5 11.2 1.32 
 4-6 30.18 7.08 56.8 19.7 9.4 11.5 1.22 
 8-10 28.46 7.44 59.9 19.4 7.4 10.2 1.38 
16-18 28.34 5.82 55.5 22.1 7.5 10.7 1.43 
        
SPC- 5        
 0-2  28.8 9.65 55.2 19.5 10.2 11.3 1.11 
 2-4 34.53 9.07 48.8 26 7.2 13.3 1.85 
10-12 35.17 8.49 59.9 18.9 8.9 9.7 1.09 
14-16  39.83 7.81 34.1 33.2 11.6 16.4 1.41 
22-24  33.42 5.58 58.6 20.2 8.4 9.4 1.12 
24-26  34.92 8.21 56.7 29 6.4 7.3 1.14 

 



 

Table 2.  Elemental concentration of Andaman backarc basin sediments and the surface sediments from the Irrawaddy shelf.  

Depth (cm) 
SPC-1 CaCO3 Corg Al Fe Mn 

 
K* Ba* Cr Co Ni Cu Zn Y Pb Mo Y/Ho

                   
     0-2  0.51 0.44 8.51 4.71 3.48 1.86 1295 105 29 177 82 89 35 90 44.1 54.4 

2-4 0.30 1.26 8.30 4.34 4.07 1.91 1221 93 26 148 70 63 31 76 36.2 54.6 
4-6 0.52 1.45 8.24 4.30 2.44 1.92 1165 94 27 136 69 68 31 82 12.1 52.6 
6-8 1.85 1.31 8.07 4.47 1.97 1.93 1180 98 29 143 74 72 32 90 7.8 52.8 
8-10 3.05 1.41 8.78 4.82 1.68 1.90 1150 107 31 146 76 76 34 90 6.2 53.9 
10-12 3.27 1.28 8.65 4.75 1.46 1.94 1126 109 35 140 71 76 35 90 4.7 53.6 
12-14 4.33 1.35 8.21 4.92 0.32 1.99 1023 104 21 100 100 59 34 92 1.6 51.9 
14-16 4.97 1.31 8.27 4.85 0.09 1.98 968 100 17 96 57 91 34 90 0.9 54.2 
16-18 4.84 1.39 8.03 4.76 0.07 1.95 870 97 16 93 56 86 31 93 0.7 53.0 
18-20 5.38 1.96 8.49 4.88 0.07 2.03 811 106 16 106 74 71 33 70 0.7 53.1 
20-22 5.33 1.64 8.11 4.49 0.06 2.04 805 95 15 84 47 95 28 51 0.6 52.9 
22-24 6.66 1.26 8.70 5.05 0.07 2.01 792 108 17 95 47 94 32 49 0.5 53.3 
24-26 7.93 1.86 8.29 4.37 0.07 2.04 667 93 15 85 42 73 27 46 0.6 53.0 
26-28 5.89 1.35 8.26 4.46 0.08 - - 96 16 81 33 46 26 35 0.8 51.5 
SPC-2                 

0-2  2.08 1.82 8.59 4.52 1.97 N.A N.A 99 31 138 77 66 29 74 16.2 54.2 
2-4 4.58 1.79 8.88 4.55 1.23 - - 102 29 129 70 73 32 78 5.7 54.1 
4-6 8.92 1.74 8.84 4.54 1.06 - - 101 30 131 66 73 31 74 3.0 52.5 
6-8 11.25 1.77 8.81 4.47 0.61 - - 97 23 125 61 63 28 61 1.5 53.5 
8-10 14.08 1.40 9.06 4.58 0.39 - - 99 24 127 53 64 31 55 1.0 52.9 
10-12 14.17 1.65 8.63 4.23 0.24 - - 88 20 115 52 70 28 38 0.6 53.7 
12-14 17.42 1.56 8.56 3.81 0.33 - - 86 22 120 48 69 27 31 0.6 53.9 
14-16 18.50 1.66 8.87 3.70 0.41 - - 86 24 123 43 56 27 37 0.6 54.1 
16-18 17.92 1.65 8.96 3.66 0.44 - - 88 24 125 42 66 27 33 0.5 54.3 
SPC-5                 

0-2  2.77 1.61 8.65 4.52 2.12 1.78 1232 105 29 153 68 79 33 64 10.5 54.0 
2-4 4.99 1.72 8.87 4.46 1.57 1.83 1164 105 29 152 67 79 33 66 6.5 54.3 

10-12 3.95 1.35 8.93 4.94 2.01 1.92 1057 110 39 187 69 98 34 75 9.4 54.8 
14-16 5.46 1.38 8.40 5.32 0.10 1.95 896 104 19 125 67 93 34 100 0.9 53.3 
22-24 6.82 1.53 8.78 4.59 0.09 2.04 777 105 19 115 54 84 33 71 0.6 53.6 
24-26 6.93 1.52 8.86 4.62 0.09 2.04 718 104 19 112 52 79 32 70 0.6 52.9 

Irrawaddy                 
40 1.50 0.85 8.74 6.07 0.12 N.A. N.A. 171 26 153 33 83 30 25 0.8 51.5 
47 0.80 0.62 8.68 5.95 0.13 - - 149 25 132 29 75 35 45 1.2 50.7 
50 1.10 0.88 8.62 6.09 0.13 - - 150 26 136 32 88 37 36 1.1 51.6 

1) CaCO3, Corg, Al, Fe, Mn, K are in wt (%) and trace elements in ppm;  2) Y/Ho is the molar ratio; 3)  * XRF data;  4) N.A: Not analyzed 



 
Table 3. Rare earth element concentration (ppm) in the sediment cores from the ABB and the surface sediments from the Irrawaddy shelf 

Depth (cm) 
SPC-1 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

 
Ce- 

anomaly (La/Yb)n (Eu/Sm)n 
0-2  36.8 73.6 7.7 31.7 6.95 1.67 5.73 1.00 5.64 1.20 3.54 0.53 3.18 0.48 1.00 0.85 1.24 
2-4 32.0 64.4 6.7 27.6 6.05 1.48 5.08 0.87 5.07 1.04 3.09 0.45 2.78 0.41 1.02 0.85 1.26 
4-6 33.2 66.5 7.0 28.9 6.26 1.54 5.25 0.86 5.29 1.10 3.14 0.46 2.85 0.42 1.01 0.86 1.26 
6-8 34.1 68.8 7.2 29.7 6.51 1.53 5.43 0.92 5.33 1.11 3.18 0.47 2.88 0.42 1.01 0.88 1.21 

8-10 38.0 75.5 7.9 32.2 6.97 1.68 5.83 0.98 5.73 1.19 3.56 0.51 3.16 0.46 1.00 0.89 1.24 
10-12 39.4 78.6 8.2 33.2 7.21 1.67 5.93 1.02 5.85 1.23 3.57 0.52 3.18 0.48 1.01 0.91 1.19 
12-14 38.0 76.4 7.9 32.7 6.92 1.62 5.65 0.97 5.72 1.21 3.53 0.52 3.15 0.47 1.01 0.89 1.20 
14-16 38.3 75.1 7.9 33.0 6.81 1.58 5.66 0.95 5.57 1.15 3.40 0.49 3.12 0.47 0.99 0.91 1.19 
16-18 37.8 75.5 7.9 32.4 6.88 1.59 5.55 0.95 5.34 1.10 3.16 0.47 2.88 0.43 1.01 0.97 1.19 
18-20 39.9 79.4 8.4 34.2 7.26 1.62 5.85 0.98 5.47 1.14 3.40 0.49 2.99 0.44 1.00 0.99 1.14 
20-22 36.6 72.8 7.6 31.5 6.48 1.42 5.26 0.86 4.89 1.00 2.89 0.42 2.59 0.36 1.00 1.04 1.13 
22-24 44.3 87.2 9.2 37.1 7.63 1.67 6.11 1.03 5.50 1.13 3.34 0.48 3.07 0.43 1.00 1.06 1.12 
24-26 37.4 74.5 7.9 32.0 6.70 1.45 5.37 0.88 4.71 0.95 2.77 0.40 2.41 0.36 1.00 1.14 1.11 
26-28 40.9 80.7 8.5 34.2 6.95 1.42 5.56 0.88 4.89 0.95 2.77 0.38 2.46 0.35 1.00 1.23 1.05 
SPC-2                  

0-2) 30.6 61.9 6.7 27.4 5.89 1.42 4.79 0.86 4.98 1.01 2.95 0.44 2.45 0.38 1.00 0.92 1.24 
2-4 33.1 67.1 7.1 29.2 6.20 1.50 5.01 0.88 5.25 1.09 3.16 0.45 2.77 0.43 1.01 0.88 1.24 
4-6 33.2 67.4 7.0 29.4 6.22 1.47 4.99 0.89 5.19 1.11 3.16 0.48 2.76 0.43 1.02 0.89 1.21 
6-8 30.2 61.2 6.5 27.0 5.73 1.40 4.66 0.84 4.68 0.98 2.84 0.42 2.48 0.38 1.01 0.90 1.26 

8-10 33.1 66.9 7.0 29.1 6.08 1.46 4.94 0.89 5.08 1.07 3.11 0.45 2.59 0.40 1.02 0.94 1.24 
10-12 29.6 59.6 6.2 25.6 5.37 1.27 4.35 0.80 4.65 0.95 2.76 0.42 2.45 0.37 1.01 0.89 1.21 
12-14 29.6 60.0 6.3 25.4 5.36 1.28 4.47 0.78 4.52 0.92 2.72 0.41 2.37 0.37 1.01 0.92 1.23 
14-16 30.2 61.0 6.3 26.1 5.36 1.25 4.40 0.77 4.53 0.93 2.71 0.41 2.35 0.38 1.02 0.95 1.20 
16-18 30.3 60.6 6.3 25.8 5.43 1.28 4.37 0.78 4.57 0.94 2.64 0.41 2.36 0.38 1.01 0.94 1.21 
SPC-5                  

0-2  33.5 67.9 7.1 30.0 6.36 1.54 5.01 0.92 5.44 1.13 3.38 0.49 2.89 0.46 1.01 0.85 1.24 
2-4 33.9 68.6 7.3 30.2 6.34 1.55 5.06 0.93 5.43 1.12 3.33 0.49 2.85 0.45 1.01 0.88 1.25 

10-12 36.4 72.8 7.8 32.7 6.71 1.62 5.40 0.99 5.78 1.16 3.45 0.51 3.06 0.48 1.00 0.88 1.24 
14-16 36.9 73.0 7.8 32.1 6.68 1.56 5.44 0.97 5.74 1.19 3.49 0.52 3.09 0.50 0.99 0.88 1.20 
22-24 38.4 76.1 8.1 33.1 6.69 1.53 5.41 0.96 5.52 1.14 3.42 0.51 2.96 0.46 0.99 0.96 1.18 
24-26 38.8 77.2 8.2 33.3 6.75 1.50 5.44 0.95 5.48 1.12 3.24 0.48 2.85 0.44 1.00 1.01 1.14 

Irrawaddy 
(SK-175)               

 
  

40 39.8 79.3 8.5 35.5 7.28 1.64 5.69 1.00 5.50 1.07 3.16 0.44 2.67 0.41 0.99 1.10 1.16 
47 46.0 91.6 9.9 41.0 8.34 1.89 6.60 1.17 6.44 1.28 3.59 0.53 3.14 0.48 0.99 1.08 1.17 
50 48.2 96.6 10.2 41.9 8.46 1.87 6.73 1.17 6.62 1.31 3.86 0.54 3.19 0.51 1.00 1.11 1.13 

1) (La/Yb)n and (Eu/Sm)n are PAAS-normalized ratios 

 



 
Table 4. Weight percent of elements soluble in chemically separable phases for the samples from the ABB. 

Depth 
(cm)  

Wt % 
leached ∑REE Mn Fe Cr Co Ni Cu Zn Pb 

 
Sc Ga Rb Y Nb Cs Th 

% Acetic acid soluble               
SPC-1 

0-2  15.6 5.21 2.99 0.54 2.56 0.15 7.00 7.20 11.28 2.28 2.58 0.41 0.54 8.20 0.01 0.26 0.29 
4-6 19.6 4.62 3.45 1.37 10.85 0.19 8.63 6.53 4.91 0.35 1.72 0.45 0.27 7.22 0.01 0.02 0.24 
8-10 15.0 7.58 - 1.87 2.10 0.21 11.04 5.58 7.79 0.86 1.57 0.39 0.59 11.49 0.01 0.05 0.79 
12-14 14.3 10.06 - 2.70 2.46 0.51 11.58 5.58 3.51 1.21 2.43 0.36 0.46 14.93 0.02 0.08 0.56 
22-24 16.0 11.88 - 3.25 2.37 5.65 8.50 7.72 3.48 26.46 1.73 0.31 0.59 17.10 0.02 0.02 0.60 
SPC-2 

0-2  14.8 6.64 3.08 0.45 3.06 0.13 5.50 4.44 5.47 0.60 1.67 0.35 0.44 9.88 0.01 0.01 0.59 
4-6 14.8 12.14 7.19 0.75 2.70 0.32 7.56 3.57 4.20 0.39 1.48 0.41 0.49 17.14 0.01 0.03 1.11 
8-10 23.6 14.56 22.00 0.64 2.39 1.13 6.38 1.32 - 5.05 2.49 0.63 0.83 19.00 0.03 0.05 1.70 
16-18 27.9 20.52 57.94 0.89 2.16 7.06 9.94 2.75 1.74 15.62 2.19 1.55 1.45 26.19 0.23 0.11 1.25 
SPC-5 

0-2  13.4 7.20 3.43 0.38 1.37 0.12 8.27 3.43 2.30 0.32 1.63 0.36 0.35 10.51 0.01 0.00 0.47 
2-4 15.4 10.70 4.93 0.66 1.72 0.25 10.67 3.86 5.86 0.81 2.45 0.51 0.63 15.14 0.01 0.06 1.16 

10-12 16.7 9.76 4.45 0.49 1.04 0.32 18.95 4.11 4.59 0.26 1.47 0.60 0.59 13.75 0.01 0.03 0.57 
14-16 16.8 11.52 20.51 1.47 1.42 2.84 8.53 2.94 0.45 18.07 1.67 0.38 0.69 15.63 0.00 0.04 0.68 
22-24 15.3 11.53 - 1.41 0.93 4.36 7.38 2.48 - 24.78 1.42 0.31 0.50 15.59 0.01 0.00 0.81 
24-26 13.8 14.50 - 2.45 1.16 5.91 8.84 2.92 0.39 17.48 1.53 0.33 0.44 19.74 0.16 0.01 1.15 

 
%Hydroxylamine -HCl soluble            

 
  

SPC-1 
0-2  25.4 24.23 89.29 17.53 3.25 5.29 49.08 42.23 23.97 76.81 1.06 6.14 2.26 32.02 0.43 1.10 0.94 
4-6 18.8 26.71 87.91 46.05 0.00 55.93 43.73 35.50 25.43 70.07 0.85 5.78 2.29 36.12 0.50 0.92 1.28 
8-10 20.8 22.27 - 44.56 4.96 55.54 34.58 27.14 18.88 60.87 1.34 3.27 2.30 29.54 0.40 1.33 0.36 
12-14 15.3 20.73 - 42.92 5.22 49.85 24.94 23.44 22.72 69.47 1.77 1.39 2.27 28.51 0.34 0.81 0.70 
22-24 19.5 14.64 - 18.43 3.02 8.29 7.86 8.59 8.64 27.40 0.88 0.22 2.25 20.60 0.20 1.14 0.10 
SPC-2 

0-2  21.5 26.57 88.91 16.26 5.08 49.53 37.54 29.34 32.37 78.60 2.03 4.36 2.93 35.44 0.52 1.22 0.87 
4-6 21.7 19.97 78.20 13.08 5.68 43.10 22.54 18.95 14.76 54.98 2.24 1.63 2.63 25.79 0.40 1.07 0.03 
8-10 30.4 16.10 49.61 6.82 1.79 16.56 11.30 8.66 21.81 39.86 0.87 0.11 2.99 22.22 0.28 1.75 - 
16-18 29.9 9.55 19.26 3.51 0.38 12.50 10.28 10.57 9.46 13.18 0.82 - 3.10 13.97 2.29 1.89 0.19 

SPC- 5 
0-2  20.6 26.06 94.45 14.80 5.58 56.48 43.86 30.40 22.11 94.08 2.22 4.27 2.60 35.15 0.46 1.06 0.74 
2-4 20.1 17.68 77.40 11.84 4.51 46.88 30.16 20.41 24.61 67.32 2.59 1.25 2.38 24.21 0.36 1.41 0.03 

10-12 23.0 17.95 74.39 11.49 3.22 56.27 29.79 23.11 28.79 63.79 2.94 3.55 2.32 24.48 0.45 1.13 0.51 
14-16 31.9 17.50 25.17 26.97 2.95 10.91 11.56 20.94 24.42 75.92 2.08 0.33 2.81 25.74 0.31 1.41 - 
22-24 21.0 15.19 - 14.07 3.29 11.61 11.82 19.58 13.11 49.29 0.92 0.12 2.59 22.34 0.30 0.83 - 
24-26 18.0 8.97 - 13.45 2.01 8.06 8.17 9.89 11.35 18.03 0.60 - 1.99 13.67 5.16 0.84 - 

 
 
           

 

     



 
% HCl soluble    
SPC-1 

0-2  38.4 31.20 6.01 60.51 44.44 86.74 34.13 43.99 51.02 13.57 24.76 30.48 15.38 29.36 2.18 18.92 16.03
4-6 33.3 32.43 6.89 0.00 44.60 36.67 38.35 51.73 48.72 26.29 27.91 32.16 16.10 29.71 2.29 18.63 17.49
8-10 33.6 33.08 - 0.00 47.56 37.63 43.73 57.80 54.62 16.42 28.47 31.88 16.56 31.34 2.44 20.74 18.56
12-14 31.5 32.64 -  47.23 42.14 50.68 64.05 55.59 26.14 28.52 32.19 16.27 29.98 1.95 18.71 20.03
22-24 32.7 32.10 - 0.00 47.21 71.62 63.83 48.23 50.01 38.17 35.08 31.03 17.51 30.86 0.90 21.30 34.49
SPC-2 

0-2  36.7 36.37 6.74 64.86 50.65 44.50 48.09 62.81 53.28 19.25 29.94 34.32 18.82 33.52 3.63 22.02 18.15
4-6 35.6 34.47 12.31 66.91 46.43 48.65 54.93 63.53 51.20 9.99 28.89 32.31 17.75 32.15 2.07 19.79 20.44
8-10 43.6 36.46 25.64 75.59 53.68 72.15 63.09 48.13 47.79 20.22 35.83 33.10 20.24 34.88 1.46 23.91 24.25
16-18 46.1 33.39 19.44 75.18 50.99 67.59 59.28 48.16 62.26 - 37.65 32.53 19.43 33.03 12.24 24.22 34.53
SPC-5 

0-2  34.3 29.16 - 62.77 46.06 36.24 37.96 59.31 38.53 - 24.77 30.48 15.24 26.32 2.18 17.30 13.85
2-4 34.4 35.86 15.93 67.51 49.39 46.39 49.08 61.10 47.61 3.94 27.22 34.38 17.83 34.14 2.45 18.75 17.67

10-12 37.1 38.00 19.60 68.43 50.25 38.42 43.51 67.89 54.09 33.62 26.81 32.84 17.13 37.06 2.81 20.38 15.46
14-16 35.3 33.76 46.75 - 50.67 74.97 66.29 50.14 66.08 2.15 28.09 32.00 16.71 32.13 0.92 19.20 19.56
22-24 34.5 35.94 - - 50.09 71.51 65.18 49.91 62.32 19.47 32.52 32.03 17.92 35.20 0.91 20.29 24.17
24-26 30.1 39.45 - 0.00 49.99 71.27 63.77 45.99 60.15 12.32 33.45 30.36 18.45 39.12 24.22 20.92 27.00

 
%Detrital (HCl insoluble residue)           

 
  

SPC-1 
0-2  61.6 39.35 1.71 21.42 49.76 7.82 9.79 6.57 13.72 7.34 71.60 62.97 81.82 30.42 97.38 79.72 82.74
4-6 66.7 36.24 1.75 52.57 44.55 7.21 9.29 6.24 20.94 3.28 69.52 61.62 81.34 26.95 97.20 80.43 80.98
8-10 66.4 37.07 - 53.57 45.38 6.62 10.64 9.48 18.71 21.86 68.62 64.46 80.55 27.63 97.16 77.89 80.28
12-14 68.5 36.57 - 54.39 45.09 7.50 12.81 6.93 18.18 3.18 67.28 66.05 81.00 26.58 97.69 80.40 78.71
22-24 67.3 41.39 - 78.32 47.40 14.44 19.81 35.46 37.87 7.97 62.31 68.44 79.65 31.44 98.87 77.55 64.82
SPC-2 

0-2  63.4 30.43 1.26 18.43 41.21 5.84 8.87 3.41 8.88 1.55 66.35 60.97 77.81 21.16 95.84 76.74 80.39
4-6 64.4 33.43 2.30 19.26 45.20 7.93 14.97 13.95 29.83 34.65 67.39 65.65 79.13 24.92 97.52 79.11 78.42
8-10 56.4 32.88 2.74 16.96 42.14 10.16 19.23 41.90 30.40 34.87 60.81 66.17 75.95 23.90 98.23 74.29 74.05
16-18 53.9 36.53 3.37 20.42 46.47 12.86 20.49 38.52 26.55 71.20 59.33 65.92 76.01 26.80 85.25 73.78 64.03
SPC-5 

0-2  65.7 37.58 2.13 22.05 47.00 7.16 9.92 6.86 37.06 5.60 71.38 64.89 81.81 28.02 97.35 81.63 84.94
2-4 65.6 35.76 1.73 19.99 44.37 6.47 10.09 14.63 21.91 27.93 67.74 63.86 79.16 26.52 97.17 79.78 81.15

10-12 63.0 34.29 1.57 19.59 45.50 5.00 7.75 4.89 12.53 2.33 68.79 63.00 79.97 24.70 96.73 78.46 83.46
14-16 64.8 37.22 7.57 71.56 44.96 11.28 13.62 25.99 9.05 3.86 68.16 67.29 79.80 26.50 98.77 79.36 79.76
22-24 65.5 37.34 - 84.53 45.70 12.51 15.62 28.03 24.56 6.45 65.14 67.54 78.99 26.88 98.77 78.88 75.02
24-26 69.9 37.09 - 84.10 46.84 14.76 19.23 41.20 28.11 52.17 64.43 69.31 79.12 27.47 70.46 78.23 71.85



 

 
 
Kurian et al., Figure 1         



 

 
 
Kurian et al., Figure 2 



 

 

 
Kurian et al., Figure 3A 

 
 

Kurian et al., Figure 3B 
 
 
 



 

 
 
 
 

 
 
 
Kurian et al., Figure 4



 

 
 
       
Kurian et al., Figure 5 



 

   
 

 

 
 
Kurian et al., Figure 6 

 
 
 



 

 
 
 

 
 
 
 
 

 
 
 
 
Kurian et al., Figure 7 

 
             




