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Abstract

The region of the Nicobar earthquake swarm of January 2005 has been explored during a recent cruise
using multibeam swath bathymetry, seafloor imaging and TV-guided sampling to decipher the seafloor
morphology, nature and tectonic frame work. A seamount with well-developed crater at the summit was
discovered near to the center of the Nicobar swarm. Rock samples collected by TV- guided grab from
the seamount crater are dacite, rhyolite and andesite type with a veneer of ferromanganese oxide
coating. The aggregates recovered from the slope consisted of manganese globules. The
geochemistry of the globules suggests 66 to 97% Mn-oxide indicative of hydrothermal origin. The
morphology of the seamount, seafloor video footage and geochemistry of the seabed samples suggest
that the cratered seamount has erupted in the recent geological past and is dormant at present. This is
the first documented report of submarine arc-volcanism in the Andaman Sea. This finding substantiates
the prediction of a submarine volcano east of Nicobar Island. Study of the seismicity and the stress
pattern in the region suggest that the earthquake swarm in the region occurred due to 2004 Sumatra-
Andaman megathrust earthquake. The derived stress pattern suggests that the 2004 earthquake
greatly reduced the normal stress in the region of West Andaman fault from the planes or unclamped
them. Thus unclamping of the region by the 2004 Sumatra Andaman earthquake led to the initiation of
the swarm through predominantly strike slip faulting. The newly discovered dormant submarine volcano
indicates the volcanic nature of the region. We suggest that this submarine volcano is a link between

sub-aerial volcanoes of Barren-Narcondam Islands of the Andaman Sea and the volcanoes of Sumatra.
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1. Introduction

The most energetic earthquake swarm that has ever been recorded globally (Lay et al., 2005)
nucleated east of Nicobar Island in the Andaman Sea during January 2005. This swarm is considered
as an aftershock effect of the tsunamigenic Great Sumatra-Andaman earthquake of 26 December,
2004 of magnitude M,, 9.3 that ruptured a 1600 kilometer-long stretch of the megathrust zone, the
longest rupture zone of any recorded earthquake (Fig. 1). The swarm consisted of more than 120

individual events, all of greater than M,, 5.0 magnitude, in a time span of ~ 48 hours (Fig. 2).

Earthquake swarms occur as a result of two broad tectonic processes (Hill et al., 2002), as an
aftershock event of a great earthquake and as a consequence of or in precedence of a spurt in volcanic
activity. For example, volcanic activity and lateral dike injection was found to be associated with 1998
axial seamount swarm (Dziak and Fox, 1999). Stress transfer due to crustal deformation was
suggested as the likely cause of an Izu island swarm (Toda et al., 2002). The 1996 swarm of Loihi
seamount was preceded by at least one eruption and accompanied by the formation of summit crater,
the Pele’s pit (Garcia et al., 1998). The periodically triggered seismicity and renewed volcanism at
Mount Wrangell, Alaska, a place as far as 11,000 km away from Sumatra was attributed to the
aftershocks following the great Sumatra-Andaman earthquake (West et al., 2005). Based on numerical
model studies, Walter and Amelung (2007) predicted that maximum sub-seafloor volumetric
deformation occurred during the megathrust earthquake in December 2004 to the east of Nicobar

Island and suggested possible submarine volcanic activity in the region.

We conducted multidisciplinary investigations in November 2007, using multibeam bathymetry,
underwater video and seabed sampling with a TV-guided grab over the Nicobar swarm region onboard
RV Sonne, chartered by the National Institute of Oceanography, Goa, India, to decipher the nature of
the seafloor and tectonic frame work of the swarm area. We also analyzed the seismicity and the stress
pattern in the region to investigate the mechanism of the earthquake swarm and to find out probable

reasons for the occurrence of the swarm at this preferred location.
2. Geodynamic setting

The general physiographic features of the Andaman Basin were well described by Rudolfo (1969). The
convergence between the Indian and Southeast Asian plates in the Andaman Sea is characterized by
varying degree of obliquity and rate of subduction (Sieh and Natawidjaja, 2000). Oblique subduction,
the initiation of Andaman back arc spreading (Kamesh Raju et al., 2004; Curray, 2005), and the
volcanic arc consisting of Barren-Narcondam Island volcanoes are the important tectonic elements in

the Andaman Sea (Fig. 1). Furthermore, the major fault systems connecting the Sagaing Fault in
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Myanmar to the Sumatra fault (e.g., Sieh and Natawidjaja, 2000; Vigny et al., 2003; Kamesh Raju et al.,
2004, Kamesh Raju et al., 2007), the joining of Sumatra Fault (SF) with the West Andaman Fault
(WAF) are also influencing the geodynamics, and modulate the stress regime (Fig. 1) in this area. The
motion along the major fault-systems (viz. Sagaing Fault, Sumatra Fault and West Andaman Fault) is
predominantly strike-slip. The principal stress directions are in general consistent with the coseismic
displacement of the two recent major earthquake events of December 2004 and March 2005 and the
direction of convergence derived from the GPS measurements in the interseismic period (Gahalaut and
Gahalaut, 2007).

Barren Island is the only known active volcano in the northern Andaman Sea (Sheth et al., 2009; 2010
and 2011). Based on the known volcanoes in the region, there is a distinct gap in active volcanoes from
06°N to 12°N. Subduction of the base of the Ninety-east Ridge was suggested as one of the possible
reasons for this gap in volcanic activity (Subrahmanyam et al., 2008). It is interesting to note the
occurrence of several earthquake swarms (S1 - S7, Fig. 1) at frequent intervals in different parts of the
Andaman Sea. These swarms have occurred along the back arc spreading center (S2 in 1984), near
the Nicobar Island (S1, S3, S4 and S7 during 1982, 1986, 1998 and 2005 respectively), along the off-
shore extension of the Sumatra fault (S5 in 2001) and near Simeulue Island (S6 in 2002). All the
earthquake swarms documented so far appear as minor events compared to the January, 2005 swarm
located off Nicobar Island. About 120 major (M,>5.0) and more than 570 minor earthquakes
(1.0<M,<5.0) were associated with the Nicobar earthquake swarm (S-7, Fig.1)
[http://earthquake.usgs.gov/regional/neic/]. The highest rate of occurrence of earthquake swarms is

located around Nicobar Island (Fig. 2).
3. Multibeam bathymetry: Morphology of the seamount

Multibeam bathymetry data were acquired by SIMRAD EM120 system operated at 12 kHz. In addition
to bathymetry, the EM120 acquires backscatter amplitude data that are used to produce seafloor
acoustic imagery. The swath bathymetry survey of the region discovered closely spaced twin
seamounts near the center of Nicobar swarm. One of the seamounts was characterized by the
presence of a crater; we carried out sampling with TV guided grab at this cratered seamount (CSM)
(Fig. 3). The CSM is 1500 m high and has a near-circular base of maximum diameter of 7.0 km. The
south-western flank of the CSM has prominent mounds while ridge-trough or gulley like feature is seen
on the north-western flank that can be traced down-slope from the crater (Fig. 3A). The mounds might
have been formed due to flank eruptions and troughs forming the gulley pattern are the result of lava
flow. The high backscatter zones with darker tones suggest seafloor devoid of sediment cover, this type

of tonal character is prominent on the crest and flanks of the seamount (Fig. 3B). This observation has



been made taking into consideration the possible artifacts seen as straight boundary lines between high
and low backscatter arising out of different contrast settings of the data. Flanks of the CSM have
distinct steep-sided concave slope (Fig. 3C), resembling conical stratovolcanoes (e.g., Rumble
volcanoes of of Kermadec arc, Wright, 1996) but distinctly differ from large gently sloping shield
volcanoes (e.g. Axial, Henderson, Emperor, Loihi seamounts). The crater has a near circular rim and
has a width of 576 m in the East —West direction and a maximum depth of ~160 m from the rim top
(Fig. 3C). The crater is breached on the north-western side as seen in the 3-D rendered seafloor image
(Fig. 4) with an impression of lava flows through this breach (Fig. 4). The well-defined morphology
observed on the swath bathymetry image depicting the crater suggests volcanic eruptions in the recent

geological past.

The slump feature observed at the base of the southern flank (Fig. 3A) resembles volcano-clastic
debris that resulted from the eruptions and /or talus-scree due to slumping. The unconsolidated
aggregates or globules recovered from (TVG-09, Fig. 3C) the flank also suggest volcanoclastic
material. A similar volcanoclastic deposits around submarine arc-stratovolcanoes (e.g. Rumble
volcanoes of the Kermadec arc) were reported by Wright (1996). The adjacent seamount to the south
of CSM has a conical summit and rises to about 600 m water depth. Besides the twin seamounts at
07°55'N, there are four prominent seamounts between 07°35'N and 08°15'N to the north and south that
are partially mapped by the multibeam survey (Fig. 5). This chain of seamounts (Fig. 5) defines the
submarine volcanic arc east of Andaman Island arc on the eastern bounding wall of the WAF (Curray et
al., 1979; Kamesh Raju et al., 2007). The reported chain of volcanoes are closely spaced and smaller
in size compared to the typical subduction zone volcanoes. We measured the distances between the
volcanoes reported in the published figures appeared in the literature. Volcanoes in the Mariana arc,
Izu-Bonin arc regions (Usui and Nishimura, 1992), Tonga-Karmadec arc (de Ronde et al., 2001), and
Java-Sumatra arc region all in a normal subduction direction are spaced at an average distance of 60
to 120 km. Whereas the volcanoes in the region of oblique subduction such as Kuril arc (DeMets, 1992
and Glasby et al., 2006), Lesser-Antilles arc in Caribbean Sea (Calais et al., 2002) and the Andaman-
Sumatra arc (present study) are spaced closer at about 18-30 km distance. It appears that the closely
spaced volcanoes are dominant in the zones with oblique subduction, this observation, however,

requires further validation with the actual data.
4. Seabed sampling and analysis

Rock samples were collected from the flank (TVG-09, depth 398 m, Fig. 3C) and within the crater
(TVG-10, depth 511 m, Fig. 3C) using a TV-guided grab along with video footage. The crater floor is

devoid of sediments and unconsolidated aggregates are seen on the flank (Figs. 6A and 6B). Dacites



recovered from the crater have aphanitic dark grey colored glassy ground mass with white specs of
plagioclase phenocrysts (Fig. 7A). Thin sections of the rocks were gold coated for SEM-EDS analyses
(semi-quantitative) to determine the mineral composition. The EDS data was run through an MS Excel

Visual Basic application (Brandelik, 2009) to identify the mineral phases.

Rock samples from TVG -09 and 10 are partly weathered, some of them with a veneer of Fe-Mn oxide
coating. The fresh portion was powdered for the major element oxide determination. Borate glass
beads of the rock powder were prepared using Spectromelt® A12 of Merck. These beads were
analyzed for major element composition by XRF (Axios, PANalytical, The Netherlands), at NIO, Goa.
The XRF was calibrated with international rock standards from Geological Survey of Japan (JA-1, JR-3)
(Table 1) with accuracy * 3.0 — 4.0%.

Unconsolidated aggregates that are recovered from the flanks (TVG-09) consisted of Mn oxide globules
varying from few mm to cm in size. The oxide coatings are scrapped from the rock surface (TVG 10)
and powdered. Fine powdered samples were analyzed for mineralogy with an X-ray diffractometer
using Cu-Ka radiation over 28 range from 05 to 60°. The globules were examined under a Scanning
Electron Microscope (SEM) and analysed using Energy Dispersive Spectrum (EDS) for semi-
quantitative chemical composition. The oxide samples were digested with acid mixture
(HF:HNO3:HCIO4::7:3:1) and the final solutions were prepared with Mill-Q water. Trace and rare earth
element concentrations were measured with an ICP-MS using 20 ng/ml '®Rh solution as internal
standard (Balaram and Gnaneshwar Rao, 2003). An analytical accuracy of +3.0% was achieved
against the marine reference standard material MAG-1 (from USGS). Elemental compositions are
presented in Tables 2 and 3. Fe-isotope composition of the globule was analyzed with a Multicollector-
ICP-MS (Nu plasma—HR from M/s. Nu Instruments, UK) following Albarede and Beard, (2004). Total Fe
was separated from 50 mg of digested samples using AG-MP1 anion exchange resin column eluted
with 10 ml of 2.0 N HCIl and 0.001% H,O, mixture. Iron recovery of > 97 % was achieved. The eluted

fractions were evaporated and re-dissolved in 2.0 % HNO;,

Isotopic analysis was carried out with standard-sample-bracketing mode using IRMM-014 as standard
reference material. Seventy six measurements of IRMM-014 were analyzed over a period of more than
three months yielded an average 5°Fe value 0.003 +0.12 (20) %o. The errors on ****Fe measurement
in all the analytical sessions varied between 0.02 to 0.08 %o (15) and °”**Fe vary between 0.04 to 0.16
%o (10). The IRMM-014 values in a single session analysis also show variations of about 0.1 %o (25).

Therefore a precision of £0.1 %o (20) is applicable to the compositions of samples as well. Analysis of



BCR-2 and IF-G standards yielded a §°°Fe value of 0.04 +0.11 (25) and 0.71 0.14 (2c) against
reported values of 0.039 £0.055 (2¢) and 0.631 £0.019 (2c) (Dauphas and Rouxel, 2006), respectively.

5. Petrology and geochemistry of rocks

Rocks recovered from the CSM flank (TVG-09) and within the crater (TVG-10) are vesicular with vitric
groundmass containing phenocrysts of plagioclase (a dominant mineral phase), green to pink
pleochroic ortho-pyroxene, and opaque minerals like, magnetite or ilmenite (Fig. 7B). Clino-pyroxenes
are observed which are volumetrically less compared to ortho-pyroxene. Other mineral phase, feldspar,
is present as large phenocrysts and small thin acicular laths in groundmass (Fig. 7C). These feldspars
have high Na,O content (~4%). The major element composition of these rocks (Table 1) was plotted on
the rock classification diagram (Fig. 8), based on the SiO, and total alkali (Na,O + K,O) content (Le Bas
et al., 1986). Rocks from the flanks are mostly dacite and few plot on the border of andesite-dacite field
while rocks recovered from within the crater comprise of rhyolite to dacite to andesite a sort of whole
spectrum of back-arc volcanism (Fig. 8). This type of rock assemblages are commonly found at arc-
volcanoes erupting silicic viscous magma (Feeley and Dungan, 1996). We have plotted the reported
volcanics data of Barren Island (Luhr and Haldar, 2006; Chandrasekharam et al., 2009 and Sheth et al.,
2011) and Narcondam Island volcanoes (Pal et al., 2007). The composite data on the rock classification
TAS diagram (Fig. 8) show geochemical continuity from basalt to basaltic andesite to andesite of
Barren Island volcanics, while andesites from Narcondam Island volcano show affinity to the rocks
recovered from the CSM. The andesite and dacite type of rocks of CSM resemble rocks of

stratovolcanoes of Indonesia (Rittmann, 1953).
6. Geochemistry of Fe-Mn-oxides
6.1. SEM observation and mineralogy

The Scanning Electron Microscopic (SEM) images show that oxide globules are attached to each other
and form aggregates (Fig. 9A). Typical honeycomb-like features on the globule surfaces (Figs 9B and
9C) resemble other submarine hydrothermal oxide deposits (e.g., Usui and Nishimura, 1992; Buatier et
al., 2004; Fitzgerald and Gillis, 2006). The internal structure of the globule (Fig. 9D) is devoid of any
growth layers, suggesting instantaneous precipitation of metal rich fluid. Energy dispersive spectrum
(EDS) analysis shows that these globules are mostly composed of manganese oxide (66 to 97% of
total, Auxiliary material 1 and 2) along with oxides of Al, K, Na, Fe and Ca in varying percentages. X-ray
diffraction data demonstrate the presence of 10A manganate (Todorokite) as a major mineral. A similar

suite of minerals in hemispheroidal globules formed by low temperature hydrothermal fluid-sediment



interaction has been reported on a seamount flank (Usui and Nishimura, 1992). Besides manganate,
oxide coatings also have considerable amount of pyrolusite (8-MnO,) and goethite. Within the globule-
aggregates (Fig. 9A) several silicic (SiO; > 65% in EDS analyses, Figs. 9F and 9H) volcanoclastic rock
fragments (pyroclasts) were found (Figs. 9E and 9G). SEM images of these pyroclasts shows distinct

fluid or gas emission features on their surface.
6.2. Bulk geochemistry and Fe—isotopic composition

Geochemical analysis of ferromanganese coatings and globules showed higher concentration of Mn
(24 to 35%) relative to Fe (0.3 to 6.0%) and thus high Mn to Fe ratio (Mn/Fe = 04 to 126, Table 2)
resembling typical hydrothermal deposits (Eckhardt et al. 1997, Fitzgerald and Gillis 2006, Frank et al.
2006). Low concentrations (<1000 ppm) of Cu, Co and Zn (Table 2) accompanied with considerable
enrichment of fluid-mobile Li (60 - 475 ppm), Ba (570 - 4800 ppm) and Mo (80 - 420 ppm) also suggest
a hydrothermal origin. Moreover, low concentration of other trace elements (e.g., Zr < 50 ppm, Y < 60
ppm, Nb < 2.0 ppm, Hf < 0.7 ppm and total REE < 100 ppm) (Tables 2 and 3), immobile in hydrous

subduction melts (Kuhn et al., 2003), is indicative of back arc hydrothermalism.

Total REE concentrations of these deposits are extremely low with 2REE ranging between 45 to 92
ppm. The shale (PAAS) normalized REE patterns are characterised by minor positive Eu anomalies
(Eu/Eu* = 1.2 - 1.9), negative Ce anomalies (Ce/Ce* = 0.2 - 0.9) and heavy rare earths (HREE)
enrichment (Nd./Yb, = 0.25 - 0.3) (Table 3), and resemble typical hydrothermal deposits reported from
other back-arc basins (Frank et al., 2006, Takahashi et al., 2007) (Fig. 9). Significantly negative Ce
anomalies of globules (Ce/Ce* = 0.22) may have resulted from limited fluid-sea water interaction while
enhanced anomalies (Ce/Ce* = 0.51 - 0.98) in coatings imply oxidative scavenging of Ce(IV) on
hydrothermal particulates prior to their settling. Relative enrichment of HREE in PAAS normalized REE
pattern is likely due to the low temperature hydrothermal activity as in the case of Lesser Antilles (Frank
et al., 2006) and TAG field (Mills et al., 2001). Increasing solubility of Eu*? with temperature makes
positive Eu-anomaly in hydrothermal fluid. Thus slightly positive Eu anomalies of these ferromanganese

oxides indicate precipitation of hydrothermal fluid.

Analysis of Fe-isotope composition in Mn-rich globules revealed significant enrichment of heavy
isotopes (5%°Fe = +0.213 + 0.031%0 and d3°'Fe = +0.599 + 0.063%0) relative to IRMM-014 standard.
Such isotopic composition is similar to typical low temperature hydrothermal Fe-Mn oxides having
characteristic range of 3°°Fe (-1.6 to +0.3%0) and 5°’Fe (-3.0 to +0.8%0) values (Rouxel et al., 2003;
Dauphas and Rouxel; 2006).



7. Mechanism of the swarm

The 2005 earthquake swarm, the largest ever on the globe, appears to have occurred on the NWN-
SES oriented WAF. The swarm initiated in predominantly strike slip manner with one of the nodal plane
consistent with the strike of the WAF. However, after a day of the initiation of the swarm, the
predominant slip during the earthquakes became normal in displacement (Fig. 11) along the NE-SW
oriented planes. It probably implies that in the region of the swarm the dextral strike slip on WAF takes
a small right step to form a releasing bend wherein these normal earthquakes occurred. The majority of
the earthquakes occurred at depths ranging from 15 to 25 km (EHB catalogue from ISC). We calculate
the stress change caused by the 2004 Sumatra-Andaman earthquake on the dextral strike slip planes
whose strike, dip, and rake is consistent with that of the initial focal mechanism solutions of the swarm
and the WAF. We find that the 2004 Sumatra-Andaman earthquake greatly influenced the region of
swarm by strongly increasing the Coulomb stress (Fig. 12). In fact the 2004 earthquake greatly reduced
the normal stress from the planes or unclamped them. The delay of about a month in triggering the
swarm could be because of transfer of stresses through redistribution of the fluids in the region. Thus
unclamping of the region by the 2004 Sumatra Andaman earthquake led to the initiation of the swarm

through predominantly strike slip faulting.
8. Discussion

Our recent survey in the region of the Nicobar earthquake swarm found two steep-sided seamounts
near the center of the earthquake swarm. The volcanic nature of the cratered seamount (CSM) is
inferred from morphology, geochemistry of the samples from the crater floor and flanks, and the
seafloor images. The dacites recovered from the CSM flanks and the crater floor along with andesite

and rhyolite show a geochemical continuity with dacites-andesites from the Narcondam Island volcano.

Major and trace element geochemistry of Mn rich globules occurring as unconsolidated aggregates on
the flank of the CSM indicates that these are low-temperature hydrothermal manganese oxide deposits.
The positive Eu and negative Ce anomalies in shale normalized rare earth patterns also substantiate
the hydrothermal nature of these samples. This chemical composition is similar to other hydrothermal
ferromanganese crusts reported on the Kaikata seamount of the Izu-Bonin arc (Usui and Nishimura,
1992), Franklin seamount of the Woodlark basin, SW Pacific (Bogdanov et al. 1997), Enarete and

Palinuro seamounts in the Tyrrhenian sea (Eckhardt et al. 1997).

The Fe isotopic composition of globules, TVG-9G (**Fe = +0.21 and *Fe = +0.59) is similar to that
observed in buoyant hydrothermal plume particulates having unoxidised Fe*z(aqu) (Severmann et al.,

2004). So Fe-isotopic fractionation in globule can be explained in terms of incomplete oxidation of
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dissolved Fe*? to Fe* in hydrothermal fluid prior to oxide formation, as mentioned by Welch et al.
(2003). The relative enrichment of heavier Fe-isotopes indicates that the globules are formed at the rate
faster than the residence time of dissolved Fe*?in seawater and thus confirm the hydrothermal origin of

these oxide globules.

A recent satellite based study on the eruptions of two Javanese volcanoes, Merapi and Semeru,
suggested enhanced output in response to the earthquake (M,, = 6.4) occurred in Java on 26 May 2006
[Harris and Ripepe, 2007]. During the past decade the Barren Island volcano had four major eruption
episodes during 1991, 1994-95, 2004-06, and 2008-ongoing, as documented by Sheth et al., 2009,
2010 and 2011. Increased eruptions of the Barren Island volcano in the Andaman Sea during May
2005 to mid March 2006, as documented by visual and thermal anomalies from the MODIS/MODVOLC
satellite observations (http://www.volcano.si.edu), can be attributed to the delayed response of the
great Sumatra-Andaman earthquake. Volcanic eruptions at Talang in April 2005 are also probably
linked to the aftershock effects of M,, = 9.3 and M,, = 8.7 earthquakes of the Andaman Sumatra region
(Walter and Amelung, 2007). It is generally agreed that more than one mechanism is involved in the
complex interaction of earthquakes and volcanoes (Hill et al., 2002; McNutt, 2005; Eggert and Walter,
2009). Eruptions have occurred following the large earthquake due to a change in static stress along
the same subduction zone resulting in induced volcanic activity (Hill et al., 2002; Walter and Amelung,
2007). Earthquakes are triggered due to passing waves resulting in induced seismicity at distant places
(e.g., Wrangel earthquake), (Gomberg et al., 2001; West et al., 2005). Intense earthquake swarms

have also resulted from dike injection (Toda et al., 2002).

The swarm region is close to the dynamic tectonic setting greatly influenced by the confluence of the
WAF and the Sumatra fault. In terms of energy release the Nicobar earthquake swarm is the most
intense swarm ever documented (Lay et al., 2005) and the earthquake that triggered the swarm was a
mega event that excited the Earth’s free oscillations (Park et al., 2005). The Nicobar earthquake swarm
was characterized by both strike slip and normal fault earthquakes (Lay et al., 2005). Model studies of
Walter and Amelung [2007] show that the slip motion of plates at the subduction area cause volumetric
expansion in the far-trench region and increase the magmatic pressure underneath the back-arc
volcanoes, leading to eruptions. However, there is no real time evidence of revived submarine volcanic
activity at the CSM linked to the earthquake swarm following the megathrust earthquake of December
2004. The swarm activity is manifested over a wide zone of about 140 X 110 km and the intense swarm
trends in SW-NE direction (Fig. 2A), the wide spatial distribution perhaps indicate magmatic activity at
depth. It is interesting to note that the SW-NE trend observed here is parallel to the active back arc

spreading center (Kamesh Raju et al., 2004). The location of the cratered seamount coincides with the



first major earthquake (26" January 2005/033813 UTC/Mw4.8) that initiated the swarm. Dyking at
depth leading to the magmatic activity at depth that did not reach the surface could be one of the

reasons for the formation of the swarm.

The 2004 Sumatra-Andaman earthquake rupture zone (Fig. 1) is close to the Nicobar Islands and the
slip on the earthquake rupture was the largest (Lay et al., 2005; Gahalaut et al., 2006; Banerjee et al.,
2007) at this location. Thus due to large slip on the rupture and less distance between the rupture zone
and the WAF that was considered as a lithospheric boundary (Kamesh Raju et al., 2007), we expect
stress change to be larger than anywhere else in this region. Therefore it can be surmised that a
combination of stress change, structural and volcanic elements have contributed to the occurrence of
largest ever swarm in this region. These observations also imply that the occurrence of swarm is a

consequence of the stress changes triggered by the 2004 Sumatra Andaman earthquake.

Narcondam lIsland has been classified as an extinct volcano (Curray et al., 1979). Many workers have
suggested that the Narcondam and Barren Island volcanoes are the expressions of the Andaman
volcanic arc (Kamesh Raju et al., 2004; Curray, 2005). The cratered volcano reported in the present
investigation together with the seamounts to the north and south, form a chain of mounts defining the
submarine portion of the volcanic arc. This study provides evidence of a well-defined submarine
volcanic arc in the Andaman Sea and bridges the gap between the subaerial volcanoes of Sumatra in

the south and the Barren-Narcondam Island volcanoes in the north.
9. Conclusions

Twin seamounts at the center of the Nicobar earthquake swarm area in the Andaman Sea have been

mapped for the first time. The northern summit of these twin seamounts has a well developed crater.

The morphology of this cratered seamount and geochemical analysis of the seabed samples
particularly the ferromanganese oxides from the crater-floor and the flank suggests past volcanic
activity. The dacite-andesite type siliceous rocks of this seamount are similar to the rocks found at
typical stratovolcanoes along the volcanic arcs. These observations of the present investigation

suggest that the cratered seamount is a dormant submarine stratovolcano.

The 2004 earthquake greatly reduced the normal stress in the region of WAF from the planes or
unclamped them. Thus unclamping of the region by the 2004 Sumatra Andaman earthquake led to the
initiation of the swarm through predominantly strike slip faulting. The 2004 Sumatra-Andaman
earthquake rupture zone is close to the Nicobar Islands and the slip on the earthquake rupture was the

largest at the place of occurrence of the earthquake swarm. A combination of stress changes, and the
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tectonics have contributed to the occurrence of largest ever swarm in this region. These observations
also imply that the swarm was initiated by the stress changes triggered by the 2004 Sumatra Andaman

earthquake.

This study for the first time presents evidence of active submarine volcanic arc in the Andaman Sea
and thus provides a link between Barren- Narcondam Island volcanoes in the north and Sumatran

volcanoes in the south.
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Figure captions

Fig. 1 Tectonic map of the study area along with seismicity data from the NEIC. The tectonic elements
in the Andaman sea depict major features (Ammon et al., 2005; Sieh and Natawidjaja, 2000; Kamesh
Raju et al., 2004; Kamesh Raju et al., 2007). The documented earthquake swarms, S1 to S7, and the
volcanoes represented by triangles (http://www.ngdc.noaa.gov/) are shown, SF denotes the Sumatra
Fault. The red and green dashed boxes represent the rupture zones of 2004 Sumatra-Andaman

earthquake and the Nias earthquake of 2005 respectively.

Fig. 2 (A) Map showing the Nicobar earthquake swarms. The red circles indicate =2 5.0 and brown < 5.0
magnitude events occurred during the peak swarm period of 27" and 28th January 2005. Green circles
indicate the < 5.0 events during December 2004 to March 2005. The location of the cratered seamount
is indicated by white triangle. (B) Distribution of earthquake in terms of number of earthquakes per day

and their magnitudes during December 2004 to March 2005.

Fig. 3 (A) Swath bathymetry map of the cratered seamount, contour interval 100 m. Red squares
denote the location TV-guided grabs. (B) Backscatter image derived from EM120 swath bathymetry

data. (C) The E-W and N-S cross section profiles of the cratered seamount depicted in A.

Fig. 4 (A) 3-D rendered image of the cratered seamount. (B) Top view of the crater. Note the breach in

crater rim.

Fig. 5 Bathymetric map depicting the chain of seamounts in the off Nicobar region. Contours in the
background are from the world topographic data [Smith and Sandwell, 1997]. The cratered seamount

(CSM) and the other seamounts are part of Andaman volcanic arc.

Fig. 6 Seafloor images captured moments before collecting the sample during (A) TVG-10 and (B)

TVG-09 operations, respectively.

Fig. 7 (A) Hand specimen of dacite from the TVG-9 from the crater flank. Dacite shows the presence
of mostly white tabular lath shaped plagioclase in the dark grey colored glassy groundmass. (B) Ophitic
texture exhibited by ortho-pyroxene (OPx) surrounded by plagioclase laths. An isolated and elongated
brown colored OPx crystal is associated with dark brown colored opaques as ilmenites. (C) Large
phenocryst of plagioclase (Plag) having sieve texture with glass inclusions in a microcrystalline
vesicular groundmass. Microcrystalline plagioclase laths exhibit flow texture around the plagioclase

crystal. Vesicles (Ves) are of different shapes.
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Fig. 8 Whole rock geochemical data of the samples from the cratered seamount (TVG-09 and TVG-10)
along with data from Barren Island volcano (Luhr and Haldar, 2006; Chandrasekharam et al., 2009 and
Sheth et al., 2011) and Narcondam lIsland volcano ( Pal et al., 2007) are plotted on Total Alkali versus
SiO, diagram (TAS) (Le Bas et al., 1986).

Fig. 9 SEM images of the globules and the sliced globule recovered from the unconsolidated
aggregates of TVG-09. (A) Aggregate of Mn-oxide globules, (B) and (C) globules with honeycomb like
surficial features representing typical hydrothermal todorokite at 100 um and 30 ym magnification, (D)
internal surface of the sliced globule, note absence of growth layers. (E & G) Scanning Electron
Microscopic image of Pyroclasts in globule aggregates. (F & H) Energy Dispersive Spectrum of point

analysis.

Fig. 10 Results of REE analysis of the globules and the Mn oxide coatings scrapped from the rock
surfaces. TVG-09 and TVG-09G shows the REE variations in ferromanganese oxide coatings and the
globules, respectively. TVG-10 shows the REE variations in the scrapped-off Mn- oxide coating
recovered from the summit of the seamount. NW Pacific-D-11-X9 and NW Pacific-D-21-103 are the
REE data from Pacific back-arc basins (Takahashi et al., 2007). REE data from TAG field of Mid
Atlantic Ridge (Mills et al., 2001) is represented by TAG-1-3423, TAG-21244-1c and TAG-1247-2D.

Fig. 11 Temporal variations of the swarm magnitudes. Focal mechanism of the largest magnitude

earthquakes is also shown. Note the predominance of the strike slip faulting in the beginning.

Fig. 12 Cross sectional view of the Coulomb stress change (in bar) on the WAF due to the 2004
Sumatra Andaman earthquake. A slip of about 20 m was assumed on this part of the 2004 Sumatra
Andaman earthquake rupture (Gahalaut et al., 2006; Banerjee et al., 2007). Large increase in stress
(5-10 bars) in the earthquake swarm region is largely due to unclamping of the steep planes. Swarm

earthquakes are shown by the open circles, scaled as per their magnitude.
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Table 1. Whole rock composition (major elements) of the rocks recovered from the CSM and Reference standards (JA-1 and JR-3)

from Geological Survey of Japan.

SaNrrc‘)f"e 91 92 93 93a 93b 94 101 102 10/3 10/4 10/5 10/6 10/7 ,\JAQ;S Rﬁ(‘)lm ,fAFe{;; R‘]e'z('fm
Si0, 6386 6520 6545 6342 64.16 6454 7115 69.15 69.98 7022 7480 6210 6046 6372 6397 7237 72.76
Ti0o, 082 080 077 084 081 081 049 050 056 051 042 092 099 086 085 022 021
ALOs 1571 1524 1497 1584 1568 1570 1473 14.98 1734 1522 1291 17.71 16.19 1537 1522 1211 11.90
Fe,04T) 635 622 599 654 638 636 300 419 070 334 243 496 833 731 707 506 472
MnO 030 021 019 026 020 023 021 032 025 033 017 034 043 016 016 009  0.08
MgO 157 150 141 161 157 152 061 067 022 068 062 148 602 153 157 009 0.5
CaO 506 492 478 520 502 506 335 347 375 349 397 537 382 562 570 009  0.09
Na,O 416 411 402 423 419 423 455 475 525 477 347 415 283 380 384 460 4.69
K,O 085 08 079 082 087 083 085 082 053 083 015 075 017 077 077 426 429
P,0s 020 019 019 021 020 020 016 014 014 014 011 031 018 015 047 002  0.02
Total ~ 99.11 99.37 9876 99.16 99.30 99.69 9920 99.14 98.74 99.64 9913 9825 1000 99.31 99.31 9892 98.81
Fe,0, 212 207 200 218 213 212 100 140 023 111 081 165 288 - i i ;
FeO 445 436 419 458 447 445 210 294 049 234 170 347 604 - ] ; ;
Na,0+K,0 501 491 481 505 506 506 540 557 578 560 362 490 289 - i i i
I’?}'g:i 004 004 004 004 004 004 003 004 004 003 002 004 003 - i i ;

Meas = Measured; Recom = Recommended
9 = TVG sample from CSM flank, 10 = TVG sample within crater of CSM, JA-1 = Andesite; JR-3 = Rhyolite.
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Table 2. Major, trace element and Fe-isotopic composition of ferromanganese oxides

collected from cratered seamount off Nicobar Island in Andaman Sea.

TVG-9 TVG-9 TVG-10
(coatings) (globule) (coatings)
Major elements (%)

Mn 27.2 354 24.2

Fe 0.91 0.28 6.1
Cu 0.005 0.015 0.001
Zn 0.03 0.05 0.01
Ni 0.08 0.12 0.04
Mn/Fe 29.9 126 3.97

Trace elements (ppm)

Li 198 474 62.8
Sc 3.31 4.05 4.64
\Y 228 180 242
Cr 9.14 15.3 13.5
Co 57.5 19.8 59.5
Ga 31.9 128 32.1
Rb 3.34 6.47 4.54
Sr 304 518 467
Y 20.2 37 54.3

Zr 27 34.6 45
Nb 1.25 0.71 0.99
Mo 80.9 414 145
Cs 0.07 0.29 0.13
Ba 569 4777 1718
Hf 0.67 0.47 0.66

Pb 19.3 243 55
Th 0.85 0.81 0.91
U 2.14 3.34 3.19

Iron isotopic composition (%o)

°5°°Fe °NA 0.213+0.031 °NA

*5°"Fe °NA 0.599+0.063 °NA

2 5°°Fe= [{(*°Fe/**Fesampie)/(*°Fe/**Feirmm-14)}-11*10°
®5°"Fe= [{(*"Fe/**Fesampie)/ (' Fel** Fermm-14)}-11410°
°NA = Not Analysed .

18



Table 3. Concentration of rare earth elements in ferromanganese oxides collected from

cratered seamount off Nicobar Island in Andaman Sea.

REE TVG-9 TVG-9 TVG-10
(ppm) (coatings) (globule) (coatings)
La 7.35 15.8 19.5
Ce 15.1 6.57 19
Pr 1.7 2.86 3.76
Nd 8.11 14.64 17.7
Sm 1.95 2.64 5.4
Eu 0.49 0.96 1.78
Gd 1.80 2.68 3.65
Tb 0.43 0.76 0.87
Dy 3.16 5.83 6.71
Ho 0.74 1.5 1.61
Er 2.23 4.64 4.71
Tm 0.36 0.79 0.79
Yb 2.25 4.65 4.78
Lu 0.34 0.74 0.82
2REE 46 65 91
@ Ce/Ce* 0.98 0.22 0.51
® Eu/Eu* 1.2 1.7 1.9
Nd./Yb, 0.30 0.26 0.31

@ Ce/Ce* = 2Ce,/(La, +Pr,), PAAS normalised Cerium anomaly
b Eu/Eu*=2Eu,/(Sm, +Gd,), PAAS normalised Europium anomaly
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