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Abstract

The Andaman Sea has experienced a number of earthquake swarms as a result of complex tectonics
arising from oblique subduction, active volcanic arc, the backarc spreading center, and sliver fault
systems. One of the most energetic offshore earthquake swarms occurred in the off Nicobar region of
the Andaman Sea in January 2005, following the 26™ December 2004 (9.1 Myw) Sumatra megathrust
event. After a brief quiescence, this region got reactivated again after the 215 March 2014 (6.5 Mw)
event, followed by the occurrence of earthquake swarms in March 2014, October 2014, November
2015, and April 2019. In the present study, we analysed the temporal variation of the b-value of these
swarms using the global network data and the Ocean Bottom Seismometer data to understand their
genesis. Temporal variation of b-value suggests that b-values are larger than unity for earthquake
swarms, indicating volcanic origin. Bimodal distribution of frequency magnitude relation suggests
that the earthquake swarms have occurred due to complex seismic processes controlled by both
tectonic and volcanic activities. We propose that a combination of magmatic pulsation in the arc
volcanism in response to 2004 and 2005 megathrust events and the 6.5 My magnitude 215 March
2014 event in off Nicobar region, and reactivation of sliver fault systems, are the dominant
mechanisms for the observed frequent earthquake swarms.
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1. Introduction

Active submarine volcanoes constitute one of the major structural elements of the convergent plate
boundaries, and such volcanoes along with associated earthquake swarms are potential geohazards.
The long-term monitoring of submarine volcanic activity and direct evidence of surface and
subsurface magma movements are often difficult in the oceanic environment, and hence, are less
studied as compared to onshore volcanoes. One of the effective tools to monitor the activity of
submarine volcanoes is earthquake seismology. There exists a strong correlation between volcanic
eruptions and volcano-tectonic earthquake swarms (Hill, 1977). Volcanic eruptions may be triggered
from distant or local major earthquakes (Linde and Sacks, 1998), especially in subduction zones,
where megathrust earthquakes can induce volumetric decompression leading to enhanced backarc
volcanic activity (Walter and Amelung, 2007). Several studies suggested that earthquake swarms
occur due to stress perturbation associated with fluid migration in a magmatic or hydrothermal
system through new or recently formed crustal heterogeneities such as fissures and cracks (Hill,
1977; Toda et al., 2002). Earthquake swarms observed in the active volcanoes such as Usu Volcano
and Kirishima volcano in Japan (Zobin et al., 2005; Chiba and Shimizu, 2018), Yellowstone volcanic
field in the United States (Farrell et al., 2009; Farrell et al., 2010), Fogo Volcano and Congro
Volcanic Fissural System at Azores archipelago (Silva et al., 2015), Quito swarm of Guagua
Pichincha volcano (Legrand et al., 2004) are some of the examples that show a direct relationship
between earthquake swarms and volcanic activity. Gutenberg-Richer magnitude relationship
(parameterized by b-value) is an effective method to differentiate earthquakes in terms of tectonic or
volcanic activity (Frohlich and Davis, 1993; Wiemer and WYyss, 1997; McNutt, 2004). Generally,
low b-values (< less than unity) suggest tectonic domain (Frohlich and Davis, 1993), and larger

values (>1 to 3) suggest volcanic activity (Wyss et al., 2001; McNutt, 2004).

Andaman Sea witnessed frequent and significant earthquake swarms after 26" December 2004 and
28™" March 2005 megathrust events. The distinct and divergent rupture pattern of these megathrust
events altered the volcano-tectonic activity and seismicity of the region (Lay et al., 2005; Singh,
2005; Gahalaut et al., 2006; Kamesh Raju et al., 2007). Subsequent to the December 2004
megathrust event, an energetic swarm occurred in January 2005 near the triple junction of ANF,
West Andaman Fault (WAF), and Seulimeum Fault (SF). This swarm is closest to the 2004
earthquake rupture zone that experienced maximum co-seismic slip (Gahalaut et al., 2006, Banerjee
et al., 2007, Kundu et al., 2012). The stress changes due to megathrust events, the tectonic elements
such as sliver fault systems (GSF and ANF), and volcanism off Nicobar region have led to the most
energetic 2005 swarm (Gahalaut et al., 2006; Banerjee et al., 2007; Gahalaut et al., 2008; Kamesh



Raju et al., 2012; Kundu et al., 2012). The off Nicobar region has experienced 4 distinct earthquake
swarms in March 2014, October 2014, November 2015, and April 2019. The increase in the rate of
occurrence of earthquake swarms after the 2014 My 6.5 event is intriguing. In the present study, we
computed temporal variability of b-values to understand the genesis of earthquake swarms in the off

Nicobar region.

2. Geodynamic Setting

Andaman-Nicobar-Sumatra subduction zone is an active oblique subduction zone in the northeast
Indian Ocean. Indo-Australian plate subducts beneath the Burmese microplate resulting in the
formation of a major island arc-trench system. The major tectonic elements consist of the subduction
zone, sliver strike-slip faults (includes Great Sumatra Fault, Andaman Nicobar Fault, Andaman
transform fault, Sagaing Faults), volcanic arc, and backarc basins (Kamesh Raju et al., 2004; Curray,
2005; Cochran, 2010). The volcanic arc extends from dormant Narcondam Island volcano, active
Barren Island volcano to volcanic seamounts near Andaman backarc spreading center (ABSC), to
submarine volcanoes near the Nicobar Islands, and joins the onshore volcanoes of Sumatra (Kamesh
Raju et al., 2004; Curray, 2005) along the GSF. The GSF is a ~ 1900 km tectonic feature that
accounts for the dextral strike-slip component of oblique convergence of Indo-Australian plate
beneath Southeast Asian plate (Sieh and Natawidjaja, 2000). The northern segment of the GSF in the
Andaman Sea bifurcated into Aceh Fault (AF) and Seulimeum Fault (SF) (Fig. 1). The proximity of
the volcanic arc and the offshore extension of the GSF suggest that these major structural elements
influence each other (Ghosal et al., 2012; Singh et al., 2013). The SF is an active fault while the AF
has remained dormant for the past 100 ka (Sieh and Natawidjaja, 2000).

The region has witnessed two megathrust events on 26" December 2004 (Sumatra event Mw 9.0)
and on 28™ March 2005 (Nias event Mw 8.6), which have immensely impacted the seismicity of the
region. The total rupture length and coseismic displacement of 2004 and 2005 events are 1700 km
and 25 m, respectively (Lay et al., 2005; Fujii and Satake, 2007; Rhie et al., 2007). The maximum
coseismic slip was nearly 20 m off NW Sumatra (Ammon et al., 2005; Singh, 2005; Subarya et al.,
2006; Sieh et al., 2008; Singh et al., 2008; Singh et al., 2012). The megathrust events imparted static
Coulomb stress along the major sliver fault systems, inhibited failure along the Sagaing Fault, and
promoted failure along the Andaman Backarc Spreading Center (ABSC), Andaman-Nicobar Fault
(ANF), and the Great Sumatra Fault (GSF) systems (Gahalaut et al., 2008; Cattin et al., 2009; Kundu
et al., 2012). The January 2005 off Nicobar earthquake swarm has imparted additional Coulomb
stress of almost 20 bar in the northern segment of the GSF (Cattin et al., 2009). The high Coulomb
stress and the absence of high intensity earthquakes in the last 170 years along the offshore extension
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of GSF (Bellier et al., 1997; Sieh and Natawidjaja, 2000) make this region prone to a high seismic
hazard (Cattin et al., 2009).

3. Data and Methods

The study area is in the off Nicobar region between 6° N to 9° N and 93° E to 96° E covering the
northern extent of GSF and submarine volcanoes. To understand the seismotectonics of the recent
earthquake swarms in the region, we compiled earthquake data for a period of 20 years from 2000 to
2020 using IRIS and ISC catalogues and local network earthquake data. We used the ISC-EHB
bulletin, which contains improved earthquake locations following the EHB algorithm (Engdahl et al.,
1998). We also used Ocean Bottom Seismometer data (Dewangan et al., 2018; Singha et al., 2019),
ISLAND station data (Srijayanthi et al., 2012), and IRIS data collected during 21% and 22" March
2014. We identified 141 high-frequency earthquakes during 21% and 22" March 2014 as detected by
three or more OBS stations. We removed the overlapping events from different catalogues and made
a single data file. The compiled data from all the sources yielded 2552 earthquake events in the off
Nicobar region. The magnitude of earthquakes ranges from 2 to 6.5 on body wave magnitude (mp)
scale. We have converted the local magnitude (My) of earthquakes detected by OBS and ISLAND
data to body-wave magnitude (mp) using the conversion formula (M = 0.802m,+ 0.3683) obtained
by the regression analysis. We have separated five energetic swarms that occurred in January 2005
(917 events), March 2014 (141 events), October 2014 (262 events), November 2015 (112 events),
and March 2019 (180 events) from the main catalogue to compute the b-values of individual swarms
using maximum curvature fit of the magnitude of completeness value (M¢). We used the Harvard

CMT solutions to understand the focal mechanism of large magnitude (>4.0 M) earthquakes.

We used Zmap software (Wiemer, 2001) for analysis of earthquake data, and estimated the temporal
distribution of b-value in the off Nicobar region. We estimated the b-value using the maximum likely
hood method as it provides unbiased results with minimum standard deviation (Aki, 1965; Hirata,
1989; Wiemer, 2001).

4. Results

Gutenberg-Richer frequency-magnitude relationship

The Gutenberg-Richter frequency-magnitude relationship is a fundamental seismological equation
that adequately describes the aftershock activity and earthquake swarms (Gutenberg and Richter,
1944). Gutenberg—Richter law defines the relationship between the number of earthquakes occurred

in a time period and their magnitudes and is expressed as,



log,, N =a— DM, 1)

Where N is the cumulative number of earthquakes of magnitude > M, a and b are constants. The
parameter a is related to earthquake productivity in a volume whereas b represents the relative
distribution of large and small-magnitude earthquakes. The b-value is often computed using the
Maximum Likelihood method as it provides a stable estimate (Aki, 1965; Hirata, 1989) when the
number of events exceeds 50 (Utsu, 1965). In the Maximum Likelihood method, the b-value is
defined as,
po B @
M— M,

where M is the average magnitude, M, represents threshold magnitude and log,,e = 0.4343 The
threshold magnitude is the minimum magnitude above which all the earthquakes are consistently
detected (Rydelek and Sacks, 1989).

In the present study, 2552 events are observed in the Off Nicobar region along the volcanic arc and
also in-between the sliver fault system such as ANF and the northern part of the Great Sumatra
strike-slip Fault (Fig. 2). An energetic earthquake swarm occurred centred over the cratered
seamount between the two major sliver fault systems ANF and GSF in January 2005 after the 2004
Sumatra event. A major earthquake occurred on 21% March 2014 (Mw 6.5), which was followed by
an earthquake swarm on 21% and 22" March 2014. After March 2014, four distinct sets of energetic
swarms are observed in October 2014, November 2015, and April 2019 in the off Nicobar region
(Fig. 2). The magnitude versus time graphs of individual earthquake swarms are shown in Fig. 3.
Earthquake sequence are classified into three types such as 1) mainshock and aftershock distribution
generally show the decay in magnitude with time, 1) foreshock-mainshock-aftershock distribution
shows the slow build-up of seismicity before a mainshock, Il1) gradual increase and decrease of
magnitude without any mainshock (Farrel et al., 2009). In our data, March 2014 event shows a
mainshock at the beginning but systematic decay of magnitude with time is indiscernible, classifying
the events as an earthquake swarm. Type | and Type Il distributions are not seen for the clusters of
October 2014, November 2015, and April 2019. The absence of a mainshock and increase and
decrease of magnitude with time in these events suggests that these clusters are also can be classified
as earthquake swarms (type Ill). Further, we noted that the duration of the earthquake swarm with
respect to the October 2014 event is about 42 days, whereas the other swarms are of shorter duration
of 1 to 2.5 days (30 to 60 hrs). We computed b-value for these earthquakes to gain insights into the
volcano-tectonic activity of the region.



In the off Nicobar region, the cumulative number of shallow-focus (0-30 km) and intermediate-focus
(30-100 km) earthquakes are shown in Fig. 4a during 2000-2020. Few earthquakes are observed
prior to 2005; however, a significant number of earthquakes (917 events) were observed in January
2005 due to volcano-tectonic activity (Kamesh Raju et al., 2012; Kundu et al., 2012). There was a
period of seismic quiescence from 2005 to 2014, which was interrupted on 215 March 2014 by an
Mw 6.5 earthquake. Thereafter, several peaks in earthquake activity are observed in March 2014,
October 2014, November 2015, and April 2019, indicative of the occurrence of significant swarms
(Fig. 4a). The background value of threshold magnitude, Mc is 3.5 (Fig. 4b), which increases to 4 or
more during earthquake swarms. A peak magnitude of Mc 4.6 is observed in 2005 swarm indicating
the occurrence of a large number of events in a short duration of time window that resulted in the
overlapping of small magnitude earthquakes (Kundu et al., 2012). Prior to and after 2005 swarm, the
b-values are close to unity. During the 2005 swarm, the b-values are larger than 1.6 and are restored
to unity in 2006 and 2007 (Fig. 4c). The b-value started decreasing from unity in 2007 to less than
0.65 in 2013. It again increases to 1.5 during March 2014 swarm and similar increase is also
observed during November 2015 and March 2019 swarms but is absent for October 2014 swarm. A
good correlation is observed between the b-value and Mc, periods of high b-value correspond to an
increase in Mc. We also observed a systematic decrease in b-values in between the swarm events.
The values are lowest just before the swarm event as in October 2013, September 2015 and January
2019 (Fig. 4c). The temporal distribution of b-value shows an overall picture of positive correlation

between increase in cumulative number and increase in b-value and Mc.

We obtained the threshold magnitude (Mc= 3.8) and b-value (0.858) for the entire catalogue as
shown in Fig. 5a. We removed the swarm events from the catalogue and re-computed the M and b-
value resulting in 4 and 0.739 respectively (Fig. 5b). Further, we computed the b-values for
individual swarms in January 2005 (Fig. 5c¢), March 2014, October 2014, November 2015, and April
2019 (Figs. 6a, 6b, 6¢, 6d). The frequency magnitude distribution of the 2005 earthquake swarm
shows bimodal characteristics having a double slope with two different b-values such as b1 = 1.02
and b2 = 1.6 (Fig. 5c). Previous studies suggest that these two slope values are real and not an
artefact arising out of an incomplete catalogue (Kundu et al., 2012). The b value for lower magnitude
range (Mc= 4.2 and Myreak = 5.2) and higher magnitude range (Mpreak = 5.2 and Meng = 5.8) are 1.02
and 1.6, respectively. The bl (1.02) value is close to the b-value of the whole region, suggesting
seismicity is of tectonic origin. The higher b2-value (1.6) may arise from different conditions such as
1) material heterogeneity in the volcanic system (Mogi, 1962), ii) microfracture formation due to the
presence of highly porous rocks (Scholz, 1968), iii) due to high thermal gradient. The presence of



fluid or increase in temperature in the region are the likely causes for the observed double slope
(Kundu et al., 2012). In addition, the presence of a cratered seamount in the vicinity of this
earthquake swarm suggests magmatic activity in the region (Kamesh Raju et al., 2012; Kundu et al.,
2012).

The computed M. and b-value for the March 2014 swarm are 3 and 1.39 respectively (Fig. 6a). The
March 2014 events are located using OBS and ISLAND station network and nearby land station data
(Aswini et al., 2020). The body wave magnitude ranges from 2 - 6.1. Here we could locate the lower
magnitude events when compared to the global network data due to our OBS network. These events
are classified as hybrid long-period earthquakes and suggest subsurface magma movement (Aswini
et al., 2020). The high b-value supports the volcanic origin of these events. The frequency-magnitude
relationship for October 2014, November 2015, and April 2019 shows bimodal characteristics
similar to that observed for 2005 swarm (Figs. 6b, 6¢, 6d). The lower magnitude range (between Mc
and Myreak) Shows b-value less than unity, which resembles the background seismicity. Higher
magnitude range (between Myreak and Meng) Shows b-value larger than unity similar to that observed
for 2005 swarm. The bl and b2 values computed for October 2014, November 2015, April 2019
swarms are (0.74, 1.36), (0.72, 1.32), (0.7, 1.5), respectively (Figs. 6b, 6c, 6d). Since the global
network detects higher magnitude events more accurately, the b-value greater than one in this range
can be attributed to the geological process. The bimodal magnitude distributions are typical for
volcanic areas and suggest fluid-induced swarm activity (Wiemer and Wyss, 2002). This inference
suggests that the presence of fluids has a significant role in the occurrence of earthquake swarms. In
order to ascertain that the higher b-values are indeed resulting from the events in the near vicinity of
the volcanic arc, we computed the b-value separately for the events in the near vicinity of the
volcanic arc and away from it. The b-values are higher than one for the events near to the volcanic
arc suggesting the dominance of volcanic component and b-value away from the arc are lesser than

one indicating the dominance of tectonic component (Supplementary Figs. S1, S2).

5. Discussion

Earthquake swarms and triggered aftershocks usually occur from stress perturbation resulting from
local/regional tectonic activity (Brodsky et al., 2000; Brodsky and Prejean, 2005). Swarm type of
earthquake clusters are considered to be good indicators of movement of fluids or sub-surface
magma movement in the earth crust (Linde and Sacks, 1998; Fischer and Horalek, 2005; Hensch et
al., 2008). Several significant earthquake swarms have been reported in the Andaman-Nicobar region
(Mukhopadhyay and Dasgupta, 2008; Kamesh Raju et al., 2012; Kundu et al., 2012; Diehl et al.,



2013). These swarms occurred along the ABSC (during 1983-1984, 1993-1994, 2006, 2009, and
2012), off Nicobar region (during 1982, 1986, 1998, 2005, 2014, 2015, and 2019), offshore
extension of GSF (2001) and in the region proximal to Simeulue Island (2002).

The earthquake swarms observed in the off Nicobar Island region after the 2004 Sumatra event, are
more abundant in number of events, and more energetic in terms of magnitude, compared to other
regions of the Andaman Sea. Previous studies suggested a volcano-tectonic origin to the Jan 2005
Off Nicobar swarm that was triggered by the 2004 megathrust event (Kamesh Raju et al., 2012;
Kundu et al., 2012). Several long-period hybrid events were detected by the passive OBS experiment
of March 2014. The hybrid events are interpreted as events originating from subsurface tectonic and
magmatic activity (Aswini et al., 2020). Later, the region has experienced three more swarms in
October 2014, November 2015, and April 2019.

The temporal analysis of b-value off Nicobar region shows that b-values corresponding to 2014,
2015, and 2019 swarms are also greater than unity in the higher magnitude range (Fig. 4). Further,
the b-values derived from the frequency magnitude distribution of the earthquake swarms show bi-
model distribution (Fig. 6).

The variations in the b-value suggest tectonic and rheological conditions that include material
heterogeneity, crack density, geothermal gradient, and applied stress (Mogi, 1962; Scholz, 1968;
Wiemer and Wyss, 1997; Wyss et al., 1997; Wiemer and Katsumata, 1999; Scholz, 2015). High b-
values are linked to the over pressured fluids, the presence of fractured rocks in the faulted region,
material heterogeneity in the volcanic system, and high geothermal gradient system (Wiemer and
Benoit, 1996; McNutt, 2004; Govoni et al., 2013). According to Mogi (1962), earthquake swarms are
commonly found in the volcanic arc or other fractured faulted regions, where magma intrusions take
place. The conceptual model proposed by Hill (1977) states that a complex mesh of fluid-filled
fractures can yield numerous small magnitude events, but lacks a larger magnitude event. Also,

especially in volcanic areas, frequency magnitude distribution shows bimodal characteristics.

High b-values related to volcanic activity have been reported from submarine eruption off coast El
Hierro during 2011- 2012 (Ibafiez et al., 2012), Kirishima Shinmoe-dake, Japan (Chiba and Shimizu,
2018), Quito swarm occurred at Guagua Pichincha volcano (Legrand et al., 2004). The bimodal
frequency magnitude distributions of earthquake swarms are reported at Santorini volcanic complex,
Greece (Vallianatos et al, 2013), Sunset Crater volcano, Arizona (Brumbaugh et al., 2014),

Mt.Redoubt volcano, Alaska (Wiemer and Wyss, 2002), Guagua Pichincha volcano, Ecuador



(Legrand et al., 2004). After the 2004 megathrust event, the magmatic activity renewed along the
volcanic arc and facilitated lava eruption from the Barren Island (Sheth et al., 2009). The above
inferences suggest that the bimodal distribution of b-values observed in the Off Nicobar region is
indicative of a combination of tectonic and magmatic activity. The subsurface magma activity
reactivated the pre-existing fault systems and cracks in the Off Nicobar region resulting in

earthquake swarms.

The high-resolution bathymetry data from this region (Fig. 1) show several volcanic
edifices/topographic highs. The data shows that a very large number of volcanoes between 6.2°N and
8.2°N as compared to that in the north and south in mainland Sumatra. In a recent study, Coudurier-
Curveur et al (2020) suggested that the fracture zone F6a in the Wharton Basin, where one of the
largest magnitude strike-slip earthquakes (Mw 8.6) occurred in 2012, might be a nascent plate
boundary between India and Australia. There is a possibility of generation of excess melt when these
features are subducted beneath the mantle wedge due to enhanced dehydration. Such a tectono
magmatic process may also result in enhanced volcanism. However, the present day bathymetry data
does not show any expression of volcanic eruptions on the seafloor. The observed cratered
seamounts (Kamesh Raju et al., 2012) are indicative of magma eruption/volcanism in the recent
geological past (Kamesh Raju et al., 2012; Tripathi et al., 2018, Saha, 2020). Majority of the
observed seamounts in the present study are of conical shape (Fig. 7), suggesting the absence of
recent volcanic eruptions. The presence of cratered seamount roughly centered on 2005 earthquake
swarm is suggestive of a link between arc volcanism and the occurrence of earthquake swarm.
Further, cratered submarine volcanoes also are indicative of explosive volcanism (Walter and
Amelung, 2007; Kamesh Raju et al., 2012).

The sliver fault system present in the Andaman Sea also plays an important role in modulating the
stress regime of the region. The 2005 swarm occurred in between the sliver faults ANF and the SF
and showed both strike-slip and normal faults suggesting volcano-tectonic origin (Kamesh Raju et
al., 2012; Kundu et al., 2012). After the 2004 and 2005 megathrust earthquakes, the northern portion
of GSF is experiencing maximum stress change and is likely to rupture in the near future
(McCloskey et al., 2005; Cattin et al., 2009). The interaction of the compressive WAF and strike-slip
GSF leads to the enhancement of seismicity in the region (Singh et al., 2013). Ghosal et al. (2012)
suggested that the Aceh Fault is linear for ~200 km, and may produce an earthquake of up to 7.6
magnitude in future. On the other hand, the northern strand of SF is segmented into a strike-slip,

pull-apart system, and hence is likely to produce smaller earthquakes (Ghosal et al., 2012). In



general, the earthquakes associated with the GSF are right-lateral strike-slip earthquakes. The focal
mechanism solution of the 21 March 2014 6.5 My, event that occurred in the off Nicobar region
shows strike-slip faulting. 2014, 2015, and 2019 swarms also show dominant strike-slip fault plane
solution (Fig. 2). Strike-slip faulting near volcanic arcs is facilitated by the increase in magma
eruption rate as a consequence of post-seismic relaxation of the compressional stress regime in
response to megathrust earthquakes (Lupi and Miller, 2014). In the Andaman-Nicobar subduction
zone, the shear component is largely accommodated by the overriding plate as a consequence of
oblique subduction (Singh et al., 2013). The Strike-slip faulting provides an easy pathway for
upwelling fluids and magmas, which causes an increase in volcanic activity (Lupi and Miller, 2014).
In a recent study Yang et al., (2020) analysed three sets of a large magnitude of earthquake swarms
that occurred in 2018, in the vicinity of Rinjani volcano and Flores thrust and attributed them to the
interaction volcanic and tectonic activities. It is suggested that the reactivation of Flores thrust due to
migration of magmatic fluids is one of the possible reasons for the origination of these swarms. In
the off Nicobar region, reactivation of the sliver fault system could have triggered the frequent
occurrence of earthquake swarms. We propose that the 2004 and 2005 megathrust events in the
Sumatra region might have initiated the tectonic and volcanic activity in the off Nicobar region along
the ANF and SF. We believe that the excess Coulomb stress imparted from the 2004 and 2005
megathrust earthquakes may explain the increase of seismicity in the off Nicobar region. Also,
reactivation of pre-existing fault system and strain partitioning due to oblique subduction played a
role in the occurrence of earthquakes in the region. The frequent occurrence of earthquake swarms in
the off Nicobar region can be inferred to be the manifestation of subsurface magma movement and

the associated volcano-tectonic activity along the Seulimeum strand of GSF.

6. Conclusions

The high b-values (> 1) obtained during the earthquake swarms in the off Nicobar region indicate
that swarms are of volcanic origin. Further, the frequency-magnitude relation of earthquake swarms
in the off Nicobar volcanic region shows bimodal distribution (double slope) indicative of combined
magmatic and tectonic activity.

Bathymetry data show several seamounts of volcanic origin suggesting recent volcanic activity. We
propose that the 2004 and 2005 megathrust earthquakes and the 2014 event of 6.5 My occurred in the
Off Nicobar region are some of the causative factors that imparted magmatic pulsation in the

volcanic arc, leading to earthquake swarms in the off Nicobar region.
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The reactivation of the sliver fault system induced by sub-surface magma movement in the Andaman
Sea volcanic arc region provides favourable tectonic and stress regime for the occurrence of frequent
earthquake swarms. In the off Nicobar region, this tectono-magmatic engineering occurred
preferentially along the Seulimeum strand of GSF.
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Figure Captions

Figure 1: Tectonic map of Andaman-Sumatra subduction with high resolution multibeam bathymetry
data. Major tectonic elements such as Great Sumatra Fault (GSF), West Andaman Fault (WAF),
Andaman-Nicobar Fault (ANF), Andaman Backarc Spreading Centre (ABSC), Andaman
Transform Fault (ATF), Sagaing Fault (SGF), Sewell Seamount (SS) and Alcock Seamount (AS)
are marked. Red triangles represent volcanoes. Study area is marked with black boarder lines.

Figure 2: Compiled seismicity map of off Nicobar region with earthquake swarm location. Yellow
circles indicate 2005 swarm, blue circles indicate 2014 swarm, green circles indicate October
2014 swarm, brown circle indicates November 2015 swarm, pink circle indicates 2019 swarm.

Figure 3: Magnitude versus time plot of March 2014, October 2014, November 2015, April 2019
swarms.

Figure 4: (a) Cumulative number of earthquakes with time (during 2000 -2020). (b) Temporal
distribution of Magnitude of completeness value off Nicobar region. (c) Temporal distribution b-
value off Nicobar region.

Figure 5: (a) Cumulative magnitude-frequency of entire earthquake catalogue off Nicobar region. (b)
Cumulative magnitude-frequency of earthquake location without earthquake swarms off Nicobar
region. (c) Cumulative magnitude-frequency of January 2005 swarm. Squares and triangles
represent cumulative number of earthquakes and first derivatives of the data to determine
magnitude of completeness, respectively.

Figure 6: (a) Cumulative magnitude-frequency of March 2014 swarm (b) Cumulative magnitude-
frequency of October 2014 swarm (c¢) Cumulative magnitude-frequency of November 2015
swarm. (d) Cumulative magnitude-frequency of April 2019 swarm. Squares and triangles
represent cumulative number of earthquakes and first derivatives of the data to determine
magnitude of completeness, respectively.

Figure 7: Color-coded multibeam bathymetry image of volcanic craters presents off Nicobar region.
Profiles across the crater seamounts are also shown.
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Figure S1. Cumulative magnitude-frequency and b-value of (a) March 2014, (b) October 2014, (c)
November 2015, (d) April 2019 swarm in the vicinity of volcanic arc. We estimated the b-value
using maximum likelihood method using Zmap software. For calculating b-value distribution for the
earthquake swarm we have chosen the maximum curvature fit of magnitude of completeness value
(Mc). Squares and triangles represent cumulative number of earthquakes and first derivatives of the
data to determine magnitude of completeness, respectively.
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Figure S2. Cumulative magnitude-frequency and b-value of (a) October 2014, (b) November 2015,
(c) April 2019 swarm away from volcanic arc. We estimated the b-value using maximum likelihood
method using Zmap software. For calculating b-value distribution for the earthquake swarm we have
chosen the maximum curvature fit of magnitude of completeness value (Mc). Squares and triangles
represent cumulative number of earthquakes and first derivatives of the data to determine magnitude
of completeness, respectively.
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