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Barren Island volcano (BIV), India has started erupting vigorously from 2018 after a gap of 13 years (last
active period 2004–2005) just after the 2004 tsunami. Although there is evidence of coupling between
seismicity and earthquake in this region, it is not thoroughly researched. Here, we present satellite-based
approach to monitor and understand the volcano dynamics w.r.t. associated seismicity at BIV using
multispectral datasets, *20 yrs Volcanic Radiative Power (VRP) and *70 yrs historical earthquake
data (1950–2020 July). The rate of frequency of earthquake has increased to 3.54 times during 1990–2020
as compared with 1950–1989 which signiBes seismicity-induced pressure release that may have caused
decompression in the region, leading to eruptions or at least modulation of the eruption. The VRP results
clearly depicted the changes from low to high thermal regimes that indicate switching from open-vent to
eAusive activity of Barren Island volcano. The historical data of recent times show correlation of seismic
and volcanic activities. The spatial-temporal distributions of earthquake swarm are not associated with
volcano, but are clustered near the tectonic regimes. The volcanic activity is preceded by seismic activity
along the regional tectonic structures. In addition, the 2018 eruptive phase has been analyzed for better
understanding of the proposed event. The present research has provided significant supportive evidences
to give adequate credence to this emerging hypothesis and also revealed the location of primary, secondary vents, Cow tracts and all evolving volcanic landforms of the region and recorded the changes in
Cow directions. Further, for a comprehensive risk assessment of the region, volcanism, seismicity, and
coastal dynamics along with crustal deformation need to be considered.
Keywords. Barren Island; seismic activity; volcanic eruption; west andaman fault; remote sensing; risk
assessment.

1. Introduction
Monitoring of volcanic activity and seismicity
near active volcanoes provides information about
the internal state of the lithosphere and the
associated changes in near real-time. The recurring earthquake patterns in these volcanic areas
can further provide clues to understand the role of

magmatism on seismicity and vice versa. Most of
the active volcanoes in the globe are directly or
indirectly controlled by the regional tectonics.
There is always a close association between the
earthquakes and volcanic activity mostly due to
transient or permanent stress transfer. The
expanding evidences support that the changing
stress plays a vital role to control and trigger the
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volcanic dynamics and eruptions, respectively
(Hill et al. 2002; Manga and Brodsky 2006; Estu
et al. 2019). Such stress changes may either be the
result of seismicity (Harris and Ripepe 2007;
Walter et al. 2007; Watt et al. 2008; De la CruzReyna et al. 2010; Fujita et al. 2013) or variations
in tectonic regime (Lehto et al. 2010; Carbone
et al. 2014) or local stress Belds from magmatic
processes that interact with regional structures
(Cañon-Tapia 2014; Gudmundsson 2016). Hill
et al. (2002) analyzed the various proposed events
and concluded that due to an increase in compressional stresses in the crust near to the chamber, which is at critical state, may erupt the
magma. Review of literature reveals that the 1980
explosive eruption of Mount St. Helens had followed a large landslide, which caused rapid
decompression of subsurface magma (Lipman and
Mullineaux 1981). The inception of the collapse
was triggered (or at least accompanied) by a
shallow earthquake of Mw 5.1 (Rothery 2015).
Another example can be cited from Philippines,
where an earthquake of Mw 7.6 occurred on 16
July 1990 about 100 km from Mount Pinatubo,
which underwent major eruption on 15 June 1991
(Rothery 2015). The most close and plausible
example can be cited from Indonesia, where devastating Yogyakarta earthquake of Mw 6.3
occurred on 26 May 2006, which triggered
increased volcanic activity at the 50 km distant
Mt. Merapi volcano, where the magma extrusion
rate and the number of pyroclastic Cows suddenly
tripled (Walter et al. 2007, 2008). In a previous
eruption in 2001, the fumarole temperature before
the earthquake was approximately 435°C which
suddenly increased by 30°C and remained at high
level for several days until the equipment was
destroyed by an eruption. Walter et al.
(2007, 2008) had used physical models to study
the amount of stress transfer between the earthquakes and the volcano, showing that dynamic,
rather than static, stress changes are likely
responsible for the temporal and spatial coupling
of these events. They had also interpreted stress
changes and shaking might have triggered bubble
growth and ascent, indirect eAects of which could
be measured by means of fumarole temperature in
2001 and increased dome extrusion and collapse in
2006. Overall, this observation coupled with
physical modelling gives more prudence to the
role of earthquake in volcanic eruptions. However,
the reverse analogy of volcanic eruption causing
earthquake as modelled by the same researchers
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revealed that Mt. Merapi could have had only a
minor contributing eAect for the occurrence of the
May 2006 earthquake. Although this study suggests that Mt. Merapi volcanic eruption can be
triggered by regional tectonic earthquakes, the
same cannot be said for all earthquakes in similar
geological setup.
However, the monitoring of active volcanoes is
challenging and entails real-time, continuous, frequent acquisition, and analysis of records and
datasets that helps to understand the nature and
behaviour of volcano and identify any changes in
regular system before eruption (Coppola et al.
2020). In recent decades, the acquisition of satellite
images and datasets for volcanology studies has
increased rapidly throughout the globe (Ramsey
and Harris 2013; Furtney et al. 2018). Moreover,
the application of remote sensing technology has
played a key role in monitoring and characterizing
active volcanoes around the world (Harris 2013;
Campion 2014) mainly for real-time monitoring of
eruptions (Vinod et al. 2006), especially in the case
of remote and inaccessible active volcanoes. With
the availability of several high-resolution data, this
possibility has increased especially, in the case of
recognized active volcanoes, which are well known
for their violent behaviour. In India, attempts have
been made to report volcanic activities of Barren
Island by using various remote sensing datasets
(Bhattacharya et al. 1993; Gupta and Badarinath
1993; Vinod et al. 2006; Martha et al. 2018; Gunda
et al. 2020). Although there is evidence of coupling
between seismicity and earthquake in this region,
it is not thoroughly researched. Here, we have
focused on continuous real-time monitoring of the
Barren Island volcano (BIV), India and its behaviour and made an attempt to understand the
probable role/association of seismic activity in the
region through several high-resolution datasets.

2. History of Barren Island volcano
eruptions
Barren Island volcano is the young and only conBrmed sub-aerial remote active stratovolcano of
South Asia that lies in the Andaman Sea, within
the Indian Territory. It is located *138 km NE of
Port Blair, the capital of Andaman and Nicobar
Islands within an active subduction zone (Bgure 1).
The volcano is uninhabited and has an elevation of
*350 m above the mean sea level (MSL) with
almost its 90% portion submerged in water as
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Figure 1. Alos Palsar Digitial Elevation Model map showing the location of Barren Island volcano, India overlaid on ocean base
map by using the ArcGIS 10.1 software (https://www.esri.com/).

revealed by recent bathymetry. It consists of a
caldera, which is breached towards the west by
alternating lava Cows and volcanic deposits (Sheth
et al. 2001; Sheth 2014) (Bgure 2). It has generated
basalt and basaltic-andesite composition tephra
and lava Cows from its north-northeast centred
polygenetic cinder cone through various episodes,
i.e., pre-historic (unknown years) and historical
eruptions reported between 1787 and 1832 with
sporadic eruptions in 1991, 1995, 2005–2007,
2008–2010, 2013–2016 and 2017–till date (https://
volcano.si.edu/volcano.Cfm?vn=260010).
The
stratovolcano is characterized by ‘strombolian type
activity’ and its active phase has begun in 1991
(Bhattacharya et al. 1993; Sheth 2014). Since 2005,
it has become very active, particularly during
active seismic periods around the intersection point
of West Andaman Fault (WAF) and Sunda Fault
System. Recently, records of emission of lava and
plumes from 25-09-2018, reported by Smithsonian
Institution. These eruptions are also considered to
be protraction of the eruptive phase that began in

2005 (Sheth 2014) by intermittently spewing lava,
pyroclastic materials and ashes.
3. Regional tectonic setting of Barren Island
The Barren Island volcano is the part of the Neogene Inner Volcanic Arc (NIVA) (Mitchell 1985;
Halder et al. 1992) which extends from the Mt.
Popa and Mt. Wuntho (extinct volcanoes) in
Myanmar in the north to the Sumatra and Java in
the southeast and intersects the PaciBc Ring of
Fire (Bgure 3). This volcanic arc is related to the
subduction of Indo-Australian plate beneath the
SE Asian plate (Fitch 1972; Curray et al. 1979;
Curray 2005). This volcanic arc consists of two
exposed volcanoes, viz., Barren and Narcondam
Island, an active and an extinct volcano, respectively along with 22 prominent submarine seamounts, enclosed by numerous minor seamounts
with variable heights and diameters (Sachin et al.
2018). Noteworthy, this region is associated with
many tectonic elements like Invisible Bank (IB),
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Diligent Fault (DF), Back-arc spreading region,
West Andaman Fault (WAF) and Eastern Margin
Fault (EMF). Interestingly, an active Seulimeum
Fault (SEU) is also associated and traced along
these submarine volcanic arcs (Curray 2005;
Sachin et al. 2018). Barren Island is also located
close to the east of NNW–SSE-trending West
Andaman Fault (WAF) (Bandopadhyay 2017),
which extends more than 1000 km and joins Sunda
Fault System (SFS) at Great Nicobar in the Sunda
Subduction Zone (Curray et al. 1979; Curray
1989). It has been reported that the north–south
trending WAF is mostly sedentary in the northern
part and is predominantly strike-slip in the centre
and southern segments. Besides, the southern segment has both strike-slip and thrust fault components that generate earthquake swarms mainly at
the conCuence point of West Andaman Fault and
spreading zones south of 8°N latitude and 94.5°E
longitude (Raju et al. 2004; Curray 2005). This
tectonic disposition of BIV, therefore, makes its
location in a critical stress accumulation zone due
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to active plate dynamics and associated features in
the region.

4. Datasets and methods
In the current study, we focused to monitor and
understand the Barren Island volcano and its
behaviour w.r.t. earthquakes associated with
regional tectonics using earth observatory satellites. Details about data products used and processed in the study have been provided in table 1
and discussed below.

4.1 Sentinel-2
Sentinel-2, a European Space Agency (Copernicus
program) mission consists of two platforms, i.e., 2A
and 2B, launched in June 2015 and March 2017,
respectively. Onboard instruments capture multispectral images with 13 spectral bands from the

Figure 2. A simpliBed map of Barren Island volcano overlaid on the Sentinel-2 satellite image (acquired date: 22-11-2018)
(RGB = 4:3:2). Some of the significant volcanic features are highlighted. Inset shows active eruption on 02 November 2018 using
a Sentinel-2 band combination of band 12:11:4 in RGB.
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Figure 3. Geological setting of Andaman and Nicobar Islands (adopted from Curray 2005) showing very complex tectonic regime
with both compression (subduction), expansion and strike-slip movement along Sunda Fault (Sumatra Fault System).
Abbreviations: Ba: Barren Island, Na: Narcondam Island, DF: Diligent Fault, EMF: Eastern Margin Fault, SEU: Seulimeum
Fault, SFS: Sumatra Fault System, WAF: West Andaman Fault, WSR: West Sewell Ridge.

visible to SWIR region (viz., 443–2190 nm), with
spatial resolution varying from 10 to 60 m. The
Sentinel-2 revisits every 5 days the equator and
2–3 days at mid-latitudes. In the present study, we
utilized the short-wavelength infrared (SWIR1:
1.610 lm, SWIR2: 2.190 lm) band with 20 m
spatial resolution, and blue (0.490 lm), green
(0.560 lm), red (0.665 lm), and near infrared
(NIR, 0.842 lm) bands with 10 m spatial resolution for available cloud-free dates of 2018 eruptive
phase, which are mostly preferred for continuous

monitoring of active volcano throughout the world
(Massimetti et al. 2020). The SENTINEL-2 satellite datasets were obtained for 2018 eruptive phase
(September–November 2018) from Earthdata
search website of NASA (https://search.earthdata.
nasa.gov/). The generation of personal geodatabase, preprocessing, processing (involved various band combinations), and demarcating the
Barren Island volcano were carried out using the
ArcGIS 10.1 to identify and demarcate the latest
volcanic features of BIV.
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Table 1. Comparison of major earthquakes and volcanic eruption in Andaman region during the last three centuries (Carter and
Bandopadhyay 2017 and https://volcano.si.edu/).
Earthquake
1762, Mw 8.5
1847 (31st Oct–5th Dec)
1881, Nicobar earthquake, Mw 7.9 Tsunamigenic
1941, 26 June, Mw 7.7, Tsunamigenic earthquake in
Andaman trench region
1982, 20 Jan, 6.1 Mw
1990–1995, several earthquakes [ 5.0 Mw
2002, 13 Aug, Mw 6.5
2004, 26 Dec, Mw 9.1: Tsunamigenic
2004, 26 Dec, Mw 7.2
2005, 24 Jan, Mw 6.3
2008, 27 June, Mw 6.6
2009, 10 Aug, Mw 7.6
2010 to July 2020, many events of Mw [ 5.0

4.2 Volcanic radiative power (VRP)
Volcanic radiative power (VRP) was obtained for
*20 yrs (11-12-2000 to 29-04-2020) from MIROVA (Middle Infrared Observations of Volcanic
Activity) for detecting the thermal anomalies of
the Barren Island at high temperatures ([500 K).
The VRP is used to measure the heat radiated by
the volcanic activity at the time of satellite acquisition (Coppola and Cigolini 2013) and helps in
monitoring the remotely located volcanoes, especially in the case of, lack of continuous Beld-based
monitoring. These datasets are based on the analysis of MODIS (Moderate Resolution Imaging
Spectroradiometer) (Level 1b – calibrated radiances) and automatically processed through
MIROVA algorithm (Coppola et al. 2016a). The
MODIS moderate spatial resolution and high
temporal resolution (4 images per day at equatorial
latitudes) amalgamate with the middle infrared
(MIR) wavelengths make this sensor dependable
for ceaseless monitoring of volcanic activity at
global scale (Wright et al. 2002; Rothery et al.
2005; Coppola et al. 2016a, b). The algorithm of
MIROVA utilizes two bands, i.e., MIR bands and
thermal TIR bands at 3.959 and 12.02 lm,
respectively to calculate the different spectral
indices such as Normalized Thermal Index – NTI
(Wright et al. 2004) and Enhanced Thermal Index
– ETI (Coppola et al. 2016a). It improves the
incidence of hot objects inside the pixels which
helps us to detect, locate, and quantify the thermal
anomalies in the area of interest. After identifying

Volcanic eruption
1787–1832 (1787, 1789, 1795, 1803-04, 1832) 1st and
2nd cycle of volcanic eruption
1852
No eruption reported
No eruption reported
No conBrmed eruption
3rd cycle of volcanic eruption started in 1991, 1994–1995
No eruption reported
Eruption started immediately after the earthquake
event in 2004 and continued till 2007
Eruption continued from 2008 to 2010
2010, 2013–2016, 2017, 2018–2020

the pixels, the volcanic radiative power (Watt) is
calculated (Wooster et al. 2003) as:
VRP ¼ 18:9  Apixel 

npix
X

ðLMIR; alert  LMIR; bk Þi

i¼1

where 18.9 is the best-Bt regression coefBcient
(Wooster et al. 2003), Apixel is the pixel size
(1 km2 for the MODIS pixels) and DLMIR (LMIR, alert
LMIR, bk) is the ‘above background’ MIR radiance of
the pixel.
In the present study, we have acquired the VRP
time-series data from 26-09-2018 to 06-11-2018, to
identify the heat Cuxes of the Barren Island
volcano.

4.3 Fire Information for Resource Management
System (FIRMS)
In addition to VRP, we have acquired the Fire
Information for Resources Management System
(FIRMS), which was developed for providing the
active Bre data in near real-time with 3 hrs of
satellite observation from NAA’s Visible Infrared
Imaging Radiometer Suite (VIIRS) aboard the
Suomi National Polar-orbiting Partnership (Suomi
NPP) and NOAA-20 satellites and NASA’s
Moderate Resolution Imaging Spectroradiometer
(MODIS) aboard the Terra and Aqua satellites.
Here, we acquired the NASA/NOAA Visible
Infrared Imaging Radiometer Suite (VIIRS,
VNP14IMGT) based active Bre products at 375 m
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resolution (https://Brms.modaps.eosdis.nasa.gov/)
for validating the real-time activity of 2018
eruption phase and further correlate with VRP
values and observations made from SENTINEL-2
datasets.
4.4 Earthquake data
Earthquake data is extracted from the United
States Geological Survey (USGS) earthquake catalog (https://earthquake.usgs.gov/earthquakes/)
and National Centre for Seismology (NCR), India
for 6°–14°N and 90°–96°E of Andaman and Nicobar region. The seismicity of the region was analyzed for *70 yrs from 01-01-1950 to 31-07-2020 to
understand the correlation between the earthquake
and volcano. Further,[5 Mw earthquakes selected
from earthquake data to analyze the pattern of
seismicity and its connections with BIV. In the
view of 2005 reactive eruptive phase, we also analyzed the earthquake patterns that range from 3.0
to 9.0 Mw for 2000–2019 period. This data is also
acquired from the sources and plotted systematically by categorizing as per magnitudes (viz.,
3.0–3.9, 4.0–4.9, 5.0–5.9, 6.0–6.9, 7.0–7.9, and
8.0–8.9) on the ocean base map with proper georeferencing (UTM 46N) by using the ArcGIS 10.1.
5. Results
5.1 Satellite image interpretation
False Colour Composites (FCC) with different band
combinations of Sentinel-2 datasets have been used
to identify features of the Barren Island such as lava
Cow, ash plumes, cinder and vents (Bgure 4). Further, Sentinel-2 data have been used to identify
three different directions of lava Cow from the cinder cone. On 28.09.2018, eruption was observed
very clearly on the day of the earthquake and the
lava Cow was observed in south-southeast direction.
It was reported that the actual eruption started
couple of days before 28.09.2018, i.e., on 25th
September 2018 (https://volcano.si.edu/volcano.
cfm?vn=260010). On 03-10-2018, the lava Cow
direction was towards northwest and east, whereas
on 18-10-2018, it completely changed towards
south-southwest. On 28-10-2018, the lava Cow
direction was towards northwest and southeast and
on 02-11-2018 no lava Cow has been observed, but
only glowing vent was visible. On 07-11-2018, even
the vent was not glowing as observed earlier,
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therefore the phase of eruption that has started on
25.09.2018 continued till 02.11.2018 and Bnally
became quiet by 07.11.2018. In addition to monitoring of eruption, we have attempted to prepare a
map showing the current lava Cows (Bgure 5). The
Cow directions here as could be observed are completely different as compared with the earlier lava
Cows (previous geological map Bandopadhyay et al.
2014) (Bgures 6, 7).

5.2 Volcanic radiative power (VRP)
In Bgure 8, we present the radiant Cuxes of recent
eruptive phase during 2018 (26-09-2018 to 06-112018, *42 days), calculated by MIROVA at Barren
Island, India. The displayed VRP time series allowed
us to visualize the major variations in the thermal
intensity, which helps us to understand the behaviour
of current volcanic activity. The calculated VRP
values are displayed in a Megawatt scale, which
ranges from 1.11 (minimum) to 228.88 MW (maximum), with an overall average of 67.30 MW
throughout the selected period. It can be observed
that there is continuous increase in the heat Cux
during the eruptive phase, while a decrease during the
post phase. Further, continuous variations in heat
intensity during 2018 eruptive phase can be noted.
During this phase, on 28-09-2018, the radiant power
values have increased (228.88 MW) as compared with
27-06-2011 (120.05 MW). Similarly, on the days
03-10-2018, 18-10-2018, and 28-10-2018, the radiant
power values 206.22, 22.66, and 50.70 MW have
increased when compared with the prior activities on
viz., 02-10-2018, 17-10-2018, and 27-10-2018 with
radiant power values 16.61, 14.11 and 19.11 MW,
respectively. On 02-11-2018, the VPR value has
slightly decreased from 19.87 to 14.13 MW and that
may be indicative of a slow down/fall in activity. The
observed values of VRP are also validated with the
Sentinel-2 images (Bgure 4) which also shows close
relation with FIRMS thermal anomalies (Bgure 8).
The time series of VRP have perfectly depicted the
active eruption phase of the volcano and also corresponded with Sentinel-2 earth observatory satellite
images and derived FIRMS datasets.

5.3 Fire information for resource management
system (FIRMS)
Thermal anomaly was also observed in the form
of anomalous Bre pixels for 44 days starting from

162

Page 8 of 19

J. Earth Syst. Sci. (2021)130:162

Page 9 of 19 162

J. Earth Syst. Sci. (2021)130:162
24-09-2018 to 06-11-2018 in FIRMS database and is
correlated with the latest volcanic eruptive activity
(Bgure 8). In the Sentinel-2 satellite images with False
Colour Composite (R:G:B = SWIR2:SWIR1:Red),
the glowing vent and lava Cow in various directions
could be observed during 5 days out of the 44 Bre days.
The correlation for the remaining days could not be
performed due to non-availability of either cloud-free
data or satellite pass. These data clearly show the
continuous thermal anomalous Cuctuations and also
complemented with the volcanic radiative power
(Bgure 8) during the investigated period.

5.4 Field observations
In order to validate the satellite-derived observations and collect samples of recent lava Cows for
further analysis, Beld investigation was carried out
with the help of Indian Coast Guard (Indian
Navy), Port Blair. It is important to note that the
BI is a restricted area and Beld visit is only possible
with the permission and help of the Indian Navy.
We started our Beld campaign from Port Blair at
06.00 hrs on 14-04-2019 in ICGS Rajveer and
reached the pre-designated landing site (LS-2) on
the western coast of BI at around 11:30 hrs and
carried out Beld investigation for few hours only as
the volcano started erupting by spewing smoke and
plume. We observed the volcanic activity from a
distance of *500 m and could see ash plumes
erupting at an interval of 8–15 min and rising up to
a height of few hundreds of meters from the cinder
cone centre. We witnessed the volcanic eruption
four times within an interval of 45 min (Bgure 9).
Satellite data acquired on 01, 06, 11, 16 and
26.04.2019 were analyzed and eruption along with
glowing vent was observed on 01.04.2019 and
26.04.2019. It could therefore be concluded that the
eruption phase lasted for about a month in April
2019 similar to that in October 2018.
At the landing site (west side of the Island), we
observed 2–3 m thick lava Cows covering almost
800 m2 of the Island (Bgure 10a). As we move
towards the cinder cone to collect rock samples, we
observed cinder cone (Bgure 10a), caldera ridges,

old and young lava deposits, vegetation (Bgure 10b
and c), ash deposits and some animals (feral goats)
(Bgure 10f). After reaching the top of the southern
caldera ridge, we were able to view the volume of
old volcanic deposits that had Blled up the Island
and the northern caldera ridge (Bgure 10d and e).
While trekking on the southern caldera ridge, we
heard a little blast sound from the volcano, and
immediately captured the live eruption (Bgure 11).
Finally, we had the closest and clear view of the
volcanic vent emitting plumes and thick lava
Cowing from its secondary vent to the southern
side (Bgure 12).
As per our Beld observations, the Barren Island
was very active during October 2018 and April
2019 erupting plumes and lava Cowed towards the
southern side from its secondary vent. It is
important to note that, volcanic eruptions can
emerge from secondary vents around the main
vent, thereby providing different Cows in BI.

5.5 Earthquake data analysis
The volcanic activity of BI cannot be studied in
isolation as the area experiences large number of
earthquakes and there is a possibility of coupling of
these phenomena. The earthquake–volcano coupling or interaction is, however, poorly understood
mainly due to scanty data in the region. Earlier
attempts have been made to correlate the eruptions of 1991 with earthquakes of 1941, while analyzing the earthquake of 2002, being far oA events
in time scale, could not provide any deBnitive clue
(Rajendran et al. 2003). In the present analysis, an
attempt was made to correlate more closely
occurring earthquake events (in the time domain)
with eruptions. We have selected two main eruption time periods (2005–2007 and 2017–2019) for
the correlation of phenomena based on the prominence of eruptions and previous literatures. Yearly
earthquake data from 01-01-2000 to 25-09-2019
(2000–2003, 2004, 2005, 2015, 2018, and 2019) are
systematically categorized and plotted as per
magnitude (viz., 3.0–3.9, 4.0–4.9, 5.0–5.9, 6.0–6.9,
and 7.0–7.1) and have been analyzed. It is

b

Figure 4. FCC obtained from satellite images for Barren Island volcano by using ArcGIS 10.1 software (https://www.esri.com/).
The images reveal the current lava Cow (white polygon) and the vent (yellow circle). Sentinel-2 satellite images from a1 to a7 are
in Natural Colour Composite (R:G:B = Red:Green:Blue) where the lava Cow with vent and smoke is highlighted. The images
from b1 to b7 are in colour infrared (vegetation) composite (R:G:B = NIR:Red:Green) where the vegetation is denoted by the
red colour. And the images from c1 to c7 are in the False Colour Composite (R:G:B = SWIR2:SWIR1:Red) where the orange
colour denotes the current lava Cow from the vent and the black colour represents the volcanic deposits.
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noteworthy to mention that after the Great Indian
Ocean earthquake of 26 December 2004 and the
swarm of aftershocks during 2004–2005, there was
an enhancement of eruption activities in 2005,
which decreased over a period of time as the frequency of earthquakes decreased (Bgure 13). The
seismic cluster was observed close to Great Nicobar
region near West Andaman Fault (WAF). The BI
is situated on the extension of WAF and therefore,
there is greater possibility of coupling of seismic
activity on WAF and eruptions at BI. The volcano
became quiet after 2007, only spewing gases/
plumes twice or thrice in few years. However, as
the earthquake frequency increased in WAF region
again during 2014, eruptions also increased in
subsequent years. In 2014, 2015, 2018 and 2019, a
cluster of seismic events has been observed very
close to WAF near Great Nicobar, which are followed by periodic eruptions of BI. In 2006 and
2008, seismic clusters were observed at places away
from the WAF and were not accompanied by significant eruptions. Therefore, it appears that the
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seismic activity on WAF possibly caused volumetric expansions at the BI leading to eruptions.
From the present analysis of earthquake, Sentinal2, VRP, FIRMS data, and Beld survey for 2018
eruption event, it was observed that the area witnessed earthquake events ranging from 4.0 to 5.0 Mw
maximum being 5.8 Mw throughout the year.
Therefore, we dragged our attention to correlate the
available earthquake data from 1959–2020 and VRP
datasets from 2000–2020. The selected earthquake
years were plotted w.r.t. available VRP datasets, i.e.,
2000–2020. The VRP datasets were not recorded
regularly up to 2004, but after the great earthquake
and the BIV re-activation, the MIROVA started to
monitor them continuously. Both the datasets were
arranged year-wise and plotted for better visualization and understanding. From the results (Bgure 14),
it can be observed that throughout the selected period, the high heat Cuxes as indicated by VRP values
perfectly corresponded with the earthquake events.
In exceptional cases like 2009, 2012, 2014, and 2019,
the frequencies of earthquakes were high, but the

Figure 5. High-resolution satellite image (Planet Explorer) snapshots of Barren Island volcano from September 2018 to
December 2018. These images demarcated the latest 2018 eruptive phase’s lava Cows, depositions and vent.
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Figure 6. Geological map of the Barren Island volcano (modiBed after Bandopadhyay 2014) prepared by using the ArcGIS 10.1
software (https://www.esri.com/), shows ridges (purple line) and various lava products from older (blue) to recent origin (green)
with cinder cone (brown) at the centre along with volcanic sand (yellow colour) and current lava Cows (orange).

Figure 7. Time series of volcanic radiative power (VRP) recorded at Barren Island volcano between 26-09-2018 and 06-11-2018.
Red vectors and rectangle boxes indicate the active phase of event that corresponds with Bgure 4. The data is plotted by using the
originPro 8 SR4 (http://www.OrginLab.com).

VRP values were low. This could be possible in case
either the data was not captured properly due to
cloud cover or distance of epicenter may be far from
the BIV. In the case of 2011, 2013, and 2015, the VRP
values are high but the frequency of the events is low.

In that case, the location and magnitude of the
earthquakes on nearby volcano are probably having
more eAect than the frequency of events. The drawn
conclusion was cross-veriBed with data plotting and
observations.
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Figure 8. Thermal anomalous recorded at Barren Island volcano from 24-09-2018 to 06-11-2018. Red vectors indicate the high
temperature anomalous which correlate with Bgures 4 and 6. Red colour box indicates the event date.

Figure 9. The active phase of Barren Island volcano on 14-04-2019 (12:45 pm IST), during a period of sustained Strombolian
activity. The ash plume reaches approximately 500 m above the active polygenetic cone. Photograph taken by author during the
Bled survey from Indian Coast Guard ship looking ENE direction.

6. Discussions
Barren Island is a tectonically disposed volcano
being part of the volcanic inner arc rim which is
a subduction zone of Indo Australian and SE
Asian plate bounded by various tectonical features. The magma reservoir of BIV is at shallow
depth (Sheth et al. 2009) as the location and
shape of the inCation source may lead to different
stress distributions. In BIV case, the spatialtemporal distribution of earthquake swarm are
not associated with volcano, but are clustered
mainly with regional tectonic structures, i.e.,
WAF, SEF, back-arc spreading region (Bgure 13).

The inCuence of 2004 great earthquake (9.3 Mw)
has witnessed in the form of unrest the Barren
Island volcano and tripled the eruptions. The
2005 eruption emitted large amount of volcanic
pyroclastic materials and reached the sea through
the broken western caldera ridge. Since then, the
eruptions were continued till the end of 2007.
The data indicate that this region has suffered
from numerous aftershocks of the great 2004
earthquake with various magnitudes ranges from
2.0 to 7.0 Mw that occurred along the abovementioned tectonic features. Further, it has been
observed that seismicity and eruption are closely
associated throughout the various eruption
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Figure 10. Field photographs on Barren Island volcano. (a) Cinder Cone: A view from the landing site; (b) compacted layers of
the ashes that deposited in past events which are partly covered by the vegetation at the southern caldera ridge; (c) earlier lava
Cow and Andaman Sea; (d) a view from southern caldera ridge which shows the volume of earlier volcanic deposits; (e) northern
caldera ridge; and (f) footprints of the feral goats.

Figure 11. The clear western view of Barren Island volcano with northern and southern caldera ridges, which is covered by
vegetation on both sides; cinder cone at the north-northeast centre emitting the ash plume to the lower atmosphere. Photograph
was taken by the author standing on the western part of the Island during the Beld survey.

phases (2008–2010; 2013–2016; 2018–2020). These
eruptions might be also closely related or rather
than controlled by regional seismicity. As the
accumulation of critical stresses during convergence of the tectonic plates may trigger the volcanic eruptions. This is mainly attributed to a
mechanism that leads to an increase in volumetric strain on magma chambers. Among different modes of stress changes, one that may
profoundly inCuence the volcano-triggering is the
slow viscous relaxation of the lower crust-upper
mantle, initiated after a large earthquake (Hill
et al. 2002). These results suggest that seismic

events can act as a trigger or partly inCuence the
endogenic processes that led to eruptions in
subsequent time periods.
A review of major studies in this area conBrmed
that the coupling between seismicity and earthquake has not been thoroughly researched. Very
interestingly, it has been observed that several
minutes after the 26 December 2004 Indian Ocean
Mw 9.2 earthquake, there was a large eruption
triggered by seismic shaking (Bandopadhyay and
Carter 2017). Our current observation of a similar
pattern makes it imperative to explore further this
unique coupling mechanism.
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Figure 12. Close view of Barren Island volcano (southwest view) with past and recent deposits. The cinder cone consists of a
primary vent at centre and secondary vents on its southern Cank. Lava Cows were observed emitting from the secondary vent on
the southern side. Photograph was taken by the author standing on the southern ridge face to northeast direction during the Beld
survey.

Observations in the past and recent times on
coupling of these two phenomena necessitates
deeper understanding and physical-based modelling. Towards this, Alidibirov and Dingwell
(1996) demonstrated the theory of magma fragmentation by rapid decompression as the main
cause of explosive volcanic eruptions and subsequently, it has been reported by several workers
(Sparks 1978; Mader 1998; Zhang 1999; Cashman
et al. 2000). In order to test the hypothesis of
magma fragmentation by rapid decompression,
Namiki and Manga (2005) conducted experiment
using bubble-bearing viscoelastic Cuid in a vertical
shock tube. It was found that the potential energy,
which depends on the initial vesicularity (/), inside
pressure (Pg), and outside pressure (Po), determines the expansion velocity of the bubbly Cuid
during rapid decompression. Higher potential
energy, caused by a higher / and a larger
DP (PgPo), leads to faster expansion of magma,
which in turn promotes fragmentation and thus
explosive eruption.
Therefore, it is postulated that, in the BI region,
the frequent earthquakes signify release of pressure
which in turn causes decompression in the region,
leading to volcanic eruptions or at least modulation
of the eruption. The nature of the eruption largely
depends on the amount of pressure built up prior to
the earthquakes. The BI experiences pressure from
the subduction of the Indian Plate in a nearly arcparallel direction beneath the Sunda margin. This
causes slip to be partitioned between convergence
and strike slip motion. There is also an additional

inCuence of back-arc spreading in the Andaman
Sea. The earthquake distribution shows deeper
earthquakes at a distance of 140–200 km east of the
trench zone showing the Wadati–BenioA zone of
the subducting slab. The shallow earthquakes near
the trench (\50 km) record deformation within the
accretionary wedge. The cluster of shallow earthquakes to the east of Little Andaman (latitude
10–13°N) are mostly normal events related to
rifting and spreading of the Andaman Sea spreading centre, mostly due to intrusion of magma or
changes of frictional properties caused by magma
injection into the extensional fault system (Carter
and Bandopadhyay 2017). In any case, both sets of
events can cause pressure differences in the BI
region. However, it has been observed that the Bnal
eruption (or the trigger) is more closely linked with
earthquakes on the WAF, thereby suggesting the
larger role played by the subduction compared to
Andaman Sea spreading. This is further supported
by studies on Great Sumatra earthquake of 2004,
which revealed that the WAF forms a lithospheric
scale boundary fault and together with other tectonic elements modulates the occurrence of large
earthquakes and their rupture pattern. The active
strike-slip (dextral) motion along the WAF, presence of back-arc spreading coupled with increased
obliquity of subduction in the Andaman Sector
reduce the probability of occurrence of major or
great earthquakes north of Andaman Nicobar
Islands (Singh 2005; Raju et al. 2007).
The coupling of earthquake with volcanism in
Andaman region is also supported by observation
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Figure 13. The location of earthquakes of various years from 1 January to 31 December for (a–e), where 1st January to 25th
September for (f) obtained from United State Geological Survey (USGS) (https://earthquake.usgs.gov/earthquakes/) and
plotted on ocean base map with proper geo-referencing (UTM 46N) by using the ArcGIS 10.1 software (https://www.esri.com/).
White circle indicates the location of Barren Island volcano in Andaman Sea, India; Red square indicates the earthquake swarm
region near the Great Nicobar region, India.

of historical earthquakes and BI eruption since the
mid-18th century. The available data from various
records have been compared in table 1. It shows at
least Bve moderate size explosive eruptions (1789,
1795, 1803, 1852, and 1991) at BI since 1787. The
Brst and second cycles refer to time period
1787–1803, the 2nd cycle: 1832–1852 and the third
cycle: 1991 till date (2020). During 1991 to July
2020, there are at least seven different stages of

eruption (starting in 1991, 1994, 2005, 2008, 2010,
2013 and 2018). The time gap between 2nd and 3rd
cycle is also reCected by temporal seismic gap since
the 26 June 1941 earthquake of Mw 7.7. As per
USGS seismic data, during 1950–1989 December,
155 events of 5+ magnitude have been observed
(average = 3.86) compared to 724 events during
1990–2020 July with an average of 23.35 events per
year. If the aftershocks are excluded from the
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Figure 14. Time series of earthquakes frequency (C5 Mw) and volcanic radiative power (VRP) retrieved over Andaman and
Nicobar Islands (6°–14°N; 90°–96°E) and Barren Island between 2000 and 2020 July from USGS and MIROVA-MODIS. Black
line outlines the earthquake frequency (C5 Mw). Blue line outlines the VRP values range from 1 to 150 Megawatts. Thick red
arrows outline the earthquakes corresponding with VRP values. The data is plotted using the originPro 8 SR4 (http://www.
OrginLab.com).

database with respect to 26 December 2004 great
earthquake, starting from 26 December 2004 till
31st January 2005, there are 426 events at an
average of 13.74 per year, which is 3.54 times of the
earthquakes during 1950 till 1989. This shows that
the seismically quiet period also coincides with
volcanic eruption quiet period and the present
active phase started in 1991 coinciding with higher
degree of seismicity during the same time period.
Sixty years from 1941, when a tsunamigenic
earthquake occurred, is considered as seismically
quiet period although four events of Mw [ 6.0 has
been reported and no volcanic eruption has been
reported (Carter and Bandopadhyay 2017). The
1941 event had occurred on Andaman trench,
whereas most of the VI eruptions are inCuenced by
earthquakes closure to WAF. Therefore, although,
a good correlation has been observed between
seismic activity and BI eruption, the same cannot
be said for all the earthquakes in the region.
The volcanic emanations and deposits also support the magma fragmentation by rapid decompression as BI is characterized by strombolian
eruption consisting of pale brownish gas, dark
particles, steam and explosive products consisting
of cinder and volcanic bombs of size ranging from
few cubic cm up to 1 m3, with an average size being
less than 10 cm3. Therefore, the coupling of seismicity and volcanic eruptions at BI is much

stronger than believed before and the supportive
evidences give adequate credence to this emerging
hypothesis.
7. Conclusions
Barren Island volcano in Andaman Sea is the
youngest and conBrmed active remote stratovolcano of India and characterized a strombolian
activity. The summit of the volcano consists of
active polygenetic cone at north-northeast centre
with the west breached caldera. We have analyzed
the Barren Island volcano as a part of our study on
Multi-Hazard Risk Assessment (MHRA) of Andaman Islands (India) using geoinformatics and geophysical techniques. It is envisaged to monitor the
only active volcano of India through both remote
sensing and Beld-based observations and compare
the results with previous studies to explore the
volcano-seismicity coupling and overall risk
assessment of this highly vulnerable group of
Islands that were devastated during tsunami of
2004 and aAected by several earthquakes
thereafter.
We have analyzed the BIV during 2018 unrest
episodes by combining the various datasets, viz.,
Sentinel-2, MODIS-MIROVA (VRP), FIRMS
(NASA/NOAA mission) together with Beld
observation. During the late 2018 and early 2019,
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two months of active volcanism have been
observed with several Cows from the primary as
well as secondary vent have erupted forming fresh
volcanic landforms. The current band combinations involving infrared bands of Sentinel (ESA)
and Indian satellites (ISRO) have revealed the
glowing vent and Cow pattern along with the formation of new volcanic landforms (lava Cows). The
analyzed volcanic radiative power (VRP) time
series showed the unceasing thermal emissions that
range between 1 and 228 MW with an overall
average of 67.30 MW. The VRP results clearly
depict the changes from low to high thermal
regimes that indicate switching from open-vent to
eAusive activity of Barren Island volcano, similar
to those observed at Stromboli volcano. Further, it
is noted that the FIRMS thermal anomalies are
also closely corresponded with the periods of higheruptions as observed in the VRP and Sentinel-2
datasets. When compared with the conventional
observation (Beld-based), this integrated approach
utilizing high-resolution datasets, VRP and
FIRMS has proven as an eAective method in continuous monitoring of active volcanoes especially in
case of inaccessible active volcanoes. When the
various phases and rate of active volcanism in BIV
were correlated with the earthquake data, the
periods of high eruptions and emissions corresponded with the high seismic activity, either or
both frequency and magnitude.
The earthquake data for *70 yrs (1950–2020
July) and VRP data for *20 yrs (2000–2020 July)
were utilized to understand the relation between
the regional seismicity with Barren Island volcano.
We observed that the rate of frequency of earthquake has increased to 3.54 times during 1990–2020
with comparison of 1950–1989. This data interpretation has revealed that the frequent earthquakes signify release of pressure which in turn
causes decompression in the region, leading to
volcanic eruptions or at least modulation of the
eruption. However, the present research has provided significant supportive evidences to give
adequate credence to this emerging hypothesis and
also provided vital clues to take up further studies
that can provide insight into seismicity, volcanism
and geodynamics in a holistic manner to understand vital components of earth system science. It
is desirable to set up a seismic station or geophones
to monitor seismic activity prior to eruptions.
Currently, such facility is not available as the
Island is declared as restricted zone and under the
surveillance of Andaman administration. However,

in near future attempts will be made to install such
systems for research work.
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