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The Barren Island volcano in the Western Sunda Arc
has displayed explosive Srombolian eruptions for more
than two decades. This recent explosive event, together
with the historic and prehistoric volcanic landforms,
present reliableinformation about explosive Srombolian
eruptions and the volcanological evolution of the
Barren Island volcano. This study is a re-evaluation of
existing knowledge and incorporates new information
and interpretations of the recent and past volcanic
activity on Barren Island. Direct observations of
explosive eruptions since 1991 showed discrete events
of bursting and ballistic transport of blocks and
formation of sustained ash plumes, indicating
Srombolian and violent Srombolian eruptions. Active
lava flows were not seen during the observations
which, instead, reveal intact preservation of the historic
lava flows. A prehistoric mafic stratocone with a
central depression (caldera), a central scoria conewith
summit crater and abundant basaltic lava flows of
historic eruptions and the scoria cones of the recent
activity are the major volcanic landforms. They bear
evidence of alternating effusive and explosive activity
during prehistoric times accompanied by caldera
forming activity; scoria cone Srombolian activity
switches over to effusive events during the historic
period and exclusively Srombolian activity during
recent times. Theresults of thisstudy differ fromprevious
studies that interpreted several episodes of active
lava flows and Hawaiian, Plinian and Vulcanian
styles of therecent eruptions. It also provides new insights
into the volcanological evolution of the Barren Island
volcano which is crucial in understanding the
future behaviour of the volcano and risk assessment.

I ntroduction

The active volcanic centre of Barren Island (12°15' N and 93°51'
E) in theAndaman Sea, herein referred to as Barren volcano, is located
135 km northeast of Port Blaikndaman Islands, India (Fig. 1).
Narcondam, a dormant volcano lies 140 km north of the Barren Island.
Both of them lie on the chain of active volcanoes of Java and Sumatra
and extinct volcanoes of Myanmamown as Neogene inner arc
volcanic belt of Southeassia (Fig. 1). It is believed that the Barren
volcano erupted first in prehistoric time (late Pleistocene; Shankar et
al., 2001). Recentlya minimum age of 1.8 Ma for the active Barren
Island volcano has been suggested baséBor°Ar dating of ash
layers sampled in a sediment core drilled 32 km southeast of Barren
Island (Ray et al., 2013Hobday and Mallet (1885), in a pioneering
study thoroughly examined the geology of Barren Island, established
its volcanic nature and origin, described field attributes and lithplogy
and prepared a topographic and geologic map of the island (Fig. 2),
and discussed the prehistoric and historic eruptiimsy mentioned
several episodes of eruptions during historic (1787-1832) periods
and provided a detailed chronology of these eruptibimsir study is
still crucial in understanding the incidence of active lava flows during
recent volcanic activity

The volcano has been active intermittently since 1884 recent
eruptions, eruptive products, and the petrology of the fragmental ejecta
in Barren Island have been studied and interpreted (Haldar et al.,
1992, 1999; Shankar et al., 2001; Haldar and | 2003;Alam et al.,
2004; Bandopadhyagt al., 2006; Luhr and Hald&006; Pal et al.,
2007, 2010; Chandrasekharam et al., 2009; Sheth et al., 2009, 2010,
2011). Awasthi et al. (2010) undertooR‘@ating of ash layers sampled
from a marine sediment core taken from a location, 32km southeast
of Barren Island and interpreted the history of the last 72,000 yr of
eruptions on Barren Island. Howeyprevious studies have focused
on petrology of the ejected material and inferred active lava flows
with limited discussion on the nature and style of the recent eruptions
and the volcanic landforms. Sheth et al. (2009) studied several
stratocone sections exposed on Barren Island and made detailed
documentation of the field attributes of the prehistoric stratocone
volcano including delineation of pyroclastic garand flow deposits.
Sheth et al. (21 also provided a spectacular example of toothpaste
lava flows, described their physical and chemical attributes and
suggested that these possibly formed during the 1994-95 eruptions.
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cases was not done during the time of eruptive actitten,
fragmental ejecta collected during an eruption by the first author may
not necessarily be ascribed to a particular eruptive event simply
because they were hdtherefore, the nature and style of the recent
eruptions, nature of eruptive products, volcanic landforms and the
incidence of lava flow events during recent eruptions are contentious
issues.

This detailed review evaluates existing knowledge of the physical
volcanology of Barren Island and presents an eye witness account of
the recent eruptions. Reconstruction of historic and prehistoric
eruptions based on examination of deposits and landforms has also
been attemptedhis paper also addresses debatable issues such as
the occurrence of lava flows during the recent eruptions and styles
and dynamics of recent eruptions which during the last two decades
have scientifically been observed on several occasions from ships
and from ground close to the eruption Sitee recent volcanic activity
which continued for two decades, provided a unique opportunity to
learn about long-durationt®mbolian eruptions and thus improve
our understanding of this type of explosive activibata for this
study were collected from a) day time and night time shipboard
observations of the eruptions from several viewpoints in the months
of May, July, August 1991, January 1994 and 2006, b) ground
observations in May2005, March 2006 and in Janua®p09, c)
field examination of erupted products and volcanic landforms, d)
analysis of information obtained from websites, local newspapers,
photographs, and Coastguard personnel at Port Bjagmalysis of
video recordings of the 1991 and 2005 eruptions, f) comparison of
the nature and style of the current eruptions with specific volcanoes
where certain types of activity are common and, g) petrographic study

Figure 1. Geodynamic framework &ffestern Sundarc, Northeast of the uncontaminated ash of the 2005-2006 eruption.

Indian Ocean, modified &&ér Curray (2005) showing position of
Barren and Narcondam volcanic Islands within the active and
Quaternary Myanmar-Sumatra inner arc volcanic belt (solid black
circles)

The Barren Island
Tectonic setting

The Barren and the Narcondam volcanic islands iAtidaman

Shankar et al., (2001) howeysuggested that the toothpaste aa flows Sea are part of the inner arc volcanic chain ofAestern Sundarc
(which they described as ropy pahoehoe) as part of the historic (1789%efining a zone of underthrusting of the Indo-Australian Plate below
1832) eruptions. Previous studies claimed that voluminous outpouringhe SoutheasAsian plate, leading the formation of a major island
of lavas occurred during eruptions in 1991, 1994-95, 2005-06 andarc-trench system (Fig. IJhe obligue motion of the conwgEnce
2008-09 (Haldar et al., 1992; Shankar et al., 2001; Haldar and Luhrwith variable speed and direction infdifent parts of the arc system
2003; Chandrasekharam et al., 2009; Sheth, et al., 2009, 2010) arahd the inhomogeneous distribution of the movement vectors in
considered that the recent activity started &®r8bolian and different parts of the arc have caused strike-slip faulting parallel to
subsequently changed to Hawaii&fu/canian and Plinian types of  the trench (WstAndaman Fault, Sumatra Fault System and Sagging
eruptions (Shankar et al., 2001; Haldar and |.2B03; Sheth et al.,  Fault in Myanmar in Fig. 1), generation of a plate sliver called the
2009). Howeverthe present authors feel that the methodology Burma microplate, transtension and formation of a back arc, pull-
generally used to document the active lava flows (Landi et al., 2006;apart extensional basin (Andaman Sea) with active sea floor spreading
Calvari et al., 2005, 2006; Lombardo et al., 2004; Lodato et al., 2007 forming during the last 4-5 Ma (Raju, 2005; Cur2305).The Burma
needs to be applied, and infitient evidences of active lava flows  microplate includes the currently erupting Barren Island and, to the
coupled with ubiquitous and conspicuous presence of historic lavawest, the islands dindaman-Nicobar Ridge that expose deep sea
flows until 2005 makes the claim unconvincing. turbidites formed in a submarine fan, dismembered ophiolites and

The juvenile lava clasts in several studies have been identified asedimentary mélanges of a subduction-accretion complex
the product of 1991, 1994-95 or of 2005-06 eruptions (Haldar et al.,(Bandopadhyay2005, 2012).
1992; Haldar and Luh2003, Chandrasekharam et al., 2009; Pal et
al., 2010). In fact, re-ejected material and juvenile clasts in successwtphysmgraphy
eruptive phases are mixed together during and after each eruption.
Therefore, collected samples of lava clasts may not be unequivocally  The subaerial Barren Island volcano rises from a depth of 2000-
attributed to a particular eruptive event such as those of 1991, 19942250 mbsl to an elevation of ~ 354 masl. It is underlain by 8 to 10 km
95, 2005 and 2006. Furthermore, sampling of lava clasts in mosthick oceanic crusfThe island has a diameter of ~ 3 km covering an
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THE VOLCANO Schmincke, 2004; Landi et al., 2006; Patrick
B ARREISIFISL AND et al., 2007Valentine and Gregg, 2009)he
recent activity was first observed on 28 March

s 1991. Subsequently the volcano has erupted
Long93™-50™E several times until recently (Sheth et al.,
. ™ .| 2010).A local newspaper has reported
eruptions on Barren Island during February
2014.

An oblique photograph of the eruption in
early May 1991 shows an eruption from a
subsidiary vent located below the summit
crater with emission of loosely convoluted ash
plumes and drifting of the ash cloud due to a
northerly blowing wind (Fig. 4b)The
explosive eruption intensified within a
fortnight and became more violent during July
andAugust (BandopadhyayC. 1991 cited
in Haldar et al., 1992 he flank vent meyed
with the summit crater and the eruption
continued with explosive ejection of huge
quantities of ash-rich magmatic gas that
imparted a dark grey to black appearance to
the eruption plume (Fig. 4c). Formation of an
INDEX eruption column rising up to several hundreds
of metres above the crater was also observed
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Figure 2. Topographic cum geologic map of the Barren Island reproduced from Hobday ardntinuous eruption of ash-laden gas, lapilli
Mallet (1885). Historic lava flows almost encircle the scoria cone and lava stream flowset blocks, the main eruptive phase waned
down the western slope, crossed the breached wall and poured into the sea. The formatitswefrds the end of October 1991 and changed
terminal lava lobe (where the lava stream n®éte sea) is clear in the map. This protrusiorto intermittent ejection of ballistic material at
of historic lava into the sea has in a monthly summary of Barren activity http://02/2003(BGViNervals of five to ten minutes accompanied
28: 02) been erroneously depicted as a lava flowaleft 1994-95 eruption (Fig. 7). by spewing of thin smoke from the crater
Haldar et al. (1992, 1999) reported fumarolic
area of nearly 9 sq kmé# nearly circular ridge with a central activity during the end of the eruptive phaBee crater diameter was
depression (amphitheatre), ~1.6 km across encloses a scoria cone @tlaged and its height was reduced due to collapse of the inner crater
its centre that has been the source of eruptions since 1787 (Hobdayall, resulting in formation of a bowl-shaped structure (Fig. 4c).
and Mallet, 1885) (Fig. 2)-he area between the ridge and the scoria Shankar et al. (2001) reported that the floor of the crater was filled
cone is a valley (an annular moat) that encircles the scoriaTome.  with debris that were possibly recycled during the subsequent episodes
gently sloping (<29 outer walls of the ridge (island) are densely of the eruptionThe volcano erupted again in 1994-95 but the activity
wooded.The circular ridge is much lower in the north than the south was less intense than in 1991 (Haldar et al., 19Di9¢. activity
(Fig. 2). On the western side, there is a deep breach with a horse-sh@®mprised emission of gas and ash with minor amounts of ballistic
shaped opening (Fig. Zhe opening contains sandy ground floored clasts from the summit crater
with black alluvial sand and is the principal access for small boats ~ The volcano started erupting again off' 28ay 2005. Emission

Surveyed under the direction of Colond G.C. De Pree. Surveyor General of India, by Captain J.R. Hobday, S.C. (Geology by F.R. Mallet)

(Fig. 3). of light grey gas and ash and forceful ejection of superheated white
steam from the valley region lasted for a week (Bandopadhyay et al.,
Recent Eruptive History (1991-2009) 2006). On 13 June 2005 ground observations including video

recordings of the eruption for about four hours were carried out close
The most obvious features on Barren Island that existed prior toto the eruption (Fig. 5aYoluminous and explosive ejections of gas,
the recent eruptions comprise a historic scoria cone with a smallsh and ballistic clasts characterized this eruption. However no
summit crater and related basaltic lava flows (Fig. Bajoughout outpouring of coherent and molten rock material (lava flows) was
the recent eruptive histgryhe volcanic activity predominantly  observed during the paroxysmal event. Multiple eruption columns
comprised Bombolian or &ombolian-like eruptions from the scoria  were observed, signifying several vents in simultaneous activity (Fig.
cone (Macdonald, 1972; Fisher and Schmincke, 1984; Parfitt, 20045b). The violent rombolian explosions at Paricutin (Luhr and
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Figure 3. Breach on the western wall of the stratocone providing®
an opening for entering into the island and exposing prehistoric’
stratified volcanic rocks (shown in dei in Figure 8a). Note the
small sandy beach where a boat (~4 metres long) touches the shot
A narrow stretch floored with black alluvial sand in the foreground
provides the route for reaching close to the historic cone/eruptio
site.Width of the beach is ~20m.

Simkin, 1993) and Cerro Negro (Hill et al., 1998) also demonstratg
multiple eruption column event§he almost continuous ejection of
gas and ash, accompanied by discrete bursting of reddish blockg
intervals of a few seconds, and transient flames during tall plu
episodes were frequently observed during the night (Fig.5Ehdje
was no sustained jetting of liquid lava characteristic of Hawaiia
eruptions (Macdonald, 1972; Fisher and Schmincke, 1984; Parfi
2004). Forceful ejection of tephra-free white steam forming stror
plumes, not accompanied by lava flows, were observed during Ji
2005 at the landing site (Fig 5&he westerly sloping sandy ground
(Fig. 3) is the main water course of the highly precipitous volcan
island which experiences its maximum rainfall between June a
August every yealt is most likely that the surface runtseeping
down through the porous and fractured volcanic rocks, reacheq
depth where it was heated due to presence of a magma chambe
close proximity The geothermally heated water turned into stean:
rose back through deep cracks and formed strong steam plu
comparable to hot spring or geyser activity often associated wi ¥
volcanoes (Macdonald, 1972; Schmincke, 2004e landing site
was marked as a site of hot spring activity in the descriptions mad< 2
by Hobday and Mallet (1885A comparison of photographs (Figs. Figure 4. The historic volcano and characteristics of the recent
4c and 5d) shows that the low crater seen at the end of 1991 eruptéraptions, 1991, Barren Island. (a) Historic cinder-scoria cone in a
had become a lofty conical hill around the central vent with a circulatormant sate and the historic basaltic lava flow field as observed in
summit craterrecording the growth of the central cone with time. ItMarch 1990. (b)An aerial view of the perfectly symmetrical cinder
was also observed that the conical historic cinder cone and thene of the historic volcano showing a flank eruption in early May
associated lava field remained intact (Fig. 5d), presumably becauk&91. Note the emission of a low height and loosely convoluted grey
of northerly blowing winds during the eruptidrhis caused drifting ash plume from a subsidiary vent below the summit crater andidgf

and deposition of ash mainly over the northern flank and beyond tleéash cloud by the prevailing northerly blowing wind. Image courtesy
area of the scoria cone. Reddish ballistic clasts accumulated on tifethe Indian Coast Guard, Port Blair(c) Molent Srombolian
southern flank of the scoria cone as a dull blackish red apron (Figruption during August 1991 showing voluminous discharge of ash
5a, d).An on-ship observation on #3January 2006 described a dispersed in gas (more appropriately called an ash eruption) from
Strombolian eruption characterized by discrete bursts occurring #te summit crater that instead of a symmetrical cone of the early
intervals of a few to several seconds with emission of ballistics ari®91 appear to be a bowl-shaped depression with lowering of height
dark smoke from the summit cratén 12 March 2006 the eruption and enlargement of diameteship on theAndaman Sea provides a
was a near continuous emission of ash and gas with intermittesttale.

Episodes \ol. 37, no. 3
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Figure 5. The summit eruptions during 2005 and their charac-
teristics. (a) The craggy slope of the reddish tephra mound and
the adjacent lava field from the southern part of the reactivated
historic scoria cone. Note the angular and assorted lithic (reddish)
material of recycled origin juxdposed adjacent to jet black historic
lava flows consisting of loose aggregate of anguldocky
fragmens of basalt; person with video camera is for scale; a black
solid square in Fig. 5d (middle right) indicates the location from
where video was made. (b)iolent Srombolian eruption from
summit crater during June 2005 characterized by multiple and
suskined eruption column evestand discharge of voluminous
amount of ash, gas and larger tephra fallen on the outer slope of
the crater Width of the view is approximately 200m. (c) Exposure of the®bolian eruption of several seconds exhibiransient flames

of fire in the backdrop of high flung ash plume during June 2005. @grial view of the Barren Island from the west in June 2005 shows
on-going eruption from the historic cone. Note that the cone grew to become a conical hill from a bowl-shaped depression as observed
during 1991 eruption (Figure. 4c). Note the iatt preservation of extent and outcrop pattern of the historic lava flows mapped by Hobday

and Mallet. The sub-vertical eruption plume shows an umbrella of ash clouds over the head of the plume dmdjarifclouds towards the

north. The recently erupted ballistic clastan be seen as a reddish apron on the slope of the southern side of the active scoria cone and as
a mound like deposit of assorted tephra at the base of the slope (marked with dashed lines). The northern side of the active cone shows
conical hills of ash. (eAerial view of July 2005 displays forceful ejection of white stream and formation of steam plumes at the landing site

but no active outpouring of lavas. Image (d & e) courtesy of the Indian Coast Guard, Port.Blair

outburst of ballistic clast#\ visit to the Island on'8January 2009  eruption column. In all occasions the eruption column was a vertical
revealed an identical nature and style of eruption to those observedr sub-vertical ash plume (Fig. 4b, 5b, 5d) that rose to a height visually
during strong eruptions in 1991 and 2005. Formation of a thick andestimated to be 500 to 1000 metres above the Véetgas thrust
dense eruption column were observed on each occasion yet collapggrt of the eruption column consisted of jets of dark and dense gas,
of the column and generation of pyroclastigeutows was not seen.  ash and lager tephra, shooting out with a high acceleration at intervals
Satellite imagerySIGMAT notices and pilot observations between of a few seconds to minutes with average nozzle velocities visually
January and September 2009 recorded maximum altitude of 3km oéstimated to be slightly around 100 to 300 m/second and a thrust
the ash plumesh¢tp:// Bom.gov.au/info/vaac/; http://www. height varying from a few tens to hundreds of metres (Fig. 5b, 5d).
hotspot.higp.hawaii.edu/). Above the gas thrust region there was a less dense mainly grey
Repeated observations of the eruptions during the current activitycoloured mixture of ash, magmatic gas and entrainetbaining a
also provided an opportunity to document the characteristics of theightly convoluted eruption column (Fig. 5d)/ith more and more
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The craggy slope of the reddish tephra mound stands
in sharp contrast to the black and unaltered historic
lava flows (Fig. 5a)The ballistic clasts are in general
angularHowever a few tend to be spherical and their
surfaces are smooth (Fig. 7c), resembling ball-shaped
volcanic bombsThe ash-lapilli matrix below the balls
does not show any impact sag structures (Fig. 7c).
Cauliflower bread-crust bombs, also reported to be
abundant in pyroclastic flow deposit of Nakadais®
volcano, Japan (Miyabuchi et al., 2006), were collected
(Fig. 2f of Bandopadhyay et al., 2006) from a loosely
aggregated reddish tephra mound (Fig. Bhg far
vent ash/lapilli deposits at Barren Island correspond
to the mid-distal facies while nement deposits of
ballistic clasts on the slope of the central cone
correspond to the proximal facies \délentine and
Gregg (2008)They represent deposit of violent
Strombolian and true tBombolian eruptions
Figure 6. Aerial view shows eruptions from further west during June 2005. Note th}éspective|y|mpact sag structures, pyroclasticgaur
fully exposed lava tongue and dgfs of lobed end meeting the sea. The eruptiogeposits, accretionary lapilli, soft sediment
column is near-vertical and consistof thick ash plume above the summit cratan deformation structures and adhesion of wet tephra on
ash umbrella over the head of plume and northward dri§ of ash cloud by the steeply inclined surfaces, which are indicative of
prevailing wind. This photograph provides a fair idea of the height of the eruptigthreatomagmatic explosions (Houghton and Hackett,
column that appears to be less than 500m given the height of the scoria cone is ~30@84; Houghton & Schmincke, 1986) and welding and
Image courtesy of the Indian Coast Guard, Port Blair rheomorphic textural features indicative of
emplacement in hot state (Thordarson and Self, 1993;
incorporation of cooled air the column becomes loosely convoluted,Bandopadhyay2004;Valentine and Gregg, 2008) were not found by
less dense and lighter coloured that, at the level of neutral bugyancyhe present authors nor reported in previous studies.
produces an umbrella of ash clouds and lateral drifting of ash by the  There was remobilization of volcanic material that filled the sandy
prevailing wind (Fig. 6). alluvial ground (Fig.3), possibly triggered by earthquakes of moderate
The Barren Island ash emissions during the last two decades werimtensity that dected the area around Barren Island between
not widely dispersed and were mostly deposited within the Island.November 2005 and January 2006 (Sheth et al., 20B8)material,
On one occasion (March 2006) the ash drifted towards the west andonsists of a loose accumulation of extremely heterogeneaes lar
was deposited on a ship at a distance of about 2 km west of the islandénd small reddish and moulded chunks of lava, angular blocks of
The Bulletin of the GlobaVolcanism Network (BGVN) monthly  hardened lava from the prehistoric stratocone and black clinkers of
summary reports recorded a travel distance of ud@okin for the the historic lava (Fig. 7dYhis deposit blocked the landing site and
Barren ash (Smithsonian Institution, 2005. Macdonald Island, Bulletinthe approach route to the volcafide sharply angulatarge and
of the GlobaMolcanism Network, 30, no. 6). small blocks (cm to a few metres in diameter) of light gsparsely
vesiculated lava constitute rock fall deposits (inset in Fig. 7d).

Eruptive Products and Landforms

, - , Historic and Prehistoric Landforms
The eruptive products are ash, lapilliand subordinate amounts of

larger ballistic clastsThe ash and lapilli accumulated away from the Barren Island is a composite volcanic system consisting of a pre-
vent and also downwind to form cones rising to about 200-250 metresistoric caldera and historic (post-caldera) central cone, similar to
(Fig. 7a). Elsewhere, the finer ashes blanketed the topography andso volcano in Japan (Miyabuchi, 2009)he historic volcanic
formed mantle bedding (Cas avtight, 1987) The brownish black landforms in the Barren Island consist of a symmetrical scoria cone
to yellowish brown ash and lapilli deposits show parallel-laminated, and basaltic lava that flows all the way to the sea (Fig.t®.cone
moderately sorted and moderate to well stratified layers of mm-thickoccurs at the centre of the amphitheatre, about 305 m high and a
ash alternating with cm- to dm-thick layers of poorly-vesiculated lapilli basal diameter of about 0.8 kifhe central cone is constructed of
(Fig. 7b) forming an up to 3 metre thick sequence. Similar mafic loose black ash, thought to have been erupted several times between
scoria-fall and ash-fall deposits representing the products of several787 and 1832 (Hobday and Mallet, 188H)ese authors observed
episodes of explosive eruptions form part of the tephrostratigraphythat basaltic gravel and rubble occupied the inside of the crater and
of the Quaternanpso volcano of Japan (Miyabuchi, 2009). largely filled the floor They mapped and described basaltic aa lava
The Barren Island ballistic clasts are 10 cm to 50 cm in diameterthat almost surrounds the volcanic cone, and one lava stream that
and rarely up to one metréhey are mostly reddish lithic blocks of  extended from the western slope to reach the sea through the breach
coarsely crystalline basalt recycled from the previous volcanic edifice.on the western wall of the ridge (Fig. 2).
Such reddish fragments of variable sizes and shapes accumulated The historic lava flows that encircle the scoria cone do not
over the slope and at the base of the southern flank of the activeepresent the lava flows of the 1990-91 eruption as reported in some
scoria cone (Fig. 5d) and formed mounds of highly assorted tephrastudies (Shankar et al., 2001 and subsequent studlies)black
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Figure 7. Deposi of the recent eruptions. (a) Lof ash cones show deposition of ash to the down wind northern side of the active scoria
cone. The eruption shows violent form ofr8mbolian explosion and cannon-like jetof gas thrust just above the crater; view from the west.
Width of the view is approximately 20m. (b) Parallel stratified alternating layers of lapilli-rich and lapilli-poor coarse-grained and sorted
air-fall ashes formed during the recent eruption. Pen is 14 cm long. (c) Smooth-surface spherical bomb partly embedded in assorted and
non-stratified ash-lapilli matrix lacking any impact sag structure. Hammer handle is 25cm long. (d) Depokiephra of diferent eruptions

filled the narrow stretch and blocked the landing site shown in fig 3 between June 2005 and March 2006. Boulders and blocks of hardened
lava of prehistoric stratocone (marked with rounded raagle) lying scattered on the slope and at the shore, representing rock fall (inset
shows a close-up of one rock fall block). Clinkery historic aa lava flows jet black in colour occur on theidief. The foreground is occupied

by reddish lithic fragmeng remobilized from upper slope. Field of view is approximately 40m.

clinkery aa lavas have jagged and spiked top surfaces exhibiting deep non-eruptive lateral landslide of the original cone as the most
fractures and are totally bare of vegetation. Hobday and Mallet (1885)robable caldera forming proce3$e vertical collapse of a magma
recorded the thickness of the flows reached up to 6 metres and thehamber is the fundamental aspect of caldera forming events that
flow surfaces dip up to 80n all directions. During field visit in give rise to the structural characteristics such as ring faults and a
2005 the aa lava flows were barren of vegetalibis is because the  coherent subsided floor (Geshi et al., 2002; Nakada et al., 2005).
highly porous nature and fractured surfaces of the historic aa lavasiobday and Mallet (1885) noted that the height of the circular ridge
permit rapid percolation of rain water through the rocks and thusis much lower in the northwest than the southeast and attributed this
preclude soil formation and growth of vegetation over the surface ofdifference to subsidence related to faulting. Sheth et al. (2009)
the lava flows. Sheth et al. (2009) also mentioned that the historicsuggested there are indications of a complete phreatomagmatic tephra
cinder cone on Barren Island remained intact without any erosionring around the exposed base of the volcano and that the caldera of
between an historic eruption which ended in 1832 and the initiationBarren Island is bounded by a ring fault. Presence of a crater (~ 2.0
of recent eruptions in 199These authors stated that the cinder cone km diameter) with a coherent floor and of ring faults confirms that
managed to survive erosion because cinder cones are in general welie 2km diameter depression is a caldera and that vertical collapse
sorted and highly permeable rendering slow erosion because of littlanay be the reason for its formation.
surface rundf The prehistoric stratocone is a moderately steep composite cone
The prehistoric landform comprises a stratocone with a summitconstructed of stratified volcanic rocks (Fig. 8&he presence of
crater about ~2.0 km in diametkelobday and Mallet (1885) suggested steep scarp faces on its outer slopes possibly suggests that sector
that the summit crater was formed during a great explosive eruptioncollapses have occurred (Fig. 8a). Such collapses are a common feature
Shankar et al. (2001) described the crater as caldera and attributed itg some stratocones (Favallim et al., 200%gat8cone profiles show
origin to a paroxysmal event. Chandrasekharam et al. (2009) suggestaiternating layers of lava and ash (Fig. &k stratocone encloses a
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collected from the deck of a ship during the 2006 eruption and were
examined using petrographic and Scanning Electron (SEM)
microscopes. Petrographic and heavy-mineral analyses were carried
out at the University of Milano—-Bicocca, Italphe SEM study was
carried out at the SEM Laborator@eological Survey of India,
Kolkata.

High-resolution petrographic analyses were carried out by
counting 400 points in each thin section by the Gazzi—Dickinson
method. Following a simple nomenclature scheme, samples were
classified according to their main components (Q = quartz; F =
feldspars; L = lithic fragments), considered if exceeding 10% QFL,
and listed in order of abundance. Heavy-mineral analyses were
performed on a quartered aliquot of the 32-355 pm class obtained
by dry-sieving. Heavy minerals were separated by centrifuging
in Na polytungstate (density ~2.90 gRypand recovered by partial
freezing with liquid nitrogen. On grain mounts, ~200 transparent
heavy-mineral grains were counted by the area method (all samples
are rich in volcanic glass or altered grains). Heavy-mineral
concentrations were calculated as the volume percentage of total
(HMC) and transparent (tHMC) heavy minerals (Garzanti and
Ando, 2007a, b).

Barren Island, heavy-mineral assemblages e&dliash samples
range from “moderately poor” (1 = HMC < 2) to “moderately rich”

(2 =HMC <5). Detrital components are listed in order of abundance
throughout the textApart from determining the petrographic and
heavy mineral compositions, it was also our aim to search fosPele’
tears, Pela hair and reticulate fragments all commonly present in,
but not diagnostic of, Hawaiian eruptions (Heiken\afmihletz, 1992;
Fisher and Schmincke, 1984). None were found. Lithic ash grains
are predominant in the samples and these are mostly black in, colour
angular occasionally blockypoorly to moderately vesicular and the
vesicles are relatively lge (Figs. 9a, b). SEM images of ash grains
also show curvilinear broken outer surfaces of vesicles (Fig. 9b). Many
ash samples have adhering particles on their surfaces and also inside
the vesicle-hollows similar to those documented fAsD volcano
(Miyabuchi et al., 2006)-he modal compositions of three ash samples
are given irfable 1. The framework mode (QFL) in all the samples
show high percentage of volcanic lithic grains (84 -87%) followed
by plagioclase making up 16 to 13% (Figs. 10a, b, ¢, d) while
moderately poor to moderately rich heavy mineral suites are dominated
large circular depression (amphitheatre), ~2.0 km across and 250 tby olivine and subordinate green-augitic clinopyroxerebld 1),

350 metres deep (Fig. 2he stratified prehistoric volcanic succession reflecting a basaltic composition. Plagioclase phenocrysts are most
(Fig. 8b) is best exposed on the northern inner caldera wall andabundant. Luhr and Haldar (2006) also made similar observation.
comprised of interbedded lavas c. 10-200 cm thick and cm to dm-Many plagioclase phenocrysts are fresh, tabuwléole or broken
thick ash to lapilli grade tephra beds containing abundant small anceuhedra, show thick and multiple twinning, zoning and also contain
large ballistically emplaced angular blocks. Chandrasekharam et alinclusions of glass (Fig. 10a). Haldar and Luhr (2003) reported that
(2009) identified several sequences of eruption when studying thezoning in plagioclase megacrysts is commonly normal and rarely
stratocone sections and outcrops. In a more detailed, Shdth et reverse. Many lithic volcanic (Lv) fragments contaig&aeuhedral

al. (2009) logged several sections of the stratocone and described th®rroxene and olivine phenocrysts embedded in basaltic glass (Figs.
prehistoric volcanic deposits which are comprised of pre-caldéra tuf 10b, c). Garzanti et al (2013) also analyzed modern sands collected
breccias, ash beds, aa lava flows and possible syn-calddnatdias from the beaches of Barren and Narcondam Islands and mentioned
above the lava flows. Inferred cross-stratified ash beds in the stratoconthat neovolcanic detritus characterizes the Barren Island samples that
sections, previously described as aeolian in origin (Shankar et al.are mostly feldspatho-lithic, with exclusively lathwork grains and a
2001), were re-interpreted as pyroclastigsutows by Sheth etal.  moderately rich, olivine-dominated suite with common clinopyroxene

Figure 8. Prehistoric stratocone volcano. (alr&ocone in the back-
ground stnds as a succession of well stratified lava and fragraent
eject. Several scars partly covered with veg&tn bear evidence

of sector collapses possibly occurred during formation of the central
depression. ®ep sided rampart surface of the historic lava is seen
in the foreground. The lava stk is ~3m thick. (b) ¥rtical cliff
section of the Prehistoric stratocone exposes interstratified hardened
lava and fragmerdary ejeca. Flat planar, wavy non-planar and
lenticular interstratifications characterize the sequence of
fragmentry ejeca of tuff and lapilli and block bearing tuf. The

section is ~ 20 m thick and is located near the landing site.

(2009). and no amphibole. Heavy mineral suites of the studied ash samples
are olivine-dominated with subordinate augitic clinopyroxene (Fig.
Petrogr aphy of Barren ash 11 a, b)All but a few of the Barren Island ash samples do not resemble

those resulting from phreatomagmatic activity (Geshi and Okiwaka,
Fine- to medium- sand size, uncontaminatedadiash samples  2008).

Episodes \ol. 37, no. 3



200

A

Figure 9. SEM images of ash samples. (a) Non-vesicular ashes show assorted mixture of grainfeerdisizes. Note blocky ash grain on
the right side. (b) ¥sicular ash grain showing impression of outer surfaces of vesicles.

Discussion and Luhr (2003) stated a maximum eruption column height of not
more than 3 km even though they described the eruption as a
Throughout its recent histgrarren Island volcanic activity ~ Plinian type.The average minimum height for a Plinian eruption is
has been characterized by (a) central vent type eruptions, (b) significart. ~10 km (Mlentine and Gregg, 2008). Sheth et al. (2009) also
dischages of ash dispersed in gas, (c) ejection of oxidized scoriadescribed the climactic stage of 1991 eruptions as sub-Plinian
(reddish lithic fragments), (d) development of sustained eruptionstating that the eruption column rapidly increased to a height up to
plumes <1 km in elevation, (e) small ash dispersal area, (f) formationLlkm. Pal et al. (2010) described the 2005-2006 eruptions as
of a scoria cone and mantle bedding, (g) rumbling, bursting andStrombolian to sub-PlinialAn example of a low-height sub-Plinian
clattering sounds and, (h) absence of sustained jetting or outpouringruption from the Furmas volcano shows that the eruption
of lava flows.These attributes suggestr@mbolian and violent  column rose to a height varying between 9 and 17 km (Cole et al.,
Strombolian explosions (Parfitt, 2004; Martin and Nemeth, 2006; 1999).Therefore, the height of the eruption column during the current
Valentine and Gregg, 2008). Previous interpretations have suggesteaictivity on Barren Island does not suggest a sub-Plinian type.
Hawaiian, Plinian/sub-Plinian andulcanian styles of eruption = Moreover Plinian and sub-Plinian eruptions often penetrate the
(Shankar et al., 2001; Chandrasekharam et al., 2009; Sheth et alstratosphere and have potential impacts over mugeraegion
2009) but these are unlikelBased on visual estimation Haldar and even globally (dentine and Gregg, 2008Fhe Barren ash

Table 1. Framework mode (QFL) of Barren Island ash samples showing high peeggnof volcanic lithic grains (84-87%) while moderately poor
to moderately rich heavy mineral suites are dominated by olivine and subordinate clinopyroxene, reflecting basaltic composition.
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)

Figure 10. Petrography of Barren Island air-fall ash samples (pho#®sB, C with crossed polars; blue bar = 250 pm)=Rplagioclase;
Lv = volcanic lithic grains; Ol = olivineA) Plagioclase phenocrystshow thick and multiple twinning, zoning and inclusions of glass. B, C,
D) Lithic fragments congin large euhedral olivine phenocrysembedded in basaltic glass. Many plagioclase phenocsiys present. Note
the dominance of lithic grains in ash samples.

plume was much lower (c. 1 km) and had limited dispersal. mainly discrete explosions with or without a thin grey plufiigs

Influx of material from a volcano is another measure of classifying style of Srombolian activity by and lage, is consistent with initial
eruptions (Parfitt, 2004Jalentine and Gregg, 2008). In this respect, ash and steam explosions of hydromagmatic origin that are normally
an estimated ~8 million frof material is considered to have been followed by intermediate fire fountaining anti@nbolian explosions,
erupted during 1991 activity (Sheth et al., 2009) which is consistentdue to magmatic vesiculatiofhese culminate in a final, sustained
with a Srombolian eruption (&lentine and Gregg, 2008)he phase of ash explosions, caused by over pressurization and pervasive
transient reddish glow of fire over the mouth of the summit crater fragmentation of the degassed and cooled top of the magma column
described as a lava fountain (Haldar et al., 1992; Haldar and Luhrat shallow depth @ddeucci et al., 2004).
2003) may more correctly be described as a fire fountaierefore, The production of significant quantities of ash is the most
the height of the eruption column, the transient flash of light, the conspicuous feature of the recent Barren Island eruptions that raises
volume of material dischged and the area of ash dispersal all the question whether the ash is magmatic or phreatomagmatic in origin
collectively ague against a Plinian/sub-Plinian mode of eruption. (Macdonald, 1972). Buttner et al. (2002) suggested that one of the
Scoria cones, the most common landform formed by rivitgh#olian most eficient processes to produce fine volcanic ash is through
explosions (Martin and Nemeth, 2006), occur on Barren Island andmagma-water interaction. Clearly such activity requires a water source.
also suggestt®mbolian activity Cashman et al. (2000) stated that Involvement of caldera lakes was suggested to explain the
violent Srombolian eruptions produce voluminous ash and phreatomagmatic activity at Furmas volcano (Cole et al., 1999). Initial
simultaneous lava Rfsion (see also Landi et al., 2006 and Lodato et phreatomagmatic phases are well documented in many Hawaiian and/
al. 2007)There is also a general consensus ttrat@olian eruptions or Srombolian-type eruptions such as at the Laki fissure in Iceland
rarely issue lavas (Schmincke, 200%)Barren Island each eruptive  (Thordarson and Self, 1993). Patrick et al. (2007) suggested that much
event started with emission of light grey ash with or without of the ash in an eruption cloud could be generated by abrasion of
accompanying phreatic white steam and quickly changed to a sustainealready cooled and brittle clasts when they are recycled in the vent.
eruption column with transient flame of fire accompanied by frequent Cole et al. (1999) suggested that the magmatic activity gives rise to
showers of ballistic clasts. Before cessation the activity turned intolapilli-fall whereas phreatomagmatic activity produces ash-fall,
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Figure 11. Heavy-mineral suite of air-fall ash samples from Barren Island @Ader plane polarB under crossed polars; blue bar = 250
pm) P= plagioclase; Lv= volcanic lithic grains; Cpx= augitic clinopyroxene; Ol= olivine.

pyroclastic suges and flows. Clasts with variable degree of 1991, 1994-95 and 2005-06 eruptions. In view of the absence of
palagonitisation and poorly sorted pyroclasticfalt and suge unambiguous evidence such as convincing photographs of the active
deposits are typical of phreatomagmatic activity (Houghton andlava flows, documents pertaining to real-time monitoring of the lava
Hackett, 1984). Despite several field visits at Barren Island, pyroclasticflow events, and lack of thermal images or field/structural attributes
suge and flow deposits, impact sag structures, accretionary lapilli,as illustrated in other studies (Calvari et al., 2006; Lodato et al., 2007),
etc have not been recognized so far and there is no evidence of iais difficult to accept the above contentions. Bandopadhyay et al.
crater lake in this small Islandsh grains with blocky shapes in  (2006) interpreted the recent activity as mitcbSbolian eruptions
Barren Island ash samples, howeveould be the product of virtually lacking lava flows. Haldar and co-workers, including the
phreatomagmatic action (Heinken awdhletz, 1992)The blocky first author observed the episodes during eruptions since 1991, but
morphology though uncommon in Barren Island ash samples indicatethere has been no regular monitoring of the activity during any of the
brittle fracturing of the grains. Miyabuchi et al. (2006) suggested thatcycles (1991, 1994-95, 2005-06, 2009 etc). ltis, therefore, impractical
the blocky shape results from chilling and fragmentation when magmao identify and characterize the f#ifent lava flows. It is also
mixes with external watelherefore, magmatic processes may be problematic when the recent incidences (1991, 1994-95 and 2005-
the key factor for the generation of Barren Island volcanic ash but06) of active lava flows (as has been claimed) occurred in quick
contributions from phreatomagmatic processes cannot entirely besuccessions. Delineation of active lava flows ofedént cycles on
ruled outAn interpretation of slow cooling of the melt at a shallow the map (Sheth et al., 2009) without describing the basis leaves scope
depth, based on the presence of abundant phenocrysts, is consistént re-examination. Furthenone of the earlier studies paid due
to that of Luhr and Haldar (200&.slow rate of magma rise would  attention to the presence of historic lava to understand the incidences
permit rapid formation of a separate gas phase, accumulation of gasf active lava flows, instead suggesting that the historic lava flows
bubbles at the upper cooled surface of the magma column, andvere totally buried under recent flows (Haldar and |.2603; Luhr
eventual bursting of those bubbles resulting in ejection of partly and Haldar2006; Sheth et al., 2009). But, contrary to such findings,
molten and solid fragments of lava and magmatic gases (Houghtorhe first author during the field study in June 2005 observed a nearly
et al., 1999; Martin and Nemeth, 2006). Howevke depth and intact preservation of the historic lava flows mapped and described
precise mechanism of generation of the gas phase in the magmiay Hobday and Mallet (1885) and a careful comparison between the
column, discussed in detail by Parfitt (2004), for Barren Island is map (Fig. 2) and the photographs (Figs. 5d and 6) of 2005 appears
not known. Luhr and Haldar (2006) based on petrographic studyrelevantThe necklace pattern of the historic lava flows mapped (Fig.
of lava clasts, identified several Barren Island lava samples tha®) could easily be recognized, in its original shape and extent, in the
contain disaggregated troctolitic (olivine + plagioclase) cumulates, aerial photograph of 2005 (Fig. 5&)close match between the lava
indicating derivation from a shallow magma chamber under thetongue and the lobed end of the tongue ending into the sea (Fig. 6)
volcano. and the lava tongue mapped by Hobday and Mallet appears significant.
The reported occurrences of active lava flows during the recentAlso there has hardly been any change in coastline configuration
eruptions remain a contentious isstkaldar et al. (1992, 1999) including the position of landing site marked in Figure 2 except
described voluminous lava flows during the 1991 and 1994-1995destruction of the light hous&@hese findings gue against the
eruptions. Chandrasekharam et al. (2009) delineated ttezediif evidence provided in previous studies claiming the existence of active
flows in their map as occurring in 1991, 1995, 2005 etc and lava flows during the recent volcanic activitjoreover any 1991
constructed a flow stratigraphy (Figs. 4 and 5 of Chandrasekharam eand younger lavas would have taken the easiest route to flow to the
al., 2009). Sheth et al. (2009) also mapped lava flows ascribed tdreached western side of the island, which is not over the jagged and
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highly uneven historic lava surfaces. Outpouring of active lavas duringcommonly lack active lava flow3he evidence in favour of active
March 2009 activity was inferred by Sheth et al. (20IBgse authors  lava flows and the HawaiiaWulcanian and Plinian type of eruptions,
described lavas, issuing out from an intermediate elevation on thesuggested in previous studies remains unconvinciftge
cinder cone, instead from the summit crateyscending at a steep interpretation of this study is important in predicting the explosive/
angle over the outer caldera wall tiih the northern side of the effusive events of the post-2009 activithis study records that the
island and meet the sééhey also suggested that the valley between historic activity was 8ombolian eruptions, switching tofesive lava
cinder cone and the northern caldera wall that existef&ptill 2008 flows while the caldera forming pre-historic activity was an alternating
was completely filled up by the deposition of voluminous new ash event of efusive and explosive eruptioriEhe eruptive history of the
betweerApril 2008 and March 2009 that facilitated active lava flows Barren volcano records the recurrence of activity since prehistoric
towards north, instead of west. It is, howe\kificult to accept that time and thus confirms that the volcano is one of the most active
a blocky lava could flow over the accumulated loose ash that formsvolcanoes in th&Vestern Sunda@rc. The history also records a
conical hills in the northern side. Moreoyegports of the Darwin temporal change in activity from alternatindusive and explosive
VolcanicAsh Advisory Centre between July 2008 and March 2009 eruptions to exclusively explosive eruptions especially in later events.
(Seeref, Barren Island/olcanicActivity Database) reveals eruptions  This provides new insight into the volcanological evolution of Barren
of ash and drifting of ash clouds, in most cases, towards the west anl$land volcano and behavior of the volcano in future.
southwest by the prevailing wintherefore, deposition of voluminous
ash towards the north in the valley between cinder cone and northerACkno\M edgements
caldera wall, as suggested by Sheth et al. (2010), appears to have
been impossiblelhey also showed steam plumes (Fig. 3c and 4a, b Prof. M. Jayananda had reviewed the paper critically and suggested
of Sheth et al., 2010) and interpreted them as a result of lavas enterinighportant modifications. Editor of the journal also made a detailed
into the sea but these might, ratfeave been caused by pyroclastics review and advised us for improving the petrography seckioese
entering the sea. Similar strong steam plumes without any secondargertainly helped to improve the conteRtof. H.C. Sheth reviewed
phreatic eruption were recorded in July 2005 that, as discussed earliethe earlier versions of the paper and some of his comments also helped
was not associated with active lava front but, instead, possiblyauthors to improve the text and to tighten the loogaraents. We
associated with hot spring activifihe undoubted signature of active  gratefully acknowledge their fefrts. This research article is an
lava flows such as coherent mass of molten rock material enteringoutcome of a book writing project sponsored by DSadvt of India
into the sea as a distinctly visible strip of bright incandescence glowingo PCB under USERS scheme (file no. SB/UR/14/200&.logistic
with reddish colour and often fuming brown gases (cf, Fig. 75 of support was provided by the department of geglamiversity of
BGVN report (04/2007(BVGN 32:04; Fig 2.2 of Shankar et al. 2001 Calcutta.The authors thankfully acknowledge the financial and
and others) was never observed during the current activity norogistic supports received from these institutiofise Indian Coast
documented in any previous studi@berefore, the occurrence of Guard, Port Blair on all occasions provided the logistic support.
active lava flows remainsguable because of 1) a lack of convincing Dr. T. Pal and S. Ragav of the Geological Survey of India (GSI)
documentation or real-time monitoring, or other field observations accompanied the author during field study at the Barren Island on
pertaining to active lava flows, 2) field studies carried out at BarrenJune 2005 and March 2006. MBurabhi Prasad Singh of Geodata
Island were for very short periods, 3) the current activity is essentiallydivision, Northern Region GSI hasfiefently prepared the line
an ash plume (gas-rich) eruption with intermittent trtrerSbolian drawings (map of and cooperation Barren Islandveestern Sunda
explosions that normallyalthough not necessarilacks lava flows, Arc). The author gratefully acknowledges the help.
and 4) misinterpretation of historic lavas flows as the lava flows of
the recent eruptions. References
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