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ABSTRACT: The Soufriere Hills Volcano, on the island of Montserrat, has an eruption history spanning over 2 million years. During
this time the volcano has undergone multiple eruptions with intervening periods of low activity or dormancy. The most recent activity
began in 1995 and has seen a series of major eruptive events. One of the most recent of these, and the focus of this study, occurred on the
20™ May 2006. This major dome collapse produced 90 million m* of volcanic material in only 3 hours, propelling ash clouds through
the air and pyroclastic flows down the side of the volcano and into the sea.

In this study of benthic foraminifera, cores from four sites off-shore Montserrat are analysed, including those collected from a lo-
cation within the path of the 2006 ash cloud, around 10 km west of the Montserrat coast. In this area, one core contained 6—7 cm of ash
overlying hemipelagic sediments. Volcanic ash is present in two distinct layers, one 3 cm layer produced by the 2006 eruption and the
other, 34 cm layer, from an earlier eruption in 2003. Other cores were collected from areas unaffected by recent ash fall deposits and
provide a base line for comparisons within the affected areas. To the east and south-east of Montserrat there is a different situation as this
is the direction of travel of massive pyroclastic flows down the Tar Valley and the impact on the sea floor is more dramatic. There are
also two extinct volcanic centres that allow the investigation of sea floor re-colonization on different time scales. The sites to the west of
Montserrat record rapid colonization by benthic foraminifera of opportunistic taxa, comparable to that seen near Mt Pinatubo in the
South China Sea while the sites to the east record a slower pattern of re-colonization by a wider spectrum of taxa, similar to that re-

corded at Deception Island in the Southern Ocean, with different benthic taxa performing the pioneering role.
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INTRODUCTION

The foraminifera living in marine ecosystems are subjected to
environmental change from a range of natural and anthro-
pogenic occurrences. These are listed here, although this is
more illustrative than exhaustive.

1. Natural processes include storms, tsunamis, turbidity cur-
rents, iceberg ploughing, aerobic/dysaerobic/anoxic changes,
volcanic activity, etc.

2. Anthropogenic processes include sewerage spills, oil rig ac-
tivities, marine dredging, coastal engineering, pollution from
local catchments, mining waste ‘events’, etc.

Near-shore or estuarine foraminifera are most frequently sub-
jected to pollution events, chemical spills, sewerage discharge
and coastal engineering works. The impacts of pollution, and
recovery from it, have frequently been described and there is a
body of literature on such events and the occurrence of
foraminifera with test abnormalities or unusual chemical con-
tamination (e.g., Sharifi et al. 1991; Stouff et al. 1999;
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Olugbode et al. 2005; Bergamin et al. 2016; Skirbekk et al.
2016; Hart et al. 2020).

In deeper water ecosystems there is a growing awareness of the
impact on the benthic foraminifera as a result of disturbance: a
subject reviewed by Alve (1999). It is also known that assem-
blages of foraminifera can be disturbed around drilling plat-
forms and oil wells (Jorissen et al. 2009; Denoyelle et al. 2010;
Hess et al. 2013: Aagaard-Serensen et al. 2016) and natural gas
escapes (Rathburn et al. 2003; Dias et al. 2010; Consolaro et al.
2015; Burkett et al. 2018). The repeated disturbance of the sea
floor by turbidity currents, especially in submarine canyons,
also creates hostile conditions in which the recovery of assem-
blages of foraminifera is often disrupted by the next event. In-
deed, as shown by Hess et al. (2005), such environments are
often seen to be in a permanent state of ‘recovery’. Storms in
which the wave base intersects the sea floor can also cause dis-
turbance on an intermittent basis, with greater or lesser impact
on the assemblages living in such locations (Murray 1965;
Murray et al. 1982; Hart et al. 2017).
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Volcanic activity, and recovery from it, has been described from
two areas in the marine environment subject to recent eruptions,
although the impact of ancient volcanic activity has also been
described by Galeotti et al. (2002) and Waskowska (2011). The
two modern examples, that are more comparable with
Montserrat, are:

1. The 1967-1970 eruptions on Deception Island in the South-
ern Ocean (Geyer et al. 2021), the recovery from which has
been documented by Finger and Lipps (1981) and Gray et al.
(2003); and

2. The eruption of Mt Pinatubo in the South China Sea in 1991
and the investigation of the foraminifera by Hess and Kuhnt
(1996), Fisher (1999, unpublished thesis), Hess et al. (2001)
and Kuhnt et al. (2005).

The research presented here focuses on the repeated eruptions
of the Soufriere Hills Volcano on the island of Montserrat
(Lesser Antilles Volcanic Arc), activity which is well-docu-
mented on the website of the Montserrat Volcano Observatory
(MVO, www.mvo.ms).

GEOLOGICAL SETTING

The island of Montserrat (16°45°N, 62°10°W) is situated to-
wards the northern end of the Lesser Antilles volcanic island
arc (text-fig. 1). Created by the subduction of the North Ameri-
can Plate beneath the Caribbean Plate, the volcanic arc is 800
km long and splits into two groups of islands north of
Martinique (Le Friant et al. 2004, 2008). The outer group of is-
lands is older, consisting of a chain of extinct volcanoes that
now have thick carbonate platforms covering the volcanic base-
ment. The volcanic rocks of the inner arc are relatively much
younger (~20 Ma) than those of the outer arc which are ~40 Ma
(Le Friant et al. 2008) in age.

The island of Montserrat is 16 km long and 10 km wide and
comprised exclusively of volcanic rocks (Le Friant et al. 2004).
The island is formed of three volcanic centres: Silver Hills in
the north; Centre Hills; and the South Soufriére Hills-Soufriére
Hills complex (Le Friant et al. 2004) in the south. Pyroclastic
deposits (predominantly ash fall and the results of pyroclastic
flows) originating from the Soufrieére Hills volcanic centre will
be the focus of this investigation.

Volcanic history

The island of Montserrat has a volcanic history spanning over 2
million years (Le Friant et al. 2004). Lava flows on the island
date the Soufriere Hills Volcano back 170 ka (Le Friant et al.
2004), although recent work by Le Friant et al. (2008) shows
that this volcanic centre may be significantly older. Tephra lay-
ers in marine sediment cores collected off the Montserrat coast,
record the volcanic history of the South Soufric¢re
Hills-Soufri¢re Hills Volcano back to 250 ka (Le Friant et al.
2008; Wall-Palmer et al. 2014, figs 10, 11 and references
therein; Fraass et al. 2017). Over this time, the volcano has re-
corded multiple eruptions with intervening periods of low ac-
tivity or dormancy (Le Friant et al. 2008). The most recent
phase of eruption, which began in 1995 (Trofimovs et al. 2006),
has seen the Soufriére Hills Volcano undergo a number of dome
growth and collapse events (Montserrat Volcano Observatory;
www.mvo.ms). Much of the pyroclastic material produced dur-
ing this time has been deposited in the ocean around Montserrat
(text-fig. 2). Trofimovs et al. (2006) suggested that, since 1995,

more than 90% of eruptive material produced by the volcano
has entered the ocean. This has occurred largely through the ac-
tion of sub-marine pyroclastic flows, lahars and, to a lesser ex-
tent, through airborne ash fall-out. On 12t 13h July 2003, the
Soufri¢re Hills Volcano produced the largest documented his-
toric dome collapse of any volcano (Trofimovs et al. 2006;
MVO, www.mvo.ms). The remnants of the volcano and the
devastation of Plymouth can be seen in text-figure 3. This oc-
curred over a period of 18 hours, yielding 210 x 10° m® of
pyroclastic material (Herd et al. 2005). Since this major col-
lapse, there has been further activity and, on the 20™ May 2006,
another major dome collapse occurred. This collapse occupied a
much shorter interval of time (3 hours) and produced around 90
x 10° m® of material (MVO, www.mvo.ms). Although less ma-
terial was produced during this rapid eruption, the increased
momentum propelled pyroclastic flows much further into the
marine environment. The volcano continues to be very active
and the Soufriere Hills Volcano has undergone a series of partial
dome collapse events (e.g., July-August 2008, December—Janu-
ary 2009, January—February 2010 and June—July 2010, after
which it has been relatively quiescent).

Whilst most pyroclastic flows travel to the south-east of the is-
land, down the Tar Valley and into the ocean (Hart et al. 2004;
Trofimovs et al. 2006), it is evident that ash clouds produced
during eruptions of the Soufri¢re Hills volcano are transported
by north-easterly Trade Winds (text-fig. 2). Ash fall events,
therefore, affect this area and cores taken from close to the path
of the ash clouds have been analysed during this investigation.
Closer to shore, a number of major lahars have entered the
ocean by way of the Belham Valley, located just to the north of
the ruined town of Plymouth (the island’s former ‘capital’).

Volcanic events relating to this investigation

In July 2003, after an eight-year period of dome growth and col-
lapse events, the Soufriére Hills Volcano erupted to produce the
largest documented historic dome collapse of any volcano
(Trofimovs et al. 2006). Two hundred and ten million m® of
erupted material covered the Montserrat area, much of it enter-
ing the sea. In the waters around Montserrat, the benthic marine
assemblages (including the foraminifera) were smothered and,
in many areas, decimated. Following this major eruption, a fur-
ther major dome collapse occurred on 20™ May 2006. This also
smothered a large area of the island and surrounding ocean with
90 million m® of volcanic material. In the affected areas, any
benthic community recovering after the 2003 event would al-
most certainly have been impacted, returning the cycle of
recolonization back to the beginning. It is these periodic erup-
tions of the Soufriére Hills Volcano that provides a unique op-
portunity to observe the effects of volcanic disturbances on
assemblages of benthic foraminifera within an accurate,
well-documented, time scale.

RE-COLONIZATION BY BENTHIC FORAMINIFERA

In recent years, there have been several studies of the re-coloni-
zation of deep-sea substrates following catastrophic environ-
mental disturbances within the fossil record: for reviews on this
subject see Alve (1999), Galeotti et al. (2002), Waskowska
(2011) and Di Bella et al. (2015). These accounts have provided
information regarding the extent to which individual events
have altered the environment and the approximate time periods
required for their recovery. Most re-colonization studies within
the modern oceans have, however, mainly concentrated on re-
covery in shallow water areas (Schafer 1982; Ellison and Peck
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1983; Alve 1995). Very few studies have been made of distur-
bances in deeper water environments and even fewer have been
made of volcanic disturbances.

The first major study of disturbance to deep-sea environments
was carried out by Kaminski (1985). This investigated the ef-
fect on agglutinated foraminifera of ‘benthic storms’ in deep
water (~4000 m) caused by intense contour currents in the
North Atlantic Ocean events and considered the differences be-
tween disturbed and undisturbed assemblages. Kaminski (1985)
found that disturbances created assemblages with increased
numbers of opportunistic species and lower species diversity
when compared to an undisturbed area. More recently work by
Hess et al. (2005) investigated the re-colonization of benthic
foraminifera following turbidite deposition in the Bay of
Biscay. This study of an extremely unstable environment
showed that the foraminiferal assemblage in this location was in
a constant state of renewal. Hess et al. (2005) found that the
community structure permanently remains in an early stage of
re-colonization and that recovery from complete devastation to
this early stage takes only 6 to 9 months.

In the modern ocean, there are only three geographical areas
that have been studied for re-colonization by benthic
foraminifera following volcanic eruptions. The first, under-
taken by Finger and Lipps (1981), monitored the decimation of
the benthic foraminifera and the re-population of an active vol-
canic caldera on Deception Island (Geyer et al. 2021, and refer-
ences therein) in the Southern Ocean. That study took place
over five years and clearly shows patterns in re-colonization, al-
though the follow-up research by Gray et al. (2003) has indi-
cated that the earlier trends have changed slightly over time.
The second, in the South China Sea, studied the aftermath of the
1991 eruption of Mt Pinatubo, and includes a series of analyses

by Hess and Kuhnt (1996), Fisher (1999), Hess et al. (2001) and
Kuhnt et al. (2005). All these studies describe differences in the
style and timing of re-colonization, with Gray et al. (2003)
questioning the relative importance of the various species in-
volved in the process. The third area is that of the Azores, where
Di Bella et al. (2015) have described the foraminiferal assem-
blages in an area with active volcanism.

It is widely reported that, in areas that have only experienced a
thin covering of volcanic sediment (15-25 mm thick), the
foraminiferal assemblages are not destroyed completely. Hess et
al. (2001) found that whilst most detrivores, tubular aggluti-
nated species and epifaunal and sessile suspension feeders were
reduced in numbers, infaunal and mobile species were able to
survive the disturbance. The assemblages of these areas re-
mained largely the same as the pre-ash fall community but with
decreased abundance (Hess et al. 2001). The pre-ash fall steady
state was regained through immigration from nearby unaffected
areas that gradually replenished the community though, since
that time, the dispersal of foraminifera by means of ‘propagules’
(Alve and Goldstein 2002; 2003; 2010; 2014; Goldstein and
Alve 2011) is now recognized as potentially being of greater im-
portance.

Areas covered by a thicker layer of volcanic material were
found to be more seriously affected suffering a loss of most, if
not all, the benthic assemblage (Hess et al. 2001). The initial
study of the Mt Pinatubo ash layer carried out by Hess and
Kuhnt (1996) showed that even after three years, re-coloniza-
tion was only in its early stages and that the community was far
from recovered. This long recovery is due to the source of the
re-colonizing species. Whereas an area at the edge of the ash de-
posit may be re-populated from the adjacent, unaffected areas, it
is not possible for immigrant species to migrate into the central
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TEXT-FIGURE 3
The ruins of Plymouth (in May 2005), with the Soufriere Hills volcanic centre in the distance. The ‘gap’ in the crater was caused by the explosive nature
of the 2003 eruption.

parts of the ash deposit from such a great distance (Hess et al.
2001). This idea is supported by the discovery that most of the
pioneering and successive re-colonizing species observed from
the thicker parts of the Mt Pinatubo ash layer were not present
in the pre-ash fall community or the surrounding, unaffected,
areas (Hess and Kuhnt 1996). Another explanation for this rela-
tively slow re-colonization is the coarse grain size of the ash de-
posit. The coarse, well-sorted characteristics of the ash make it
difficult for benthic foraminifera to burrow and move through
the layer (Hess et al. 2001). Kitazato (1995) investigated the
preferences of benthic foraminifera in re-colonizing different
substrates and found that the barren sediment was re-colonized
by both shallow and deep burrowing infaunal species. Over the
same time period, a substrate of minute glass beads (similar to
ash grains) was only re-colonized by shallow burrowing
infaunal species within the newly deposited layer of “fluff’ on
the surface: they did not penetrate the sediment of beads.
Ship-board observations of several cores recovered during
cruise JC18 of the RRS James Cook (in December 2007) also
suggest that, in some areas such as the Bouillante—Montserrat
Graben (text-figs 4, 5), the volcanic sediment from some earlier

eruptions has not yet settled, creating a substantial layer (<2 m)
of water-logged, thixotropic sediment that would be impossible
for any organisms to re-colonize. The cores used in this study,
however, did not contain any evidence of this ‘fluid’ sediment
as these sites were impossible to sample. Hess et al. (2001) ob-
served that once burrowing activity does occur, it subsequently
creates new ecological niches for more specialized
foraminifera. In this way, the diversity of the recovering assem-
blage is gradually increased.

Benthic foraminifera can be grouped into two types, K- and
r-strategists, the proportions of which represent responses to
different types of environment (MacArthur and Wilson 1967).
The r-strategists, being the first to recolonize following a major
disturbance, are opportunistic and take advantage of the lack of
predation. They are characterized by the capability of rapid dis-
persion, high reproduction rates and relatively short life cycles.
They consist mainly of mobile, infaunal detritivores with typi-
cal representatives including Reophax spp., Textularia spp., and
Ammobaculites spp. (Fisher 1999; Hess et al. 2001). Over time,
these species produce niches which increase the opportunities
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Sites drilled by the RRS James Clarke Ross in May 2005 during Cruise JCR123 allowed the reconstruction of an isopachyte map showing the thickness
of'volcanic sediments to the east and south-east of Montserrat (including the Bouillante-Montserrat Graben (towards Guadeloupe). Contours are shown
in meters and, where volcanic sediments are thinner, in centimeters. The two extinct volcanic centres (Kahouanne volcanoes) to the east of the graben are
shown to have received almost no volcanoclastic sediments; see text for discussion. Map based on work of Trofimovs et al. (2006).
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for other taxa. With this, however, competition and predation
are also increased. The first colonizers are gradually replaced
by a second succession, with the K-strategists flourishing in the
less stressed, more stable environment. In such an environment,
qualities found in the r-strategists, such as a rapid reproduction
rate, are less beneficial and the competitive skills found in the
K-strategists become more favoured.

Fisher (1999) has described a typical re-colonization pattern.
Firstly, the lack of competition in the barren sediments enables
opportunistic species (r-strategists) to grow at an exponential
rate, their numbers often higher than those of the pre-distur-
bance population. This continues until an increase in competi-
tion and a decline in resources causes a reduction in the pioneer
species, making way for the more specialized species (Ellison
and Peck 1983; Fisher 1999). Continuous disturbance however,
such as the periodic eruption of a volcano, will re-set this pro-
cess back to the beginning, so that in some systems, the second
wave of succession may never happen. An example of this was
reported by Hess et al. (2005), describing the near- continuous,
periodic turbidite deposition in the Cap Breton Canyon that has
created a foraminiferal community that remains almost perma-
nently in an early stage of re-colonization.

On the sea floor near to Mt Pinatubo, signs of initial re-coloni-
zation occurred over three years from the volcanic disturbance
(Hess et al. 2001). Alve (1999), however, suggests that recovery
of disturbed areas may take as little as a year although the accu-
racy of such predictions can often be a function of sampling
schedules. In the case of deep-sea locations, return visits to sam-
pling sites may, of necessity, be several years apart.

The extent of the re-colonization following the 2006 eruption is
not known since the JC18 sampling expedition in December
2007. It can be shown, however, that there was some recovery
after the 2003 eruption, and before the 2006 eruption. The un-
derstanding of this is, of course, a function of the regularity of
sampling, with the JC18 cruise (in December 2007) taking place
only ~18 months after the May 2006 eruption. It must be noted
that to the east of the Soufriere Hills volcano, pyroclastic flows
have almost destroyed the normal sea floor environment and
this has limited the assessment of the re-colonization assem-
blages in that area. To the west of Montserrat, however, the
2006 deposits were predominantly created by ash fall, with
some lahar deposits only in near-shore areas. These ash-fall de-
posits are much less erosive and the assemblage that has
re-colonized the 2003 ash is, therefore, preserved below the
more recent ash fall event.
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The thicknesses of'ash in the JC18 cores drilled to the south-west of Montserrat. This profile shows the relative positions of JC18-21M and JC18-25M.

MATERIAL AND METHODS

Marine sampling in shallow to moderate water depths can em-
ploy a range of equipment and techniques and in the marine en-
vironment off-shore Montserrat, the following methods have
been used with variable success. All the samples collected for
the analysis of the foraminifera and other microfossils (e.g.,
holoplanktonic gastropods) are identified by the cruise (or
name), site number and type of core (e.g., V = vibrocore, M =
megacore, efc.).

Vibrocoring is a method for the collection of continuous, undis-
turbed cores of unconsolidated, loosely compacted or even
semi-lithified sediments by driving a tube with a vibrating de-
vice that is usually mounted on a tripod or frame that is lowered
to the sea floor. The sediment is held in a plastic lining tube with
a spring-loaded device that allows sediment to enter the tube
but not fall out during recovery.

The term ‘megacore’ is used here for one of the sample tubes
collected by a multicorer device that is lowered onto the sea
floor after which the individual core tubes are pushed into the
upper sediment layers.

The gravity or piston core consists of a core barrel with plastic
liner that is lowered to a position just above the sea floor at
which point it is ‘dropped’ into the sediment. In the case of a

piston core an additional weight is released to give better pene-
tration of the sediment. Piston coring was used on the ‘Caraval’
cruise of the RV Atalante in 2002 and provided the cores
(CAR-MON 1, 2, 3 and 4) used by Le Friant et al. (2008) in
their analysis of the eruption history of the Soufriére Hills vol-
cano.

The box core is one of the simplest, and most commonly used,
sediment sampling devices. The steel box is usually ca. 50 cm x
50 cm x 75 ecm and after dropping to the sea floor is closed by a
steel plate that allows the sample to be retained. Though de-
ployed on the JC18 cruise in 2007, the samples collected by the
megacorer were regarded as better for microfossil analysis.

Dredge samples are collected in a wire basket that is dragged
across the sea floor. Though deployed twice on the JC18 cruise
(near the location of site JC18-32M) the collected samples were
too imprecisely located for microfossil analysis.

In December 2007 a number of sediment core samples (for use
in several studies) were collected from 35 sites off-shore
Montserrat by the JC18 cruise of the RRS James Cook (text-figs
5, 6). These cores supplement those collected by the RV
Atalante in 2002 (Le Friant et al. 2004; 2008) and a number of
vibrocores collected in May 2005 by the RRS James Clark Ross
on cruise JCR123.
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and information on the nature of the foraminiferal assemblages.

Megacore JC18-21M

Megacore JC18-21M was collected from an area thought to be
unaffected by ash-fall deposits or pyroclastic flows (text-figs 6,
7). The site is located ~100 km to the south west of the
Montserrat coast (16°21°N, 63°00°W) in a water depth of
1270m. It was expected to contain a ‘natural’ assemblage of
benthic foraminifera and, also, a ‘natural’ pteropod and planktic
foraminifera assemblage of dead individuals unaffected by the
volcanic deposits. As the prevailing winds often drive ash
clouds towards the south west, this area may be slightly affected
by distal ash fall, and this was checked during sample process-
ing.

Megacore JC18-25M

Megacore JC18-25M was collected from an area off the west
coast of Montserrat, around 10 km from the Soufriére Hills vol-
cano (16°44’N, 62°20.31°W) in a water depth of 878 m.
JC18-25M recorded 7cm of volcanic material in 2 layers; a 3
cm thick layer on the surface representing the 2006 eruption of
the Soufriére Hills Volcano, while the additional 4 cm of ash be-
low this layer was assumed to have been created by the 2003
eruption (text-figs 6, 8). In this area the assemblage of benthic
foraminifera is assumed to have been completely destroyed by
the 2006 layer of ash.

Megacore JC18-32M

Core JC18-32M was collected from an area of sea floor to the
south east of Montserrat (16°39.70°N, 61°57.25°W) in a water
depth of 876 m. The core was located on a sloping saddle be-

tween the extinct Kahouanne volcanoes (Trofimovs et al. 2013,
text-fig. 1) on the east side of the Bouillante-Montserrat Trough
and over 200 m above the surrounding sea floor (text-figs 4, 9).
The location from which the core was taken was well away from
the recorded direction of ash clouds but was in the region of sea
floor affected by pyroclastic flows sourced from the Tar River
Valley. The core was taken using a multicorer but during collec-
tion of the core it ‘struck’ a serpulid-encrusted limestone
hardground at a depth of 16 cm and could not penetrate any fur-
ther. Core JC18-32M recovered only ~16 cm of sediment
(text-fig. 9) but records three separate volcanic events, each
with erosive bases and a distinctive graded profile.

Vibrocore JCR123-11V

The site of JCR123-11V was located in one of the former ‘crat-
ers’ of the Kahouanne volcanoes to the south-east of
Montserrat. This vibrocore recovered a thickness of
hemipelagic sediments which grade downwards into black, ba-
saltic ash. The drilling was eventually terminated in this ash,
with no sign of a return to hemipelagic sediments. It was as-
sumed that this represented the ash within the old crater as the
thickness of ash was >115 cm. The transition from the ash to the
overlying hemipelagic sediments, therefore, provides a record
of the genuine onset of normal, carbonate-rich sedimentation
following the end of volcanism at the site. None of the samples
above this transition show any signs of volcanic sediment and
the area appears to have escaped any further impact by volcanic
ash, despite the presence of volcanic sediments in the nearby
Bouillante-Montserrat Graben. The beige-colored, serpulid-en-
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Key features of core JC18-25M showing the presence of the two ashes from the 2003 and 2006 eruptions.

crusted limestone (described below) occurs within the carbon-
ate succession (text-fig. 9).

Preparation of samples from Megacores JC18-21M,
JC18-25M and JC18-32M

These cores were collected using a multicorer which consists of
up to twelve plastic tubes, 10cm in diameter, mounted within a
metal frame. Using this method at each station, at least one core
was collected as an archive and one was collected for
micropaleontological analysis. The sea water was carefully si-
phoned off the core and the sediments were carefully extruded
from the tube. As the core was extruded, 1 cm slices were taken.
Some expansion of the sediments was observed but, to mini-
mize any distortion, the cores were sliced as quickly and as ac-
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curately as possible. Archive cores from the same stations were
also logged to match the stratigraphy of the sampled cores.

For both cores, sample preparation was carried out immediately
on-board the ship. The samples were cleaned of the sediment
smeared by the extrusion process, placed in bowls and im-
mersed in buffered formalin for 2 hours in order to fix any living
protoplasm. The samples were then soaked in rose Bengal for a
further 3 hours. All the samples were washed over a 63 pm
sieve to remove any fine ash and sediment, filtered and air dried
in the filter paper. Once dried, samples were placed into labelled
plastic storage bottles for transit to the UK.

The authors are aware of the controversies that exist over the
use of the rose Bengal stain for the identification of the ‘living’



Fisher a
diversity
300.00 0 20 40

Mean grain size (pm)
0.00 100.00

AR

1 @v? ﬁg%@\
g ¢

zg@ M

200.00

Depth in core (cm)

| g
10 @ 93@?@

11

(a)

TEXT-FIGURE 8B
Data on the nature of the foraminiferal assemblages.
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assemblage (Walton 1952; Bernhard 1988, 2000; Murray and
Bowser 2000; Schonfeld et al. 2012). Our use of 3 hours for the
staining process is based on experience in South-West England
whilst investigating modern assemblages in estuarine and
near-shore marine settings (e.g., Sadri et al. 2011).

The fine fraction (<63 um) was not collected but visual inspec-
tion indicated that no ash was present at site JC18-21. Grain
size analysis was carried out on the samples from the two cores
prior to splitting for micropaleontological analysis. Each sam-
ple was split in half to provide a micropaleontological archive.
The working half was then split in half to provide sufficient un-
disturbed sample for the analysis of both the foraminiferal as-
semblage and the pteropod fauna.

The grain size of the sediment was analysed to determine the
position of volcanic deposits and the type of eruption that oc-
curred to produce them. Grading was carried out using a stack
of sieves, including 500 pm, 250 um, 125 pm and 63 um. The
weight of each fraction was recorded and the mean grain size
calculated in order to produce a sedimentological log of the
cores.

To investigate the re-colonization of the ash deposits, benthic
foraminifera were collected from the un-affected core
(JC18-21M) to provide an indication of the ‘natural’ assem-
blage. This was then compared to the area affected by ash fall

deposits (JC18-25M). For cores JC18-21M and JC18-25M,
samples were split into size fractions of 63-150 pm and >150
pum, enabling the results to be directly comparable to the results
from Mt Pinatubo (Hess and Kuhnt 1996; Fisher 1999; Hess et
al. 2001; Kuhnt et al. 2005). Just over 300 benthic foraminifera
were counted from this fraction for each 1 cm sample. Each
sample was weighed, before and after, picking to determine the
number of benthic foraminifera per gram of sediment. Identifi-
cation of species was made with the use of Gooday (1984),
Jones (1994) and other recent papers on benthic re-colonization
(Hess and Kuhnt 1996; Hess et al. 2001).

For most species, counted specimens must have retained their
proloculus. Tubular agglutinated, and especially branching spe-
cies are, however, extremely fragile and are prone to breakage.
It is, therefore, difficult to know how many whole individuals
these fragments represent and hence, for such species each frag-
ment is counted as a specimen. This will introduce discrepan-
cies in the results obtained and this must, therefore, be
considered in any interpretation of the data.

Preservation of the microfossils in most of the investigated sam-
ples is excellent with the intricate structures and spines of radio-
larians and planktic foraminifera largely undamaged and the
ornamentation of many foraminifera still visible. The rose Ben-
gal stain was also taken up by many of the foraminifera, which
are presumed to have been alive at the time of collection: see

11



Malcolm B. Hart et al.: Re-colonization of hostile environments by benthic foraminifera: Montserrat, Lesser Antilles Volcanic Arc

earlier comments and Schonfeld et al. (2012) for a discussion of
the rose Bengal methodology.

The depth of ash resulting from numerous eruptions of the
Soufriére Hills volcano was observed during sample prepara-
tion on board the RRS James Cook. The transect across the
sites shows that, despite the explosive collapse events of 2003
and 2006, volcanic deposits do not extend very far out to the
west and south-west (text-fig. 6). Volcanic deposits were recov-
ered only as far as site JC18-18, which is approximately 35 km
to the south west of the volcano. Sites JC18-23, JC18-22,
JC18-21 and JC18-20 do not contain any volcanic ash, with
only a fine (<0.5 cm) layer at site JC18-19. For the two sites
containing volcanic material (JC18-27 and JC18-25), the depth
of the 2006 deposit is known and was found to be 3 cm from ob-
servations during the analysis of samples. This sedimento-
logical description (text-figs 7, 8) has been produced by using
grain size analysis data as well as ship-board observations.

Preparation of samples from Vibrocore JCR123-11V

As the RRS James Clarke Ross has no micropaleontological
processing facilities on board, samples from the cores were col-
lected, placed in plastic storage jars with buffered formalin and
returned to the UK. Once in the laboratory, the JCR123 samples
were processed and studied using the methodology described
above.

ANALYSIS OF THE FORAMINIFERA
JC18-21M

Core JC18-21M consists exclusively of uniform hemipelagic
sediments that show very little fluctuation in mean grain size
(text-fig. 7). The diverse and abundant remains of pteropods
(Messenger et al. 2010), planktic and benthic foraminifera are
found throughout the core. During microfossil analysis, some
fine ash was also observed at 4-5 cm in the core. The age of this
ash layer is not known but can be estimated as being over 1,000
years old as this area of the Caribbean Sea has an average sedi-
mentation rate of 3 cm per 1,000 years (Reid et al. 1996). The
10 cm of this core that has been studied may, therefore, repre-
sent over 3,000 years of sedimentation. The oxygen profile of
core JC18-21M showed a progressive decrease of oxygen from
250 imol/l to around 0 imol/l Volts in 2—7 cm of sediment
(Hembury et al. 2012). This indicates that the sediments were
well oxygenated at depth.

Throughout core JC18-21M, the assemblage of benthic
foraminifera is abundant and diverse with Fisher o index values
ranging from 26.5 to 35 (text-fig. 7). On average, there were
655 benthic foraminifera per gram of sediment, a value that is
consistent throughout the core. A total of one hundred and
sixty-three species were recorded. In the surface three centi-
metres the assemblage is mainly composed of tubular and
epifaunal forms (Saccorhiza ramosa, Rhabdammina
abyssorum, Rhizammina algaeformis, Cibicidoides wueller-
storfi and Cibicidoides robertsonianus), typical of a low
stressed, undisturbed area. Some infaunal detrivores and sessile
suspension feeders are also present, including Reophax spp.,
Globocassidulina subglobosa and Siphouvigerina ampullacea.
The live assemblage is dominated by tubular forms such as
Saccorhiza ramosa and epifaunal forms such as Hoeglundina
elegans and Cibicidoides spp. Some live Reophax spp. were
also present. The dead assemblage is dominated by similar
forms, with the addition of Reophax scorpiurus and Reophax
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spiculifer. Living benthic foraminifera were found to a depth of
3—4 cm (Table 1), which reflects the oxygenation of the sedi-
ments (Jones and Gislason 2008; Hembury et al. 2012).

JC18-25M

Core JC18-25M contains 7 cm of volcanic material in two obvi-
ous layers, above 4 cm of normal hemipelagic sediment
(text-figs. 8, 10; Table 1). The more recent layer of volcanic
sediment is 3 cm thick. It is graded from coarse at the base to
finer ash at the surface. The surface 1 cm, however, contains
abundant holoplanktonic  gastropods (pteropods and
heteropods) and planktic foraminifera. It also contains an abun-
dant and diverse assemblage of benthic foraminifera, several of
which were stained by the rose Bengal. This layer represents
both the re-colonizing benthic foraminifera in the surface layers
of the volcanic deposit but also the beginnings of an accumula-
tion of planktic taxa.

The older layer of volcanic sediment is 4 cm thick and graded
from a coarse volcanic ash at the base to a fine ash near its upper
surface. In the fine volcanic sediments at the top of the deposit
(between 3-5 cm), there is an abundance of benthic
foraminifera, planktic foraminifera and holoplanktonic gastro-
pods. This represents the decimated planktic fauna (in addition
to the naturally deposited planktic assemblage) and the recolo-
nizing benthic foraminifera. During the 2006 dome collapse,
both ash clouds and lahar surges deposited volcanic material to
the west of Montserrat and in some areas, therefore, two layers
of volcanic material were produced by the 2006 eruption.

Between 7 and 8 cm, there is a boundary layer where remains
from the hemipelagic sediment below are found in a lower
abundance and fine volcanic ash is recorded. From here on, this
sample will be included as part of the hemipelagic sediments
found directly below it. From 8 cm to 11 cm, the core consists of
only ash-free hemipelagic sediment. This sediment is of a rela-
tively uniform grain size and is comparable to the hemipelagic
sediment found in core JC18-21M. The oxygen profile of core
JC18-25M showed a rapid decrease of oxygen in only 2 cm of
sediment (see Hembury et al. 2012). Oxidation of the 2006 ash
has removed oxygen from, and is preventing the replenishment
of oxygen to, the underlying sediments.

At the surface of core JC18-25M (on top of the ash layer), the
assemblage is mainly composed of epifaunal and infaunal
detrivores, such as Bulimina aculeata, Bolivina albatrossi,
Veleroninoides jeffreysii and Trochammina inflata. Some
Reophax spp. and Cibicides spp. are also present. B. aculeata is
the most abundant benthic foraminiferid in the surface 1 cm,
making up 34% of the total assemblage. Of the surface three
centimetres, the first (0—1 cm) contains the majority of live indi-
viduals (35). At 1-2 cm no live benthic foraminifera were found
although, at 2-3 c¢m, they reappear again in low numbers (6 in-
dividuals). Live specimens of 14 species were found in the sur-
face 1 cm sample. This live assemblage is dominated by B.
aculeata, Gyroidinoides soldanii and H. elegans, which com-
prise 49% of the live assemblage in the surface 1 cm. Two live
Reophax spp. were also found and these make up 14% of the
live assemblage. Live species present in low abundances in-
clude Discammina compressa, Haplophragmoides sphaeri-
loculus, Reophax pilulifera, Psammosiphonella discreta,
Saccammina sphaerica, Bolivina albatrossi, Bulimina striata,
Discorbina sp. A and Uvigerina mediterranea. Collectively,
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TABLE 1
Data on the distribution and numbers of foraminifera in cores JC18-21M
and JC18-25M.

Number of Total
Depth individuals number Fisher a
Sample in core Live Dead Total of species diversity
JC18-21M | 0-1cm 32 275 308 65 25.16
>150pum 1-2cm 10 294 304 78 33.93
2-3cm 0 306 306 72 29.68
3-4cm 3 309 312 82 36.23
4-5cm 0 319 319 79 33.60
5-6cm 0 301 301 82 37.11
6-7 cm 0 300 300 74 31.40
7-8 cm 0 303 303 66 26.00
8-9cm 0 313 313 74 30.59
9-10cm 0 301 301 70 28.65
Jc18-25M || 0-1cm 35 100 135 23 7.96
>150um 1-2cm 0 24 24 6 2.56
23cm 6 50 56 18 9.18
3-4cm 23 151 174 43 18.26
4-5cm 40 209 249 48 17.69
5.6 cm 12 170 182 39 15.22
6-7 cm 4 62 66 30 21.22
7-8cm 6 179 185 63 33.67
8-9cm 8 295 303 77 33.29
9-10cm 4 305 309 78 33.58
10-11 cm 3 299 302 86 40.12

these species make up the remaining 37% of the live assem-
blage.

The dead assemblage of the surface layer is also composed of
epifaunal and infaunal detrivores. The dominant species include
B. aculeata, V. jeffreysii, T. inflata, B. albatrossi and Reophax
spp. These species make up 63% of the dead assemblage.

For the total assemblage, the diversity of the surface sediment is
very low, with a Fisher a index of 8 (text-figs 8, 10; Table 1).
This is extremely low when compared to the near-surface natu-
ral assemblage at site JC18-21 which has a value of 25.2. The
abundance of benthic foraminifera in the surface sediments is
high: there are 88 benthic foraminifera per gram (BF/g) in the
surface 1 cm. These values are to be expected as re-colonizing
assemblages are often characterized by low diversity but high
abundance.

Throughout core JC18-25M the diversity fluctuates, coinciding
with variations in ash content. Between 1 and 3 cm, within the
more recent volcanic deposit, the abundance of benthic
foraminifera is very low, with an average of 12 BF/g. The diver-
sity is also low, with an average Fisher a diversity of 6. At the
top of the earlier volcanic deposit, between 3 and 5 cm, the
abundance (average 69 BF/g) and diversity (average a 18) in-
creases. This represents the former ash fall community that
would have been recolonizing the earlier ash deposit before the
arrival of the 2006 volcanic ash. Through the coarser volcanic
sediment found between 5 and 7 cm, the abundance (average 24
BF/g) decreases, but the diversity increases slightly to an aver-
age Fisher a of 24. Towards the base of the core from 7-11 cm,
the hemipelagic sediment contains benthic foraminifera of high
abundance and diversity. This represents the pre-ash fall assem-
blage and is comparable to the natural assemblage of site
JC18-21. The average Fisher o diversity of this section is 35
(natural assemblage 31.2). Between 7 and 8 cm, the boundary
layer, as described previously, has caused a relatively low abun-
dance of 48 BF/g. However, between 8 and 11 cm, the average
abundance is extremely high with 669 BF/g which is compara-
ble to the abundance of the natural assemblage (655 BF/g).
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The abundance of many of the species present in JC18-25M
fluctuates throughout the core. The assemblage includes H.
elegans, Cibicidoides spp., B. aculeata, V. jeffreysii, B.
albatrossi, Reophax spp. and tubular species (text-fig. 10; Plate
1). At the top of the earlier volcanic deposit, between 3 and 5
cm, the assemblage is similar to that at the top of the most recent
volcanic deposit. The most dominant species are infaunal and
epifaunal detrivores and include B. aculeata, V. jeffreysii,
Cibicides spp. and H. elegans. B. aculeata alone comprises 47%
of the total assemblage, but collectively, these species make up
63%. There are also several stained specimens found in this sec-
tion of the core which will be discussed later. It is evident that
some species absent in the pre-ash fall assemblage now appear
in, and above, the volcanic deposits (between 0 and 7 cm).
These include Nodulina dentaliniformis, B. aculeata and V.
Jeffreysii. Other species that appear to have been struggling in
the pre-ash fall environment seem to be thriving in the ash lay-
ers, shown by an increase in abundance. For example, B.
albatrossi (text-fig. 10) increased from 5 specimens in 10 g of
sediment at 7 to 8 cm, to 21 specimens in 10g of sediment at 4 to
5 cm. Text-figure 10 also shows that some species that were
present in the pre-ash fall assemblage in large numbers were
able to re-colonize the earlier volcanic deposit but after further
disturbance by the 2006 deposit, have only just begun to return.
Small numbers of H. elegans and several tubular species were
found in the surface sediments of JC18-25M, some of which
were found to be live (text-fig. 10). Other pre-ash fall species,
such as C. wuellerstorfi and C. robertsonianus had not yet re-
turned to the area at the time of most recent sampling.

The pre-ash fall assemblage, situated between 7 and 11 cm, is
mainly composed of tubular and epifaunal species. S. ramosa,
R. abyssorum, Cibicidoides pachyderma, H. elegans and
Pullenia quinqueloba make up 21% of the total assemblage.
However, the most abundant species are typical r-strategists; R.
spiculifer and R. scorpiurus. Reophax spp. alone make up 12%
of the total assemblage. Some stained benthic foraminifera were
also found in this interval, although, it is unlikely that the proto-
plasm stained was actually alive at the time of collection.

Live benthic foraminifera were found in varying numbers
throughout core JC18-25M (text-fig. 10). Most forms are repre-
sented to differing depths; however, the dominant species are B.
aculeata, Reophax spp., Cibicides spp. and Cibicidoides spp.. In
general, the peaks and troughs of the live assemblages are repli-
cated by the total assemblages (live and dead) of these species
throughout the core, but with fewer numbers. There is an obvi-
ous peak in live (stained) foraminifera between 3 and 6 cm for
all the dominant species except Reophax spp., which appear to
die out completely. This shows that re-colonization of the 2003
volcanic deposit took place, before being decimated by the 2006
deposit. The fluctuations of these species also demonstrate pat-
terns in recolonization. Text-figure 10 shows that as the number
of Reophax spp. (r-strategists) decreases, the numbers of the
other species; B. aculeata, Cibicides spp. and Cibicidoides spp.,
(secondary recolonizers and k-strategists) increases. This is be-
cause until the numbers of the opportunistic Reophax spp. de-
crease (usually due to limiting resources) there is not enough
ecological space for other species to thrive. At 3—4 c¢m, the num-
ber of secondary re-colonizers and K-strategists decreases. This
is probably due to disturbance, most likely ash fall. Various vol-
canic events occurred throughout 2004 and 2005 (MVO, 2008)
and may have deposited some fine ash in this area, creating
enough disturbance to reduce the numbers of k-strategists. Cor-
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Distribution of foraminifera in JC18-25M showing live and dead numbers within the ash layers from 2003 and 2006. The stained assemblage in the upper
layers of the 2003 ash is probably due to the fact that this assemblage was alive when the 2006 ash was deposited and the protoplasm preserved in the oxy-
gen-free sediment below the 2006 ash (Fones, pers. comm. 2008; Jones and Gislason 2008).
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respondingly, the numbers of Reophax spp. between 3 and 4 cm
increases, possibly in reaction to this disturbance.

This trend also appears to apply to the hemipelagic sediments
below 7 cm. Here, there are no B. aculeata and higher numbers
of stained Reophax spp. compared to Cibicidoides spp. and
Cibicides spp. Similar to the increase in Reophax spp. seen be-
tween 3 and 4 cm, this may signify the introduction of fine ash
from small volcanic events that lead up to the explosive event of
July 2003.

The natural assemblage (site JC18-21) is dominated by aggluti-
nated tubular and branching forms (Plate 1), which make up
33% of the total assemblage in the top 2 cm of the core. Other
dominant forms include agglutinated elongate uni- and
multi-serial taxa, such as Reophax spp., broad planispiral and
low trochospiral, such as Cyclammina spp., hyaline concavo-
convex low trochospiral, such as Cibicidoides spp. and
biconvex trochospiral, such as Hoeglundina spp. These 4 forms
combined make up 43% of the total assemblage of the surface 1
cm. The dominant microhabitat for these forms is epifaunal, al-
though agglutinated elongate species are generally considered
infaunal.

The ash fall assemblage (site JC18-25, 0—1 cm) is dominated by
hyaline tapered rounded elongate tri-, bi- and uniserial forms
(N), such as Bulimina spp. This group make up 38% of the total
assemblage of the surface 1 cm of the core. Other dominant
forms include agglutinated elongate uni- and multiserial forms,
such as Reophax spp., planispiral, streptospiral sub-sphaerical/
flattened, such as Glomospira spp. and broad planispiral, low
trochospiral, such as Trochammina spp. These 3 forms com-
bined make up 41% of the total assemblage.

The former ash fall assemblage found between 3 and 5 cm in
JC18-25M is also dominated by hyaline tapered rounded elon-
gate tri-, bi- and uniserial forms. This morphotype makes up
52% of the total assemblage. Other dominant forms include ag-
glutinated elongate uni- and multiserial, planispiral, strepto-
spiral sub-sphaerical/flattened, hyaline biconvex trochospiral
and porcellaneous elongate to ovate quinqueloculine. These 4
forms make up 31% of the total assemblage. There are also a
number of plano-convex low trochospiral species, such as
Cibicidoides spp. and Cibicides spp. between 4 and 5 cm, mak-
ing up 5% of the 1 cm sample. These morphotypes are spread
across several microhabitats; epifaunal, infaunal and shallow
infaunal.

The pre-ash fall assemblage (site JC18-25, 7-11 cm) has much
more of a spread of morphotypes. The most dominant forms are
agglutinated elongate uni- and multiserial, hyaline biconvex
trochospiral and tapered rounded elongate, tri-, bi- and uni-se-
rial. These 3 forms make up 47% of the total assemblage.
Slightly less dominant forms include agglutinated tubular and
branching, broad planispiral and low trochospiral and
porcellaneous elongate to ovate quinqueloculine. These make
up 26% of the assemblage. This spread of morphotypes is com-
parable to that of the natural assemblage. Similar to the former
ash fall assemblage, the dominant morphotypes of the pre-ash
fall assemblage are spread across several micro-habitats;
epifaunal, infaunal and shallow infaunal.

JC18-32M

Core JC18-32M recovered only ~16 cm of sediment (text-fig.
9) but records three separate volcanic events, each with erosive
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bases and a distinctive graded profile. Below the lowermost
volcanic event there is, from 8.5 cm —16 cm bsf, typical
buft-colored pelagic sediments below which are the limestone
‘blocks’ that jammed in the megacorer, thereby terminating the
coring process. In this core there are 8.5 cm of very soft, almost
fluid, ash-rich sediment and — during extrusion — there was
some expansion and collection of the 1 cm slices was challeng-
ing. As aresult of these expanding clays, the individual samples
will have contained sediment that may have crossed the undu-
lating, and erosive, boundaries between the individual
depositional events. Very few of the foraminifera are stained
with rose Bengal and all of these are only faintly colored; this
suggests that they may not have been living at the time of col-
lection. None of the foraminifera in the surface sample
(JC18-32M, 0-1 cm) were stained. The majority of the
foraminifera in the samples down to 9 cm in the core were small
(<150 im) except for a few individuals (Amphistegina lessonii
in JC18-32M, 7-8 cm and a fragmentary peneroplid in
JC18-32M, 1-2 cm) that appear as though they are transported.
The coral fragments in JC18-32M, 8-9 cm are clearly displaced
although the same sample contained large examples of
Saccorhiza ramosa, Rhizzamina algaeformis and Clavulina spp.
which probably originated from the uppermost carbonate-rich
sediment accidently included in the sample during collection
(rather than being transported in the base of the overlying
volcaniclastic sediments. Sample JC18-32M, 7-8 c¢m also con-
tained a mixed assemblage including A. lessonii, R.
algaeformis, a fragmentary Reophax scorpiurus and a large
Pyro fornasini. The assemblage of small (<150 im), benthic
foraminifera are reminiscent of the transported specimens de-
scribed by Murray (1965) and Hart et al. (2017) after storms in
the English Channel and it is possible that many of these indi-
viduals have been picked up by the turbidity currents transport-
ing the ash-rich sediments (see Trofimovs et al. 2009).

All the samples from the volcaniclastic part of the core con-
tained small Bulimina (mainly Bulimina aculeata), Cibicidoides
mundulus, Cibicidoides spp., Cyclogyra spp., fragmentary
Dentalina spp., Globocassidulina spp., Fursenkoina spp.,
Hansenisca soldani, Hoeglundina elegans, Lagena spp., Planu-
lina ariminensis, Quinqueloculina spp., Spiroloculina spp.,
Stainforthia spp. and Uvigerina spp.; a typical Caribbean Sea
assemblage (Culver and Buzas 1982).

JC18-32M was collected in December 2007 and the uppermost

ash event might, therefore, have been the May 2006 eruption.
The lack of a distinct assemblage of living foraminifera in the
surface sample (0—1 cm) indicates that 18—19 months after the
eruption, sea-floor recolonization was probably just beginning
to occur. The middle ash event may have been the July 2003
eruption and the lowermost ash related to the June 1997 erup-
tion that destroyed the town of Plymouth on Montserrat. In the
centre of the Bouillante-Montserrat Graben several of the
JCR123 cores (Trofimovs et al. 2006, text-fig. 3; Trofimovs et
al. 2009, text-fig. 3) show ‘Unit 1, a volcaniclastic turbidite se-
quence from the 1995-2003 eruptions’. Core JC18-32M clearly
includes these events, with the finer sediment from the turbidite
flows settling out on the flanks of the Kahouanne volcanoes.
Trofimovs et al. (2006, text-fig. 4) show the presence of
‘bioclasts’ (as reported above) but indicate the presence of sev-
eral significant eruption events; several more than JC18-32M.
As site JC18-32M was east of the graben, and at a higher eleva-
tion, it is unsurprising that fewer events were recorded.
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TEXT-FIGURE 11

Appearance of the serpulid-encrusted hardground in Core JCR123-11V. A. Appearance of one of the limestone blocks that jammed into the megacore. B.
General view of two of the serpulid tubes. C. This-section micrograph of the limestone with a specimen of G. menardii in the centre of the field-of-view.
D. Thin-section micrograph of the limestone with a range of both large and small planktic foraminifera visible. The field-of-view of the thin-sections (C

and D) is 6 mm.

As JCR123-11V, in one of the former craters of the Kahouanne
volcanoes, recorded no ash-fall deposits at the top of the core, it
is assumed that JC18-32M received the volcanic sediments by
way of pyroclastic flows down the Tar Valley and that the
ash-rich sediments were delivered by the distal parts of turbid-
ity currents. The time scale for the delivery of these ash-rich
sediments are probably the 1997/1998 large eruptions (which
destroyed Plymouth), the June 2003 eruption and the May 2006
eruption; the core being collected in December 2007. All these
eruptions are recorded on the Montserrat Volcano Observatory
website (Www.mvo.ms)

JCR123-11V

JCR123-11V was located in one of the former ‘craters’ of the
Kahouanne volcanoes to the south-east of Montserrat. This

vibrocore recovered a thickness of hemipelagic sediments
which grade downwards into black, basaltic ash. The transition
from the ash to the overlying hemipelagic sediments, therefore,
provides a record of the possible onset of normal, carbon-
ate-rich sedimentation following the end of volcanism at the
site. Above this transition there is no evidence of volcanic sedi-
ment and the area appears to have escaped any further impact by
volcanic ash, despite the presence of volcanic sediments in the
nearby Bouillante-Montserrat Graben. The beige-colored,
serpulid-encrusted limestone (described below) occurs within
the carbonate succession (text-fig. 9).

The samples from the carbonate-rich succession include all the
expected planktic foraminifera (Globigerinoides conglobatus
(Brady 1879), G ruber (d’Orbigny 1839), G sacculifer (Brady
1877), Globorotalia menardii (d’Orbigny 1865), Neoglobo-
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TABLE 2

Data on the distribution and numbers of foraminifera in core JCR123-11V.

Depth below the sea floor (cm) 2 5 8 20 23 26 29

32

35 38 41 44 47 65 85 | 105 | 125 | 145 | 165 | s.a.

|Agglutinated tubes 3 2 1 2

Amphicoryna sp. 1

\Amphistegina spp. ¢! 1

Cibicidoides mundulus 1 3

Cibicidoides spp. 1

Cornuspira sp. &

Cymballoporetta sp.

Dentaling spp. 1 1 1 1

[Euloxostoma sp.

b P halok
Glc

3] 1

Globocassidulina sp. 1

Gyroidinoides spp. 2 1

oo

IHoeg ina elegans 1 1 1 1

Hyalinea sp. ¥

\Lanticarina sp. Bk

ILenticulina spp. 1 1

\Loxastomum sp.

IMultifidelia sp. 1 1 1 1

Osangularia sp. 1

\Planulina ariminensis 1 2

\Planulina sp.

IPyrgo fornasinii 1 1

IPyrgo spp.

Quingueloculina spp. 1

\Rosalina spp. 1

Siphonina sp. 1 1 1

\Stylostomella sp.

Triforyna sp. 1

Uvigerina spp. 1

[Totals 7 11 6 5 9 9 5

13 9 9 14 11 23 18 15 8 16 10

quadrina dutertrei (d’Orbigny 1839) and Globorotalia
truncatulinoides (d’Orbigny 1839)) as well as a diverse
pteropod/heteropod assemblage (Messenger et al. 2010). At a
depth of ~50 cm in the core (text-fig. 9) the ash content of sam-
ples increases and at a depth of ~65 c¢m there is a distinct color
change to a dark gray or black ash with only rare, cream-col-
ored particles (mainly foraminifera). This implies that this ash
is almost certainly reworked, especially between 65-50 cm. In
the core above 50 cm there is almost no indication of even
fine-grained ash and the volcanic events recorded in JC18-32M
are not present. It would, therefore, seem likely that the three
events recorded in JC18-32M were not direct ash-fall events but
the distal parts of turbidity currents emanating from the Tar Val-
ley Fan and flowing onto the flanks of the former volcanic cen-
tres.

The most distinctive feature of JCR123-11V is the presence of
buff-colored limestone ‘blocks’ that are encrusted by a signifi-
cant variety of calcareous worm tubes (serpulids). In thin sec-
tion (text-fig. 11) these limestones are rich in planktic
foraminifera and holoplanktonic gastropods; an assemblage
identical to the enclosing sediments. Some of the limestone
‘blocks’ appear to be bored, possibly suggestive of a
hardground. Sedimentation rates in the area would indicate that
the limestones are enclosed by sediments of ca. 10,000—11,000
ys BP. The percentages of G. menardii in the core indicate that,
above ~60 cm, the sediments fall in Zone Z of the Holocene
(Ericson and Wollin 1956, 1968; Reid et al. 1996; Rau et al.
2002)

Benthic foraminifera are also present (Table 2) but many of the
taxa may be reworked within the mixed ash/carbonate part of
the core. The species present at a depth of 165 cm bsf
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(Cibicidoides mundulus, Osangularia spp., Quinqueloculina
spp. and Planulina ariminensis) may, therefore, be the result of
transportation rather than direct sea floor recolonization.

Cibicidoides mundulus(50%)

Osangularia spp. (20%)

Quingqueloculina spp.(20%)

Planulina ariminensis(10%)

At a depth of 145 cm bsf, the assemblage is similar, including:
Cibicidoides mundulus(37.50%)

Planulina ariminensis(18.75%)

Pyrgo fornasinii(12.50%)

The distribution of the various taxa (Table 2) shows no
discernable pattern and, as the benthic assemblage is often lim-
ited to only a few individuals per sample; this is often typical of
a normal pelagic environment. It may also be the result of the
transportation noted above. Fragments of tubular agglutinated
foraminifera are rare, with only a slight increase above 26 cm
bsf. Reophax sp. is not recorded in JCR123-11V. The location of
the drill site, within an extinct volcanic centre, at a significant
elevation above the surrounding sea floor probably limited
re-colonization to the dispersal of propagules (Alve, 1999; Alve
and Goldstein, 2002, 2003, 2010, 2014; Goldstein and Alve,
2011) and not direct migration. The taxa recorded in core
JCR123-11V are, therefore, more comparable to the morpho-
types recorded by Finger and Lipps (1981) and Gray et al.
(2003).



Preservation of the benthic foraminifera

SEM images of several rose Bengal stained specimens of B.
aculeata and C. wuellerstorfi were produced to investigate the
condition of stained individuals found beneath the 2006 volca-
nic deposit. By comparing these foraminifera to ones which
were undoubtedly alive upon collection at the surface of the
core, it can be determined whether the stained foraminifera
found below the 2006 ash were alive at the time of collection.

The pores and surface structures of stained B. aculeata found
beneath the 2006 ash (3—4 c¢m) in core JC18-25M are compara-
ble in condition to those found at the surface of the same core
(0—1 cm). The pores do not appear to be blocked by debris and
the surface structure is not etched or damaged. However,
stained B. aculeata from the surface of the core have an inner
membrane not found in specimens collected from beneath the
ash. Furthermore, the protoplasm of specimens of B. aculeata
and of C. wuellerstorfi collected from below the 2006 ash con-
tain obvious pieces of foreign debris and parts of the wall struc-
tures of both species show signs that they are breaking down
from the inside out.

Changes in benthic foraminiferal assemblages

The natural assemblage of benthic foraminifera found in core
JC18-21M is comparable to other undisturbed deep-sea
foraminiferal communities (Hess and Kuhnt 1996; Havach and
Collins 1997) and to typical benthic foraminiferal assemblages
found in the Caribbean (Culver and Buzas 1982). At site
JC18-21, the high diversity and abundance of benthic
foraminifera, in addition to the presence of K-strategist species,
such as Cibicidoides spp., H. elegans and tubular forms, indi-
cates that this is a low stress environment. It is, therefore, repre-
sentative of a natural assemblage and is a good comparison to
the pre-ash fall assemblage of site JC18-25.

The pre-ash fall and the natural community have comparable
abundances (BF/g) and diversity (Fisher o) and contain a simi-
lar assemblage. This includes a number of epifaunal and tubular
K-strategist species as described above. They also contain simi-
lar morphogroups representative of low stress environments.

During the May 2006 eruption of the Soufriére Hills volcano,
site JC18-25 was completely smothered by 3 cm of ash, deci-
mating the benthic foraminiferal community. It is apparent
however, that only 19 months after this complete decimation
(from May 2006 to December 2007) the re-population of this
site is relatively advanced. The ash fall surface assemblage,
which is present in the first 1 cm of the sediment, is composed
of a low diversity, highly abundant variety of species with a
range of morphotypes.

The earlier colonizers (r-strategists) are represented within the
dead assemblage. West of Mt Pinatubo, Hess and Kuhnt (1996)
considered the earliest colonizers to be small species of
Textularia followed by Reophax and Quinqueloculina spp.
However, in this study, the early colonizers appear to be slightly
different; there are no Textularia spp. or Quinqueloculina spp.
present in the surface layer. Instead, B. aculeata, V. jeffreysii, T.
inflata, B. albatrossi and Reophax spp. are present. Reophax
spp. are typical r-strategists and were likely the first colonizers
of this area following the ash-fall event. They would have taken
advantage of the lack of predation and competition presented
directly after the ash deposit arrived. Other species dominant in
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TABLE 3

Recovery from volcanic activity; a comparison of the recovery pattern
from off-shore Mt Pinatubo and in Port Foster (Deception Island, South-
ern Ocean).

* Major eruptions and
extinct or dormant volcanic
centres:-

- lengthy process
- involves many taxa

- not led by species of
Reophax, Bulimina

Relatively thin ash-fall layers
on the ocean floor:-
- months or a few years to
recover
- often led by species of
Reophax, Bulimina

The Pinatubo Model The Deception Island Model

the dead assemblage are not typical r-strategists, but most likely
transitional species that would have lived alongside the r-strate-
gists and gradually replaced them as the environmental condi-
tions improved. These include 7. inflata and V. jeffireysii. After
the eruption of Mt Pinatubo, Hess and Kuhnt (1996) found that
a second succession included individuals of Trochammina spp.
This may indicate that they are, along with V. jeffreysii, later in-
habitants. Bulimina aculeata and B. albatrossi are common in-
habitants of stressed, oxygen-depleted environments (Bernhard
and Sen Gupta 2002). B. aculeata is not present and B.
albatrossi is only present in low numbers in the pre-ash fall
community. Both species however, appear to be thriving within
and above the ash layers. The species described above are pres-
ent in the dead assemblage in high numbers owing to their capa-
bility of rapid dispersion. This shows that a very high
proportion of the total assemblage is made up of r-strategists,
creating a low diversity and signifying the first stages of recolo-
nization of the ash deposit.

The live assemblage of the surface layer of site JC18-25 is com-
posed of species more representative of low stress environments
(K-strategists). These include Hansenisca soldanii,
Hoeglundina elegans and several tubular species. The number
of live specimens in this layer is low, although this may be due
to the high proportion of dead tests created by the early popula-
tion boom of r-strategists. Several of the dominant live species
found here are also present in the natural community of site
JC18-21 and this shows that the area is returning to its natural
assemblage. The most dominant live species is B. aculeata. As
discussed previously, this species is a common inhabitant of
stressed oxygen-depleted environments and may indicate that
whilst the area is recovering, the environment is still very hos-
tile. It was also noted that several polychaete worms were pres-
ent to a depth of 3 cm and bivalve molluscs to a depth of 2 cm in
the sediments of core JC18-25M. This signifies the presence of
burrowing fauna and predators, showing a fairly advanced stage
of re-colonization. This stage of re-colonization is far more ad-
vanced than the stage reached 3 years after the eruption of
Mount Pinatubo (Hess and Kuhnt 1996). Hess et al. (2001) ob-
served that 5 years after the Mt Pinatubo eruption, the assem-
blage was further advanced, containing species of Cibicidoides
wuellerstorfi and tubular forms such as Rhabdammina
abyssorum. It had, however, not reached the diversity of the
pre-ash fall assemblage and was therefore not fully recovered.
In this study, some of the pre-ash fall species, such as R.
abyssorum have returned to the surface sediments of site
JC18-25; however, some such as Cibicidoides wuellerstorfi,
were yet to return in December 2007.
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The composition of morphotypes present in the ash fall commu-
nity also shows differences between the ash fall assemblage and
the natural (and pre-ash fall) assemblage. In the natural assem-
blage, the dominant morphotypes are agglutinated tubular and
branching; elongate uni- and multiserial; calcareous hyaline
concavo-convex low trochospiral and biconvex low
trochospiral. In general, these groups are typical of low
stressed environments, living in epifaunal or shallow infaunal
microhabitats. The dominant morphotypes of the ash fall as-
semblage include agglutinated elongate, uni- and multiserial,;
planispiral, streptospiral subspaerical or flattened; broad
planispiral and low trochospiral and calcareous hyaline tapered
rounded elongate, tri-, bi- and uni-serial forms. The majority of
these forms are agglutinated and all live infaunally. In general,
these dominant forms indicate a stressed environment. A large
proportion of the ash fall assemblage, however, is made up of
dead foraminifera that were alive during the first stages of
recolonization and may not accurately portray the current ash
fall assemblage. The dominant morphotypes therefore reflect
the dead assemblage and do not correctly represent the cur-
rent/live ash fall assemblage. The proportions of morphotypes
of the live assemblage of the ash fall community are much more
spread out. The dominant forms include morphotypes similar to
the total assemblage, but also include calcareous hyaline
plano-convex low trochospiral and biconvex trochospiral forms
such as Cibicidoides spp. and H. elegans. These latter
morphotypes live epifaunally and indicate a low stressed envi-
ronment similar to the natural and pre-ash fall communities.

The peak in remains of benthic foraminifera between 3 and 6
cm in JC18-25M shows that the 2003 ash was in the process of
being re-colonized when it was decimated by the 2006 ash
layer. The re-colonizing assemblage of the July 2003 ash layer
contained several K-strategist species, such as tubular forms
and species such as C. wuellerstorfi, which are not yet found in
the new (2006) ash fall assemblage. This reveals that it took less
than 3 years (July 2003—May 2006) for site JC18-25 to return to
a comparable level of development that took areas around Mt
Pinatubo 5 years to reach. In addition to the presence of more
K-strategist foraminifera, at 4-5 cm core depth, a tube worm
similar to others found in the sediments of site JC18-21 was
found. This indicates that the 2003 ash fall community was not
only regaining its pre-ash fall foraminifera, but also its pre-ash
fall macrofauna.

Depth of stained foraminifera

Stained benthic foraminifera were found in varying numbers
throughout core JC18-25M, with a peak in numbers from 3 to 6
cm coinciding with the finer grained part of the 2003 volcanic
deposit and ending at the base of the 2006 ash layer.

The sediments below the 2006 ash deposit are evidently a very
hostile environment. When an ash deposit is laid down on the
sea floor, it smothers the sediments below, preventing the pene-
tration of oxygen and causing anoxic conditions. The oxygen
profile of core JC18-25M shows that this has occurred at site 25
where there is a rapid decrease of oxygen in just 2 cm of sedi-
ment (Fones, pers. comm., 2008; Jones and Gislason, 2008;
Henbury et al. 2012). Such a distribution of live benthic
foraminifera at depth is not, therefore, anticipated although sev-
eral scenarios could lead to this unlikely habitation below the
2006 ash layer.
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It is possible that during sampling the core was contaminated by
smearing of the sediments as the corer was pushed in. This is al-
ways a possibility and is difficult to eliminate, however, precau-
tions were taken where possible to minimize the effects. When
the core was sliced into 1 cm samples onboard the research ves-
sel, the outer layer of the sample was removed. Core JC18-21M
shows no sign of this contamination and it is therefore unlikely
that the trend found between 3 and 6 cm in core JC18-25M
could be caused in this way. The correlation between several
stained individuals of different species present in the layer also
shows that this is not an isolated occurrence of just one or two
individuals. Similar patterns have been observed by other au-
thors. Hess and Kuhnt (1996) found that the thicker parts of the
Mt Pinatubo ash was lethal for most of the benthic foraminifera,
however, some stained epifaunal suspension feeders were found
below the layer of ash. This was attributed to the ability of
deep-sea foraminifera to withstand long periods of starvation by
metabolising their own protoplasm (Gooday 1994). It was also
suggested that the ash layer may have favoured their survival by
removing the threat of predators and increasing the availability
of food (Hess and Kuhnt 1996). Hess and Kuhnt (op. cit.) also
noted that dead agglutinated forms were unusually well pre-
served below the ash layer.

It is well known that several benthic foraminifera can migrate
vertically through sediments in response to environmental con-
ditions. Some benthic foraminifera are able to move with con-
siderable speed, approaching around 100 pm min™ (Kitazato
1988; Alve and Bernhard 1995). B. aculeata is by far the domi-
nant stained species found between 3 and 6 cm in core
JC18-25M. 1t is however, generally regarded as a shallow
infaunal species (Mackensen et al. 2000) that is often found ex-
clusively in or on the top 2 cm of sediment (Mackensen and
Douglas 1989). Several authors have previously found B.
aculeata living deeper in sediments. In the South Atlantic,
Mackensen et al. (2000) found a strong dominance in the upper-
most centimetre of sediment with a rapid decrease to a low but
constant standing stock in the deeper sediment up to 11 cm. Off
Japan, Ohga and Kitazato (1997) recorded high numbers of B.
aculeata down to 15 cm depth. Mackensen et al. (2000) attrib-
utes their presence at depth to an ability of rapid vertical migra-
tion in order to follow optimum microenvironmental conditions
in terms of food availability and oxygen content of interstitial
waters.

It is also generally appreciated that bolivinids such as B.
aculeata are tolerant of low oxygen conditions (Gooday 1994;
Smart 2002). Alve and Bernhard (1995) found a species of
Bulimina to be very tolerant of low oxygen conditions but mi-
grated, along with all other surviving species, out of the sedi-
ment and onto polychaete tubes at extremely low
concentrations. It is therefore likely that although Bulimina
aculeata is able to migrate through the sediment, it would be un-
able to withstand such low oxygen concentrations. Several
stained Reophax individuals were found at 3-4 cm in
JC18-25M. Hess and Kuhnt (1996) also found several live
Reophax spp. up to depths of 10 cm, although, Alve and
Bernhard (1995) suggest that Reophax spp. are unable to toler-
ate low oxygen conditions. Kaminski et al. (1995) concluded
that deep water agglutinated foraminifera such as Reophax spp.
can only survive periods of complete anoxia for around a
month. It is therefore unlikely that they survived a period of 19
months beneath the 2006 ash layer. Cibicidoides spp. and
Cibicides spp., which are also dominant in the stained assem-



blage from 3 to 6 cm, are generally regarded as epifaunal forms
typical of low stress environments. Gooday (1994) describes
them as epibenthic, living on the sediment surface or attached to
substrates elevated above the sediment surface. It is therefore
highly unlikely that they have migrated to depths of 11 cm or
that they have been able to survive being smothered by the ash
deposit.

Although several taxa have been shown to tolerate low oxygen
conditions (Smart, 2002), there is no test morphology that is
typically found in anoxic conditions and no species which oc-
cur exclusively under such conditions (Sen Gupta and
Machain-Castillo 1993; Gooday 1994). Smart (2002) suggests
that low oxygen assemblages are typically dominated by
infaunal calcareous species and that some calcareous taxa have
been found to be indicative of diminished oxygen. These in-
clude Bolivina, Bulimina, Cassidulina, Chilostomella,
Epistominella, Globobulimina, Furksenkoina, Nonionella and
Uvigerina. However, since these taxa also occur in well oxy-
genated environments, they are only indicative of depleted oxy-
gen when their abundances are very high (Smart 2002). Several
of these taxa are present within the layer of stained foraminifera
at 3-6 cm, however, their abundances are not high enough to in-
dicate a low oxygen community living in this area.

It is, therefore, most likely that the occurrence of stained and
supposedly live individuals beneath the 2006 ash layer is due to
the preservation qualities of the ash layer. The lack of oxygen
penetrating the sediment prevents organic material from being
broken down, preserving all organisms including foraminifera
and their protoplasm. Therefore, when the sediment is treated
with rose Bengal, these preserved soft tissues will become
stained and the foraminifera will be assumed as live at the time
of collection.

By comparing the SEM images of rose Bengal stained speci-
mens of B. aculeata and C. wuellerstorfii from above and below
the ash 2006 layer, a decision as to whether the specimens
found deep within the core were live at the time of collection
can be made. Stained specimens found between the volcanic
layers (3—5 cm) in core JC18-25M appear to be comparable in
condition to live specimens found at the surface of the same
core. The pore structures at the surface are not blocked by de-
bris and the surface structure has not been etched or damaged.
The surface specimens of B. aculeata contain an inner mem-
brane which is not present in the specimens at 3 to 5 cm. Fur-
thermore, the protoplasm of specimens found under the 2006
ash contains obvious pieces of foreign debris. Some parts of the
wall structure also appear to have begun breaking down from
the inside out. It therefore most likely that the rose Bengal
stained specimens found deep within the core, certainly of B.
aculeata and C. wuellerstorfii and possibly of other species,
were in fact not live at the time of collection but have been pre-
served by the ash layer. The peak in stained foraminifera below
the 2003 ash layer that runs from 8 cm to 11 cm in the core
shows that this process has also occurred below the 2003 ash
layer. This suggests that the preservation of protoplasm in this
way lasts at least 3% years (July 2003—December 2007).

Recovery of foraminifera above pyroclastic flows

Cores JC18-32M and JCR123-11V record quite a different re-
sponse to that recorded in JC18-25M. The latter site records the
presence of two ash-fall events, while JC18-32M indicates the
presence of three events that derive from the turbidity currents
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within the Bouillante-Montserrat Graben. As a result of the un-
certainty of dating each of these events, the time for recovery is
even less certain. The samples from JC18-32M also contain ex-
otic material — both fossils and sedimentary particles — derived
from shallower-water environments and the record of actual
recolonization is blurred as a result.

DECEPTION ISLAND: RECOLONIZATION
COMPARISONS

Deception Island, in the Southern Ocean, was the location of
volcanic eruptions in 1967, 1969 and 1970 (Geyer et al. 2021).
These eruptions clearly decimated the benthos (Gallardo and
Castillo 1968) in the caldera (known as Port Foster). The
pre-eruption assemblages of forminifera in Port Foster had been
documented by Fauré-Fremiet (1914) and Earland (1934).

A sampling program was started at Deception Island sixteen
months after the 1970 eruption. Some of the unique features of
the sampling area are its location in an extinct volcano caldera
with access to the open ocean. Re-suspension of bed sediment
load is believed to have continued for some time after the initial
ash fall from the eruptions. Melt water input with a large sedi-
ment load during the austral summers would also be a source of
increased turbidity in the study area and clearly have an impact
on any recolonization by foraminifera (Finger and Lipps 1981).

Finger and Lipps (1981) used the ‘foraminiferal number’ to ex-
press foraminiferal abundance in their study. This is calculated
as the number of tests present in 1 gram of dry sediment. Finger
and Lipps, (1981) reported that in 1973 the mean foraminiferal
number was 6, and that this had risen to 48 by 1976. A more re-
cent study of Deception Island in 2000 found the mean
foraminiferal number to be 43 which would seem to indicate no
measurable increase in foraminiferal abundance in the interven-
ing 30 years (Gray et al. 2003). Species diversity was also found
to be similar. The time period of approximately six to seven
years for complete recovery of the benthic foraminiferal com-
munity is in agreement with that found by Hess and Khunt
(1996) in the South China Sea. Despite these similarities, the
taxonomic composition of the benthic foraminifera communi-
ties had changed. Of particular interest was that the first appear-
ance of Reophax dentaliniformis (= Nodulina dentaliniformis)
was not mentioned by Finger and Lipps (1991) but by the 2000
sampling expedition was the fourth most abundant species of
foraminifera (Gray et al. 2003). This species, therefore, first ap-
peared well into the recovery period at Deception Island.

Following the cessation of volcanic activity, Finger (1975;
1977) and Finger and Lipps (1981) described the sediments,
geochemistry and foraminiferal assemblages in 250 bottom
samples collected from Port Foster and the surrounding shelf in
the five, successive austral summers (1972—-1976). The latitude
and oceanic setting means that water temperatures are low (-2°C
to +2°C) and the water is quite turbid as a result of summer sea-
son run-off from the new ash deposits on the horse-shoe shaped
island into Port Foster. The pH of the interstitial waters was also
recorded to be low (6.6 — 6.8).

The most common taxa in the 1970s were recorded as
Rotaliammina ochracea, Globocassidulina crassa and
Nonionella bradyii. In total, Finger (1975; 1977) and Finger and
Lipps (1981) recorded the presence of 94 species in 50 genera,
though many were small (= juvenile?) forms. This may have
been the result of a combination of the ‘spring bloom’ and the
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time of sampling, effectively limiting collection to the newly
generated juveniles (as suggested by Finger and Lipps 1981, p.
120). In their assemblage list, Finger and Lipps (1981, pp.
129-130, 132, 134) record a wide range of taxa, including some
agglutinated taxa (Cribrostomoides jefferysii, Ammodiscus
incertus discoideus, Miliammina arenacea and a number of
Reophax spp., including Nodulina dentaliniformis).

Gray et al. (2003) described the foraminifera of the same area
using samples collected from March 1999 — November 2000:
the ERUPT programme (Smith et al., 2003). They noted that the
increase in foraminifera recorded in the 1972—-1976 period did
not continue. Gray et al (op. cit.) record that while Miliammina
arenacea and Trochammina malovensis were still predominant,
Globocassidulina spp. had increased while Stainforthia
fusiformis and Nonionella bradyii were less important. Most
importantly, they claim that the rise in Nodulina dentaliniformis
and Cassidulinoides parkerianus, which were rare in the 1970s,
shows that — unlike the Mt Pinatubo records — N.
dentaliniformis is not always the pioneer taxon in post-distur-
bance re-colonization.

Gray et al. (2003, figs 2, 6) collected a series of gravity cores,
only one of which penetrated >50 cm. They provide data on the
assemblage of foraminifera in 1999-2000 and, in their table 4,
Gray et al. (2003, p. 1746) record the changes from the data
provided by Finger and Lipps (1981). This, particularly, in-
cludes the change in the numbers of N. dentaliniformis (to 4.5%
of the benthic assemblage) compared to its relatively rare oc-
currence in the 1970s both in Port Foster and the outer slopes of
Deception Island. Gray et al. (2003, p. 1747) indicate that,
while Earland (1934) had recorded the frequent occurrence of
Reophax spp. prior to the eruptions in the 1960s and 1970,
Reophax spp. — and especially N. dentaliniformis — should not
be regarded as a pioneer taxon in the immediate post-eruption
period, unlike the situation in the South China Sea (Hess and
Kuhnt 1996) or off Nova Scotia following storms (Kaminski,
1985). It is notable that both Hess et al. (2001) and Gray et al.
(2003) suggest stabilization of the assemblage is normally 6—7
years post-eruption.

CONCLUSIONS
Several things can be concluded from this study:

In December 2007, Site JC18-25 was at a relatively advanced
stage of recolonization. The assemblage included several
k-strategists and had regained several of the pre-ash fall species.
It was further advanced than the stage at which Mt Pinatubo had
reached after 3 years, but not as advanced as Mt Pinatubo had
reached in 5 years. The assemblage of the previous re-colonized
ash layer (2003) at this site was also not fully recovered 3 years
after the 2003 eruption of the Soufriere Hills Volcano but was
more advanced than the current stage of re-colonization of the
2006 ash layer. It was, therefore, predicted that by 2009 the
stage of re-colonization reached on the 2006 ash would have
been comparable to that achieved by the previous re-colonizing
assemblage. The presence of several pre-ash fall species in the
ash fall community and its rapid recovery suggest that 2006 ash
deposit had been re-colonized by foraminifera from adjacent
unaffected areas. It was also evident that the benthic
foraminiferal community had not adapted its assemblage to tol-
erate the periodic disturbances which it has been experiencing.
This may be a factor to look out for in further studies of the area,
especially if the eruptive events become more frequent or sig-
nificantly larger in volume.

Rose Bengal stained benthic foraminifera found at depth below
both the 2006 and 2003 ash layers at site JC18-25 were not alive
at the time of collection as these individuals were, probably,
preserved by the lack of oxygen beneath the ash layers. It was
assumed that individuals found beneath the 2003 ash layer were
preserved by the 2003 ash and that the individuals between the
2003 and 2006 ash layers were preserved by the 2006 ash layer.
Benthic foraminiferal protoplasm and chamber linings may,
therefore, remain preserved in a detectable condition for at least
3 and a half years under ash deposits that affect oxygen levels in
the intervening sediments.

While the recovery patterns to the west and south-west of
Montserrat were comparable to those recorded to the west of Mt
Pinatubo, the re-colonization of the volcanic centres to the east

PLATE 1
Selection of the foraminifera recorded in this investigation.

1 Cyclammina cancellata, JC18-21M, 1-2 cm;
Eggerella bradyi, JC18-25M, 8-9 cm;
Eratidus foliaceus, JC18-21M, 1-2 cm;
Nodulina dentaliniformis, JC18-25M, 0—1 cm;

Reophax scorpiurus, JC18-25M, 8-9 cm;

AN W AW

Reophax spiculifera, JC18-25M, 8-9 cm;
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7 Rhizammina algaeformis, JC18-21M, 1-2 cm;
8 Saccorhiza ramosa, JC18-21M, 0—1 cm;

9 Trochammina inflata, JC18-25M, 0—-1 cm;

10 Glomospira charoides, JC18-21M, 1-2 cm;

11 Veleroninoides jeffreysii, JC18-25M, 3—4 cm;
12 Bulimina aculeata, JC18-25M, 2-3 cm.
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of Montserrat followed a pattern more closely similar to that de-
scribed from Deception Island in the Southern Ocean (Table 3).
This confirms the suggestions made by Gray et al. (2003),
though one must be careful when making comparisons between
two areas that are so different in terms of climate, water condi-
tions and the reproductive window available to the
foraminifera.

This project has opened the door to a range of further studies. It
provided an initial evaluation of the benthic foraminiferal
re-colonization at site JC18-25. This not only contributes to our
understanding of the ecology of benthic foraminifera but cre-
ates a base from which further studies can be made as part of
this ongoing ecological monitoring programme. If further erup-
tive material does not reach site JC18-25 for some time, further
stages of re-colonization may be documented, although like all
studies of the marine environment, sampling expeditions are
both expensive and time-consuming for those involved in their
planning and implementation.
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APPENDIX 1

The benthic foraminiferal species mentioned in the text, includ-
ing original names, are listed below in alphabetical order.
Names follow Hayward et al. (2021).

HAYWARD, B. W., LE COZE, F., VACHARD, D. and GROSS, O.,
2021. World Foraminifera Database.
Accessed at http://www.marinespecies.org/foraminifera on 15 May
2021. doi:10.14284/305.

Ammodiscus incertus subsp. discoideus Cushman 1917.

Amphistegina lessonii d’Orbigny in Guérin-Ménevile 1832

Bolivina albatrossi Cushman 1922.

Bulimina aculeata d’Orbigny 1826.

Bulimina striata d’Orbigny in Guérin-Méneville 1832.

Cassidulinoides parkeriana (Brady) = Cassidulina parkeriana
Brady 1881.

Cibicidoides mundulus (Brady, Parker and Jones) = Truncatulina
mundula Brady, Parker and Jones 1888.

Cibicidoides robertsonianus (Brady) = Planorbulina
(Truncatulina) robertsoniana Brady 1881.

Cibicidoides wuellerstorfi (Schwager) = Anomalina wuellerstorfi
Schwager 1866.

Cribrostomoides jeffreysii (Williamson) = Nonionina jeffreysii
Williamson 1858.

Cyclammina cancellata Brady 1879.

Discammina compressa (Goés) = Lituola irregularis var.
compressa Goés 1882.

Eggerella bradyi (Cushman) = Verneuilina bradyi Cushman 1911.

Eratidus foliaceus (Brady) = Lituola (Haplophragmium)
foliaceum Brady 1881.

Globocassidulina crassa (d’Orbigny) = Cassidulina crassa
d’Orbigny 1839.

Globocassidulina subglobosa (Brady) = Cassidulina subglobosa
Brady 1884.

Glomospira charoides (Jones and Parker) = Trochammina
squamata var. charoides Jones and Parker 1860.

Hansenisca soldanii (d’Orbigny) = Gyroidina soldanii d’Orbigny
1826.

Haplophragmoides sphaeriloculus Cushman 1910.

Hoeglundina elegans (d’Orbigny) = Rotalia (Turbinuline) elegans
d’Orbigny 1826.

Miliammina arenacea (Chapman) = Miliolina oblonga var.
arenacea Chapman 1916.

Nodulina dentaliniformis (Brady) = Lituola (Reophax)
dentaliniformis (Brady 1881).

Nonionella bradii (Chapman) = Nonionina scapha var. bradii
Chapman 1916.

Planulina ariminensis d’Orbigny 1826.

Psammosiphonella discreta (Brady) = Rhabdammina discreta
Brady 1881.

Pullenia quinqueloba (Reuss 1851)

Pyrgo fornasinii Chapman and Parr 1935.

Reophax pilulifer Brady 1884.

Reophax scorpiurus Montfort 1808.

Reophax spiculifera now called: Reophax spiculifer Brady 1879.

Rhabdammina abyssorum Sars in Carpenter 1869.

Rhizammina algaeformis Brady 1879.

Rotaliammina ochracea (Williamson) = Rotalina ochracea Wil-
liamson 1858.

Saccammina sphaerica Brady 1871.

Saccorhiza ramosa (Brady) = Hyperammina ramosa Brady 1879.

Siphouvigerina ampullacea (Brady) = Uvigerina asperula var.
ampullacea Brady 1884.

Stainforthia fusiformis (Williamson) = Bulimina pupoides var.
fusiformis Williamson 1858.

Trochammina inflata (Montagu) = Nautilus inflatus Montagu

Trochammina malovensis Heron-Allen and Earland 1929.

Uvigerina mediterranea Hofker 1932.

Veleroninoides jeffreysii (Williamson) = Nonionina jeffreysii Wil-
liamson 1858.
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