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USA, 11�Equipe de G�eologie des Systèmes Volcaniques, Institut de Physique du Globe de Paris, Sorbonne Paris Cit�e, UMR
7154 CNRS, Paris, France, 12Physical Volcanology and Sedimentology, Institut f€ur Geologie und Pal€aontologie, Technische
Universit€at Bergakademie Freiberg, Freiberg, Germany, 13A203, Earth Evolution Sciences, University of Tsukuba, Ibaraki,
Japan, 14Department of Earth Sciences, Ibaraki University, Ibaraki, Japan, 15CEOAS, Oregon State University, Corvallis, Ore-
gon, USA, 16Institute for Geophysics, University of Texas at Austin, Austin, Texas, USA, 17Research Institute for Natural Haz-
ards and Disaster Recovery, Niigata University, Niigata, Japan, 18Institut de Physique du Globe de Paris, Sorbonne Paris
Cit�e, Universite Paris Diderot, UMR 7175, CNRS, Paris, France, 19Volcano Research Center, Earthquake Research Institute,
University of Tokyo, Tokyo, Japan, 20Department of Earth and Planetary Science, University of California, Berkeley, Berke-
ley, California, USA, 21College of Marine Science, University of South Florida, St. Petersburg, Florida, USA, 22Department of
Geology, Tufts University, Medford, Massachusetts, USA, 23Department of Geology, University of Leicester, Leicester, UK,
24Department of Geology, Faculty of Science, Shinshu University, Matsumoto, Japan, 25Borehole Research Group,
Lamont-Doherty Earth Observatory of Columbia University, Palisades, New York, USA, 26Montserrat Volcano Observa-
tory, Flemmings, Montserrat, West Indies, 27Seismic Research Center, University of the West Indies, St. Augustine, Trinidad
and Tobago, 28Geochemistry Division, National Geophysical Research Institute, Hyderabad, Andhra Pradesh, India, 29Insti-
tute for Research on Earth Evolution, JAMSTEC, Yokosuka, Japan, 30Laboratoire de Petrologie, Geochimie, Volcanologie,
University Pierre et Marie Curie–Paris 6, UMR 7193, ISTEP, Paris, France, 31Institute of Geology and Geophysics, Chinese
Academy of Sciences, Beijing, China

Abstract Marine sediments around volcanic islands contain an archive of volcaniclastic deposits, which
can be used to reconstruct the volcanic history of an area. Such records hold many advantages over often
incomplete terrestrial data sets. This includes the potential for precise and continuous dating of intervening
sediment packages, which allow a correlatable and temporally constrained stratigraphic framework to be
constructed across multiple marine sediment cores. Here we discuss a marine record of eruptive and mass-
wasting events spanning �250 ka offshore of Montserrat, using new data from IODP Expedition 340, as well
as previously collected cores. By using a combination of high-resolution oxygen isotope stratigraphy, AMS
radiocarbon dating, biostratigraphy of foraminifera and calcareous nannofossils, and clast componentry, we
identify five major events at Soufriere Hills volcano since 250 ka. Lateral correlations of these events across
sediment cores collected offshore of the south and south west of Montserrat have improved our under-
standing of the timing, extent and associations between events in this area. Correlations reveal that power-
ful and potentially erosive density-currents traveled at least 33 km offshore and demonstrate that marine
deposits, produced by eruption-fed and mass-wasting events on volcanic islands, are heterogeneous in
their spatial distribution. Thus, multiple drilling/coring sites are needed to reconstruct the full chronostratig-
raphy of volcanic islands. This multidisciplinary study will be vital to interpreting the chaotic records of
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submarine landslides at other sites drilled during Expedition 340 and provides a framework that can be
applied to the stratigraphic analysis of sediments surrounding other volcanic islands.

1. Introduction

Volcanic islands can be the source of hazardous eruptions and undergo flank collapses that generate off-
shore debris avalanche deposits and associated tsunamis [Masson et al., 2006]. Deposits derived from a vari-
ety of mass-wasting processes, including large landslides, have been identified from a number of volcanic
islands, including the Aleutian Islands [Waythomas et al., 2009], Hawaii [Moore et al., 1994], Ritter Island,
Papua New Guinea [Silver et al., 2005], the Canary Islands [Hunt et al., 2011], and Ischia [Chiocci and De Alter-
iis, 2006], demonstrating that the interaction of volcanic processes with the marine environment is wide-
spread. It is, therefore, important to understand the chronology of past events at a volcanic island to assess
the most likely future hazards, their frequency, and temporal variation in activity. The subaerial record of
volcanic activity and collapses can be difficult to decode, due to burial or erosion by later events. Indeed,
most of the erupted material at volcanic islands may end up in the ocean [Le Friant et al., 2008, 2010]. Vol-
canic eruptions may deposit volcanic clasts at tens of kilometers offshore by means of density-currents that
cross the shore transition [Trofimovs et al., 2006; Allen et al., 2012; Schindlbeck et al., 2013] and/or tephra fall-
out onto water [Alloway et al., 2007; Lowe, 2011; M. Cassidy et al., Construction of volcanic records from
marine sediment cores: A review and case study, Earth-Science Reviews (Montserrat, West Indies), submit-
ted, 2014]. Volcanic material may also reach marine sediments through resedimentation by submarine land-
slides, seafloor-hugging density-currents, vertical density-currents, and suspension settling in the water
column [Carey, 1997; Manville and Wilson, 2004; Allen and Freundt, 2006]. Volcanic-rich submarine landslides
that mix with seawater generate long runout turbidity currents whose deposits (turbidites) can provide
additional insight into how the landslides were emplaced [Hunt et al., 2011, 2013]. Volcanic flank and shelf
collapses, mass-wasting events that can be associated with volcanic eruptions, can also create extensive off-
shore deposits containing large-scale blocks [Moore et al., 1994; Masson et al., 2006; Watt et al., 2012a,
2012b]. The marine sedimentary record around volcanic islands thus provides important clues to past vol-
canic activity and is often easier to date than the terrestrial record because of weaker erosion and interven-
ing intervals of hemipelagite that can be dated using a variety of techniques (oxygen isotope stratigraphy
and AMS radiocarbon dating). Here the term density-current deposit is used to describe deposits that have
been emplaced by any form of density or turbidity current. The term eruptive fall deposit is used for tephra
fallout that has settled through the water column.

There are few volcanic islands for which we have detailed offshore information on event chronology. Argu-
ably, the most complete offshore data set now comes from the island of Montserrat in the Lesser Antilles.
This offshore data set complements unusually detailed subaerial observations of the 1995-recent eruption
of the Soufrière Hills volcano [Druitt and Kokelaar, 2002; Wadge et al., 2014], subsurface magmatic system
[e.g., Paulatto et al., 2012], and older eruption record [Harford et al., 2002; Smith et al., 2007], thereby provid-
ing a benchmark data set for the evolution of a volcanic island.

Previous research offshore Montserrat has been based on 2-D and 3-D seismic data sets [Deplus et al., 2001;
Lebas et al., 2011; Watt et al., 2012a, 2012b; Crutchley et al., 2013], repeat multibeam mapping of seafloor
bathymetry [Le Friant et al., 2008, 2010; Trofimovs et al., 2006, 2012], and analysis (Table 1) of short sediment
cores [Le Friant et al., 2008; Trofimovs et al., 2010; Cassidy, 2012; Trofimovs et al., 2013; Cassidy et al., 2013,
2014, Cassidy et al., submitted manuscript, 2014]. In 2012, IODP Expedition 340 added to this benchmark
data set by successfully recovering long marine sediment cores at three sites (U1394, U1395, and U1396)
offshore of Montserrat (Figure 1). IODP Site U1396 is situated �33 km to the south west of Montserrat
(16�30.490N, 62�27.100W; Figure 1) on a topographic high point, 801 mbsl (meters below sea level). Of the
three holes cored at Site U1396 (A, B, C), Hole C was the most complete; therefore, we selected this core for
high-resolution stratigraphic analysis. Core U1396A was located a few tens of meters away from U1396C
and contains similar layers in its uppermost part, allowing correlation of visible layers between U1396A and
C. Site U1396 is located away from the expected path of the largest density-current deposits and records a
thick sequence of eruptive fall deposit and density-current deposits intercalated with hemipelagic
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sediments. The unconsolidated nature of the sediments allowed extended piston coring to be used
throughout operations at this site, hence the sedimentary record is relatively undisturbed and complete
compared to core material recovered by rotary drilling techniques. This site was cored to study eruption
records and links between eruptive activity (recorded at Site U1396) and density-current deposits at adja-
cent Sites U1394 and U1395 (Figure 1).

Good core recovery at sites U1394 and U1395, situated within the Bouillante-Montserrat Graben (Figure 1),
only spans �250 ka, because these sites lie in a region of high sedimentation rates and are dominated by
density-current deposits [Expedition 340 Scientists, 2012], including those derived from large submarine

Table 1. A Summary of Sites Previously Cored Offshore of Montserrat and Data Generated From Core Analysis

Site Position Age Coverage (ka) Stratigraphy Data Included in Study Reference

CAR-MON 2 �40 km southwest �250 Well-defined oxygen
isotope stratigraphy

Deposits thought to represent eruptive activity.
Abundance of volcanic grain types
analyzed in detail, identifying cryptotephra

Le Friant et al. [2008]

JC18–19 �52 km southwest �130 Some AMS dates and
low-resolution
oxygen isotope
stratigraphy

Abundance of volcanic grain types analyzed
in detail, identifying cryptotephra. Detailed
componentry for each deposit

Cassidy[2012] and Cassidy et al.
(submitted manuscript, 2014)

JR123-1 to 4 8–13 km south
and southwest

110 Some AMS dates Records of more recent, mainly collapse events.
Detailed componentry for each deposit

Cassidy et al. [2013, 2014]

JR123-45 to 48 8–13 km south
and southeast

JR123-5 to 44 Up to 30 km to
the southeast

110 Well-defined oxygen
isotope stratigraphy

Trofimovs et al. [2010, 2013]
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Figure 1. Location of sites drilled during IODP Expedition 340 [Le Friant et al., 2013] and sites previously studied to the south and south
west of Montserrat [Le Friant et al., 2008; Cassidy, 2012; Cassidy et al., 2013, 2014, Cassidy et al., submitted manuscript, 2014] with outlines
of large-scale deposits [Le Friant et al., 2010; Watt et al., 2012a, 2012b]. Lines of bathymetry represent 200 m intervals.
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landslides. The presence of large landslide deposits made drilling at these sites difficult, reducing the recov-
ery of material and the drilling depth. Because sites U1394 and U1395 have been subjected to multiple
mass-wasting events, they are also likely to contain eroded sections or stratigraphic gaps, which will make it
difficult to interpret and date these events. This study, therefore, focuses on the section of Hole U1396C
(�250 ka, 7 m) that corresponds to the time span of good core recovery at sites U1394 and U1395. The
upper 7 m of U1396C was recovered in full and collected within a single, undisturbed core barrel (U1396C,
1H). This site provides a more complete record of events than U1394 and U1395, including marine tephra
fall deposits which form widespread stratigraphic markers and intercalated hemipelagic sediments that can
be used to produce an age model.

Prior studies of sediment cores from the south and south west of Montserrat also span �250 ka [Le Friant
et al., 2008; Trofimovs et al., 2013; Cassidy et al., 2013, 2014, Cassidy et al., submitted manuscript, 2014].
These cores have highlighted the complexity of sedimentation and volcanic history in this area, demonstrat-
ing that no single site records a comprehensive chronology during this period. For example, two distal sites
previously cored within �15 km of Site U1396 (CAR-MON 2 and JC18–19; Figure 1) contain dissimilar
records of eruptive events and density-current deposits [Le Friant et al., 2008; Cassidy et al., submitted
manuscript, 2014]. Therefore, additional information is necessary to understand the complex history of this
area. Here a number of stratigraphic techniques, as well as the identification of distinctive units within the
sediments of Site U1396, has allowed the lateral correlation of events to the south and south west of Mon-
tserrat [Le Friant et al., 2008; Trofimovs et al., 2006, 2010, 2012, 2013; Cassidy et al., 2013, 2014, Cassidy et al.,
submitted manuscript, 2014]. This correlation has strengthened the stratigraphy of this area and added a
spatial dimension to this data set that will enhance the ability to interpret sites U1394 and U1395 in future
research.

The primary goal of this contribution is to establish a robust chronology for the upper 7 m of Site U1396
and to determine the number and ages of visible marine tephra fall deposits and density-current deposits
within this interval. The completeness of the record is also assessed by identifying major hiatuses. A second-
ary goal is to understand the origin of eruptive fall deposits and density-current deposits and the type of
event that these deposits record. The chronology of events at Site U1396 is then combined with and com-
pared to previous studies of events during the last 250 ka offshore and onshore Montserrat to improve our
understanding of the evolution of this volcanic island.

2. Methodology

2.1. Core Sampling
U1396C was sampled at 5 cm (�0.53–1.79 ka) intervals at the Gulf Coast Core Repository, Texas, USA. Sam-
ples for stratigraphic analysis were taken from hemipelagic sediment only, avoiding any obvious disturb-
ance from volcanic input. Sample processing for stratigraphic analysis was carried out at Plymouth
University, UK, and sample processing for compositional and grain size analysis was carried out at the
National Oceanography Centre, Southampton. Samples were dried in a cool oven at 40�C for 24 h prior to
processing to facilitate the removal of fine clay particles. Samples were then rehydrated and immediately
washed over a 63 lm sieve. Both the <63 and >63 lm fractions were collected, filtered, and dried in a cool
oven at 40�C for 24 h.

2.2. Oxygen Isotope Stratigraphy
Due to the frequency of density-current and eruptive events recorded at site U1396, oxygen isotope stratig-
raphy has been chosen as the chief stratigraphic method in this research. Oxygen isotope analyses produce
higher resolution dating than biostratigraphy or paleomagnetism during the Pleistocene and can be corre-
lated at a high resolution to global records. Oxygen isotope analyses have been used in combination with
AMS radiocarbon dating to identify the magnitude of any hiatuses within the sedimentary record up to the
analytical limit of AMS (43.5 ka). Past this age limit, oxygen isotope analyses may not provide sufficient tem-
poral resolution to identify the magnitude of hiatuses; however, it has been possible to identify Marine Iso-
tope Stages (MIS) through comparison to other isotope records from this area. Stable oxygen isotope
analysis was carried out at the National Oceanography Centre, Southampton. Twenty specimens of Globiger-
inoides ruber (Figure 2) of size 250–355 lm (�380 lg) were analyzed from each sample using a Europa GEO
20-20 mass spectrometer with an automatic carbonate preparation system (CAPS). Isotope values (d18O) are
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reported as per mil (&) deviations of the isotopic ratios (18O/16O) calculated to the VPDB scale using an in-
house standard calibrated against NBS-19. Analytical reproducibility is 0.065& for d18O.

2.3. AMS Radiocarbon Dating
Three samples in the upper 1.52 m of U1396C were selected for Accelerator Mass Spectrometry (AMS) 14C
dating. Analyses were run for samples at 0.455, 0.905, and 1.515 m core depth, situated within the upper
extent of hemipelagic sediment. Approximately 1000 specimens (�17 mg) of sonically cleaned G. ruber
(white and pink) of a size >150 lm were analyzed for each sample. Specimens showing any visual signs of
diagenesis or reworking were not used for analysis. Analysis was carried out by Beta Analytic Inc. (Florida,
USA) using their in-house protocols (www.radiocarbon.com). Results are reported as conventional radiocar-
bon years BP, expressed at the 61r level for overall analytical confidence. The AMS dates for 0.455 and
0.905 m have been calibrated against the Marine13 data set using CALIB 7.0 Radiocarbon Calibration Soft-
ware, which provides ages between 0 and 46.743 ka at 95% probability (2r). The AMS date for 1.515 m is
close to the analytical limit of AMS, thus it is reported as an uncalibrated age of >43.5 ka.

2.4. Biostratigraphy
The revised planktic foraminifera biostratigraphy of Wade et al. [2011], calibrated to the geomagnetic polar-
ity time scale of Cande and Kent [1995], was followed for this study. All samples were examined for biostrati-
graphic datum species. For samples showing significant changes in the presence of datum species, a full
assemblage of just over 300 specimens was picked from the >150 lm fraction (Table 2).

In addition to planktic foraminifera datum species, the distribution of Globorotalia menardii was used to
constrain the stratigraphy of U1396. The zonation of G. menardii provides a record of climatically induced
migration events [Ericson and Wollin, 1956; Reid et al., 1996] and has been used previously in sediments off-
shore of Montserrat [Le Friant et al., 2008; Wall-Palmer, 2013]. Zonal boundaries are defined by points where
the abundance of G. menardii drops below, or rises above 1% of the planktic foraminifera content [Le Friant
et al., 2008]. For each sample, 300 planktic foraminifera specimens were counted in the >355 lm fraction to
calculate the proportion of G. menardii and Globorotalia tumida. It was found that, below this size, speci-
mens of Globorotalia flexuosa were difficult to distinguish from G. tumida. Both G. menardii and G. tumida
were counted because their morphology in the Caribbean Sea is very similar and thus difficult to distin-
guish. Wall-Palmer [2013] showed that combined counts of both species adhere to the zonation published
by Le Friant et al. [2008].

Figure 2. Scanning Electron Microscopy (SEM) images of planktic foraminifera from Hole U1396C. (a) Example of G. ruber specimens used
for oxygen isotope stratigraphy (0.015 m); (b) Specimens of G. calida collected beyond the known species range (220 ka) at �250 ka
(7.005 m); (c) Surface of G. calida showing overgrowth (7.005 m); (d) Surface of G. calida from the same sample showing no overgrowth
(7.005 m).
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Investigation of calcareous nannofossils within the <63 lm sediment of selected samples was carried out
using Scanning Electron Microscopy (SEM). Sediment was fixed to metal stubs using a fine layer of spray
adhesive, before being sputter-coated with gold. The calcareous nannofossil zonation of Kameo and Bra-
lower [2000] for the Caribbean Sea was used to determine the nannofossil stratigraphy for the core.

2.5. Core Logging
The upper 7 m of Hole U1396C consists of hemipelagic sediments interbedded with a number of volcanic
and bioclastic layers of variable thickness. Visual core logs and photographs were used to identify tephra
layers within this sequence. Cryptotephras, defined as horizons of ash that are not visible to the naked eye
because they are too thin and/or have low concentrations of shards [Lowe and Hunt, 2001], are not part of
this analysis. Intervals of hemipelagic sediments, between density current deposits or eruptive fall deposits,
were identified visually from an elevated fines and carbonate content, as in preceding studies [Trofimovs
et al., 2006, 2012, 2013]. Shipboard geochemical analysis [Le Friant et al., 2013] found that hemipelagic sedi-
ments at Site U1396 contain <72 wt % calcium carbonate, indicating that volcanic material makes up at
least 25% of background hemipelagic sediment (siliceous biogenic material comprises <2% of the sedi-
ment). This is not uncommon for sediments in areas affected by volcanic activity and has been previously
noted offshore Montserrat [Reid et al., 1996]. Additionally, Cassidy et al. (submitted manuscript, 2014) found
that volcaniclastic material made up at least 7% of hemipelagic sediment in core JC18–19. This makes the
identification of cryptotephra problematic and given these difficulties, the focus of this study is on macro-
scopic (visible) event deposits, identified from their color and increased volcanic grain fraction (>40%), with
all other sediment treated as hemipelagic material.

2.6. Grain Size and Component Analysis
Grain size was analyzed throughout the upper 7 m of U1396A using dry nested sieves and laser diffraction.
For nested sieve analysis, whole samples were placed in a stack of sieves of mesh sizes ranging from 21.5
to 4 phi (2.8–0.063 mm) at 0.5 phi intervals. The percentage of >63 lm material for each sample was calcu-
lated during processing by weighing dried samples before and after washing over a 63 lm sieve. For laser-
diffraction analysis, samples were left on a shaking table overnight in 25 mL of reverse osmosis water with a
0.05% sodium hexametaphosphate dispersant. Dispersed samples were analyzed using a Malvern (Master-
sizer 2000) particle size analyzer (0.2–2000 lm). Accuracy was monitored using standard sized particles (32
and 125 lm) and all samples were run in triplicate.

Component analysis was carried out on >63 lm material. Samples were analyzed from various levels
throughout the upper 7 m of U1396A, depending on the unit thickness and grading. A field counting meth-
odology was used, whereby the final values are expressed as a percentage of the total number of grains.
For each sample, around 400 individual grains were point-counted and divided into six categories, following
the classification of Le Friant et al. [2008] and Cassidy et al. (submitted manuscript, 2014). The categories are

Table 2. Relative Abundances of Planktic Foraminifera Species Present Throughout the Upper 7 m of U1396C
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(1) vesicular pumiceous clasts; (2) nonvesiculated andesite; (3) altered lithic clasts; (4) crystal and glass frag-
ments; (5) mafic scoria clasts; and (6) bioclasts, which include calcareous microfossils.

3. Results

3.1. Oxygen Isotope Stratigraphy and AMS Radiocarbon Dates
Despite the fragmented record, the isotope profile for Hole U1396C (Figure 3) compares well to published
data for this area [Le Friant et al., 2008; Trofimovs et al., 2010, 2013], as well as the standard planktic oxygen
isotope curve constructed from Imbrie et al. [1984], Prell et al. [1986], and Martinson et al. [1987]. Oxygen iso-
tope ratios differ slightly between Hole U1396C and CAR-MON 2, which is likely to be an artifact of differing
methodologies. While isotope ratios for Hole U1396C were measured from a single species of planktic fora-
minifera, isotope ratios for CAR-MON 2 were measured using homogenized <63 lm sediment [Le Friant
et al., 2008], which contains a high proportion of calcareous nannofossils, as well as juvenile planktic and
benthic foraminifera. This difference in methodologies has led to a negative offset in the oxygen isotope
record of Hole U1396C, although excursions in both cores are generally of the same magnitude and timing.
The oxygen isotope record of Hole U1396C is more comparable to the record of site JR123-35V, situated
�16 km to the north east of Montserrat. This record was also obtained from homogenized <63 lm sedi-
ment [Trofimovs et al., 2010], but has comparable values to Hole U1396C (Figure 3).

By comparison to the JR123-35V, CAR-MON 2, and standard planktic records, it has been possible to clearly
identify MIS boundaries within the upper 7 m of Hole U1396C (Figure 3). Oxygen isotope stratigraphy indi-
cates that the boundary between MIS 7 and MIS 8 lies at 6.705 m in U1396C, dating the base of the study
interval at just over 243 ka. Oxygen isotope stratigraphy and AMS radiocarbon dates indicate large varia-
tions in the hemipelagic sedimentation rate at Site U1396, ranging between 2.8 cm ka21 in the lower part
of the 7 m section studied and �9.4 cm ka21 at the top of the core (Figure 4). The sedimentation rate at
CAR-MON 2 (average 2.3 cm ka21) is much lower than the sedimentation rate at the top of Hole U1396C,
but comparable to the sedimentation rate at 3.7–7 m in Hole U1396C (Figure 4). AMS radiocarbon dates
indicate an erosive contact at 0.4 m, where 106–357 cm of sediment has potentially been removed, eroding
back to 38 6 0.8 ka. This erosion event has removed MIS 1, 2 and part of MIS 3 from the sedimentary record
at this site (Figures 3 and 4).

3.2. Biostratigraphy
The planktic foraminifera assemblage throughout the upper 7 m of U1396C is dominated by the subtropical
species Globigerinoides sacculifer, Globigerinoides trilobus, G. ruber, Neogloboquadrina dutertrei, and Globigeri-
nita glutinata (Table 2). Three planktic foraminifera datum species (Globigerinella calida, G. flexuosa, and Glo-
borotalia tosaensis) were identified in the upper 7 m of U1396C. However, the ranges of these species do
not adhere to the recently revised datums defined by Wade et al. [2011] and, therefore, could not be used
for stratigraphic purposes. In U1396C, G. flexuosa extends past the defined Last Occurrence (LO) of 70 ka
[Wade et al., 2011] to the top of the core. This is in agreement with the distribution of G. flexuosa within
CAR-MON 2 [Wall-Palmer, 2013], which extends to �2 ka. The LO of G. tosaensis, reported by Wade et al.
[2011] as 610 ka, is also extended at Site U1396 to 243–250 ka. Similarly, the First Occurrence (FO) of G. cal-
ida extends from the defined age of 220 ka [Wade et al., 2011] to >250 ka, being present in the sediments
at 7.005 m (Figure 2) and deeper [Le Friant et al., 2013]. This is also consistent with the distribution of
planktic foraminifera within CAR-MON 2 [Wall-Palmer, 2013] and is known from several other locations [e.g.,
Chaisson and Pearson, 1997]. Overgrowth was also observed on several specimens of G. calida at 7.005 m in
Hole U1396C (Figure 2) as a result of diagenetic processes. The small number of affected specimens, how-
ever, may indicate they have been reworked from an older source. This extended occurrence of strati-
graphic datum species requires further work throughout the remainder of Hole U1396C. Globorotalia
flexuosa is not present within samples from 6.905 to 7.005 m (base of the studied section); however, oxygen
isotope stratigraphy suggest that this absence is unlikely to indicate the FO (400 ka), but is rather a response
to the environment at the MIS 7/8 boundary. The absence of G. menardii in the same samples supports this
hypothesis. No other LO or FO data were identified in the upper 7 m of Hole U1396C. Globorotalia hirsuta
(FO 450 ka), Globorotalia hessi (FO 750 ka), and Globorotalia excelsa (FO 1 Ma) were not found in any sample,
whereas Globorotalia truncatulinoides (FO 1.93 Ma) and Pulleniatina obliquiloculata (Re-appearance 2.26 Ma)
were found throughout the upper 7 m, as expected. Several samples between 6.5 and 7 m in U1396C were
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investigated using SEM to locate the FO of the calcareous nannofossil Emiliania huxleyi (250 ka). Specimens
of E. huxleyi were common at 6.905 m, but absent in samples below this. The FO of E. huxleyi can therefore
be positioned at 6.93 m. No other calcareous nannofossil datum species were found.

Fluctuations of the planktic foraminifera G. menardii throughout the upper 7 m of Hole U1396C (Figure 3)
do not show a clear definition between the zones identified in CAR-MON 2. Values rarely drop below 1%
(zones W and Y) and do not reach the comparably higher values of zones V, X, and Z found in CAR-MON 2
sediments [Le Friant et al., 2008]. A single clear zonal boundary can be identified between 6.855 and
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6.905 m where the abundance of G. menardii drops to 0%, representing the transition between MIS 7
and MIS 8.

3.3. Description and Timing of Deposits
3.3.1. Unit A (0–0.400 mbsf), 0–38 ka
Unit A consists of the upper 0.400 m of Hole U1396C immediately below the sea floor and is composed of
50–70% bioclastic material and 30–50% volcaniclastic material (Figures 5 and 6). The bioclastic material is
dominated by well-preserved planktic foraminifera and holoplanktic gastropods (pteropods and hetero-
pods). The volcanic component of Unit A is dominated by colorless glass and crystal fragments (feldspars,
amphibole, and pyroxene). The mean grain size of Unit A is between 2.5 and 3.1 phi and there is no sys-
tematic variation in composition and grain size, or vertical grading (Figure 6 and Table 3). Although the
grain size distribution of Unit A is comparable to hemipelagite elsewhere in the core, it is relatively
depleted in grain sizes of <63 lm. This, along with a sharp basal contact, suggests the unit is not simply
hemipelagite.
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Despite the position of Unit A immediately below the seafloor, geochemical, and biostratigraphical
techniques cannot be used to directly date this resedimented deposit, hence the age of Unit A is
uncertain. AMS dating at 0.455 m, just below Unit A, produces an age of 38 6 0.8 ka, which indicates
that Unit A was emplaced at any time during the last 38 6 0.8 ka. This date also indicates a highly
erosional contact at the base of this bed, which has removed MIS 1, 2 and the upper �9 ka of MIS 3
(Figure 3) from the sedimentary record. Assuming the range of hemipelagic sedimentation rates of
2.8–9.6 cm ka21 (Figure 4), approximately 106–357 cm of sediment has been eroded away. This is a
major hiatus in the record of Site U1396 and reveals the potential for further large-scale erosion
down-core.

3.3.2. Unit H1 (0.400–1.535 mbsf), 38–49.5 6 1.1 ka
Unit H1 is a hemipelagic unit, with abundant planktic foraminifera and holoplanktic gastropods. It is com-
posed of 55–60% bioclastic material and 40–45% volcaniclastic material (Figure 7), with a mean grain size of
3.3–3.9 phi. Oxygen isotope stratigraphy and AMS radiocarbon dating (0.455 m: 38 6 0.8 ka, 0.905 m:
42.8 6 1.1 ka, 1.515 m: >43.5 ka) indicate that Unit H1 is positioned with MIS 3. The average sedimentation
rate (9.4 cm ka21; Figure 4) can be used to date this deposit as 38–49.5 6 1.1 ka.

3.3.3. Unit B (1.535–2.040 mbsf), 49.5 6 1.1–71 ka
Unit B has a sharp basal surface and is composed of 60–98% volcaniclastic material and 2–40% bioclastic
material (Figures 5 and 7). The unit comprises two compositionally distinct parts (B1, 1.535–1.700 mbsf and
B2, 1.700–2.040 mbsf), both of which are subtly normally graded and generally not well sorted (Table 3 and
Figure 7). The lower part of the unit (B2) is richer in bioclastic grains, giving it a lighter hue, and sometimes
lacks mafic grains (Figure 7). This bioclastic material includes rare fragments of shallow water benthic fora-
minifera, suggesting transport from a shallow water area. The upper part of the unit (B1) contains a greater
abundance of mafic grains, and fewer bioclastic grains. Holoplanktic gastropod shells are not present within
Unit B or any of the sediments below.

The age of this unit is difficult to constrain because the planktic foraminifera within the unit (necessary for
oxygen isotope analysis) are all likely to be reworked or resedimented and would not produce an accurate
date for the deposit. However, average sedimentation rates and oxygen isotope stratigraphy broadly date
Unit B as 49.5 6 1.1–71 ka.
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3.3.4. Unit H2 (2.040–2.500
mbsf), 57–71 ka
Unit H2 is composed of hemipela-
gic sediments containing reworked
volcanic material. Individual vol-
canic events cannot be identified
within this unit due to a high back-
ground content of volcanic clasts.
Oxygen isotope stratigraphy indi-
cates that Unit H2 is within MIS 4,
which dates the unit as 57–71 ka
(Figure 3).

3.3.5. Unit C (2.500–2.780 mbsf),
57–105 ka
Unit C comprises three distinct
layers without intervening hemipe-
lagite (Figures 5 and 8). The upper-
most interval (Unit C1, 2.500–2.650
mbsf) is made up of 30–35% bio-
clastic material, and 65–70% volca-
niclastic material, including
abundant pumice clasts (20–25%;

Figure 8). There is evidence of bioturbation at the top of Unit C1 and a number of planar laminae visible
throughout. These structures are highlighted by variations in crystal and pumice content. Unit C2 (2.650–
2.690 mbsf) is distinctly coarser than either Units C1 or C3. It is made up of >95% volcanic clasts, including
33% pumice and 54% glass and crystal fragments (Figure 8). Unit C3 (2.690–2.780 mbsf) is bioclast-rich,
with 60–68% bioclastic material and 32–40% volcaniclastic material (dominantly glass and crystal frag-
ments). The grain size distribution of Unit C3 is comparable to hemipelagite elsewhere in the core, but is rel-
atively depleted in grain sizes of <63 lm. Unit C3 does not have a distinct base, and it grades into
underlying hemipelagite within H3.

Oxygen isotope stratigraphy of overlying and underlying hemipelagic sediment suggest that Unit C was
deposited during the transition from MIS 5 to MIS 4, more accurately, between MIS 5.4 and the MIS 3/4
boundary, giving an age of 57–109 ka. The base of Unit C3 can be dated as �105 ka using the average sedi-
mentation rate (2.8 cm ka21) of hemipelagite above MIS 5.4, constraining the age of Unit C as 57–105 ka.

3.3.6. Unit H3 (2.780–3.705 mbsf), 71–130 ka
Unit H3 is composed of hemipelagic sediment with abundant planktic foraminifera. Some color variations
can be seen within the unit. Oxygen isotope stratigraphy indicates that Unit H3 is within MIS 5, with MIS 5.5
(123 ka) present at 3.305 m and the MIS 5/6 boundary below Unit H3 (Figure 3). This dates the deposit to
71–130 ka, with 123 ka at 3.305 m. Although volcanic material was not visible as macroscopic layers within
Unit H3, or identified during micropaleontological analysis, oxygen isotope data suggest a high sedimenta-
tion rate between MIS 5.5 and the MIS 5/6 boundary (Figure 4). This may indicate the presence of crypto-
tephras with Unit H3.

3.3.7. Unit D (3.705–3.835 mbsf), 123–140 ka (�130 ka)
Unit D is made up of >95% volcaniclastic material, including 60% glass and crystal fragments, 25% pumice,
and �5% mafic material (Figures 5 and 9). It is normally graded (Figure 9) with some evidence of bioturba-
tion at the top and is capped by a fine mud. The age of Unit D is relatively well constrained to be between
MIS 5.5 (123 ka) in H3 and MIS 6.4 (140 ka) in H4. Unit D appears to directly overlie the MIS 5/6 boundary at
130 ka, dating the unit as �130 ka.

3.3.8. Unit H4 (3.835–7.000 mbsf), 130–250 ka
The upper part of Unit H4 (3.835–4.550 m) is composed of hemipelagic sediment with abundant
planktic foraminifera. The middle part of H4 (4.550–5.590 m) is composed of hemipelagic sediment
with more abundant volcanic clasts. Intense bioturbation has reworked the volcanic material, making it
impossible to identify individual events. The lower part of Unit H4 (5.590–7.000 m) is composed of

Table 3. Inman Sorting Coefficients [Inman, 1952] for All Samples Analyzed for Clast
Componentry

Sample
Sample Number

(Figures 6–9) phi 16 phi 84
Inman Sorting

Coefficient

96A1H1W27/27.5 1 5.5 1.5 2
96A1H1W3/3.5 2 5.5 1.5 2
96A1H1W9/9.5 3 5.5 1.5 2
96A1H1W15/15.5 4 5.5 1.5 2
96A1H1W21/21.5 5 5.5 1.5 2
96A1H1W32/32.5 6 5.5 0.5 2.5
96A1H1W38/38.5 7 5.5 0.5 2.5
96A1H1W45/46 8 6.5 1.5 2.5
96A1H1W90/91 9 7.5 1.5 3
96A1H2W1.5/2.5 10 7.5 2.5 2.5
96A1H2W28/28.5 11 3.5 0.5 1.5
96A1H2W34/34.5 12 3.5 1.5 1
96A1H2W38.5/39 13 6.5 2.5 2
96A1H2W41/41.5 14 4.5 1.5 1.5
96A1H2W46/46.5 15 3.5 1.5 1
96A1H2W52/53 16 6.5 2.5 2
96A1H2W98/99 17 6.5 2.5 2
96A1H2W110/110.5 18 2.5 0.5 1
96A1H2W113/113.5 19 3.5 0.5 1.5
96A1H2W113/114 20 2.5 0.5 1
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hemipelagic sediment with abundant planktic foraminifera and a reduced volcaniclastic component. A
number of stratigraphic markers are present within Unit H4. The top of the unit can be dated as �130
ka by the MIS 5/6 boundary and the base of the unit can be dated by the FO of E. huxleyi at 250 ka
(6.930 m).

4. Discussion

4.1. Bottom Water Currents at Site U1396C
The organic carbon content of U1396 is quite low, generally <0.2% (0.13 6 0.05%, n 5 27; J. McManus,
personal communication, 2014). These values are typical of other oligotrophic ocean regions of the trop-
ical/subtropical Atlantic [Ziebis et al., 2012], but may be partly influenced by the removal of fine-grained
sediment by bottom water currents. Strong bottom currents have been observed during previous
research cruises in the same topographically high area, and it is likely that these contributed to the dif-
ferences in microfossil content between Hole U1396C and CAR-MON 2. In addition to differences in the
abundance of G. menardii, which is not expected from two sites situated so close together, the delicate
aragonite shells of holoplanktic gastropods, which are found throughout CAR-MON 2 [Wall-Palmer et al.,
2013] and at IODP sites U1394 and U1395 [Expedition 340 Scientists, 2012], are absent from U1396C sedi-
ments below the upper 1.5 m and from nearby site JC18–19 below the upper 0.95 m. Holoplanktic gas-
tropod shells have a low mass and their large aperture makes them easily transported by currents.
Because aragonitic holoplanktic gastropods are abundant throughout CAR-MON 2, which was collected
at 1102 mbsl, their absence in U1396C and JC18–19 cannot be due to aragonite dissolution, because
Site U1396C is situated in shallower water. This suggests that winnowing from strong currents has also
removed the less dense holoplanktic gastropods. Evidence for winnowing is further supported by differ-
ences in grain size between the two sites. In general, samples from Site U1396 contain a higher percent-
age of coarse (>63 lm) sediment than CAR-MON 2, suggesting that fine sediment has been removed
from Site U1396 (Figure 3). Some CAR-MON 2 sediments contain a high proportion of coarse material;
however, upon further investigation, it is apparent that this coarse material is made up of large planktic
foraminifera and holoplanktic gastropods and is thus, not directly comparable to the coarse sediment in
Hole U1396C. These observations strongly suggest that parts of the sedimentary record at Site U1396
were affected by strong bottom water currents, potentially modifying their grain size distribution and
bed thickness. Winnowing has not previously been noticed in sediments offshore Montserrat, so further
investigation is required to understand whether these currents are related to the proximity of gullies
and other topographic features. The position and extent of such currents may help to determine future
sampling sites in this area.

4.2. Distinguishing Eruptive Fall Deposits From Density-Current Deposits
The depositional mechanisms of volcaniclastic material in marine sediments are often ambiguous,
making it difficult to distinguish between eruption fall deposits and density-current deposits [Manville
and Wilson, 2004]. Settling through the water column, bioturbation and the influence of bottom cur-
rents can all affect the sorting, grading, and componentry characteristics of fall deposits, which result
in similarities to volcaniclast-rich density-current deposits [Carey, 1997; Manville and Wilson, 2004].
Thus, there remain ambiguities to deposit interpretation which even detailed investigations of grain
morphology or petrological characteristics may not fully resolve. However, in spite of these caveats,
we observe two broad deposit types that can be differentiated in terms of their bioclastic component
and, to a lesser degree, their sorting. We interpret deposits with fewer than 5% bioclasts, which are rel-
atively well sorted, tend to have a sharp base, but lack evidence for basal erosion and internal trac-
tional structures, as most likely to derive from eruption fallout. All other units rich in volcanic clasts
(41–95%), with abundant bioclasts (5–59%), which often display tractional structures and erosive
boundaries, are interpreted as most likely representing seafloor-hugging density-currents derived
from other processes, which may still represent volcanic events (e.g., entry of pyroclastic density-
currents to the marine environment). Following this criteria, we recognize five density-current deposits
(Units A, B1, B2, C1, and C3), one fall deposit (C2), and one unit which is difficult to interpret (D) within
Hole U1396C. As outlined above, we reiterate that these criteria remain interpretations, and are not
fully conclusive.
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4.3. Combined Chronology of the South and South West of Montserrat
4.3.1. Small-Scale Events 147–250 ka
During the period 147–250 ka, Site U1396 does not preserve any of the visible tephra layers that have been
identified at CAR-MON 2 (Figures 10 and 11). This is unexpected because Site U1396 lies directly between
Soufrière Hills and CAR-MON 2, implying that any sediment input from Soufrière Hills (airborne or water-
transported) reaching CAR-MON 2 passed straight over Site U1396. It is likely that volcanic material from
this activity was initially deposited at Site U1396, but was subsequently partially bioturbated to leave cryp-
totephras that cannot be seen by the naked eye. Intense bioturbation was identified in CAR-MON 2
between 162 and 175 ka and corresponding bioturbation was also observed in Hole U1396C. It can be
assumed that eruptive fall deposits and density-current deposits at Site U1396 from �147 ka to �250 ka
were smaller in scale than during some later time periods or that material from these events did not reach
Site U1396.

4.3.2. Overlapping Activity Soufrière Hills and South Soufrière Hills 124–147 ka
During this period, distal sites U1396C, CAR-MON 2, and JC18–19 preserve volcanic material from the Sou-
frière Hills, intercalated with distinctive mafic clasts, consistent with the composition of subaerial material
from the South Soufrière Hills volcanic center [Harford et al., 2002; Le Friant et al., 2008; Cassidy 2012; Cassidy
et al., 2014]. At �130 ka, Hole U1396C records this activity as a single, glass, and crystal-rich layer (Unit D),
with a low proportion of mafic material. This unit shows characteristics of both an eruptive fall deposit and
a density-current deposit, hence the depositional process could not be interpreted. At �130 ka a similar
glass and crystal-rich volcanic layer with a low proportion of mafic material is recorded within JC18–19 [Cas-
sidy, 2012] and a number of mafic-rich volcanic deposits are also preserved within CAR-MON 2 at 124–147
ka [Le Friant et al., 2008]. These deposits correlate both in timing and composition with the overlapping
Soufrière Hills and South Soufrière Hills eruptive activity. Subaerial South Soufrière Hills deposits have been
Ar-Ar dated as 128–131 ka [Harford et al., 2002]. The depositional processes of these units are unclear and
may represent reworked marine tephra fall deposits or the distal toes of large-scale density-current deposits
(Deposit 2; Figure 1) that have been linked to this period of activity [Lebas et al., 2011; Watt et al., 2012a,
2012b].

4.3.3. Flank Collapses of Subaerial South Soufrière Hills Deposits 103–110 ka
The low number of volcaniclastic units observed across all sites suggest that this was a dormant period on
Montserrat, which follows similar interpretations from the subaerial record [Smith et al., 2007]. During this
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quiescent period, a number of flank collapses to the south of Montserrat caused subaerial South Soufrière
Hills deposits to enter the proximal waters as density-currents [Cassidy et al., 2014]. This distinctive, mafic-
rich material is recorded in all of the south and south west JR123 cores (except JR123-3, which is too shal-
low; Figure 10), as well as along the Bouillante-Montserrat Graben, to the south east [Trofimovs et al., 2013].
These collapse deposits have been dated at 103–110 ka [Trofimovs et al., 2013] and occurred in stages, as
indicated by a gap of �2 ka between an upper and lower deposit [Cassidy et al., 2014]. The collapse depos-
its may also be associated with Deposit 3 (Figure 1), a major (�1.3 km3) blocky debris avalanche deposit
identified by seismic surveys to the south of Montserrat [Le Friant et al., 2004; Lebas et al., 2011; Watt et al.,
2012b]. Such a large-scale collapse and the resulting density-current is likely to have reached Site U1396C.
The timing of Unit C3 (�105 ka) coincides with the large-scale collapses, but is relatively lacking in mafic
clasts when compared to the mafic-rich units identified in the JR123 cores. However, the long distance trav-
eled by this density-current would have increased the bioclastic content of the deposit, and flow processes
may have caused progressive loss of denser mafic grains with distance from shore. Thus, Unit C3 may be
related to Deposit 3 (Figures 10 and 11).

4.3.4. Heightened Activity of Soufrière Hills 75 6 10 ka
At this time, many of the sites to the south and south west of Montserrat indicate strong eruptive activity
from Soufrière Hills, with subsequent volcanic collapses (Figures 10 and 11). At Site U1396, the lack of hemi-
pelagic material between units C1 and C3 suggest that mass flows occurred immediately prior to and fol-
lowing eruptive activity at �105 ka. However, it is also possible that these events occurred independently
of each other and that erosion has removed any original intervening hemipelagic sediment. Marine tephra
fallout within Unit C2 is rich in glass and crystal fragments and comparable to the composition of a marine
tephra layer within CAR-MON 2, dated at 77 ka (Figure 10) and similar deposits within JC18–19 and JR123-2
[Le Friant et al., 2008; Cassidy, 2012], as well as within the subaerial record [Harford et al., 2002]. Harford et al.
[2002] Ar-Ar dated this event in the subaerial record at 75 6 10 ka. The spatial extent of this deposit sug-
gests a major explosive eruption. This activity was closely followed by deposition from a stratified volcani-
clastic density-current deposit, shown by the internal laminations and flow structures within Hole U1396C
(Unit C1) and JR123-1 and 2. This unit was described by Cassidy [2012] as being deposited by a low-
concentration turbidity current with similar components and clast morphologies to lahar deposits from the
Belham River Valley, to the west of Montserrat (Figure 1). The geographical position of Site U1396, JC18–19,
JR123-1 and 2 supports this source for the density-current deposit (Figure 1). This density-current potentially
reached CAR-MON 2, in which reworked volcaniclastic material directly overlies the 77 ka event [Le Friant
et al., 2008].

4.3.5. Mafic and Bioclast-Rich Density-Currents From Shallow Waters 30–50 ka
This period represents an episode of strong sedimentation by density-currents, incorporating material from
both Soufrière Hills and South Soufrière Hills, as recorded at Hole U1396C (49.5 6 1.1 ka, Unit B; Figure 10).
These events are preserved as mixed bioclast-rich volcaniclastic deposits, containing mafic material and
occurring in more than one stage. Fossils of shallow water organisms within this deposit suggest that mate-
rial was transported through the island shelf. Unit B1 also contains pods of distinctive mafic scoria clasts
and differs from the overlying sediment by the absence of holoplanktic gastropods. A comparable deposit,
containing mafic clasts and marking the disappearance of holoplanktic gastropods has been described in
JC18–19 (Cassidy et al., submitted manuscript, 2014). In common with Site U1396, AMS dating of JC18–19
suggests that this was a period of high sedimentation rates (Figure 10) with a number of deposits preserved
from 40.5 6 1.1 to 42.1 6 0.8 [Cassidy, 2012]. At JR123-2 and 3, similar bioclastic and volcanic clast-rich
deposits containing mafic material have been described by Cassidy et al. [2013] as the relatively small
(0.3 km3) submarine landslide identified as Deposit 5 (Figure 1) by Lebas et al. [2011]. However, Cassidy et al.
[2013] suggest that this deposit was associated with, and is of a similar age to, a high-energy density-cur-
rent deposit dated as 8–12 ka which is positioned directly above (JR123-2 and 3; Figure 10). The lack of
intervening hemipelagic sediment between the two deposits in JR123-2 and 3 means that accurate AMS
dating of the lower unit (Deposit 5) is not possible. Several depositional scenarios were presented by Cas-
sidy et al. [2013], all of which indicating that the two deposits are of a similar age. However, it is also possible
that the underlying Deposit 5 was emplaced much earlier (�43 ka; Figure 10) and that the more recent 8–
12 ka density-current eroded into it later. This is not unlikely because the 8–12 ka event was highly erosive.
It is, therefore, possible that Deposit 5 is associated with the bioclast-rich volcaniclastic deposits at sites
U1396 and JC18–19. The source of mafic material within these multistage density current deposits may
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have originated from the erosion of previous flank collapses of subaerial South Soufrière Hills deposits
(Deposit 3, 103–110 ka). However, it may also have originated from contemporaneous eruptive activity. A
subaerial deposit containing a comparable minor mafic component has been Ar-Ar dated at 38 6 8 ka [Har-
ford et al., 2002].

4.3.6. Large-Scale Deposits and Erosion 8–14 ka
Sediments offshore of Montserrat record two major events during this period. The first is a large-scale
density current deposit, produced by a carbonate platform failure at 12–14 ka [Trofimovs et al., 2010,
2013]. This powerful event deposited a thick stack of bioclast-rich (containing shallow water fauna) volca-
niclastic deposits within the Bouillante-Montserrat Graben (Deposit 1; Figures 10 and 11). These deposits
are not preserved at any of the sites to the south west of Montserrat, which is probably due to subse-
quent removal by erosion which occurred at 8–12 ka, during the second major event. All of the sites to
the south and south west, including Site U1396, record an irregular erosion surface (�35 to �42 ka; Figure
10) linked to sedimentation from the passage of a high-energy density-current, which occurred at 8–12
ka [Cassidy et al., 2013]. Site U1396 reveals that this was a powerful density-current, capable of eroding up
to 106–357 cm 33 km offshore. At proximal sites (Figures 10 and 11), this unit is interpreted as being
derived from one, or several, primary andesitic volcaniclastic deposits, originating from the south west of
Montserrat and transported by turbidity currents [Cassidy et al., 2013]. The thick, proximal, coarse-grained
deposits become finer-grained and richer in bioclats at distal site JC18–19. However, at Site U1396, the
erosional surface is overlain by the bioclastic-rich Unit A (Figure 10), rather than a volcaniclastic deposit.
The process of deposition for Unit A is difficult to interpret because, despite the high bioclastic content,
the low proportion of fine grain size material suggests that it is not merely composed of hemipelagic sedi-
ment (Figures 6–8). This indicates that Unit A was formed either by resuspension, resedimentation
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(transportation by density-currents), or by winnowing by strong currents. Although winnowing of the
sediment by bottom water currents, which could remove fine material, has been detected in Hole
U1396C, the abundant holoplanktic gastropods within Unit A indicate that winnowing has not affected
this deposit. In addition, the lack of internal structures within Unit A indicates that it was deposited by a
single event. Therefore, Unit A was most likely produced by the resuspension or resedimentation of mate-
rial, leading to two hypotheses.

4.3.7. The Origin of Unit A 0–12 ka
The first hypothesis is that Unit A is was formed by a low-density submarine current (or submarine-surge)
originating from a pyroclastic flow and associated with the 8–12 ka event. In this scenario, submarine surge
from the 8–12 ka density-current eroded deeply into the sediment surface at Site U1396, resuspending
bioclast-rich sediments, which then settled back on top, forming Unit A. This is a feasible mechanism for
deposition. However, the average sedimentation rate at this site suggests that 22–32 cm of hemipelagic
drape should lie above Unit A. The lack of this drape is not an artifact of coring, because deposits similar to
Unit A, with no overlying drape, have recently been collected by multicoring (that captures the sediment-
water interface) in the same topographically high area during the JC83 cruise. Rather, the lack of drape may
be explained by increased intensity of bottom water currents following the deposition of Unit A, which
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would have constantly mixed or removed the hemipelagic drape. However, it is expected that this scenario
would still lead to some buildup of drape above Unit A.

A second hypothesis for the origin of Unit A is that it formed more recently by density-currents produced
by the ongoing eruptive activity of Soufrière Hills. The series of major recent eruptions of Soufrière Hills [Tro-
fimovs et al., 2013] may have been capable of eroding hemipelagic drape at Site U1396 back to the 8–12 ka
erosional surface, and potentially eroding further into the sedimentary record and finally depositing the
bioclast-rich layer, Unit A. These events potentially include a particularly violent pyroclastic surge following
failure of a crater rim on Boxing Day 1997 [Sparks et al., 2002]. Such recent, large-scale erosion has been
observed at proximal sites within the Bouillante-Montserrat Graben [Trofimovs et al., 2013]. However, if this
mechanism produced Unit A, similar erosion and bioclast-rich deposits would be expected at other sites
around Site U1396, in particular JC18–19. Therefore, no hypothesis satisfactorily explains all of the observa-
tions, and Unit A is likely to have been produced by a combination of factors. Further analysis of newly col-
lected material (JC83) may provide more clues to the mechanisms of deposition.

4.4. Association Between Eruptive Activity and Collapses to the South and South West
Although two of the four volcaniclastic units within Hole U1396C suggest multistage events, there is not a
clear link between periods of eruptive activity and the occurrence of shelf collapses and initiation of density-
currents (Figures 10 and 11). A single density-current deposit within Hole U1396C does, however, appear to
be associated with eruptive activity. Unit C preserves a single marine tephra layer interbedded between
bioclast-rich volcaniclastic density-current deposits, with no hemipelagic sediment in between. This may sug-
gest that the collapse and resulting density-current occurred in immediate association with the eruption.
However, complicated sedimentation processes at Site U1396 also mean that this association may have been
artificially produced by winnowing and erosion. Recent activity of the Soufrière Hills volcano has shown that
eruptive activity can directly produce density-current deposits [Trofimovs et al., 2013]. The eruptive activity at
8–12 ka is closely connected to a powerful density-current, which caused large-scale erosion, demonstrating
this association. However, not all eruptions generate widespread fall deposits, and some fallout may be pre-
served as cryptotephras; therefore, associations between eruptive activity and density-current deposits can be
difficult to identify. Only core JC18–19 has been investigated for cryptotephra layers, and hence a number of
volcanic events may be present within previously studied cores, but have not been identified. Thus, improve-
ments in the detection of these volcanic events may yet reveal a more robust association between eruptive
and density current activity.

To the south east of Montserrat, within the Bouillante-Montserrat Graben, Trofimovs et al. [2013] found that
the initiation of submarine landslides through volcano flank and carbonate shelf collapses, was not depend-
ent on contemporaneous eruptions. Trofimovs et al. [2013] suggested that other factors triggered these
events, such as seismic activity, sea level fluctuations and climate-induced sediment loading on submarine
shelves. A tentative correlation can be made between more vigorous activity on Montserrat and changes in
global (eustatic) sea level and climate (Figure 11). More frequent events are recorded at Site U1396 during
transitions between MIS, which indicate changes in sea level (Figure 11). If this association is correct, then it
has important implications for hazard prediction. However, the current sedimentary record offshore of Mon-
tserrat only extends through two major climate cycles and local tectonic uplift or subsidence may have
modified the pattern of sea level recorded in this area. In addition, complicated sedimentary processes
mean it is not possible to calculate the exact timing of units B and C, thus their association to MIS transitions
is not fully understood. A more rigorous statistical analysis and more precise dating would be needed to
establish firm links between clusters of events and eustatic sea level.

5. Conclusions

The high-resolution biostratigraphy, geochemistry, and component analyses of the upper �250 ka of IODP
Site U1396 south west offshore Montserrat, Lesser Antilles has enabled us to draw together data from previ-
ous studies, identifying the timing of, and potential associations between, events in this area. This study
identifies correlations between proximal and distal sites that reveal the spatial extent of large-scale density-
current and eruptive fall deposits, further improving our understanding of this large data set.

Five periods of heightened activity were identified at Site U1396 at <12, �49.5 6 1.1, 57–105 (�75 6 10),
�105, and �130 ka. In contrast to CAR-MON 2, the majority of units within Hole U1396C were interpreted
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as density-current deposits (A, B, C1, and C3), and only a single visible eruptive fall deposit was identified
(C2, potentially also D). Clast componentry permitted the correlation of most of these deposits laterally
across previously studied sites, considerably extending their known range. However, a single, coarse, thick,
bioclast-rich deposit (Unit A) positioned just below the seafloor has never been described from offshore of
Montserrat. The depositional processes of this unit could not be interpreted here, and it is hoped that future
research upon short cores (JC83), recently collected close to Site U1396, may help us to interpret the origin
of this distinct unit. This study has revealed that a large-scale erosional event, thought to have occurred at
8–12 ka and previously identified within proximal cores, also reached site U1396 and was powerful enough
to erode up to 357 cm of sediment 33 km offshore. This has important implications for future stratigraphy
at distal sites and for hazard prediction.

A further important finding of this study is the recognition of disruptive effects from localized bottom water
currents at Site U1396 and JC18–19. Bottom water currents generated a reduction in the number of holo-
planktic gastropods in areas unaffected by dissolution (and where they are otherwise abundant) and modi-
fied the overall grain size distribution to coarser values, compared to other offshore sites. The position and
extent of such bottom water currents have important implications for future study sites and should be
investigated further.

This study demonstrates that multiple cores, and IODP cores in particular, greatly aid detailed interpreta-
tions of the chronostratigraphy in complex environments. Our robust stratigraphy at Site U1396 identified
critical data to assess the relationship between eruptive activity and volcanic collapse events, which can be
further explored by ongoing research on sites drilled during IODP Expedition 340. Montserrat now provides
one of the most detailed field data sets available for reconstructing long-term evolution of a volcanic island,
from both offshore and terrestrial deposits. The chronostratigraphy of IODP Site U1396 presented here now
forms an important part of this data set.
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