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The products of eruptive and mass-wasting processes that built island arc volcanoes are better
preserved in marine deposits than on land. Holes U1397A and U1399A driled during IODP
Expedition 340 provide a 1.5 Ma record of the volcanic history of Martinique. '*C dating and
8'80 patterns are used to reconstitute the chronostratigraphy of tephra, volcaniclastic turbidites,
and mass-wasting events (traced by debris avalanches, debrites, and duplication and
deformation of pre-existing sediments), leading to a new volcanic history of Montagne Pelée
and Pitons du Carbet volcanoes. The top 50 m of core U1397A provides a continuous high-
resolution sedimentation record over the last ~130 ka. The sedimentation record deeper than
50 min core U1397A and in the whole core U1399A is discontinuous because of the numerous
sliding and deformation events triggered by debris avalanches related to flank collapses. Three
successive activity periods are identified since ~190 ka: the “Old Pelée” until 50 ka, the “Grand
Riviere” (60-20 ka), and the “Recent Pelée” (20 ka— present day). The first two periods have the
highest volcanic deposition rates offshore but very little outcrop on land. The whole magmatic
activity of Mt Pelée comprises silicic andesites, but mafic andesites were also emitted during the
whole “Grand Rivigre.” At ~115ka, a major flank collapse (“Le Précheur”) produced a debris
avalanche and submarine landslide that affected sea floor sediments by erosion and deformation
up to ~70 km from the shore. The Pitons du Carbet volcano was active from 1.2 Ma to 260 ka
with numerous large flank collapses at a mean rate of 1 event every 100 ka. The average
deposition rate of tephra fall offshore is much less than that at Mt Pelée. Our data show that
correlations between the timing of large landslides or emission of mafic magmas and rapid sea
level rise or lowstands suggested by previous studies are not systematic. The reconstituted
chronostratigraphy of cores U1397A and U1399A provides the framework necessary for further
studies of the magma petrology and production rates and timing of the mechanisms triggering
flank collapses and related submarine landslides of Mt Pelée and Pitons du Carbet.

Keywords: Chronostratigraphy, volcanic tephra, flank collapse, submarine landslides, Caribbean, Mt Pelée volcano,
Martinique (FWI: French West Indies), IODP (integrated ocean drilling program) expedition 340
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1 INTRODUCTION

Reconstitution of the history of volcanoes of the Lesser Antilles
Arc using on-land data is difficult because of the scarcity of
outcrops due to 1) the tropical climate that favors the erosion of
volcanic deposits and development of a dense vegetation cover
and 2) the specific characters of the andesitic volcanic activity:
low eruption rates (some eruptions per ka), recurrence of
explosive and destructive phases, recurrence of dome-forming
eruptions, and scarcity of lava flows that create highly unstable
deposits, easily destroyed by flank collapses. In small island
environments, the history of the volcanic activity is generally
better preserved in the submarine deposits close to the volcano
than on-land. In addition, the "C and 'O records on
foraminifera allow construction of a precise
chronostratigraphy of the hemipelagic sedimentation and
volcanic tephra and debris avalanche deposits intercalated in
the marine sedimentary sequence.

Following the approaches of Keller et al. (1978), Carey and
Sigurdsson (1980), Paterne et al. (1986), Reid et al. (1996), and
Carey (1999), the IODP 340 expedition on the R/V JOIDES
Resolution drilled and cored marine sediments at nine sites
located off Montserrat and Martinique islands. The objectives
were 1) to study deposits related to volcano flank collapses and 2)
document the long-term eruptive history of volcanoes. Previous
studies from the Lesser Antilles have identified distinctions of two
types of offshore deposits related to flank collapse, based on
surface morphology, geophysical data, and core sampling (see, for
example, Deplus et al., 2001; Watt et al., 2012; Le Friant et al,,
2015): debris avalanche deposits (DADs), that are primary
deposits of volcano flank collapse, and submarine landslide
deposits (SLDs) that are deformed to remobilized seafloor
sediments by secondary failures initiated by the DAD. The
timing and emplacement processes of landslide deposits
inferred from the IODP 340 expedition and previous studies
are summarized in the studies by Le Friant et al. (2013), Le Friant
etal. (2015), and Le Friant et al. (2020). A series of articles report
the eruptive history of Montserrat inferred from the IODP 340
expedition (Jutzeler et al., 2014; Wall-Palmer et al, 2014;
Coussens et al., 2016a; Coussens et al., 2016b; Fraass et al.,
2017; Jutzeler et al., 2017). Five coring sites (U1397 to U1401)
were chosen on the Caribbean western flank of Martinique. One
site U1397 was dedicated to sediment chronostratigraphy, and
the other sites were dedicated to investigate the SLDs generated
by flank collapses of Mt Pelée, the most recent volcano north of
Martinique (Lafuerza et al., 2014; Hornbach et al., 2015; Le Friant
et al,, 2015; Brunet et al., 2016; Brunet et al., 2017; Llopart et al.,
2018; Knappe et al., 2020; Le Friant et al., 2020; Mencaroni et al.,
2020), combining description of the types of cored sediments
(composition, deformation, distribution, and physical
properties), high-resolution seismic reflection data, and
physical modeling. Only the short (~15m) core Ul401A has
been investigated for tephrostratigraphy using a high-resolution
14C and 0 chronology (0 to ~36 ka; Solaro et al., 2020).

This study contributes to the reconstruction of the volcanic
history of Martinique using two IODP sites: U1397 close to the
coast expected to have the most extensive and better preserved
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record of the volcanic activity and U1399 at the distal part of the
main SLD. '*C and '®0 records on Foraminifera (Globigerinoides
ruber white and pink) provide a precise chronostratigraphy of
hemipelagic sediments and document the volcanic activity and
flank collapses related to recent activity of Mt Pelée over the last
130ka. For older periods, despite the disturbance of the
sedimentary sequences caused by turbidity currents and
landslides driven by gravity or by volcanic activity and flank
collapses, it is possible to propose a reconstitution of the history
and emplacement mechanisms of these events over ~1.5 Ma as
they are recorded in offshore sediments. These new results are
compared to on-land data with a special emphasis on the
relationship between flank collapses and magmatic evolution
of the volcanoes.

2 PREVIOUS WORKS

2.1 Geological Setting and On-Land Volcano
History

The Lesser Antilles Arc results from the subduction of the
Atlantic oceanic plate beneath the Caribbean Plate, at ~2 cm/
yr (Wadge, 1984). North of Dominica, it is divided in two distinct
arcs due to the westward migration of the volcanic activity
(Figure 1A). To the southwest, it is bordered by the 2,900-m
deep back-arc Grenada Basin and, to the east, by a large plateau
that is cut in the northeast by deep trenches perpendicular to the
arc (Feuillet et al.,, 2002). The volcanic activity started at the north
of the arc ~40 Ma ago and progressively migrated to the
southwest (Martin-Kaye, 1969; Bouysse et al., 1990). The inner
arc includes all active volcanoes of the last 20 Ma. Martinique is
located at the junction between the two arcs. The volcanic activity
migrated from southeast to northwest of the island since the Early
Miocene (Westercamp et al., 1989; Germa et al., 2010, Germa
et al,, 2011b; Labanieh et al., 2012). Since the Pliocene, the
northern part of Martinique was built by the successive
activities of Morne Jacob (5.2-1.5Ma) to the east, Pitons du
Carbet (998-322 ka) to the south, Mont Conil (543-127 ka) to the
north, and Montagne Pelée (126 ka—present day) located between
the last two edifices (Samper et al., 2008; Germa et al., 2011b,
Germa et al,, 2015; Figure 2A). Mt Pelée eruptions have been the
subject of numerous studies in volcanology (Lacroix, 1904;
Westercamp and Traineau, 1983a; Jaupart and Allégre, 1991;
Tanguy, 1994, Villemant and Boudon, 1998; Tanguy, 2004;
Carazzo et al.,, 2012) and petrology (Roobol and Smith, 1976;
Bourdier et al., 1985; Gourgaud et al., 1989; Traineau et al., 1989;
Fichaut et al., 1989; Villemant et al., 1996; Martel et al., 1998;
Pichavant et al., 2002; Annen et al., 2008; Labanieh et al., 2010;
Boudon et al., 2013). The recent activity of Mt Pelée from the last
eruption in 1929 to about 20 ka is well-established (Westercamp
and Traineau, 1983a, Westercamp and Traineau, 1983b; Traineau
et al., 1989; Michaud-Dubuy et al., 2019; Figure 2B). In addition,
the volcanic record is more fragmentary due to the rarity of
outcrops and poor dating resolution. Between ~20 and 40 ka, the
“Grand Riviére” events are characterized by specific eruptive style
and petrology (Bourdier et al., 1985; Boudon et al., 2013). The
older activity period (~40-130 ka) called ‘Paleo Pelée’ is identified
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FIGURE 1 | Lesser Antilles Arc, landslide deposits, and IODP 340 coring sites offshore Martinique. (A) Two island arcs. The inner arc is the active volcanic arc
(modified from Boudon et al. (2007)). (B) IODP 340 driling sites and extent of chaotic units. Submarine topography: swath bathymetry illuminated from the North; gray
lines: topographic scarps (DADS is the blocky unit above which is located the U1401 site; other scarps correspond to SLDs limits); gray arrows: main deep sea channels.
Colored lines are seismic reflection lines used to locate the coring sites (blue: AGUADOMAR cruise, 1999, Red: CARAVAL cruise, 2002, Yellow: GWADASEIS
cruise, 2009, Deplus et al., 2001; Le Friant et al., 2003). Drilling sites: open circles: IODP 340 cores; stars: CARMAR-4 (CARAVAL cruise) and GS-2 (Gs7605 cruise; Reid
et al., 1996). On-land black scars: flank collapse structures of Martinique (Mt Pelée and Pitons du Carbet) and South Dominica (modified from Boudon et al. (2013)).

in very few outcrops on land. Older volcanic complexes (Mt
Conil, Pitons du Carbet, and Morne Jacob) have only been the
subject of few petrological or volcanological studies (Westercamp
and Traineau, 1983a; Westercamp et al., 1989; Labanieh et al.,
2010, Labanieh et al., 2012; Boudon et al., 2013; Figure 2B).
Numerous flank collapses have been identified on volcanoes of
the Lesser Antilles Arc (Deplus et al., 2001; Le Friant et al., 2002,
Le Friant et al., 2003; Boudon et al., 2005, Boudon et al., 2007).
Their emplacement and time constraints have been established
from offshore drilling data (Le Friant et al., 2013; Wall-Palmer
et al,, 2014, Le Friant et al., 2015; Brunet et al., 2016; Coussens
et al., 2016a; Coussens et al., 2016b; Le Friant et al., 2020). At Mt
Pelée, at least three flank collapses have created large horseshoe-
shaped structures on the western flank of the volcano and
produced DADs on land and offshore (Vincent et al., 1989; Le
Friant et al., 2003, Boudon et al., 2005, Boudon et al., 2007, Le
Friant et al., 2008; Le Friant et al., 2015; Figure 2B). They were
identified and first dated by the scars of the collapse structures (Le
Friant et al., 2003; Boudon et al., 2005; Germa et al., 2011a;
Boudon et al,, 2013): “Le Précheur” event (between 70 and
127 ka), “Saint Pierre” event (between 30 and 45ka), and
‘Riviere Séche’ event (~10ka). Recent investigations have
questioned this chronology (Le Friant et al, 2015, Brunet
et al,, 2016; Le Friant et al.,, 2020; Solaro et al., 2020). At the
Pitons du Carbet volcanic complex, a large collapse structure
corresponds to one or more flank collapses of the minimum age
~337 ka (Westercamp et al., 1989; Boudon et al., Boudon et al.,
2007; Samper et al, 2008, Boudon et al., 2013; Figure 2B).
Triggering mechanisms of flank collapses and their
consequences on volcanic activity have been discussed in a

number of articles (see, for example, Quidelleur et al., 2008;
Boudon et al., 2013; Le Friant et al., 2015; Coussens et al., 2016b;
Brunet et al.,, 2016; Watt, 2019; Le Friant et al., 2020).

2.2 Submarine Record of the Volcanic
History of Martinique

The Endeavour cruise in 1979 gathered a regional collection of
piston cores allowing assessments of rates of volcanism and
sedimentation, dating of major eruptions, recognition of
submarine pyroclastic flow deposits, and establishment of a
biostratigraphic  framework for the eastern Caribbean
(Sigurdsson et al., 1980; Sparks et al., 1980a, Sparks et al.,
1980b; Reid et al, 1996). Cruises offshore Montserrat and
Martinique islands collected short cores (<10 m) that record
the volcanic activity since ~110ka for Montserrat (Le Friant
et al.,, 2008; Trofimovs et al., 2013) and ~30ka for Mt Pelée
(CARAVAL cruise, Deplus et al, 2001; Boudon et al., 2013).
Drillings of the IODP 340 expedition in 2012 considerably widen
the studied age ranges (Le Friant et al., 2013). Sites U1394 to
U1396 were used to reconstitute the volcanic history of
Montserrat over ~1 Ma (Wall-Palmer et al.,, 2014; Coussens
et al, 2016a; Coussens et al., 2016b). Five sites (U1397 to
U1401) were drilled offshore Martinique. To better record the
volcanic activity, site U1397 is located north-west of the island,
close to the coast (~20 km) but far enough from the DADs and
SLDs from Mt Pelée and South Dominica (Figure 1B). It is
located on a topographic high bound by large canyons to be as
undisturbed as possible by marine and turbidity currents. It is also
close to the piston core CARMAR 4 of the CARAVAL cruise
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FIGURE 2| Chronology of the volcanic activity of Martinique. (A) Volcanic centers of Martinique (from Germa et al. (201 1a)). (B) Volcanic deposits and flank collapse
structures of Mt Pelée (modified from Le Friant et al., 2003 and Boudon et al., 2013). Flank collapse structures are dated by bracketing with ages of domes grown inside
the collapse scarps or cut at collapse structure edges: “Le Précheur” (K-Ar%); “Riviere séche” (U-Th?®); and “St Pierre” (K-Ar3,U-Th2®,14C"). (C) Chronology of the
volcanic activity and flank collapse structures of Mt Pelée. Eruptive styles: Dome: lava dome; BAF: block and ash flow; scoriae: scoria fall or flow; Plinian: plinian fall

or flow; FC: flank collapses. The height of the bars relates to the relative intensities of the eruptions. Green stars: the two dated “Grand Riviere” events that produced
mafic scoriae. Data sources: (1) Westercamp et al., 1989 (*C); (2) Le Friant et al., 2002 (**C-U/Th); (3) Germa et al., 2011a (K-Ar); (4) Michaud-Dubuy ('“C), 2019, (5)
Villemant et al. (U/Th, unpublished); (6) Ishizuka et al., ("*C-K/Ar unpublished); see also Supplementary Table S3.

(2002, ~15 km to the NE of site U1397) that collected 7 m of well-
bedded sediments with around 50 tephra layers (Boudon et al.,
2013). The four other sites are aligned with the flank-collapse
structures of Mt Pelée on the seismic line 16 of the CARAVAL
cruise (Figure 1B). Sites U1399 to U1401 are located on deposits
characterized by chaotic facies in seismic reflection (for definition
see, for example., Deplus et al., 2001; Lebas et al., 2011; Watt et al.,
2012). Site U1398 is the most distant (~80 km) from the shore,
beyond the chaotic facies deposits (Figure 1B). It mainly contains
volcaniclastic turbidites (>70%-95%, Le Friant et al, 2013;
Breitkreuz et al., 2021) due to its location on the low slopes
inside the Grenada Basin which channeled most turbidity
currents from the western flank of the Arc (Figure 1). The
composition of volcanic clasts, age range, and isotopic and
trace element compositions of zircons suggest that the
majority of these turbidites originate from Dominica
(Breitkreuz et al., 2021). Site U1401, the closest to the shore,
penetrates the sediments over 15 m down to the blocky deposit

whose drilling was unsuccessful due to its high content in large
volcanic blocks, characteristic of a DAD (DAD 3; Figure 1B; Le
Friant et al., 2015). This DAD is related to the “St Pierre” flank
collapse (Brunet et al., 2016) and is older than 36 ka (Solaro et al.,
2020).

Compaction of sediments in the upper 200 m of the IODP 340
cores west of Martinique was evaluated from the normalized
undrained shear strength measurements on the hemipelagic
intervals and correlated with consolidation tests on whole
round samples (Lafuerza et al., 2014). Most sediments (except
at site U1400) are normally or slightly under-consolidated. High
abundance of thick turbidites and coarser tephra explains the
pore fluid pressures in slight excess of hydrostatic. However, the
upper 120 m of core U1400 and some intervals in the other cores
are over-compacted due to vertical erosion and/or deformation.
Cores U1399 and U1400 penetrate more than 200 m within
sediments typical of SLDs with only few well-bedded
sediments interspersed in turbidites and highly deformed
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FIGURE 3| Simpilified lithology, deformation figures, and seismic facies of holes 1397A (A) and 1399A (B). Seismic data from Brunet et al. (2016) and Le Friant et al.
(2015), Le Friant et al. (2020). Depth in core in meter. Letters: lithological units defined on board (Le Friant et al., 2013). The reader is referred to Supplementary Figure
81 for high-resolution stratigraphic logs on the web version of this article for benefit.

sediments (Le Friant et al., 2013; Lafuerza et al., 2014, Brunet
et al., 2016, Le Friant et al., 2020; Figure 1B). The deformation
microstructures in cores U1399 and U1400 range from brittle to
ductile and polyphasic (mixed), with inclined or contorted beds
in highly variable degrees and directions. They are acquired after
sediment deposition and may be the result of multiple successive
but independent episodes of stress (Hornbach et al., 2015; Brunet
etal,, 2016). Laboratory experiments and numerical models show
that lower permeability and high fluid pore pressures exist in
some discrete units in the core, where slight changes in the stress
regime may have triggered motion and local deformation
(Lafuerza et al, 2014; Hornbach et al, 2015). A
comprehensive model of emplacement of the debris avalanches
and associated submarine landslides was proposed combining
data of the IODP 340 expedition and geophysical data of three
cruises (AGUADOMAR held in 1999, CARAVAL held in 2002
and GWADASEIS held in 2009; see Deplus et al., 2001; Le Friant
et al., 2003; Brunet et al., 2016): the overload generated by the
accumulation of debris flows produced by flank collapses at the
break in slope on the seafloor triggers the sliding of pre-existing
sediments along décollement surfaces and induces deformation
of high-pore pressure units distributed within the submarine
landslide thus created (Le Friant et al., 2015; Brunet et al., 2016; Le
Friant et al., 2020). Core U1399 is less deformed than core U1400
and contains a large section of undeformed well-bedded
sediments at the top. The existence of such undeformed layers
at the top of the SLDs in all cores shows that deformation stopped
over 50ka ago (Brunet et al, 2016; Le Friant et al., 2020;

Figure 3). Site U1399 is close to the site GS 2 of the 1976
cruise Gs7605 (Carey and Sigurdsson, 1980; Reid et al., 1996;
Figure 1B).

3 MATERIALS AND METHODS

Cores U1397A and U1399A are simultaneously studied in this
research to complete the chronostratigraphic information
available in published studies on land and in marine cores and
make an attempt to interpret the distal deposits of SLDs.

3.1 Lithostratigraphic Facies Analysis

At the studied sites, the sedimentary units consist of various
combinations of hemipelagic sediments, tephra fall deposits,
turbidites (bioclastic and volcaniclastic), debris flow deposits,
and homogenized sandy-mud lithofacies (both referred here as
debrites). The distinction between the different sedimentary
facies is often a complex task due to their large variability and
numerous artifacts due to piston coring (Cassidy et al., 2014;
Jutzeler et al.,, 2014). Therefore, we use the nomenclature
defined on-board and reported in the visual core
descriptions (VCDs, Le Friant et al, 2013). Detailed
descriptions and interpretations of these lithostratigraphic
facies can be found in the studies by Talling et al. (2012),
Trofimovs et al. (2013), Cassidy et al. (2014), Coussens et al.
(2016a), Jutzeler et al. (2017) and for cores offshore
Martinique in the studies by Le Friant et al. (2013),
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Lafuerza et al. (2014) Brunet et al. (2016), and Le Friant et al.
(2020). The distinction between turbidites and tephra layers,
critical for the investigation, is not always
straightforward. Tephra layers consist of thin (centimeter to
tens of centimeter) and fine grained (<1 cm) deposits either
well-sorted and normally graded or massive with sharp
contacts with sediments. They contain different types of
volcanic clasts and separated minerals. The content in
biogenic and other non-volcanic material is <10%. Different
types of tephra deposits have been defined on-board based on
deposit characteristics (fallout or volcaniclastic deposit) and
nature of volcanic fragments (pumice, black scoriae, dome
fragments, and separated minerals). The most frequent types
are pumice clasts and separated minerals (mainly plagioclase
and, to a lesser extent, pyroxenes and more rarely amphibole,
biotite, olivine, or quartz). Glass shards are almost absent.
Laboratory analysis of tephra layers identified on-board in the
upper ~10 m of the core U1397A indicates that most of them
(~60%) actually contain more than 50% of fresh pumice clasts
and/or scoriae and separated minerals, but ~20% are not of
direct volcanic origin but are remobilized deposits, for
example, in some turbidites (Del Manzo et al., in prep).
Here, we use on-board identifications of tephra layers, with
some addition or exclusion after careful examination of VCDs.
No attempt has been made to distinguish the different volcanic
or magmatic types which require much more detailed
investigations (Del Manzo et al., in prep) that are beyond
the scope of this study.

The volcaniclastic turbidites have similar lithology and are also
normally graded (segregation and sorting) by transport in the sea,
but they are generally much thicker (tens of centimeter to tens of
meter) and contain much coarser fragments (>1 cm). Pumice
clasts most frequently represent the highest volcanic fraction.
They are sometimes marked by an erosive base and may
incorporate a significant fraction of pre-existing sea floor
sediments. Volcanoclastic turbidity deposits may result from
pyroclastic density currents (mainly pumice flows) entering
into the sea or from remobilization of pyroclastic deposits on
the submarine slopes or on land (Cassidy et al., 2014; Jutzeler
et al., 2017). Debrites are deposits of submarine flows of debris
avalanches. Homogenized muddy sand layers observed in some
IODP 340 cores could not only result from mixing of pre-existing
stratigraphy within the localized zones of intense shear (Brunet
et al.,, 2016) but can also represent distal deposits of submarine
debris flows (Talling et al., 2010; Talling, 2013; Talling, 2014).

current

3.2 Biostratigraphy

Planktonic foraminifers collected on board in both cores are
characteristic of Upper Miocene to Upper Pliocene (Le Friant
et al., 2013). An overall trend to older material with depth is
observed in core U1397A, with an age younger than 220 ka for the
top 25 m, younger than 250 ka from ~50 to 100 m, and younger
than ~350 ka from ~100 m to ~400 ka at the bottom of this site
(Le Friant et al., 2013). In core U1399A, the same fossils were only
found in low numbers, and no reliable planktonic foraminiferal
data were found.

Marine Record of Martinique Volcanism

3.3 Chronostratigraphy: '20

Measurements and '*C Dating

The combined use of '*C dating and variations of oxygen isotopes
of marine foraminifers makes it possible to establish a reliable
chronostratigraphy of marine sediments (Keller et al., 1978;
Paterne et al, 1986; Lowe 2011; Griggs et al, 2014; Lowe
2014). Globigerinoides ruber was collected in hemipelagic
layers of both cores for §'®0 analyses (611 in the upper 95 m
of U1397A and 911 in the upper 150 m of U1399A). The
collection was as systematic as possible at a depth interval
ranging between 2 and 20 cm depending on lithology, with a
mean interval of ~10 cm. Stable oxygen isotope analyses were
carried out at the Laboratory ISTeP (Institut des Sciences de la
Terre de Paris, Sorbonne-Université, Paris, France). No chemicals
were used to disaggregate the sediments, and at all stages in the
processing, deionized water was used to ensure no dissolution of
the carbonate microfossils. The samples were sieved by washing
on a stainless steel sieve and slowly dried at 35-40°C. Pristine test
samples of white and pink Globigerinoides ruber > 150 um in size
were picked (~10 mg) and sonically cleaned. The samples were
reacted with 100% H3;PO, acid under vacuum in a Kiel IV
automatic preparation device at 70°C, and the resulting CO,
was analyzed using a ThermoFisher Delta V Advantage IRMS
mass spectrometer. Oxygen isotope values (8'°0) are reported as
per mil (%o) deviation in the isotope ratio (*80/'°0) standardized
to the Vienna Peedee belemnite—VPDB scale using an internal
standard (Marceau marble: §'%0 = —1.83%o V-PDB) calibrated
against NBS-19 using the classical method. The analytical
reproducibility (10) on replicate analyses was 0.1%o. The mean
bulk reproducibility is ~0.27%o. It includes the variability in
sampled sediment and was estimated from two to three
replicates in ~40 sediment layers of core U1397A. §'°0 data
are reported in Supplementary Tables S1A,B.

For "*C dating, approximately 800 specimens (~10 mg) of G.
Ruber of a size >150 um were picked in each of the selected
hemipelagic sediment layer. AMS analyses were performed by
Artemis National Platform LMC14 (CEA Saclay, Gif sur Yvette,
France) or by Beta Analytics Inc. (FL, United States, www.
radiocarbon.com) using their in-house protocols. Thirteen
samples were selected in the upper 7 m of U1397A and seven
samples in the upper 3m of U1399A. "*C dating results are
reported in Supplementary Tables S2A,B as conventional
radiocarbon years BP, expressed at the *lo level for overall
analytical confidence. The AMS dates are calibrated against
the Marinel3 dataset using CALIB 7.0 Radiocarbon
Calibration software (Stuiver and Reimer, 1993; Reimer et al.,
2013a; Reimer et al., 2013b).

4 RESULTS

4.1 Lithology, Deformation, and Seismic

Facies of Cores U1397A and U1399A

Simplified lithology (hemipelagic sediments, tephra layers,
turbidites, and debrites) and possible deformation figures
established on board from visual core descriptions (VCD’s; Le
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Friant et al., 2013) are compared to seismic facies (Brunet et al.,
2016) for both cores in Figure 3. For interpretation of the
stratigraphic sections reported in Figure 3, high-resolution
logs are reported in Supplementary Figure S1.

4.1.1 Site U1397

Two holes have been cored on this site (Figures 1B, 3A). The top
50 m of core U1397A contains a slightly higher proportion of tephra
and hemipelagic sediments and a lower proportion of turbidites
than in core Ul397B distant about 15m to the south (see
Supplementary Figure S$2). The general distribution of
hemipelagic and tephra layers is, however, similar. This indicates
that turbidity currents are strongly channelized and may partially
and superficially erode pre-existing sediments. The core U1397A
(Lat 14°54.4081N, Long. 61°25,3530W, water depth 2,482.2 m)
reached 265.5m bsf (meters below sea floor), but only the
uppermost 120 m has good recovery. Seismic data indicate that
at least the upper 90 m of the core penetrates regular reflectors that
correspond to undisturbed well-bedded sediments; below,
numerous chaotic reflectors are visible. At least 300 tephra
layers have been recognized in the top 50 m. Numerous
thick turbidites are intercalated between thick well-bedded
sediment layers in the intervals ~50-65m, ~95-120 m, and
below 140 m bsf. Six different lithostratigraphic units (A to H)
are recognized (Figure 3A). Unit A (0-28 m bsf) comprises a
sequence of hemipelagic sediments with interbedded tephra
layers and few thin and poorly sorted turbidites. Unit B
(28-53 m bsf) comprises the same material but with
numerous volcaniclastic turbidites, particularly in the upper
5m. Unit C (53-76 m bsf) is mainly a turbidite sequence of
mixed (bioclastic-volcaniclastic) composition. Turbidites are
normally graded and contain variable amounts of fresh
pumice. The turbidite layers are most often in direct
contact with no separating hemipelagic layer. The basal
zone of unit C (<3 m thick) contains a debrite and a section
of deformed sediment. Unit D (76-91 m bsf) comprises a series
of volcaniclastic turbidites (more abundant from ~83 m bsf)
and a few tephra layers which are interbedded in a hemipelagic
mud. The proportion of hemipelagic sediment is lower than
that in unit C. Unit E (91-120 m bsf) comprises a series of thick
massive to normally graded volcaniclastic turbidites
containing a large amount of massive to poorly vesiculated
lava fragments. Below ~120 m bsf, the core recovery was very
low, and the stratigraphy is uncertain. The recovered
sediments are significantly and increasingly compacted from
this depth. Three different units were successively sampled: 1)
between ~150 and ~170 m, two sequences of hemipelagic
sediments weakly compacted at the top with a progressive
lithification into mudstones with depth; 2) between ~170 and
230 m bsf, many sequences of mud-rich sandstone layers and
semi-consolidated, highly fractured, and contorted mudstones
with abundant lava clasts, few pebbles, and a larger block
comprising andesitic lava containing large phenocrysts of
amphibole and quartz; 3) between ~230 and ~265m bsf, a
sequence of heavily bioturbated hemipelagic mud with few
interbedded layers of bioclastic sandstone.
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4.1.2 Site U1399

Site U1399A (Lat 14°23,2419N, Long. 61°42,6833W, water depth
2,900.8 m) reached 274.7m bsf (Figures 1B, 3B). Cored
sediments are dominated by a combination of hemipelagic
mud with interbedded tephra and volcaniclastic turbidites and
various types of deformed sedimentary intervals that occur at
different depths. Some units contain debrites. Seismic data
indicate a thick zone (~25-150 m bsf) with chaotic reflectors
intercalated between two zones with typical well-bedded facies
(0-25m bsf, and below ~150 m bsf, Figure 3B). The chaotic
facies correspond to locally highly deformed sediments. Eight
different lithostratigraphic units (A-H) are defined based either
on changes in the cored material characteristics or a distinct
marker layer (Le Friant et al., 2013; Figure 3B). Unit A (0-24 m
bsf) mainly comprises hemipelagic mud with abundant tephra
layers and several small turbidites. Unit B (24-50 m bsf) is a
sequence of variably deformed and contorted hemipelagic
sediment and debrites with a muddy sand matrix. Unit C
(50-72m bsf) consists of hemipelagic mud with interbedded
tephra layers and thin turbidites (<1 m thick). The base of unit C
comprises a 1-m-thick interval of hemipelagic mud overlain by a
thick turbidite (~8 m). Unit D (72-80 m bsf) comprises highly
deformed sediments in the upper part and weakly deformed
hemipelagic mud in the lower part. Unit E (80-112 m bsf) consists
of a succession of alternating layers of undeformed hemipelagic
mud with interbedded tephra layers and thin turbidites, deformed
pelagic mud, debrites, and turbidites. Unit F (112-150 m bsf)
comprises a sequence of highly deformed and contorted
hemipelagic sediment with turbidites and contorted tephra
layers. Unit G (150-192m bsf) comprises sequences of
pumice-rich turbidites with few interbedded hemipelagic mud
and tephra layers. Unit H (192-270 m bsf) has very low recovery
and consists of hemipelagic mud with interbedded tephra layers
and pumice-rich turbidites.

4.2 Chronostratigraphic Data and Model
Ages

The patterns of 80 vs. hemipelagic sediment thickness compared to
standard §'®0 vs. age curves allows to establish the age (“model age”)
of hemipelagic sediments as a function of depth in the core. The mean
time resolution (+lo) of the chronological reconstructions is
theoretically ~lka for U1397A and ~4ka for U13994A, as
estimated from the mean sedimentation rates and sampling
interval (~10 cm). In many cases, however, (no recovery, gaps in
hemipelagic sedimentation), the age can only be bracketed in a much
larger time interval. The large differences between the §'*0 depth
patterns of U1397A and U1399A are due to differences in both
sedimentation rates and post deposition perturbations (mass
transport, deformations etc.).

4.2.1 Core U1397A

Lithology of core U1397A is compared to the §'°0 patterns in
Figure 4. '°0 data obtained at approximately the same depth
resolution in two other cores drilled near site U1397 (Figure 1B)
are also reported for comparison: the ~10-m-long core CARMAR 4
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FIGURE 4 | Synthetic logs and 880 values of core U1397A. Comparison with cores U1401A and CARMAR-4. §'80 data: red dots U1397A; light blue dots:
CARMAR-4 (Boudon et al., 2013); dark blue dots: U1401A (Solaro et al., 2020). Blue domains: turbiditic zones; blue bars: turbidites >50 cm; black bars: tephra units;
orange bars: debrites. The height of the bars relates to the relative thicknesses of the deposits. Gray domains: void in core; dots: §'®0 values; open circles: series of
samples of which the 8§80 pattern is not consistent with the stratigraphic position in the core. They correspond to sedimentary units displaced by submarine sliding
(“duplicate units”). Letters are the different core section labels and lithological units (see Figure 3A).

(Boudon et al., 2013) and the ~15-m-long core U1401A (Solaro et al,,
2020). The three datasets are consistent in absolute values and
dispersion, indicating that the relatively high dispersion of §'*0
values is mainly due to the natural heterogeneity of sediments rather
than analytical. This natural heterogeneity is likely due to the
sedimentation conditions in an agitated marine environment on
steep volcano slopes. §'°0 data for U1401A display a slightly higher
dispersion than those for U1397A, though performed in the same
conditions (Figure 4): it is likely due to its location at the outlet of Mt
Pelée collapse structures, leading to significant disturbance of the
sedimentation (Figure 1B).

8'%0 data of core U1397A display a continuous trend over the
upper 28 m of the core (unit A). Below, the 8'®0 record is
discontinuous due to the abundance of thick turbidite layers
or poor recovery (Figure 4). The §'®0 pattern over the upper
28 m reproduces the typical isotopic variations since the last
interglacial low-stand to the present day, with maximum §'*0
values at ~18 ka. The age-depth calibration is estimated using
both '*C dating and §'°0 measurements (see Supplementary
Tables S1A, S2A). Due to the volcanic environment and the
proximity to the coast, the sedimentation may be disturbed by
volcanic events (such as large eruptions, volcaniclastic turbidity
currents, or debris avalanches) or climatic events (such as strong
floods or storms). These events may be considered instantaneous
compared to the time resolution, and their deposits can be
relatively easily identified. Due to relatively low frequency of
such events and the low thickness of volcaniclastic layers in the
upper 28 m of the core, we assume in first approximation a
constant hemipelagic sedimentation rate. The thickness of
hemipelagic sediments is estimated by subtracting the
thickness of volcanic (VL), turbidite (Tu), or debrite (D) layers
as reported in the VCD from the depth in core (see
Supplementary Table S1A). Then, the use of '*C dating
(Supplementary Table S2A) leads to a mean sedimentation
rate of ~23 cm/ka (Figure 5A). This rate is lower (~9-10 cm/
ka) for the upper meter of the core, but then increases rapidly. It
may be due to coring under-recovery of the upper unconsolidated
sediments. From this first estimate, a new mean sedimentation

rate is obtained (Figure 5B) by fitting “by eye” the §'®0 pattern to
a reference pattern derived from the following well-constrained
8'%0 age curves (see Supplementary Figure $3): SPECMAP LR-
04 (Lisiecki and Raymo, 2005), ODP999, and VM78-122 in the
Caribbean Sea (Broecker W. et al., 1988; Broecker W. S. et al,,
1988; Broecker et al., 1990) and CARMON?-2 offshore Montserrat
(Le Friant et al, 2008). A compaction factor K® to take
into account for sediment pile overload is defined as
follows: Vs = Vs® (1 - k° d), where Vs and Vs are,
respectively, the actual and the apparent sedimentation
rates and d is the depth expressed in centimeter (bsf). The
best fit is obtained for Vs’ = 28 cm/ka and k® = 2.510 > cm ™"
(Figure 5A). The calibration curve is consistent with that of
core U1401A (Solaro et al., 2020) and with the hemipelagic
sedimentation rates deduced from biochronology in cores En
46 and GS 27 cored near the Caribbean coasts of St Lucia and
the Grenadines (Reid et al., 1996; Figure 5A).

Sediment erosion and sliding and doubling of sediment
packages as discussed below inhibit application of the same
fitting method to core sections older than 130ka (Figure 4).
In unit C (~53-76 m bsf) in core U1397A, the sediments mainly
consist of a series of volcaniclastic turbidites, representing a total
thickness of ~15m ~ 2m at 53 m, ~5.5m at 55.5m, ~4.5m at
61.5m, ~2 m at 66.5 m, and ~0.4 m at 70 m bsf (Figure 4). This
sequence of turbidites lies on top of a debrite-like deposit between
74 and 76 m bsf. Only a ~1.6 m thick continuous sequence
(68.4-70 m bsf) of hemipelagic sediments is preserved within
the turbidite sequence. It displays a 8'®0 pattern that is not
consistent with possible nearby reference patterns, that is, older
than 130ka. This pattern is, however, similar to that of a
shallower section (46-48 m bsf, in unit B), which corresponds
to the 115-121 ka time period (Figures 4, 5B). We assume that
this sedimentary sequence is a duplicate unit and that its
stratigraphic position is controlled by the emplacement of the
complex system comprising thick turbidites and debrites of unit
C (53 and 76 m bsf; Figure 5B).

To fit the §'O measured in the series of hemipelagic
sediments of unit D (between 76.7 and 90.2m bsf, the
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o

maximum depth of §'®0 measurements, Figure 4) with the
isotopic reference patterns, it is necessary to assume a large
gap of hemipelagic sediments at the base of unit B (from 53 m
bsf), which corresponds to the turbidites of unit C (Figure 4). The
missing sediments correspond to a time period of ~50ka
(between 135 and 185ka; Figures 5A,B) and theoretical
thickness of hemipelagic sediments of ~14 m estimated from
the hemipelagic sedimentation rate. Another but smaller
sedimentation gap likely exists at ~85.8 m (in unit D) and is
also contemporaneous (at ~226 ka) of a ~1.5 m-thick turbidite.
The overall fit with isotopic reference curves for the time period
185-250 ka is less satisfactory than for shallower sediments. The
core U1397 provides the longest time interval (~1-133 ka) of
continuous sedimentation collected offshore Martinique. The
8'®0 record and the corresponding model ages are wholly
consistent with those of the CARMON 2 piston core offshore
SW Montserrat (Figure 5B), which records a continuous
sedimentation over ~250ka, but with much lower
sedimentation rates (~2-4 cm/ka; Le Friant et al., 2008).

4.2.2 Core U1399A

Lithology and §'®0 measurements of core U1399A are compared
in Figure 6. Site U1399A is located further from the coast
(~70 km) and at a much greater water depth (2,900 m) than
site U1397A (located at ~20 km and 2,480 m water depth), but

far from the main marine streams: the mean hemipelagic
sedimentation rate should be much lower. Because the
U1399A core was drilled through the SLDs, it contains
numerous turbidites and debrites and intense deformation
over large depth intervals that are related to the volcanic
activity and flank collapses of Mt Pelée and possibly
Pitons du Carbet (Figure 3B). Large perturbations in the
hemipelagic sedimentation record are expected. Of the
seven '*C dates performed in this core, only three are below
the upper age limit of the method (<45 ka; Supplementary
Table S2B). At the top of unit A, there is a large gap between
the "*C dates (~25 ka; Supplementary Table S2B) of the two
hemipelagic sediment layers 1H1 80-82 and 1H2 60-62 (at
depths 82 and 212 cm bsf, respectively), which bracket a 1.2-
m-thick turbidite (vertical gray arrows in Figure 6A). In
the nearby site GS 2, a coarse pyroclastic deposit (75-cm
thick) was also reported at a similar depth and attributed to
the volcanic activity of Dominica (Reid et al., 1996). The
different '*C dates obtained in sediments collected below
this turbidite (>210 cm bsf, unit A; Supplementary Table
S2B) are inconsistent, even considering the large age
uncertainties (Figure 7A). The existence of a thick turbidite
and chaotic distribution of "*C dates in sediment layers below
it argue in favor of a strong disturbance of the original
sedimentary pile below 80 cm bsf.
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The 8'®0 patterns of the next 2.5-4.2m in core U1399A
(Figure 6A), and of the 12.5-17.5 m in core U1397A (base of unit
A; Figure 5B), are similar and correspond to the age range
~43-60 ka (Figure 7A). This confirms the existence of a large
sediment gap corresponding to the age range ~12-43 ka and
equivalent to ~1.5 m of hemipelagic sediments in core U1399A
(gray domain in Figure 7A). The few significant '*C data (layers
shallower than 80 cm bsf, Figure 7B) provide a rough estimate of
the hemipelagic sedimentation rate Vs” ~ 9 cm/ka. This value is
consistent with the biostratigraphic estimate of Vs’~8 cm/ka at
the site GS 2 nearby (Reid et al., 1996). As for the core U1397A, a
compaction factor of k° = 10°°cm™ is estimated from the
comparison of the first well-identified continuous sediment
units. The fit of the 8'®0 pattern of core UI399A with
reference isotopic curves over the last 150ka (Figure 7A)
provides a more confident estimate of the mean hemipelagic
sedimentation rate of ~5.2 cm/ka (Figure 7B).

For greater depths, we investigate step by step, with increasing
depth, the different continuous series of hemipelagic sediments
using the VCDs (Figure 6). The 8'®0-age pattern of each
continuous series is established using the estimate of the
hemipelagic sediment thickness and mean sedimentation rate.
As for core U1397A, these patterns are compared and fit to
reference isotopic curves considering possible duplicates or gaps
in the sedimentary sequence. Duplicates and gaps are generally
bracketed by thick turbidite, debrite, or deformation zones
(Figure 6). In deformed zones, the actual thickness of
sediments is lower than that measured by depth variations
because of folding or tilting of the sedimentary layers. The

apparent sedimentation rate is Vs = Vs® (1 - k° d) k', with k'
> 1. For all deformed zones, we adopted, in first approximation,
an elongation factor of 10%, let k' = 1.1, which is consistent with
observations (Lafuerza et al., 2014; Brunet et al., 2016).

The resulting age model for the core section down to 210 m bsf
is reported in Figure 7C. The consistency between the SPECMAP
curve and the §'0 model age of U1399A is relatively satisfying
up to ~1.2Ma (~120 m bsf). Beyond this, especially for ages
>1.6Ma (>190m bsf), the poor recovery, the scarcity of
continuous sedimentary piles and the almost systematic
deformation prevent confident fitting. On the basis of §'°0
patterns, many duplicate units are identified in the upper 45 m
of the core (base of unit A and the whole unit B; Figures 6, 7C);
they probably also exist at greater depths in the sediments but are
not identifiable. The origin of such chronological discrepancies
will be discussed below in the context of stratigraphic
disturbances caused by erosion and sliding sediment packages.
The decrease in the amplitude of §'*O variations for ages older
than 1 Ma is well-known (Mid-Pleistocene transition; see, for
example, Clark et al., 2006) and consistent with the §'*O patterns
between ~95 and 175 m bsf (units E and F; Figures 6B, 7). On the
contrary, the 8'®0 pattern between 195 and 210 m (unit H;
Figure 6B) is characterized by a broad peak with large
variations in 880 values (range: [-2.5; 0.3%o]), which is
inconsistent with ages older than 1Ma. This range of §'°0
values is typical of the time periods 0-250ka or 350-750 ka,
which suggests that this sediment package could represent a 10-
m-thick duplicate unit of a relatively recent material overlain by a
very thick pile of at least 100 m of older sediments.
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FIGURE 7 | Model age and sedimentation rate of core U1399A. (A) Model age for the time period 0-150 ka. Dots: §'80 data of cores U1399A (black) and U1397A

(red). Squares: "“C data of core U1399A; error bars are within symbol size; black arrows: data out of '*C dating range. Continuous lines: standard §'80—age patterns.
Blue bars: turbidites >50 cm; orange bars: debrites. Gray domain: erosion or sedimentation gaps (identified by arrows in Figure 6A). (B) Sedimentation rate. Black dots:
U1399A; squares: '*C data. V°s: mean hemipelagic sedimentation rates. Crosses: data of cores En 6, GS 2 and GS 18 (biochronology, Reid et al., 1996; see also

Figures 1, 8). (C) Model age for the time period 0-1.8 Ma. §'®0 data: black dots; open circles: sedimentary units displaced by submarine sliding (“duplicate units”).
Reference curves: SPECMAP (green) and CARMON (blue). Other symbols as in (A). Letters are the different core section labels and lithological units (see Figure 3B). For
ages older than ~1 Ma, the proposed chronology has a low confidence due to large deformation and low recovery. No attempt has been made to interpret data for

5 DISCUSSION

5.1 Preservation of Sedimentary Deposits

and Chronostratigraphy

The Caribbean flank of the southern part of the Lesser Antilles
Arc is characterized by high sedimentation rates of both
hemipelagic and volcanic origin. The volcanic supply is high
and variable along the Caribbean coasts because of the
distribution of the active volcanic centers on the western side
of the islands and of the western vergence of the horseshoe-
shaped structure generated by flank collapses that channel the
pyroclastic flows and debris avalanches (Figure 1; Deplus et al.,
2001). The distribution and thickness of volcaniclastic turbidites
and debrites are also extremely variable as indicated by the VCDs
of the different cores offshore Martinique (Figure 3; Le Friant
etal., 2002; Le Friant et al., 2013). Two factors favor erosion of the
sedimentary deposits: 1) the local sea floor morphology with very
steep submarine slopes and deep canyons related to regional and
local fracturing (Feuillet et al., 2002) which favor the sliding of
sediment piles and erosion by powerful turbidity currents, and 2)

the volcanic activity itself through potentially erosive debris
avalanches and related submarine landslides (Le Friant et al.,
2015; Le Friant et al.,, 2020). On the contrary, on the eastern
(Atlantic) side of the islands, the hemipelagic and volcanic
sedimentation rates are much lower (Reid et al, 1996; Le
Friant et al., 2008), and volcanic deposits almost exclusively
consist of small volcanic clasts transported in volcanic plumes,
but the preservation of sediments over long periods of time is
much better (Reid et al., 1996).

The hemipelagic and volcanic sediments recorded in cores
offshore Martinique generally consist of a series of continuous
and well-preserved units of highly variable thicknesses (from
typically 10 m-50 m, but sometimes some meters only) separated
by volcaniclastic turbidites or more rarely by debrites. No erosion
features at the top or the bottom of these units are identified in
VCDs (Le Friant et al., 2013), but a fine analysis of 80 patterns
suggests that some rare debrites may have had a significant
erosive effect as, for example, at ~50 m bsf in core UI399A
(unit C, 435 ka; Figures 6, 7C). All along the core U1399A
(Figure 7C) and below ~52 m bsf in core U1397A (Figures 4,

Frontiers in Earth Science | www.frontiersin.org

11

March 2022 | Volume 10 | Article 767485


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Villemant et al.

5B), many large hemipelagic sedimentation gaps are identified
through 8'®0 chronostratigraphy. Finally, numerous duplicate
sedimentary units are also identified in core U1399A (Figure 6A)
and one in core U1397A (unit C and following; Figure 4) that
result from slumping of coherent sediment slices down steep
canyon flanks (U1397A) or at the front of large submarine
landslides (U1399A). Thus, the sedimentary records of both
cores reflect continuous hemipelagic sedimentation with
discrete volcanic deposits, turbidites, and more rarely debrites
producing sedimentary piles that are periodically destabilized or
eroded. Potential triggering processes are various: sediment
overload and slope failure, large volcanic events or flank
collapses (Le Friant et al., 2015; Brunet et al., 2016; Le Friant
et al., 2020), earthquakes, etc.

Three factors affect the §'®O correlations and age models:
inconsistent 80 values (i.e., duplicates), sediment gaps (by
erosion), and recovery gaps. The continuous hemipelagic
sediment record in the upper 28 m (Unit A) of core U1397A
allows the reconstitution of a precise chronostratigraphy over
~135 ka in both cores (Figures 5B, 7A). On the basis of reference
8'%0 age curves, the age resolution is ~2 and ~5ka in cores
U1397A and U1399A, respectively (see Supplementary Figure
$3). In core U1399A, this reconstitution is possible up to ~1.5 Ma
but with a much lower age resolution and large discontinuities
especially from ~450 ka; poor recovery, erosion, and slumping
and deformation of sediments strongly affect the age model. All
events recorded by well-identified deposits can then be dated.
Tephra layers, despite some evidences of post-deposition
transport on short distances, do not significantly disturb the
hemipelagic sedimentation and are accurately dated. Since
volcaniclastic turbidites and debrites are discontinuities in
sedimentation, only maximum or minimum ages of
emplacement can be estimated.

5.2 Sedimentation Rates

The hemipelagic sediments on the eastern side of the Grenada
Basin consist of a dominant fraction of terrigenous (volcanic clay
and silts) sediments supplied by island rivers and a low fraction of
pelagic sediments produced in situ but also transported from the
Atlantic Ocean by the powerful submarine currents through
island passages (South Dominica, South Martinique, and
South St Lucia; Reid et al., 1996; Figure 8A). In the Caribbean
Sea, along the western coasts of the Lesser Antilles Arc, the
hemipelagic sedimentation rates are variable in space and time;
they are high close to the islands at the mouth of inter-island
submarine channels and rapidly decrease away into the Grenada
Basin (Reid et al., 1996). The pure hemipelagic sedimentation
rates measured close to the shore (~25 km) in cores CARMAR-4
(upper 7 m; Boudon et al., 2013), U1401A (upper 8 m; Solaro
et al.,, 2020), and U1397A (upper ~25m) are similar, varying
between 24 and 28 cm/ka (Figure 5A). The location of sites
CARMAR-4 and U1397A at the mouth of the Dominica channel
explains their slightly higher hemipelagic sedimentation rates
than those of U1401A (Figure 8A). The sedimentation rates
decrease rapidly with distance from the Grenada Basin with a
mean value of ~5.2 cm/ka at ~70 km (site U1399A; Figure 7B).

These low sedimentation rates are consistent with
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biostratigraphic estimates in the Grenada Basin (e.g., 8 cm/ka
at site GS 2; Reid et al., 1996; Figure 8A). More generally, they are
consistent with estimates in most sites in the Lesser Antilles
Backarc, Forearc, or Volcanic Platform ranging between 2 and
8 cm/ka for at least the last 80 ka (Reid et al., 1996, Figure 8A).
They are also consistent with recent estimates (3-4 cm/ka) using
8'%*0 and 'C chronostratigraphy on cores offshore SW
Montserrat (CARMON-2, Le Friant et al., 2008; U 1396, Wall-
Palmer et al, 2014; Fraass et al, 2017; Figure 8A). The
background hemipelagic sedimentation rates are, thus,
generally <8cm/ka in the whole east Caribbean Sea except
along the flanks of the southern islands (sites U1397A and
U1401A offshore Martinique and En46, ~60 km S offshore St
Lucia) and in site GS-27, 220 km SW-offshore Grenadines, where
they are 3-4 times higher (Figure 8A). The distribution of these
sites suggests that the most active volcanoes in the southern
Antilles Arc provide a higher supply of volcanic silts and clays
and that there is an active transport of terrigenous sediments
by the N-S surface coastal currents in the south Grenada Basin.
Finally, there is no evidence of large variations in the
hemipelagic sedimentation rate during the last glacial
period in cores U1397A and U1401A (Figure 8B). This is
consistent with the study of Reid et al. (1996) showing that in
the southern part of the Antilles backarc, hemipelagic
sedimentation rates are weakly dependent on sea level
height, contrary to those in the northern regions.

The variations in sedimentation rates (in cm/ka) of every type
of sediment (hemipelagic, volcanic, turbidites, and debrites) are
estimated using model ages and sediment thicknesses corrected, if
necessary, for deformation and discarding duplicate units
(Figure 8B). Though some significant biases may occur for
core U1399A due to underestimation of duplicate units and
large chronology uncertainties for ages >450 ka, some robust
observations can be highlighted. In both cores, hemipelagic
sedimentation is largely dominant (~70% in Ul397A and
~50% in U1399A). In core U1399A, sedimentation rates of
volcaniclastic turbidites and debrites are largely dominant over
those of tephra. In core U1397A, the turbidites and tephra
sedimentation rates are similar. In core Ul1397A, the total
sedimentation rate of ~43 cm/ka is roughly constant over the
last ~150 ka (Figure 8B). The sedimentation rate of turbidites is
highly variable and dominated by some discrete major events in a
short interval of time between 90 and 120 ka (unit C; Figure 8B).
In core U1399A, the total sedimentation rate is ~11 cm/ka over
the last 1.5 Ma, and the sedimentation rates of turbidites and
debrites are highly variable in time. All these observations are
consistent with the location of the two sites: U1397A is close to
the coast but far from the outlet of flank collapse structures and,
thus, collects a significant fraction of erupted products but a low
fraction of volcaniclastic turbidites. Site U1399A is located on the
submarine landslides far from the coast: it collects much less
volcanic tephra but is supplied by reworked material transported
by submarine landslides and turbidity currents (Le Friant et al,,
2020). Finally, no correlations exist between variations in
sedimentation rates and changes in sea level, which suggests
that volcanic products constitute the dominant supply of all types
of sediment, which are therefore independent of sea level changes.
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5.3 Eruptive Activity

Depending on the eruptive style, volcanic deposits at sea are very
variable in nature and thickness. Plinian and sub-Plinian
eruptions producing pumice clasts and scoriae that are widely
dispersed in the atmosphere are most likely to be registered at sea
and are better represented on the eastern side of the arc due to
dominant easterly winds. Dome-forming eruptions generally
produce pyroclastic flows that also generally reach the sea but
have limited aerial extent. Almost all eruptive episodes have
significant phreatic activity which widely disperses a large
amount of very fine material. This material, however, is very
quickly transformed into clay during sedimentation in the sea and
extremely difficult to distinguish from hemipelagic material from
another origin. To reconstruct the volcanic history, the
sedimentary record must not only be as complete as possible
but also as least disturbed as possible by the numerous processes
that may affect the submarine flanks of Lesser Antilles volcanoes:
volcano flank collapses, turbidity currents generated by sediment
failures on the steep submarine slopes (especially on the western
coasts), and erosion by the strong deep sea currents. Due to the
steep slopes of the western flanks of the volcanoes and

existence of strong marine currents, the products of
volcanic eruptions are rarely deposited by fallout on the sea
floor without some lateral transport or reworking. In most
cases, volcanic material has been reworked after initial
deposition, leading to more or less blunt magmatic
fragments. In addition, due to the high crystallinity of most
andesitic material, glassy material is rare. Consequently,
submarine sediments are considered representative of an
eruptive episode if they contain volcanic material that has
been only slightly modified by post-depositional transport,
that is, with a significant fraction of pumice or scoria fragments
that are extremely fragile and cannot be preserved over long
transport distances or angular dome fragments.

Core U1397A provides a continuous record of tephra layers
over the first 130 ka, with a time resolution ~2 ka. Over the top
50 m (approximately the first 110 ka), the two cores U1397A and
U1397B display similar distributions of tephra layers despite
significant differences in the distribution of turbidites (see
Supplementary Figure S2), which confirms the good volcanic
record at this site. Although more fragmentary, the tephra record
in core 1399A allows reconstruction of the volcanic activity from
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