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Abstract

The Lesser Antilles Volcanism and Landslides project aims to further understanding 
of the constructive and destructive processes related to island arc volcanism. Processes 
occurring along these arcs are among the most fundamental on Earth. Styles of mag-
matism and eruptive activity are diverse in this geological setting not only between 
different arcs, but also between the different islands that make up an arc. Because of 
the association of volcanic activity in island arcs with potentially large geohazards 
(explosive eruptions and tsunamis), it is imperative to further investigate and thus 
better understand the evolution of these volcanoes and the histories of their related 
landslides.

Knowledge of island arc volcanism is largely limited to the subaerial geological record. 
Combining this record with information from related submarine deposits will pro-
vide a more complete picture of volcanic activity in this geological setting. The Lesser 
Antilles arc lends itself well to achieving this combined record, offering a diverse 
range of magmatic and eruptive styles across a relatively small geographic area. In ad-
dition, the frequency of flank collapse events that result in the deposition of debris 
avalanches is high, with the style of flank collapse varying along the arc.

Data acquired during this expedition will be utilized to further investigate magmatic 
evolution and eruptive activity along the Lesser Antilles arc. In addition, we hope to 
reach a better understanding of the mechanisms involved in both the transport and 
deposition of volcanic debris avalanche deposits and to assess the potential for vol-
canic hazards associated with these avalanches.

Background and objectives

Background

The Lesser Antilles arc

The Lesser Antilles arc results from the subduction of the Atlantic oceanic plate be-
neath the Caribbean plate (Fig. F1). Recent plate convergence rates are relatively slow 
(2–4 cm/y; Feuillet et al., 2002), and magma productivity has been low relative to 
other arcs; estimates vary between 3 and 5 km3/m.y./km (Sigurdsson et al., 1980; 
Wadge, 1984; MacDonald et al., 2000). Volcanic activity along the arc started at 
~40 Ma (Martin-Kaye, 1969; Bouysse et al., 1990). 
8
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North of Dominica, the arc is divided into two island chains and is built on an extinct 
ocean island arc from the Cretaceous period (Bouysse and Guennoc, 1983; Wadge, 
1986). The eastern chain corresponds to an older although extinct arc, the volcanic 
basement of which is now covered by a thick carbonate platform. The western chain 
is the site of active volcanism since 20 Ma (Briden et al., 1979). South of Dominica, 
the older and more recent arcs merge, forming one chain of islands bordered to the 
west by the 2900 m deep backarc Grenada Basin. The Grenada Basin is a major depo-
center for large debris avalanche deposits (Fig. F1), volcanogenic turbidites, large py-
roclastic flow deposits, and hemipelagic sediment (Sigurdsson et al., 1980; Deplus et 
al., 2001; Picard et al., 2006; Boudon et al., 2007). Rates of background hemipelagic 
sedimentation vary from 1–2 cm/k.y. west of the northern islands to 10–20 cm/k.y. in 
the Grenada Basin to the south (Reid et al., 1996; Duchoiselle, 2003). In the absence 
of any deep drilling projects in the region, knowledge of the volcanic history of the 
arc, based on the marine record, is largely limited to the last 300 k.y. (in most places 
<<100 k.y.).

Eruptive history along the Lesser Antilles arc

The Volcanic Hazard Atlas of the Lesser Antilles (Lindsay et al., 2005a) provides a good 
synthesis of available information on the volcanoes of the arc. One characteristic of 
Lesser Antilles arc volcanism is that many of the volcanic centers overlap in both 
space and time (Lindsay et al., 2005a). Volcanic activity is observed to migrate from 
north to south (e.g., Montserrat; Harford et al., 2002) or south to north (e.g., Marti-
nique; Boudon et al., 2005) or to cluster in contemporaneous centers (Dominica; 
Lindsay et al., 2005b). In each case discrete volcanic centers develop and appear to 
remain active for 5 × 105 to 5 × 106 y, although these inferred timescales are not well 
constrained. The onset of volcanic activity is generally unknown because the earliest 
products are not easily accessible through standard geological investigations.

It is often difficult to constrain the eruptive history of a volcano beyond the start of 
written historical records or beyond ages that are greater than those of well-preserved 
subaerial tephra deposits. Deciphering a complete eruption record from onshore 
geology alone can be problematic because of burial by subsequent deposits, growth 
of dense vegetation obscuring deposits, erosion, and remobilization of deposits by 
flank-collapse events. Marine sediment typically preserves a much more complete 
record of volcanic activity.

In the past decade, several studies of the magmatic history of a number of Lesser An-
tilles volcanoes have been carried out based on tephra deposits retrieved from piston 
9
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coring of marine sediment during the 2002 Caraval cruise (Duchoiselle, 2003; Vennat, 
2004; Le Friant et al., 2008; Machault, 2008). Correlations have been found between 
tephra sampled in a piston core off one island and pyroclastic deposits from volca-
noes on different islands. In the case of the Montagne Pelée Volcano on Martinique, 
piston cores (7 m in length) extended the eruptive record for >25,000 y. In addition, 
25 eruptive events have been identified within marine deposits between 5,000 and 
15,000 y compared to only 10 magmatic events previously recognized onshore for the 
Montagne Pelée Volcano. For the Soufrière Hills Volcano (Montserrat), the record has 
been extended to ~250 ka in a 5.8 m piston core in an area of low sedimentation rate. 
The marine core also recorded several Plinian explosive eruptions that were not iden-
tified on land (Le Friant et al., 2008). Each volcanic island has a distinctive mineral-
ogy and geochemistry (Sigurdsson et al., 1980; Lindsay et al., 2005a) owing to 
changes in magma types along the arc. Distinguishing the sources for tephra layers in 
cores is therefore straightforward.

Long-term magmatic evolution of the volcanic arc

Volcanism varies markedly along the Lesser Antilles arc (MacDonald et al., 2000; 
Lindsay et al., 2005a). Generally, magma becomes enriched in incompatible elements 
(notably K) and radiogenic isotopes southward along the arc. This enrichment may 
be related to the increasing influence of subducted Orinoco sediment from the South 
American continent that is supplied into the forearc region from the south. In addi-
tion, it may be a consequence of variations in the subduction rate and subduction ge-
ometry normal to the arc. In the south, St. Vincent, Grenada, and the Grenadine 
Islands are dominated by basaltic to basaltic andesitic magma. Soufrière on St. Vin-
cent and the submarine Kick’em Jenny are the two historically active centers in this 
area. In the central Lesser Antilles, St. Lucia, Dominica, and Martinique are large is-
lands dominated by silicic magma with subsidiary mafic magma. Relatively high rates 
of volcanism can be inferred from the regional inventory of marine tephra layers from 
these islands (Sigurdsson et al., 1980), as well as the size of the volcanic centers. 
Duchoiselle (2003) estimated a recurrence rate of 2.6 magmatic eruptions/k.y. for 
Montagne Pelée on Martinique. Volcanism on all the central islands has produced 
several large Plinian-style explosive eruptions with associated ignimbrites in the re-
cent geological past. In the north, the small volcanoes of Soufrière Hills on Montser-
rat and Soufrière on Guadeloupe have produced dominantly andesitic magma, 
whereas Nevis, St. Kitts, St. Eustatius, and Saba have erupted substantial volumes of 
basaltic and andesitic magma. However, their magma production rates and eruption 
frequency are comparatively low (e.g., 0.5 magmatic eruptions/k.y., Soufrière on Gua-
10
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deloupe; Komorowski et al., 2005). The areas studied during this project correspond 
to the central transition zone. Alternating periods of longer intervals of constant 
magma compositions with shorter intervals of varying magmatic compositions are 
typically observed on timescales of ~ 1 m.y. across this transition zone.

Much of the compositional variability observed in single volcanoes on the arc can be 
related to magma formation and evolutionary processes within the crust. Annen et 
al. (2006, 2008) provide a conceptual framework for understanding the dynamics of 
magma generation, magma differentiation, and transport. Magma flux rates are con-
sidered to be the major control of the formation of shallow magma chambers con-
taining eruptible magma and of their compositions. Understanding the igneous 
processes of volcanic arcs and the subduction zone engine is fundamental because 
they provide a viable mechanism to generate continental crust and are key compo-
nents of global-scale geochemical cycling.

Flank-collapse events

Volcano flank collapses are increasingly recognized as a normal process in the destruc-
tion of volcanic edifices (Ida and Voight, 1995; McGuire, 1996; Voight, 2000). They 
play a significant role not only in the evolution of volcanic edifices but also in the 
dynamics of subsequent eruptions. In addition, these collapses are a significant vol-
canic hazard. The recognition of flank-collapse events is based on mapping debris av-
alanche deposits that can be traced to a generally horseshoe-shaped collapse 
depression on the volcano (Voight, 1981). The most voluminous events (volumes 
from tens to hundreds or even thousands of cubic kilometers) have been recognized 
off oceanic islands such as Hawaii (Lipman et al., 1988; Moore et al., 1989) and La 
Réunion (Labazuy, 1996; Oehler et al., 2004, 2008), as well as on the Canary archipel-
ago (Holcomb and Searle, 1991; Watts and Masson, 1995; Urgeles et al., 1997; Krastel 
et al., 2001).

At least 52 flank-collapse events, 15 of which have occurred within the last 12,000 
years (Boudon et al., 2007), have been identified in volcanoes of the Lesser Antilles 
arc (Fig. F1) (Deplus et al., 2001; Le Friant, 2001; Le Friant et al., 2002, 2003a, 2003b, 
2004; Lebas et al., 2011; Boudon et al., 2007). Edifice collapses are a major concern on 
the small Caribbean Islands, as a large portion of the debris avalanches flow into the 
sea, generating potentially destructive tsunamis. In the northern part of the arc, flank 
collapses are repetitive, can occur in all directions, and are promoted by intense hy-
drothermal alteration and well-developed fracturing of the summit of the edifices. For 
example, several prehistoric flank collapses have been recognized on the Soufrière 
11
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Hills Volcano (Fig. F2) (Le Friant et al., 2004; Lebas et al. 2011). The English’s Crater 
event occurred ~2000 y ago, producing part of Deposit 1 (volume = ~1.8 km3). Debris 
avalanche Deposit 2 probably resulted from a combined subaerial flank collapse and 
submarine sediment failure of the eastern flank of the volcano (Le Friant et al., 2004; 
Lebas et al., 2011; Watt et al., 2012). In the southern part of the arc, flank collapses 
are larger (with volumes as large as tens of cubic kilometers), always directed to the 
west, and related to the higher overall slopes of the leeward side of the islands. The 
evolution of the active Montagne Pelée Volcano has been marked by three major 
flank collapses (~0.1 m.y., ~25,000 y, and ~9000 y ago) that systematically destroyed 
the western flank of the volcano (Fig. F3) (Le Friant et al., 2003a; Boudon et al., 2005, 
2007). Collapse volumes varied from 2 to 25 km3, and debris avalanches flowed into 
the Grenada Basin. The Pitons du Carbet Volcano on Martinique experienced a sector 
collapse 0.3 m.y. ago (Boudon et al., 1992, 2007; Samper et al., 2007). Dominica has 
experienced at least three flank collapses and was the site for the generation of the 
most voluminous mass wasting deposits in this area, with submarine deposits that 
cover 3500 km2 (Fig. F4). The proximal debris avalanche deposit consists of mega-
blocks (as much as 2.8 km long and 240 m tall) that reflect the predominance of lava 
flows and lava domes, as observed in the source Plat Pays volcanic complex and in 
terrestrial relict debris avalanche material. Megablocks have been successfully 
mapped using marine geophysical data. In addition, different morphologies and de-
posit geometries have been observed for Antillean debris avalanche deposits. Large 
hummocks (as large as 2 km) characterize debris avalanches off Dominica, whereas 
the morphology of several debris avalanches off Martinique is smooth. These differ-
ences are probably related to the lithologies of the volcanic products (dominantly py-
roclastic deposits versus massive lavas; Boudon et al., 2007). Northern island 
volcanoes collapse repeatedly, in contrast with southern island volcanoes where col-
lapses are infrequent. Such variations in size and frequency along a volcanic arc have 
not been previously documented.

Areas of intraplate active volcanism associated with large submarine volcanic land-
slides have been drilled by the Ocean Drilling Program (ODP), such as Hawaii (ODP 
Leg 136: e.g., Garcia, 1993; Garcia and Hull, 1994; ODP Leg 200: e.g., Garcia et al., 
2006) and the Canary Islands (ODP Leg 157: e.g., Schneider et al., 1997; Goldstrand, 
1998; Schmincke and Sumita, 1998). However, all of these drill sites targeted distal 
turbidites away from proximal debris avalanche deposits and at water depths of 
~4000 m or greater. Seismic surveys around the Canary Islands and the Hawaiian Is-
lands have not penetrated volcanic debris avalanche deposits. In contrast, 2-D seismic 
surveys around Montserrat, Martinique, and Dominica have provided excellent im-
12
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ages of debris avalanche deposits, including the basal surfaces of these deposits (e.g., 
Deplus et al., 2001; Le Friant et al., 2003a). Collapse deposits around Montserrat were 
emplaced in shallow water, whereas offshore Martinique and Dominica, debris ava-
lanches flow into the Grenada Basin. The depositional successions provide good seis-
mic reflectors. Study of these debris avalanche deposits will allow a better 
understanding of the emplacement processes for these huge collapses.

Sedimentation processes

The majority of detrital material resulting from the erosion of the islands of the arc is 
transported into the surrounding ocean (e.g., Sigurdsson et al., 1980; Le Friant et al., 
2004; Picard et al., 2006). Studies of offshore deposits from the 1902 eruption of St. 
Vincent (Carey and Sigurdsson, 1982), from the recent eruption of the Soufrière Hills 
Volcano (Le Friant et al., 2004; Hart et al., 2004; Trofimovs et al., 2006), and from pre-
historic eruptions on Dominica (Sigurdsson et al., 1980; Whitham, 1989) demon-
strate that most of the erupted material also reaches the ocean (Le Friant et al., 2010; 
Wadge et al., 2010). Volcanogenic sediment is channeled by debris flows, turbidity 
currents, and persistent ocean currents through deep submarine canyons located west 
of the volcanoes, which, for Guadeloupe and Dominica, lead into the northern part 
of the Grenada Basin (Fig. F1).

Around Montserrat there are examples of single and multiple stacked carbonate tur-
bidites that contain reworked shallow-water sediment and fauna. These turbidites are 
likely sourced from large carbonate platforms associated with islands such as Antigua 
and Redonda (Trofimovs et al., 2012). Understanding the origin of these bioclastic 
turbidites is particularly important because the deposit volume exceeds that of volca-
niclastic deposits associated with the more recent (<100 k.y.) eruptions of the Sou-
frière Hills Volcano. Shallow vibrocores have only recorded bioclastic turbidites 
associated with the late glacial period. One possibility is that these turbidites are 
caused by the instability of carbonate platforms during rapid sea level rise at the end 
of major glaciations. Alternatively, major regional earthquakes may trigger them, in 
which case the occurrence of such events may be unrelated to climatic cycles.

Submarine alteration of volcanic material

The nature and timing of submarine alteration of volcanic material likely varies as a 
function of the chemical species of interest (e.g., high–field strength elements such as 
Hf and Zr appear to be largely unaffected, whereas alkali elements can be very mo-
bile), the nature of the volcanic material (e.g., basaltic versus silicic volcanic products 
13
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and the effect of grain size), and the physical emplacement mechanism (e.g., thin air 
fall deposits versus thick debris flows). Although there have been sporadic studies of 
tephra layers at individual Integrated Ocean Drilling Program (IODP) and ODP sites 
(e.g., Gardner et al., 1986; Gérard and Person, 1994; Martin, 1994; Utzmann et al., 
2002), there has been no systematic attempt to study this process as a function of the 
variables outlined here. Machault (2008) shows that in a piston core sample taken 
west of Guadeloupe, several tephra layers are correlated with large Plinian eruptions 
that originated from volcanoes on Dominica (e.g., the Roseau tuff eruption). Chemi-
cal analysis (trace and major, incompatible, and immobile elements during the initial 
alteration stage) of glass from tephra in the cores and from pumiceous deposits on 
land, combined with mineral assemblages, allows correlation between marine and 
subaerial pyroclastic deposits. Machault (2008) and Sigurdsson et al. (1980) show that 
glass shards in marine sediment in the Caribbean region are not significantly altered.

Site survey data

Previous work has involved on-land geological, geochemical, petrological, geochro-
nological, and geophysical studies and offshore marine studies. Much of the informa-
tion is summarized in MacDonald et al. (2000) and in the Volcanic Hazards Atlas of the 
Lesser Antilles (Lindsay et al., 2005a).

• Drilling at Deep Sea Drilling Project (DSDP) Site 30 during Leg 4 took place in 1969 
to investigate the geologic history of Aves Ridge (west of the Grenada Basin). DSDP 
Site 48 (Leg 15) was located north of Site 30, and was also drilled to investigate the 
Aves Ridge. However, no DSDP, ODP, or IODP sites have been drilled in the Gre-
nada Basin or close to the Lesser Antilles Islands.

• A regional collection of piston cores was gathered during the Endeavour cruise of 
1979, allowing assessments of rates of volcanism and sedimentation, dating of ma-
jor explosive eruptions, recognition of submarine pyroclastic flow deposits, and es-
tablishment of a biostratigraphic framework for the eastern Caribbean (Sigurdsson 
et al., 1980; Sparks et al., 1980a, 1980b; Reid et al., 1996). Westbrook and McCann 
(1986) analyzed large-scale seismic experimental data on the overall arc crust and 
show that the history of subduction has been episodic (e.g., a shift of the axis of 
volcanism in the Lesser Antilles at the beginning of the Pliocene).

• Marine geophysical data were gathered during two cruises of the R/V L’Atalante—
Aguadomar (December 1998–January 1999) and Caraval (March 2002)—and one 
cruise on the RRS James Clark Ross—JCR123 (May 2005). During the first two cruises 
(Principal Investigators [PIs]: C. Deplus and G. Boudon), Simrad EM12D swath 
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bathymetry and backscatter, 3.5 kHz echo sounder, gravity, magnetic, and six-
channel seismic reflection data were collected from Montserrat to St. Vincent 
(Deplus et al., 2001). During the Caraval cruise, seismic profiles using a 24-channel 
streamer (Deplus et al., 2002), sediment piston cores, and dredge samples were col-
lected. During the JCR123 cruise (PI: R.S.J. Sparks), sediment cores were collected 
from around Montserrat to study submarine pyroclastic deposits from the recent 
eruption (Trofimovs et al., 2006).

• Two U.K. Natural Environment Research Council (NERC)-funded cruises took place 
in December 2007. The first cruise (PI: M. Palmer) collected box cores and shallow 
gravity cores at ~34 sites around Montserrat to constrain how diagenesis of tephra 
from the recent eruptions influenced seawater geochemistry. The second cruise, a 
component of the SEA-CALIPSO seismic experiment sponsored by the U.S. Na-
tional Science Foundation (NSF), NERC, and collaborating agencies (PIs: S. Sparks 
and B. Voight), aimed at imaging the interior of Montserrat and the Soufrière Hills 
Volcano, using source seismic techniques in combination with ~240 onshore seis-
mometers and offshore ocean-bottom seismometers (Voight et al., 2008; Sparks et 
al., 2008).

• The Gwadaseis cruise (PI: N. Feuillet) of the R/V Suroit (February–March 2009) col-
lected high-resolution seismic data and piston cores.

• The JC45/46 cruise (PI: P. Talling) of the RRS James Cook in April–May 2010 col-
lected high-resolution 2-D and 3-D seismic data around Montserrat.

Scientific objectives

Study of volcaniclastic sediment and volcanic landslide deposits drilled in the Lesser 
Antilles arc will significantly advance our understanding of eruptive history, mag-
matic evolution in volcanic arcs, and the timing and emplacement processes of large 
debris avalanches. Major advances will result from, for example, recovering the first 
cores through large-scale volcanic debris avalanches and analyzing the relative timing 
of eruptions.

We plan to achieve the major objectives of the project by documenting the evolution 
of three volcanic centers that represent the range of behaviors and eruptive styles in 
the Lesser Antilles arc: Montserrat in the north, where the Soufrière Hills Volcano has 
been erupting, resulting in serious hazards and social disruption since 1995; Marti-
nique, with the sadly famous Montagne Pelée Volcano; and Dominica, where several 
large silicic eruptive centers are considered active, posing serious potential regional 
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hazards because of the occurrence of large-magnitude ignimbrite-forming eruptions. 
Below, we identify five topics that are linked to the themes of understanding arc vol-
canic systems and the effects of volcanism on the environment.

1. Understand the timing and emplacement processes of potentially tsunamigenic 
large debris avalanche emplacements.

Volcano flank collapses are increasingly recognized as a normal process in the con-
struction and destruction of volcanic edifices (Ida and Voight, 1995; McGuire, 1996; 
Voight, 2000). However, several questions regarding the mechanism controlling the 
processes and timing of debris avalanche emplacement are still unresolved. This proj-
ect was designed to study the architecture of debris avalanche deposits and to specif-
ically try to answer the following questions.

What factors control the timing of large flank failures (Voight, 2000; Voight and Elsworth, 
1997)?

Are flank collapses associated with magmatic intrusions or major volcanic eruptions? 
Are failures triggered by processes such as more rapid volcano edifice construction, 
strength reduction by hydrothermal processes, or rapid sea level change (Quidelleur 
et al., 2008) as might occur in the future? Do flank collapses lead to changes in mag-
matic evolution by depressurizing the magma system (Voight, 1981; Pinel and Jau-
part, 2000)?

Does significant erosion occur during the flow of the debris avalanche?

Are bulking, erosion, and sediment incorporation the same for subaerial and subma-
rine landslides (Glicken, 1991; Komorowski et al., 1991; Voight, 1978; Voight and 
Sousa, 1994; Schneider et al., 2004)? How large is the volume of reworked sediment? 
What is the dynamic role of the undrained loading of overridden compressible ma-
rine sediment (Voight and Elsworth, 1997)? Is the sedimentary substratum deformed 
with the emplacement of the debris avalanche (Schneider et al., 2004)? Are the matrix 
facies of the debris avalanche more abundant in the bottom part (Gee et al., 1999)?

How might the collapse evolve?

The collapse might evolve in singular failure or retrogressively with several closely 
spaced failures leading to multiple debris avalanches (Wynn and Masson, 2003; 
Mattioli et al., 2007) and proportionately less severe consequences. For instance, 
large-scale flank-collapse events on the Canary and Hawaiian Islands have generated 
turbidites that comprise multiple fining-upward subunits (Wynn and Masson, 2003; 
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Garcia and Hull, 1994), which suggest that flank collapse occurred in a number of 
stages separated by days to weeks.

2. Document the long-term eruptive history of the arc to assess volcano evolution 
(cycles of construction and destruction) and major volcanic hazards.

It is often difficult to precisely constrain the eruptive history of a volcano beyond the 
start of written historical records or beyond ages that are greater than those of young 
well-preserved subaerial tephra fall deposits (commonly only a few thousand years). 
Marine tephra records in sediment cores collected by piston, gravity, or vibrocoring 
extend volcanic histories of the Caribbean by several tens of thousands of years (Sig-
urdsson et al., 1980; Le Friant et al., 2008). However, this improvement is still not suf-
ficient to characterize the evolution of volcanic systems that can extend a few million 
years or to diagnose the return periods of very large magnitude volcanic events (e.g., 
explosive eruptions and major flank collapses). This project was designed to answer 
the following questions: Are the volcanoes as discrete as onshore studies suggest? 
What are the characteristics of products erupted at the onset of activity from a specific 
center, particularly those that initially develop below sea level? What processes con-
trol migration from one volcanic center to another? Is the end of activity at one cen-
ter and the onset at another center synchronous, or are there eruptive hiatuses? What 
is the nature of volcanism during the construction of a volcanic complex? Are there 
systematic patterns in the time series of volcanic eruptions in terms of eruptive style, 
eruption magnitude, and repose periods? If so, can these systematic patterns be linked 
to major processes of volcano construction and destruction (e.g., flank collapse), ex-
ternal factors (e.g, climate and sea level), or deeper magmatic processes?

3. Characterize the magmatic cycles and long-term magmatic evolution of the arc.

The third objective shares common objectives with those aimed at elucidating vol-
canic history and behavior. We will use time series and spatial records of variation in 
magma composition (mineralogy, major and trace element composition, and isotopic 
signature) and volume to characterize the processes governing magma composition, 
associated eruption mechanisms, and eruption frequencies. This project was designed 
to answer the following questions: Why do some magma systems remain steady state 
for long periods of time generating very similar magma (e.g., Montserrat and Mon-
tagne Pelée)? Why do others show much more variability in composition? Why are 
there marked excursions from mafic to silicic magmatism or vice versa? Are switches 
in composition sudden or gradual? Can change in composition be linked to major ex-
plosive eruptions or flank collapses that perturb the crystal magma systems, or do 
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these changes reflect internal dynamics of crustal magma systems, such as buoyancy 
instabilities related to accumulation of regions of partial melt?

4. Document dispersal of sediment into the deep ocean.

The majority of detrital material resulting from the erosion of the islands of the arc is 
transported into the surrounding ocean (e.g., Sigurdsson et al., 1980; Le Friant et al., 
2004; Picard et al., 2006). Our objectives are to contribute to the understanding of 
sedimentary facies on the submarine flanks and in the basins that surround arc vol-
canoes, characterize the sedimentation processes, and estimate local sedimentation 
rates in the northern and southern parts of the arc. This project was designed to an-
swer the following questions: Do debris avalanches have the potential to generate tur-
bidity currents? Are most turbidite units linked to volcanic eruptions? Can some (or 
many) be linked to nonvolcanic processes such as submarine slope failures triggered 
by regional earthquakes or gravitational instabilities? What is the proportion of vol-
canogenic sediment versus hemipelagic carbonate sediment? What are the differ-
ences between the north and the south in terms of sedimentation processes?

5. Determine the processes and element fluxes associated with submarine alteration 
of volcanic material.

The processes associated with submarine alteration of magmatic material are of fun-
damental importance on a global and a regional scale. Drilling will allow the investi-
gation of the little explored issue of the diagenesis of volcanic deposits. This project 
was designed to answer the following questions: To what extent is volcanic material 
altered as it is buried and the processes of compaction and diagenesis take place? How 
does the timing and style of alteration vary as a function of the nature and thickness 
of the deposit? How does the process of submarine alteration change as a function of 
parent material composition (basalt, basaltic andesite, andesite, or dacite)?

Answering these questions is not only relevant to furthering our understanding of 
global biogeochemical cycles but also has implications for the use of geochemical and 
isotopic systems in dating individual volcanic layers in marine sediment and in cor-
relating volcanic layers between sites.

Coring and drilling strategy

The main aim of Expedition 340 was the thorough characterization of volcanic and 
marine sediments at nine primary sites along the backarc region of the Lesser Antilles 
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arc. Generally, these objectives involved logging and coring as much of the sedimen-
tary sequences as possible in the specified time window, and thus drilling operations 
were adjusted accordingly.

The originally proposed drilling strategy determined at the precruise meeting in 
College Station, Texas (USA), in May 2011 was to begin by drilling at proposed Site 
CARI-02C (U1393) and end by drilling at proposed Site CARI-09B (U1398) following 
the sequence laid out in the operations plan (see table T2 in Le Friant et al., 2011). 
Two holes were planned at each site, with the exception of Site CARI-01C. Site CARI-
01C was planned as a single hole, piston cored to a depth of ~132 mbsf. At all sites, 
holes would be cored with the advanced piston corer (APC) to refusal. The coring sys-
tem would then be changed to the extended core barrel (XCB) to core to the total 
depth as determined by the scientific objectives. However, if coring of the first hole 
fulfilled all scientific objectives, the second hole would not be drilled. In detail, the 
first and second holes at each site (Holes A and B) would be cored with the APC/XCB 
to the planned depth. After reaching the planned depth, all Hole Bs would be condi-
tioned, displaced with logging mud, and logged, as per the logging plan. While cor-
ing, a number of advanced piston coring temperature tool (APCT-3) measurements 
were also planned, formation conditions permitting. Core orientation with the FlexIt 
tool would also be measured during the APC-cored sections at each site. If depth ob-
jectives could not be achieved with APC/XCB coring, the rotary core barrel (RCB) 
would be deployed.

The downhole logging program of Expedition 340 was designed to complement the 
coring program, measuring continuous in situ profiles of physical properties such as 
bulk density, porosity, resistivity, and natural gamma radiation. Wireline logging was 
planned for eight of the nine primary sites. Two standard tool strings would be de-
ployed at each logged hole. The first run would be the triple combination (triple 
combo) tool string, which records resistivity, neutron porosity, bulk density, and nat-
ural and spectral gamma radiation. The second run would be the Formation Micro-
Scanner (FMS)-sonic tool string, which records gamma radiation, sonic velocity 
(compressional and shear waves), and oriented high-resolution electrical resistivity 
images. A third logging run was planned at three sites (CARI-03C, CARI-07C, and 
CARI-10B) using the Versatile Seismic Imager (VSI) to acquire a zero-offset vertical 
seismic profile (VSP) for calibrating the integration of borehole and seismic data. At 
three of the sites (CARI-02C, CARI-03C, and CARI-04C), deployment of the Magnetic 
Susceptibility Sonde (MSS) was planned. The MSS, which measures magnetic suscep-
tibility, would be used to identify flank collapse deposits from the island of Montserrat, 
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where the volcanic material has a high magnetite content compared to background 
sediment. During the expedition it was determined that magnetic susceptibility data 
were valuable for all sites, so the MSS was incorporated into the triple combo tool 
string for each deployment.

Operations

Site U1393

We planned to core two holes at Site U1393 and recover as much of the young debris 
avalanche deposit (Deposit 1) of the Soufrière Hills Volcano on Montserrat as possi-
ble. However, because of unfavorable drilling conditions encountered at this site, 
only one hole was drilled. The hole was cored to 47.55 mbsf with an 117⁄16 inch diam-
eter APC/XCB core bit and a 135.75 m long bottom-hole assembly (BHA). An APC 
mudline core established a water depth of 926 mbsl. The second APC core bounced 
off the formation, and the APC system was changed over to the XCB coring system. 
Coring conditions proved to be very difficult, and recovery was very poor. Coring was 
terminated when the XCB system failed, leaving part of the XCB core barrel in the 
hole. The depth objective at the site was 250 mbsf, and this appeared to be unreach-
able with the tools planned for the site. Overall core recovery for Site U1393 was 
11.4% of the 47.5 m cored (5.42 m of material). Logging was not conducted at this 
site.

Site U1394

The vessel arrived at Site U1394 after a 5.3 nmi transit in dynamic positioning mode 
from Site U1393. Site U1394 consists of two holes. The original plan called for two 
holes cored to ~244 mbsf. Hole U1394A was advanced 235 m into the formation, 
whereas Hole U1394B was shortened to ~180 mbsf from the start of drilling because 
of challenging coring conditions, after ensuring that the lowermost 60 m at this site 
was scientifically less interesting to the Co-Chief Scientists. Hole U1394B was success-
fully logged with the triple combo and FMS-sonic logging strings. The VSP experi-
ment was canceled when all efforts to deploy the VSI through the BHA were 
unsuccessful. Forty-eight cores were retrieved in Holes U1394A and U1394B with 
average recovery rates of 23% (57 m of material) and 78% (162 m of material), respec-
tively.
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Site U1395

Site U1395 consists of two holes. The original plan called for two holes cored to 
~244 mbsf. Because the coring was challenging and took slightly longer than origi-
nally anticipated, the first hole was shortened to 231.3 mbsf. The second hole was 
shortened to 203.3 mbsf because of time constraints. Hole U1395B was successfully 
logged with the triple combo and FMS-sonic logging strings. Fifty-three cores were re-
covered at this site with an average recovery rate of 62% for Hole U1395A and 69% 
for Hole U1395B, retrieving a total of 284 m of material.

Site U1396

Site U1396 consists of three holes. The original plan called for two holes to ~132 mbsf. 
Hole U1396A was successfully cored to 134.9 mbsf. Hole U1396B was a shallower pen-
etration hole designed to capture a poorly recovered interval in Hole U1396A. The 
second core from Hole U1396A was recovered with a shattered core liner; Hole 
U1396B reached 15 mbsf. Hole U1396C was cored to 139.4 mbsf. Because of the shal-
low penetration, no downhole logging was scheduled at this site. The APC coring sys-
tem was deployed 31 times, penetrated 283.8 mbsf, and recovered 296.38 m of core 
(104% recovery). A single 5 m interval was drilled without coring in Hole U1396B.

Site U1397

Site U1397 consists of two holes. The original plan called for two holes cored to 
~314 mbsf. The first hole, Hole U1397A, was successfully cored but was terminated at 
265.5 mbsf. The second hole, Hole U1397B, was cored to 253.5 mbsf. Hole U1397B 
was successfully logged with the triple combo and FMS-sonic logging strings. The 
planned VSP experiment was canceled, as the diameter of the hole proved too large 
to use the VSI. Sixty-six cores were retrieved at this site, and two short intervals had 
to be drilled without coring. Thirty-five APC cores penetrated to 225.7 mbsf and 
recovered 226.17 m (100%). Thirty-one XCB cores penetrated to 284.1 mbsf and re-
covered 49.49 m (17%). Overall recovery for Site U1397 was 54.1%.

Site U1398

Site U1398 consists of two holes. The original plan called for two holes cored to 
~264 mbsf. Hole U1398A was successfully cored and was terminated at a total depth 
of 268.6 mbsf. Hole U1398B was cored to 263.4 mbsf. Downhole logging was 
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planned, but hole problems encountered during the first logging attempt forced the 
cancelation of all logging. In total we retrieved 64 cores with 302 m of material (57% 
recovery). Total time spent at Site U1398 was 103.5 h.

Site U1399

Site U1399 consists of three holes. The original plan called for two holes cored to 
~290 mbsf. The first hole was successfully cored and was terminated at 275 mbsf. The 
second hole was piston cored to 183 mbsf and abandoned when the hole became too 
unstable to continue coring operations. Thus the logging operations planned for this 
hole were abandoned as well. Instead, the decision was made to drill a dedicated log-
ging hole to 240 mbsf: Hole U1399C. The logging program, including the triple 
combo, FMS-sonic, and VSI tool strings, was completed as planned. A total of 393 m 
of core (101% recovery) was obtained with the APC, whereas 9 m of core (14% recov-
ery) was obtained with the XCB. Overall core recovery for Site U1399 was 89%. Total 
time spent on Site U1399 was 160 h.

Site U1400

Site U1400 consists of three holes. The original plan called for two holes cored to 
~510 mbsf. The first hole was terminated at 51.3 mbsf because of unstable hole con-
ditions. After offsetting the vessel 750 m in a direction 160° from Hole U1400A, the 
second hole, U1400B, was piston cored to 212.5 mbsf. After the core barrel became 
stuck, the drill string had to be tripped to surface and the core barrel freed from the 
upper landing sub. A shear pin had become wedged between the removable landing 
seat and the core barrel assembly. After offsetting 20 m further in a 160° direction, the 
third hole of the site began with two failed attempts at spudding Hole U1400C. The 
first failed attempt broke off the lower section of a nonmagnetic core barrel with the 
cutting shoe. After the core barrel was retrieved and the breakage was discovered, a 
steel core barrel was installed and run to bottom. The second attempt was even less 
successful. This time the steel barrel bent in such a fashion that it was not possible to 
pull it back through the BHA. The drill string was again pulled to the surface, the bent 
core barrel was cut away, and the BHA was reassembled for another attempt. This 
time, the hole was advanced 15 m into the seafloor before running in with the wire-
line to begin coring. APC coring continued through Core 340-U1400C-22H at 
191.1 mbsf. APC coring was terminated when the formation became so stiff that the 
core liner folded up inside the core barrel and had to be pumped out with a 10,000 psi 
pump. The XCB was then deployed and used to successfully complete coring opera-
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tions to 436 mbsf. Logging was planned for Hole U1400C, but hole problems, which 
resulted in a severed BHA, forced the abandonment of the hole. The APC was de-
ployed 58 times, recovering 447 m of material (102% recovery). The XCB was de-
ployed 27 times, recovering 124 m of material (51% recovery). Overall recovery for 
Site U1400 was 84%. Total time spent on Site U1400 was 207 h.

Site U1401

Site U1401 consists of four holes. This proposed site (CARI-12A) was originally an al-
ternate site to proposed Site CARI-07C, but was felt to be a better fit with expedition 
objectives in the remaining expedition time. The original plan called for two holes 
cored to ~500 mbsf. With the limited time remaining, the site was reprogrammed for 
a single hole to ~350 mbsf. The first hole was terminated at 82 mbsf because of unsta-
ble hole conditions. It was apparent from the difficult drilling conditions and the 
time remaining that a new plan was needed. The plan was modified to core a transect 
on 300 m centers along the Aguadomar seismic line running along a 062°/242° line. 
In all, four holes were cored at the site. Holes U1401B and Hole U1401C were cored 
with three piston cores, and the final hole, U1401D, had a single 9 m core recovered 
before time expired. The APC was deployed 11 times. The cored interval with the APC 
was 47 m with a recovery of 46 m of core (99% recovery). The XCB was deployed 
seven times. The cored interval with the XCB was 67 m with a recovery of 1 m of core 
(2% recovery). Overall recovery for Site U1401 was 42%. Total time spent on Site 
U1401 was 53 h.

Principal results

Site U1393

Background and objectives

IODP Site U1393 (proposed Site CARI-02C; 16°43.13′N, 62°5.06′W; 914 m below sea 
level [mbsl]) is located close to the Soufrière Hills Volcano on Montserrat (7.4 nmi 
[13.7 km] from Point Shoe Rock, at the southeast tip of Montserrat) (Table T1; Fig. F2).

The ongoing eruption of the Soufrière Hills Volcano on Montserrat started in 1995. 
Activity has included lava dome growth, pyroclastic flows from dome collapse, explo-
sive activity with tephra fall and pumice flows, flank collapse with debris avalanches, 
and volcanic blasts. More than 70% of erupted material from the ongoing eruption 
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has been transported to the sea (Le Friant et al., 2009, 2010; Trofimovs et al., 2006). 
The rapid deposition of volcanic material into the sea has caused small tsunamis 
(Herd et al., 2005).

Site survey data indicate that distal parts of the pyroclastic flows and some underly-
ing, older debris avalanches have been deposited at Site U1393. The English’s Crater 
event, which occurred ~2000 y ago, produced Deposit 1. The deeper debris avalanche 
deposit (Deposit 2) probably resulted from a combined submarine and subaerial flank 
collapse of the eastern flank of the volcano, which included failure and deformation 
of submarine sediment. Seismic data indicate that Site U1393 could penetrate 
through the erupted material from the ongoing eruption and into the underlying de-
bris avalanche Deposits 1 and 2.

The objective for Site U1393 was to characterize the processes occurring during debris 
avalanche emplacement, associated erosional processes, and tephra diagenesis. Anal-
ysis of 5 m piston cores taken in this area shows that pyroclastic material from the 
2003 Soufrière Hills Volcano lava dome collapse mixed with seawater and immedi-
ately deposited the coarse components out of suspension (Trofimovs et al., 2006). The 
coarse debris avalanche deposit will enhance our understanding of emplacement pro-
cesses.

Comparing the geochemical signatures (pore water and sediment) of cored material 
with surface sediment (from the 2007 NERC cruise) will allow us to characterize the 
alteration rates of volcanic material in seawater. In addition, we will examine the de-
pendency of alteration rate and style on grain size, layer thickness, and admixture of 
sediment.

Cores from the smaller volume Deposit 1 and the larger volume Deposit 2 will allow 
us to compare the emplacement processes of debris avalanches of different magni-
tudes. We plan to undertake a detailed lithologic, sedimentologic, and textural fabric 
analysis of the retrieved material at macro- and microscopic scales to investigate 
transport and deposition processes, the nature and magnitude of erosional processes, 
and interaction with the substratum (e.g., bulking; Komorowski et al., 1991; Glicken, 
1991, 1996). These data will provide valuable insights into chronology (one or several 
pulses) and debris avalanche mobility, which have implications for tsunamigenesis.
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Scientific results

Lithostratigraphy

Based on the lithologic characteristics of sediment recovered at Site U1393, only one 
lithostratigraphic unit, Unit A, was defined (Fig. F5). Unit A extends from the seafloor 
to 4.24 m below seafloor (mbsf); however, the lower stratigraphic boundary of this 
unit cannot be defined because of poor core recovery. The upper part of Unit A con-
sists of mud clasts embedded in a sandy matrix. This lithology is followed downhole 
by dark brownish gray-black sand consisting of volcaniclastic material containing 
medium to very coarse sand-sized grains. Grains are composed mainly of andesite and 
rarely of carbonate. Occasionally, larger clasts of amphibole-rich andesite are present. 
The unit is moderately well to well sorted, massive, and normally graded. The lowest 
part of Unit A consists of andesite clasts as large as 3 cm embedded in a coarse sand 
matrix. Below Unit A, the material recovered consists mainly of andesite clasts. These 
clasts show variable signs of hydrothermal alteration and subaerial oxidation. These 
clasts probably derive from debris avalanche Deposit 1. The uppermost 4.24 m of the 
material cored is a product of the most recent eruption of the Soufrière Hills Volcano.

Paleontology and biostratigraphy

Generally, the cores retrieved at Site U1393 contain very few micro- and nannofossil 
remains, which is consistent with the lithostratigraphic information we have for this 
site. Because of the small number of fossil remains, an age determination of the cored 
material was not possible. However, the majority of the observed benthic foraminifers 
are typical for a reef environment shallower than 30 m water depth, suggesting rede-
position caused by the debris flow.

Physical properties

Physical properties data obtained on the cored material display the behavior expected 
when coring moderately to well-sorted sand with an andesitic bulk composition (Fig. 
F5). The measured grain density of 2.80 g/cm3 and the measured bulk porosity of 41% 
are consistent with an andesitic composition and medium to well-sorted sand that 
has undergone little consolidation. Magnetic susceptibility (maximum value of 3750 
× 10–5 IU at 1.07 mbsf) and natural gamma radiation (NGR; 13 counts per second 
[cps]) are much higher than that in pelagic sediment, consistent with sediment dom-
inated by volcaniclastic particles. 
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Paleomagnetism

Meaningful paleomagnetic directions for the interpretation of the geomagnetic field 
at Site U1393 could not be obtained, primarily because of the grain size and consoli-
dation stage of the material recovered. Sand-sized grains are multidomain-size mag-
netic grains, which are inefficient at recording paleomagnetic directions and highly 
sensitive to disturbances.

Site U1394

Background and objectives

IODP Site U1394 (proposed Site CARI-03C; 16°38.43′N, 62°2.29′W; 1115 mbsl) is lo-
cated off the island of Montserrat (~13 nmi [24 km] from Point Shoe Rock, at the 
southeast tip of Montserrat) (Table T1; Fig. F2).

Site survey data obtained for Site U1394 reveal the presence of debris avalanche de-
posits (Deposit 2 and underlying Deposit 8) and indicate that drilling could penetrate 
through multiple units of debris avalanche Deposit 2 (Lebas et al., 2011; Watt et al., 
2012). We planned to drill 244 m through volcanic and biogenic sediment with in-
tercalated chaotic debris avalanche Deposit 2.

The objective for Site U1394 was to characterize processes that occur during debris av-
alanche emplacement and associated erosional processes. The sediment overlying the 
avalanche deposit will allow us to date this collapse event using 18O chronostratigra-
phy. We will be able to determine whether the avalanche occurred as a single event 
or as a series of closely spaced, separate events. Utilizing a combination of detailed 
lithologic, sedimentologic, and textural fabric analyses, we will be able to test the hy-
pothesis that the debris avalanche incorporated sediment eroded from the seafloor 
during its emplacement. We hoped to reach the bedded units below the chaotic debris 
avalanche unit and thus investigate the textural and structural characteristics of the 
base of the debris avalanche (Komorowski et al., 1991; Glicken, 1991, 1996). Existing 
numerical models of debris avalanche emplacement do not sufficiently consider the 
interaction of the avalanche with the substratum and its influence on the mobility of 
the flow. Our goal was to look for structural evidence of the development of shear 
zones from the base of the avalanche into the overlying plug and fluidization struc-
tures (clastic dikes) described in terrestrial avalanche deposits (e.g., Glicken, 1996; 
Voight et al., 2002; Gee et al., 1999; Clavero et al., 2002; Shea et al., 2008).
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Scientific results

Lithostratigraphy

The main lithologies cored at Site U1394 are hemipelagic mud, turbiditic sand and 
mud, mafic volcaniclastics, and tephra (Figs. F6, F7). The hemipelagic mud mainly 
consists of fine-grained calcareous biogenic fragments and siliciclastic sediment. It is 
often pale yellowish gray to dark gray in color and varies from fine silt to fine mud in 
grain size, as well as being moderately to poorly sorted. The turbiditic sand and mud 
lithology is characterized by normally graded, massive, well-sorted mud (for thin de-
posits a few centimeters thick) to very coarse sand (for meter-thick deposits) consist-
ing of volcaniclastic and bioclastic particles. Volcaniclasts include fragments of fresh 
andesitic lava and pumice, altered lava, and crystals (feldspar, amphibole, etc.). Bio-
clasts include fragments of carbonate materials such as corals and shells. The ratio of 
volcaniclastic to bioclastic components varies. Mafic volcaniclastics consist of basaltic 
turbidites. The tephra deposits retrieved from this site are composed of fining-upward 
units of normally graded (from pebble to fine sand) basaltic particles and basaltic sco-
ria. The fining-upward units vary in thickness from 6 to 13 cm (Hole U1394A) and 
from 13 to 30 cm (Hole U1393B).

Investigation of the main lithologies by X-ray diffraction (XRD) shows that the pe-
lagic sediment intervals predominantly contain calcite and high-Mg calcite plus or 
minus aragonite, together with minor volcanic phases (mostly plagioclase with lesser 
orthopyroxene and hornblende) and amorphous clay minerals. Samples from the vol-
caniclastic horizons contain dominant plagioclase and lesser amounts of orthopyrox-
ene and hornblende, as well as minor sedimentary carbonate. One of the investigated 
tephra layers contains abundant smectite in addition to the volcanic minerals and 
background pelagic phases noted above. The CaCO3 content of the cored material is 
higher in the largely pelagic sections, with some values exceeding 60%, than in the 
units more dominated by volcanic turbidites. However, the presence of smaller quan-
tities (i.e., <20%) of CaCO3 in the latter still indicates a biogenic component and is 
consistent with visual inspection of the core. Organic carbon concentrations in the 
pelagic sections range as high as 1 wt% or higher, with values in the turbiditic section 
as low as <0.2%.

Based on abrupt or gradational changes in the abundance of these lithologies and dis-
tinctive marker horizons (tephras and turbidites), six lithostratigraphic units, termed 
Units A–F, were defined. Unit A is divided into seven subunits (A-1 to A-7). Unit A 
(~7 m thick) consists of a series of volcaniclastic turbidites with varying proportions 
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of bioclastic particles separated by variably thick hemipelagic sediment consisting of 
mud to rarely silty mud. Turbidites generally fine upward from a sandy base into a 
muddy top. A basaltic tephra layer marks the base of the unit. Unit B is ~1.5 m thick. 
The upper part of Unit B consists of a fairly thick interval of relatively coarse grained, 
stacked, and amalgamated turbidites ranging in composition from bioclastic to vol-
caniclastic. The turbidites are always massive and planar with ripple cross-lamination 
always absent, suggesting rapid deposition that prevented bed-load reworking into 
laminae. Below this interval, turbidites are flat lying, relatively thin, and sometimes 
weakly deformed. The thick turbidite interval is separated from the thin layer of tur-
bidites by an interval of very contorted hemipelagic silty mud with fine laminae. Unit 
C (~24 m thick) contains alternating sequences of hemipelagic sediment and volca-
niclastic turbidites. Individual intervals of hemipelagic sediment are as thick as 
130 cm. Unit D (~18 m thick in Hole U1394A; 36 m thick in Hole U1394B) is domi-
nated by massive coarse-grained turbiditic sand composed of variable amounts of vol-
caniclastic and bioclastic material. The turbidites are either graded or ungraded. 
Chaotically distributed clasts (andesitic and biogenic) up to several centimeters in 
length in some ungraded sections may suggest en masse emplacement by debris flow. 
Unit E contains significant amounts of hemipelagic mud alternating with turbidites, 
which consist mainly of volcaniclastic or bioclastic material or a mixture of both. The 
upper part of Unit E contains relatively thick and coarse-grained turbidites; turbidites 
are less abundant and thinner in the middle part of Unit E. Turbidite thickness in-
creases again near the base of the unit. Distributed throughout Unit E are massive 
brown ash layers, some of which are 20 cm thick, and layers of pumice clasts (as wide 
as 5 cm in diameter). Unit F was only retrieved in core catcher samples at the base of 
Hole U1394A and consists of coarse-grained andesitic clasts.

A closer investigation of the volcaniclastic and fall out deposits based on thin section 
microscopy shows that the recovered clasts of andesitic lava and pumice fragments 
consist of plagioclase (70%), amphibole (25%), Fe-Ti oxides (4%), and orthopyroxene 
phenocrysts (1%). In the andesites, phenocrysts are contained in a microcrystalline 
matrix of plagioclase, oxides, and pyroxene microlites. The groundmass of the inves-
tigated pumice particles is significantly different. It consists of glassy material exhib-
iting considerable flow lineation. No flow lineation was observed in the lava clasts. 
The groundmass to phenocryst ratios are approximately 60:40 and 70:30 for andesite 
and pumice, respectively. Microscopic investigation of the tephra layers revealed that 
the uppermost tephra layer is basaltic in composition, containing fragments of plagi-
oclase, olivine, clinopyroxene, and oxides in descending abundance. The deeper 
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layers are of basaltic andesitic or andesitic composition, containing fragments of 
plagioclase, amphibole, orthopyroxene, and Fe-Ti oxides.

Paleontology and biostratigraphy

The results of detailed study of the nanno- and microfossil content of the sediment 
described above are consistent with their intensely reworked nature. Calcareous 
nannofossils and planktonic and benthic foraminifers of varying abundances and 
levels of preservation were observed. Volcanic clasts, coral fragments, abundant reef-
dwelling benthic foraminifers, and highly fragmented foraminifers are observed in 
the majority of core catcher samples. Biostratigraphic datums derived from both cal-
careous nannofossils and planktonic foraminifers show that Site U1394 contains 
many levels of reworked sediment from the early Pleistocene amidst a background of 
late Pleistocene sedimentation.

The observed nannofossils generally show extremely poor preservation, and their 
abundance is low. Species observed throughout the cored sediment are Gephyrocapsa 
oceanica, Gephyrocapsa caribbeanica, Pseudoemiliania lacunosa, Calcidiscus leptoporus, 
Helicosphaera kamptneri, and Helicosphaera inversa. H. inversa is a very important spe-
cies because of its short range through the early and late Pleistocene (upper Zone 
CN13 through Zone CN14), placing the cored materials within the Pleistocene. The 
Pleistocence age of the sediment is also indicated by the occurrence of Helicosphaera 
sellii (Zones CN10–CN13) in a number of samples. P. lacunosa, a species indicative of 
early Pleistocene sediment, was also abundant in several samples, with particularly 
large specimens (>7 µm) in Sample 340-U1394A-24X-CC. Globigerinoides ruber (white) 
and Globigerinoides sacculifer dominate the planktonic foraminifers observed at Site 
U1394. Other abundant species include Globigerina falconensis, Globigerinita glutinata, 
Globigerinoides elongatus, Globorotalia tumida, and Neogloboquadrina dutertrei (dextral). 
Species present in all samples are indicative of warm subtropical waters. Three datum 
species were commonly encountered—Globorotalia flexuosa (0.07–0.40 Ma), Globiger-
inella calida (base occurrence at 0.22 Ma), and Globorotalia tosaensis (top of occurrence 
at 0.61 Ma)—placing the investigated sediment, in accordance with nannofossil ob-
servations, within the Pleistocene. The presence of the benthic foraminiferal species 
Osangularia, Globocassidulina, Cibicides, and Laticarinina spp. suggests a bathyal pa-
leodepth for Site U1394.
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Paleomagnetism

Generally, the ages obtained based on the nanno- and microfossil community ob-
served in Site U1394 core catcher samples are similar to those obtained by measuring 
the natural remnant magnetization (NRM) of the cored sediment. Expected inclina-
tion for the site is ~31° assuming a geocentric axial dipole (GAD) model. Data plot 
close to or steeper than the GAD. Inclination steepening is probably related to biotur-
bation. Data show normal polarity, indicating that sediment above ~210 mbsf at this 
site was deposited within the Bruhnes Chron.

Physical properties

Physical properties of material retrieved at Site U1394 can generally be correlated to 
lithologic variations, including composition, grain size, and observed lithification 
(Figs. F6, F7). Bioclastic and volcaniclastic turbidites, as well as thick tephra layers, 
can be discerned from background sedimentation (carbonate ooze) by most of the 
physical properties. At least 12 turbiditic units, including three very thick ones, can 
be identified from the continuous physical property logs. The hemipelagic mud gen-
erally shows little variation and has low magnetic susceptibility, low P-wave velocity, 
and relatively high NGR. In contrast, physical properties of the turbidites are rela-
tively heterogeneous, with overall high values of magnetic susceptibility and P-wave 
velocity but low NGR and density. Single bioclastic and volcaniclastic turbiditic units 
throughout both holes can be traced by their uphole monotonically decreasing values 
in magnetic susceptibility, P-wave velocity, and density, mimicking their grading in 
grain size. A sharp drop in each of these values occurs at the boundaries of the turbid-
itic units. Where sufficiently thick, ash layers give positive peaks in magnetic suscep-
tibility. Between 10 and 15 mbsf magnetic susceptibility, density, and NGR data 
systematically differ in Holes U1394A and U1394B. This pattern is consistent with dif-
ferences in lithologies retrieved from both holes. Hole U1394A is dominated by dark, 
dense turbidites with andesitic composition at this interval, whereas lighter colored 
pumice-rich deposits were cored in Hole U1394B. Thermal conductivity values ob-
tained at this site range from 0.564 W/(m·K) (at 111.2 mbsf) to 1.07 W/(m·K) (at 
197.4 mbsf); the mean is 0.94 W/(m·K). These values are similar to expected values for 
high-porosity sediment. The measured porosity of hemipelagic samples ranges from 
48% to 66%. Turbidites display porosity values between 42% and 60%. Hemipelagic 
samples show a poorly constrained trend ranging from ~61% at the mudline to ~54% 
at 200 mbsf. Bulk density of the hemipelagic sediment ranges from 1.52 to 1.85 g/cm3, 
whereas bulk density of the turbiditic sediment ranges from 1.65 to 2.08 g/cm3. Gen-
erally, the turbidites display a good negative linear correlation between porosity and 
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bulk density with depth; no similar correlation is found for hemipelagic sediment. 
Grain density values of the hemipelagic sediment exhibit a narrow range of 2.63–
2.79 g/cm3, whereas grain density values obtained from turbidite samples show a 
slightly larger range of 2.6–2.9 g/cm3. Turbidites consisting of a mixture of bioclastic 
and volcaniclastic material have grain densities ≤2.79 g/cm3.

Downhole logging

In situ measurements of geophysical properties obtained by downhole logging oper-
ations are in general agreement with physical properties data obtained from the cores 
(Fig. F7). Gamma radiation data do not exhibit a clear downhole trend over the mea-
sured interval, but generally the fine-scale variations in total gamma radiation have a 
higher frequency above 110 mbsf than below this depth. This change seems to coin-
cide with a change from stacked turbidites into a series of alternating turbidites and 
hemipelagic sediment. Sonic velocities generally increase downhole, ranging from
~1650 to 1900 m/s. Distinctive local peaks in compressional velocity (VP) coincide 
with increased resistivity and magnetic susceptibility, corresponding most likely to 
similarly scaled turbiditic units identified in the cores.

Geochemistry

In addition to studies done on retrieved sediment, pore water samples obtained from 
hemipelagic sediment were also analyzed. Pore water samples from turbiditic units 
were generally not obtained because it is not possible to collect meaningful pore water 
data from such highly permeable material. Pore water samples were largely taken 
from intervals dominated by pelagic carbonate. Alkalinity values increase from 
3.3 mM in the uppermost section to a consistent value of 11.5 mM at roughly the 
middle of the hole before decreasing to 7.5 mM at the base of the hole. pH values re-
main relatively constant at 7.4–7.5 throughout the hole. Of the major cations, cal-
cium decreases from values close to bottom water in the uppermost sample to a 
minimum at roughly the middle of the hole before increasing toward the bottom, 
whereas magnesium monotonically decreases with depth, with the exception of the 
deepest sample (Fig. F7). Neither sodium nor potassium concentrations show clear 
trends with depth. Sulfate concentrations show a similar pattern to those of calcium. 
Chloride concentrations fluctuate within the normal range (550–580 mM) expected 
for pore water obtained from squeezing carbonate sediment. Generally, pore water 
data are consistent with diagenesis of carbonate-rich sediment with organic carbon 
concentrations that are typical of an open marine setting. The slight change in pore 
water concentrations in the deepest sediment may reflect non–steady state diagenetic 
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conditions that may be due to water advecting through the relatively permeable 
volcanic-rich turbidite that lies at the base of the hole.

Site U1395

Background and objectives

IODP Site U1395 (proposed Site CARI-04D; 16°29.60′N, 61°57.09′W; 1191 mbsl) is 
located between Guadeloupe and Montserrat (Table T1; Fig. F2).

According to the site survey data, Site U1395 is located just outside and next to the 
front of Deposit 2. Seismic reflections indicate that Site U1395 could penetrate 
through a succession of hemipelagic sediment and turbidites. The proposed total 
depth for this site was 244 mbsf.

The objective for Site U1395 was to characterize the sedimentation processes related 
to volcanic activity in the Bouillante–Montserrat half graben. We planned to drill 
through hemipelagic sediment, turbidites, and tephra to retrieve a complete record of 
sediment to ~244 mbsf. Work around the Canary Islands has shown that distal volca-
niclastic turbidites generated by collapse events can be used to study the gross char-
acter of landslide emplacement (Wynn and Masson, 2003). Results from ODP Hole 
1223A off Hawaii identified the association of several turbiditic deposits with land-
slides, showing that Koolau Volcano collapsed repeatedly and that landslides consti-
tuted a greater risk than previously thought (Garcia et al., 2006). Analysis of cores 
taken during the JCR123 cruise suggests that distal turbidites associated with Mont-
serrat provide a record of all main pyroclastic flow events that entered the ocean dur-
ing the current eruptive phase (since 1995). Information from these cores also records 
the waxing and waning phases of individual dome collapses (Trofimovs et al., 2006). 
Turbidites in cores recovered from this site should therefore provide a record of dome 
and flank collapses. With the retrieved material it will also be possible to better con-
strain the long-term sedimentation rate in the northern part of the arc.

Scientific results

Lithostratigraphy

The main lithologies cored at Site U1395 resemble those cored at Site U1394 (Figs. F8,
F9). Based on abrupt or gradational changes in the abundance of these lithologies or 
on distinct marker horizons (e.g., tephra layers), the material was divided into nine 
lithostratigraphic units (Units A–I). Generally, each unit consists of various combina-
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tions of hemipelagic mud, turbiditic sand and mud, and tephra. Unit A is ~10 m (Hole 
U1395A) to12 m (Hole U1395B) thick and is similar to Unit A at Site U1394. It consists 
of volcaniclastic and mixed bioclastic-volcaniclastic turbidites interbedded with 
hemipelagic background sediment. Unit A is divided into seven subunits (A-1 
through A-7). Unit B is ~2 m (Hole U1395A) and 4 m (Hole U1395B) thick and con-
sists of a sequence of thick, stacked volcaniclastic turbidites, showing normal grading 
from very coarse to very fine sand. The matrix of these turbidites is mainly composed 
of dense to vesicular lava fragments, pyroxenes, amphiboles, and feldspars with a very 
low, or no, carbonate fraction. Occasionally, larger pumice clasts (as large as 2 cm) are 
present in this unit. Unit C consists of a 65 cm thick layer of hemipelagic sediment. 
Unit D, which is ~3 m (Hole U1395A) and 2 m (Hole U1395B) thick, is composed of 
another sequence of thick, stacked volcaniclastic turbidites similar in appearance to the 
turbidites in Unit B. However, in Hole U1395B, Unit D turbidites show a much higher 
content of large pumice (1–4 cm in diameter) particles dispersed throughout the en-
tire matrix of the turbidites. Unit D is followed by a thick sequence (45 m in Hole 
U1395A; 43 m in Hole U1395B) of mainly hemipelagic sediment, defined as Unit E. 
Intercalated throughout this sequence are a small number of relatively thin sandy tur-
bidites, consisting of volcaniclastic, bioclastic, or mixed bioclastic-volcaniclastic par-
ticles. Additionally, several volcanic fine sand layers are identified in this unit, as well 
as some partly well sorted pumice deposits. Unit F is ~19 m thick and is also composed 
of thick, stacked turbiditic sequences interrupted by hemipelagic sediment. Unit F is 
divided into three subunits (F-1 through F-3). The upper part of Unit F (Subunit F-1) 
is composed of a thick, dark, homogeneous turbidite consisting of mixed bioclastic-
volcaniclastic material. The majority of this turbidite is ungraded, with normal 
grading occurring only in the uppermost part, followed by a layer of hemipelagic sed-
iment with intercalated layers of sand-sized bioclastic and volcaniclastic particles. 
These layers are massive to normally graded, changing from very fine to medium 
sand. The lower part of Unit F (Subunit F-2) consists of a thick volcaniclastic turbidite 
sequence. Unit G (~21 m thick) is divided into two subunits (G-1 and G-2). Subunit 
G1 consists of hemipelagic sediment interbedded with sand-sized volcanic material 
consisting of lava fragments, scoria, plagioclase, pyroxene, and rare amphibole. Am-
phibole appears only in a few layers (without clinopyroxene) and is characteristic of 
tephra deposits originating from volcanoes in the central part of Guadeloupe. Tephras 
are particularly abundant between 90 and 100 mbsf (Core 12H for Holes U1395A and 
U1395B). In Hole U1395B, a succession of volcaniclastic turbidites also occurs in Sub-
unit G-1. Subunit G-2 is characterized by highly contorted and deformed hemipelagic 
sediment. Unit H, which is ~8 m thick, is composed of a thick sequence of pumice-
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rich turbiditic deposits showing normal grading, with a matrix dominantly composed 
of crystals, lava clasts, and minor pumice and carbonates. Unit I (120 mbsf to the base 
of Holes U1395A and U1395B) consists of semiconsolidated silt- and mudstones, 
most of which are heavily bioturbated.

XRD and carbonate analysis performed on 44 individual samples taken throughout 
the entire cored interval shows results similar to analyzed samples from Site U1394. 
Samples of pelagic sediment are characterized by calcite, high-Mg calcite plus or mi-
nus aragonite, and minor volcanic phases such as plagioclase, orthopyroxene, and 
hornblende. The clay minerals detected are kaolinite, smectite, and glauconite. Sam-
ples from the volcanic-rich horizons contain dominant plagioclase, lesser amounts of 
orthopyroxene and hornblende, and minor carbonate.

CaCO3 content is much higher in the largely pelagic sections in the upper part of this 
hole (>30%) than in the largely volcanic turbidites. The presence of a few weight per-
cent CaCO3 in the latter indicates a significant biogenic component. CaCO3 content 
is highest (as much as 88 wt%) in the semilithified sediment toward the base of the 
hole. Organic carbon concentrations in the pelagic sections can exceed 1 wt% but are 
much lower in the turbidite sections. Organic carbon concentrations also increase to-
ward the base of the hole (as high as 1.5 wt%). The ratio of organic carbon to CaCO3, 
however, remains relatively constant in hemipelagic intervals throughout the hole, 
suggesting that the concentration increases simply reflect less dilution by volcanic 
material at depth.

Paleontology and biostratigraphy

Biostratigraphic studies of the cored material were limited by the coarse nature of the 
material. Site U1395 core catcher samples contain calcareous nannofossils and plank-
tonic and benthic foraminifers of varying abundances and at varying levels of preser-
vation. Generally, preservation deteriorates with depth, making the samples 
increasingly difficult to date. Both nannofossil and planktonic foraminiferal biostrati-
graphic datums for this site indicate deposition ages ranging from late Pleistocene to 
early Pleistocene. Nannofossils identified in the upper parts of this site are Geophyro-
capsa oceanica, Rhabdosphaera clavigera, Geophyrocapsa muellerae, Helicosphaera kampt-
neri, and Helicosphaera hyalina. Pseudoemiliania lacunosa was not found in the upper 
core at this site, dating the sample to younger than 0.289 Ma. In the middle part of 
the site, P. lacunosa, Ceratolithus cristatus, H. hyalina, Calcidiscus leptoporus, R. clavigera, 
Calciosolenia murrayi, Syracosphaera pulchra, and Scyphosphaera sp. were detected. Sam-
ples obtained from the deeper parts of this hole show a nannofossil assemblage 
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typical for the early Pleistocene, with Gephyrocapsa caribbeanica, P. lacunosa, Coccolithus 
leptoporus, and Crenalithus doronicoides. The latter was detected in Sample 340-
U1395A-12H-CC, which also showed the disappearance of G. oceanica, indicating that 
this sediment is within nannofossil Zone CN13b. The assemblage of planktonic fora-
minifers observed in the cored material is generally characteristic for subtropical wa-
ters and is dominated by Globigerinoides ruber (white) and Globigerinoides sacculifer. 
Other abundant species include Globigerina falconensis, Globigerinita glutinata, Globi-
gerinoides elongatus, Globorotalia tumida, and Neogloboquadrina dutertrei (dextral). 
Three primary biozones were recorded, PT1b, PT1a, and PL6, with PL6 in the bottom 
sample of this site. The primary marker between Zones PT1a and PL6 was not re-
corded; however, Zone PL6 was recognized based on the presence of Globorotalia exilis
(top occurrence at 2.1 Ma) instead, a secondary datum within Zone PL6. Several ad-
ditional secondary datums were recorded as well: Globorotalia flexuosa (0.07–0.40 Ma), 
Globigerinella calida (base occurrence at 0.22 Ma), and Globorotalia tosaensis (top oc-
currence at 0.61 Ma). The presence of the benthic foraminiferal species Uvigerina au-
beriana and Bulimina aculeata and the genus Osangularia suggests a bathyal 
paleodepth for this site. In addition to the micro- and nannofossils obtained at this 
site, sponge spicules, pteropods, and heteropods are also abundant and generally well 
preserved in the upper samples. Otoliths are present throughout the core samples, 
and four different morphotypes are present. Ostracods are rare to absent in most sam-
ples.

Paleomagnetism

Interpretation of the NRM of the recovered cores is based on the hemipelagic sedi-
ment as it is potentially the least disturbed and most optimal sediment to hold infor-
mation about the behavior of the geomagnetic field during deposition. The FlexIt 
orientation tool was deployed in Hole U1395A with nonmagnetic core barrels; thus 
declination data could be corrected to true north. The declination of cores from Hole 
U1395B is first rotated to a core mean of zero, and then inclination data are used to 
plot reversal episodes at 180° to normal. Expected inclinations for the site are ~30.6° 
during normal polarity and –30.6° during reversed polarity, assuming a GAD. Inclina-
tion data obtained cluster and plot around the expected GAD for the site. With FlexIt 
tool reorientation, both inclination and declination in Hole U1395A show the 
Brunhes/Matuyama boundary at ~66 mbsf (Figs. F8, F9). A turbidite masks the 
Brunhes–Matuyama transition in Hole U1395B, with depths of 71.9 mbsf (reversed 
polarity) and 67.7 mbsf (normal polarity) on either side of this turbidite interval. 
Based on inclinations obtained from the measurement of discrete samples in con-
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junction with declination data obtained from entire cores, the transition from the 
Jaramillo Chron (normal) to the Matuyama Chron (reversed) occurs at ~90 mbsf. 
Using the reversal timescale of Cande and Kent (1995), this transition depth gives an 
age of 0.78 Ma for the Brunhes/Matuyama boundary and 0.99 Ma for the end of the 
Jaramillo Chron. Excellent agreement between discrete samples in Holes U1395A and 
U1395B and the archive half sections further supports these results. Sedimentation 
rates for the site are therefore on the order of 8 cm/k.y. during the Brunhes Chron, 
with slightly higher rates at the end of the Matuyama Chron (~11 cm/k.y.). A se-
quence of unconsolidated tephras and turbidites, severely faulted and altered sedi-
ment, and poor recovery below 100 mbsf at Site U1395B make further interpretation 
of polarity difficult. The four deepest discrete inclination samples may indicate a po-
larity change indicative of the beginning of the normal Jaramillo Chron (1.070 Ma) 
at ~101 mbsf (Hole U1395A) and 116 mbsf (Hole U1395B), but this needs further in-
vestigation.

Physical properties

Similar to Site U1394, the physical properties of the material retrieved at Site U1395 
can be correlated to lithologic variations observed in the recovered material (Figs. F8,
F9). This includes compositional variations and differences in grain size and lithifica-
tion stage. Lithification seems to be linked to the carbonate content of the sediment. 
Carbonate is generally absent in the loose sediment that constitutes turbidites. Based 
on magnetic susceptibility data, it is possible to clearly identify volcanic material re-
trieved in the cores. Volcaniclastic layers and turbidites exhibit pronounced positive 
anomalies of as much as 2800 × 10–5 IU; ash layers show the same behavior, but the 
magnitude of the signal is generally smaller, with typical values of 700 × 10–5 to 1500 
× 10–5 IU. Hemipelagic sediment and bioclastic turbidites have generally low and rel-
atively constant magnetic susceptibility (<350 × 10–5 and <700 × 10–5 IU, respectively). 
Variations in NGR are usually antithetic to the magnetic susceptibility signature. NGR 
is generally low in the retrieved volcaniclastic material (~3 cps) and relatively high in 
the hemipelagic sediment (~10 cps). Bulk densities vary throughout the cored mate-
rial with high values (as high as 2.0 g/cm3) in turbidites that contain dense volcanic 
clasts but relatively low values for bioclastic turbidites. The lowest bulk density values 
are observed for turbidite units containing coarse pumice clasts. Porosity ranges from
~48% to 67% and displays a weak negative trend with depth. Bulk density shows a 
clear negative correlation with porosity. Grain density of the hemipelagic samples has 
a narrow range of 2.65–2.8 g/cm3. Grain density of the pumice-rich turbidite is lower, 
ranging between 2.45 and 2.55 g/cm3. P-wave velocities obtained throughout the 
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cores show a well-defined trend, increasing from 1530 to 1630 m/s downhole. This 
trend corresponds to carbonate-rich hemipelagic sediment, probably reflecting in-
creasing degrees of lithification and/or compaction of the material downhole. Gener-
ally, volcaniclastic turbidites have higher velocities (1750–1800 m/s) than 
hemipelagic sediment (1500–1600 m/s). P-wave velocities obtained from discrete 
samples of the split core generally agree with velocities obtained on the whole core.

Downhole logging

In situ measurements of geophysical properties obtained by downhole logging (Fig. 
F9) resulted in the differentiation of three logging units (1–3). Logging Unit 1 (85–
112 mbsf) is characterized by relatively consistent downhole profiles in density, resis-
tivity, and P-wave velocity, all of which exhibit low-amplitude variability. P-wave 
velocities slightly increase with depth from ~1550 m/s at the top to ~1620 m/s at the 
base of the unit. Logging Unit 2 (further divided into logging Subunits 2A and 2B) is 
generally distinguished from logging Unit 1 by a sharp decrease in gamma radiation
and increases in density and resistivity, as well as a broad change in the character of 
the logging profile. Gamma radiation, density, resistivity, and P-wave velocity all 
show high-amplitude variations. The drop in gamma ray intensity, associated with an 
increase in density and resistivity, might be an indication for turbidites in this inter-
val. Logging Unit 3 (163–202 mbsf) is characterized by a return to lower frequency 
variations in all geophysical property measurements, similar to what is displayed in 
logging Unit 1. P-wave velocities subtly increase with depth, with the average value 
being higher in this lower unit than in the upper one; this is most likely consistent 
with a classic compaction trend.

Geochemistry

In addition to studies done on the retrieved sediment, headspace gas samples and 
pore water samples obtained from hemipelagic sediment were also analyzed. Pore wa-
ter samples from turbiditic units were generally not obtained because it is not possible 
to collect meaningful pore water data from such permeable material. Alkalinity values 
increased from 3.5 mM in the uppermost two sections to a maximum of 7 mM at 
52.9 mbsf before decreasing to relatively constant values of 5.4 mM from 72.7 mbsf 
to the deepest sample at 195 mbsf. pH values are more variable (8.0–7.1) than those 
observed in Hole U1394B, but no consistent pattern is observable in the data, suggest-
ing there may be some analytical artifacts in the data. Ammonium concentrations 
increased from 30 µM in the uppermost sample to 1.5 mM at 72.7 mbsf and only in-
creased gradually to 1.21 mM at 185 mbsf. These values are lower than those observed 
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in Hole U1394B and are consistent with the greater water depth of Site U1395, which
results in greater oxidation of the organic matter before it reaches the seafloor. Cal-
cium concentrations are only slightly lower than bottom water values in samples 
from the uppermost 106 m of the hole but show an excursion to higher values 
between 117.4 and 185.6 mbsf before decreasing to close to seawater values in the 
deepest sample (195 mbsf) (Fig. F9). In contrast, magnesium concentrations show a 
distinct decrease at the same depth interval. This simultaneous increase in calcium 
and decrease in magnesium is typical for pore water influenced by water-rock inter-
action processes with basaltic glass. Hence, it is possible that the covariation in cal-
cium and magnesium concentrations in the deeper section of Hole U1395B may 
reflect a higher basaltic component in the volcanogenic material at this horizon. 
Potassium concentrations decrease with depth, consistent with the reaction of pore 
water with volcanic material. Sulfate concentrations are slightly depleted relative to 
seawater and show no consistent trend with depth. Chloride concentrations fluctuate 
within the normal range (550–570 mM) expected for pore water obtained from 
squeezing carbonate sediment.

Site U1396

Background and objectives

IODP Site U1396 (proposed Site CARI-01C; 16°30.49′N, 62°27.10′W; 801 mbsl) is the 
northwestern most site drilled during Expedition 340 (Table T1; Fig. F3).

The bathymetric survey for Site U1396 revealed a region bounded by a topographic 
high to the north and by two large canyons to the south. Site survey data indicate that 
this site could penetrate regular (unperturbed) seismic reflectors. The drill site is lo-
cated directly on the topographic high to minimize any perturbations (e.g., related to 
turbidites). Site U1396 is located in the same area as the 5.75 m long CAR-MON 2 core 
taken during the Caraval cruise in 2002. Sediment recovered in the CAR-MON 2 core 
provides a stratigraphic record extending back ~250 k.y., as shown by 18O chrono-
stratigraphy. The calculated sedimentation rate (including tephra) is ~2.3 cm/k.y. (Le 
Friant et al., 2008). The recovered core also contained material from several Plinian 
explosive eruptions, which to date had not been identified on land (Le Friant et al., 
2008).

The objective for Site U1396 was to characterize the eruptive history of Montserrat. 
Volcanism started on Montserrat at ~2.6 Ma at Silver Hills and moved to Centre Hills 
between 0.5 and 1.0 Ma, with the youngest volcanism situated at south Soufrière Hills 
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(~170 ka to present). With conventional coring it is only possible to retrieve samples 
of recent volcanic activity. Drilling to a target depth of 132 mbsf at Site U1396 is de-
signed to extend our knowledge of the volcanic history of Montserrat to the birth of 
the island at at least ~2.5 Ma. Petrologic, lithologic, sedimentologic, and geochrono-
logic analysis of volcanic rocks and volcaniclastic material from this site is expected 
to date as far back as 4 Ma (assuming a sedimentation rate of 2.3 cm/k.y. from the 
CAR-MON 2 study) and will provide significant new constraints on the early devel-
opment of volcanism on Montserrat and on the spatial and temporal distribution of 
volcanic activity.

Scientific results

Lithostratigraphy

The deposits cored at Site U1396 mainly comprise a series of hemipelagic sediment, 
tephra layers, and volcaniclastic sand (Fig. F10). Even though the nature of the cored 
material at this site makes division into lithostratigraphic units more difficult, five 
different lithostratigraphic units (Units A–E) were identified. Unit A consists of a 
~40 cm thick sequence of bioclast-rich fine sand with high water content. The sand 
is massive and ungraded and probably represents a high-density turbidite. Unit B 
(~121.5 m thick) comprises mainly a sequence of tephra layers (~35 layers of varying 
thickness, more abundant below 90–95 mbsf) intercalated in the hemipelagic back-
ground sedimentation. Hemipelagic sediment dominates the middle part of this unit. 
However, there may be many more layers of cryptotephras (not identifiable by stan-
dard visual core description methods) embedded in the hemipelagic mud. The tephra 
layers vary in thickness (mostly <5 cm; a few >10 cm) and are generally normally 
graded. The upper and lower layers of this unit contain a poorly sorted, massive, 
medium sand–sized mixture of bioclastic and volcaniclastic particles; the two occur-
rences of this mixture are interpreted as turbidite sequences. Isolated pebble-sized vol-
canic clasts are observed in the hemipelagic mud at a few locations. Unit C is ~4 m 
thick and is only observed in Hole U1396C. This unit consists of massive medium–
coarse volcaniclastic sand that is mainly andesitic in composition (85%) within a 
finer matrix consisting of mineral particles. Unit D (122.0–123.9 mbsf) comprises a 
distinctive sequence of unusually coarse (commonly up to centimeter-scale clasts) 
pinkish breccias. This unit is composed of five fining-upward units with well-sorted 
intervals of pebble-sized clasts (as large as 2 cm), with little or no sand or mud-sized 
matrix material. Massive layers of fine sand or silt (1–5 cm thick) separate these nor-
mally graded intervals. Unit E (~16 m thick) also consists of a series of mainly well 
sorted tephra layers intercalated with the hemipelagic background sediment.
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Thirty samples were taken to define the mineralogical composition and carbonate 
content of the cored material. Even though the number of tephra layers sampled at 
this site is high, no purely volcanic samples were obtained. In contrast to previous 
sites, high Mg-calcite was only present in one section (340-U1396C-6H-2). All other 
carbonate-rich layers contain pure calcite and aragonite in variable proportions, with 
calcite generally dominating the assemblage. Clay minerals are ubiquitous at this site, 
with smectite and kaolinite present in all samples and glauconite commonly identi-
fied. Halloysite may be present in some samples, but the spectra are not clear enough 
to be certain. A large bulge beneath the main peaks in some of the volcanic-rich 
samples suggests that significant amounts of volcanic glass are present in some of the 
tephra layers. CaCO3 and organic carbon abundances indicate that the retrieved sed-
iment is largely a mixture of carbonate-rich hemipelagic sediment with carbonate and 
low organic carbon volcanogenic material delivered by volcanic fallouts. The highest 
observed CaCO3 concentration is 72 wt%, with most samples much lower, suggesting 
that volcanic material is dispersed throughout the cores even though it is not neces-
sarily visible to the naked eye.

Paleontology and biostratigraphy

Based on the detailed biostratigraphic studies done on Site U1396 using calcareous 
nannofossil as well as planktonic foraminiferal datums, the cored material could be 
assigned a late Pleistocene to early Pliocene age. Nannofossil preservation was gener-
ally good to moderate in the core catcher samples analyzed at this site. Samples ob-
tained from ~6 to 44 mbsf yielded a nannofossil assemblage typical for the Pleistocene 
with, for example, Gephyrocapsa caribbeanica, Gephyrocapsa oceanica, Helicosphaera hy-
alina, Emiliania huxleyi, Pseudoemiliania lacunosa, and Crenalithus doronicoides. The in-
terval between ~44 and 67 mbsf yielded a characteristic late Pliocene assemblage with 
few Discoaster brouweri and common Calcidiscus macintyrei in addition to Discoaster 
pentaradiatus, Discoaster surculus, and Hayaster perplexus. Between 67 and 91 mbsf the 
observed assemblages are characteristic for the early Pliocene with a variety of Dis-
coaster species, such as D. pentaradiatus, D. surculus, D. brouweri, Discoaster asymmetri-
cus, Discoaster triradiatus, Discoaster tamalis, Discoaster variabilis, and Discoaster 
challengeri. From 91 mbsf to the bottom of the hole, the retrieved samples contained 
Sphenolithus abies/neoabies and Reticulofenestra pseudoumbilica, which are indicative of 
the early Pliocene Zone CN11a, Subzone S. neoabies.

Every primary planktonic foraminiferal biozone (PT1b, PT1a, PL6, PL5, PL4, PL3, PL2, 
and PL1) from recent to the early Pliocene was recorded in the material deposited at 
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Site U1396, and many different datums could be retrieved over this 135 m interval: 
Globorotalia flexuosa (0.07–0.40 Ma), Globorotalia tosaensis (top occurrence at 
0.61 Ma), Globorotalia exilis (top occurrence at 2.1 Ma), Globigerinoides extremus (top 
occurrence at 2.1 Ma), Globorotalia miocenica (top occurrence at 2.39 Ma), Globorotalia 
pertenuis (top occurrence at 2.60 Ma), Globorotalia multicamerata (top occurrence at 
2.99 Ma), Sphaeroidinellopsis seminulina (top occurrence at 3.16 Ma), Pulleniatina pri-
malis (top occurrence at 3.65 Ma), Globorotalia margaritae (top occurrence at 3.84 Ma), 
and Globigerina nepenthes (top occurrence at 4.36 Ma). Though several more first ap-
pearance datums (base) are well calibrated through this interval as secondary datums, 
when compared against the datums listed above they appeared to be largely unreli-
able as age determinations at this site and were not used. Base occurrences are espe-
cially unreliable.

Paleomagnetism

The magnetostratigraphic record obtained from the material cored at Site U1396 is in 
excellent accordance with biostratigraphic observations. The FlexIt orientation tool 
was deployed with all cores from Holes U1396B and U1396C and 12 of the 15 cores 
from Hole U1396A. Declination can therefore be corrected to true north for most of 
the site. The recorded declination data show sixteen 180° shifts in which declination 
stabilized before reversing again; the shortest of these intervals we interpret as a re-
versal is 85 cm in Hole U1396A (Fig. F10). Using the geomagnetic polarity timescale 
(GPTS) of Cande and Kent (1995), nine periods of normal polarity and nine periods 
of reversed polarity can be identified for this site. The earliest polarity reversal we see 
in Hole U1396A is the beginning of Chron C3n.1n (4.29 Ma) at 129.4 mbsf, giving 
this hole a basal age of 4.29–4.48 Ma. The longer Hole U1396C record contains the 
end of Chron C3n.2n at 4.48 Ma, giving this hole a basal age of 4.48–4.62 Ma. Using 
a linear approach in conjunction with the depths of the dated reversals, an age-depth 
model was created that indicates an average sedimentation rate at Site U1396 of 
~3.1 cm/k.y. However, sedimentation rates vary over the observed depth interval 
cored at this site. Pliocene sedimentation rates are of the order 4 cm/k.y., whereas 
Pleistocene rates are ~1.7 cm/ k.y. and rates from the base of the core to the beginning 
of the Gauss Chron (3.58 Ma) are ~5.3 cm/k.y. Normalization of the NRM by magnetic 
susceptibility indicates good potential for construction of a relative paleointensity re-
cord (RPI) for Site U1396, which should allow for greater constraint of ages in between 
reversal horizons.
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Physical properties

Physical properties data obtained for Site U1396 reflect the different material recov-
ered relatively well (Fig. F10). Magnetic susceptibility usually increases in areas where 
volcanic material was recovered, whereas NGR decreases. This is typical behavior for 
these materials, as the products of volcanic eruptions usually have higher iron con-
tent than hemipelagic sediment, whereas NGR is usually higher in hemipelagic sedi-
ments (e.g., U content in hemipelagic sediment is higher than that found in volcanic 
products). Bulk density obtained from whole cores shows no systematic trend with 
depth or changes in lithology. The same is true for measured P-wave velocities on the 
whole cores. Discrete measurements of P-wave velocity show higher velocities for the 
volcanic layers (1650 to >1800 m/s) than for the hemipelagic background sediment 
(1550–1650 m/s). Shear strength measurements show a clear linear trend that increases 
with depth. Within this linear trend, a few decreasing values are observed at 85, 115, 
and 130 mbsf. Porosity data obtained from discrete measurements range from 54% to 
70% and show no clear depth trend. However, the uppermost 40 m show a larger po-
rosity range (50%–70%) than the porosities obtained below 40 mbsf (60%–70%). Bulk 
density values obtained from discrete samples range from 1.45 to 2.00 g/cm3; grain 
density ranges between 2.65 and 2.80 g/cm3. In addition to the thermal conductivity 
measurements conducted on the retrieved cores, we also measured downhole forma-
tion temperature. The average thermal conductivity of the cored material is 1.041 ± 
0.070 W/(m·K). Formation temperature measurements were made at 24.6, 34.1, 43.6, 
and 53.1 mbsf in Hole U1396A and at 55.9 and 103.4 mbsf in Hole U1396C. Using 
downhole formation temperature measurements and measured thermal conductiv-
ity, we calculated a temperature gradient of 69.3° ± 1.5°C/km and a heat flow, if con-
ductive, of 72.1 ± 5.1 mW/m2.

Geochemistry

Pore water from the hemipelagic sediment was analyzed, as well as headspace gases. 
Samples for headspace analyses were taken at 15 depths throughout Hole U1396A. 
The uppermost sample (from Section 340-U1396A-1H-3) had a methane concentra-
tion of 3.6 ppm, but all other samples had levels between 2.1 and 2.6 ppm. No higher 
hydrocarbons were detected. Samples for pore water extraction were taken from every 
core in Hole U1396C. Alkalinity values are generally low (<1.5 mM) throughout the 
hole. pH values are generally lower (7.6–7.1) than those at Sites U1394 and U1395, 
but no consistent pattern is observable in the data. Ammonium concentrations are 
much lower than at the previous two sites. These two observations may be related to 
the fact that Site U1396 is located at shallow water depths on a basement high, where 
42



Expedition 340 Preliminary Report
strong bottom currents have been observed on previous research cruises to the area 
(A. Le Friant, pers. comm.). This effect tends to winnow out the finer grained, more 
reactive organic matter and leads to less intense organic carbon–driven diagenesis. Al-
ternatively, the results may suggest removal of these pore fluid components through 
precipitation and ion exchange reactions. Calcium concentrations are consistently 
higher than bottom water values in samples from throughout the hole, and magne-
sium concentrations are consistently lower than seawater concentrations (Fig. F10). 
These features are commonly seen in deep sediment pore water as a result of altera-
tion of basaltic glass and suggest that many of the tephra layers observed in the core 
may have a basaltic composition. This hypothesis is supported by the potassium con-
centrations, which are also lower than seawater. Overall, sulfate concentrations are 
slightly depleted relative to seawater but do not show a consistent trend with depth. 
Chloride concentrations fluctuate within the normal range (550–570 mM) expected 
for pore water obtained from squeezing carbonate-rich sediment.

Site U1397

Background and objectives

IODP Site U1397 (proposed Site CARI-10B; 14°54.41′N, 61°25.35′W; 2482 mbsl) is lo-
cated west of Martinique (Table T1; Fig. F11). The bathymetric survey for Site U1397 
revealed a region with a topographic high bound by large canyons. Site survey seismic 
data indicate that this site could, in the upper part, penetrate regular (unperturbed) 
sedimentary reflectors, whereas in the lower part some chaotic reflectors are visible. 
The drill site is located on the topographic high to try to avoid perturbations (e.g., re-
lated to turbidity currents). Site U1397 is located very close to Core CAR-MAR 4 (7 m 
long) taken during the Caraval cruise in 2002. The CAR-MAR 4 core provides a sedi-
mentary record that extends to ~32 ka, as determined by 18O chronostratigraphy. The 
sedimentation rate (including tephra) is ~20 cm/k.y. (Boudon et al., submitted). Cor-
relating the tephra sampled in the core to onshore deposits of the Montagne Pelée 
Volcano shows that a significantly greater number of tephra layers are deposited in 
the marine environment than have been identified during onshore studies (e.g., 25 
tephra layers were identified in the core between 5 and 15 ka, whereas only 10 mag-
matic events were previously recognized based on onshore studies).

The objective for Site U1397 was to characterize the eruptive history of Martinique 
and the chaotic units appearing in the seismic profiles of this site. The cores retrieved 
will significantly improve our understanding of the eruptive history of Martinique in 
43



Expedition 340 Preliminary Report
space and time, as we plan to sample material reaching back >1 m.y. (assuming a sed-
imentation rate of 20 cm/k.y. and a total target depth of 314 mbsf). We expect to iden-
tify and date layers related to the emplacement of debris avalanches from Montagne 
Pelée and Pitons du Carbet Volcanoes and to sample the region related to the transi-
tion of volcanism from the Pitons du Carbet and Mont Conil Volcanoes to the Mon-
tagne Pelée Volcano. The end of volcanic activity at the Pitons du Carbet and Mont 
Conil Volcanoes (~0.3–0.5 Ma) precedes the beginning of the Montagne Pelée activ-
ity. We want to test the hypothesis that more mafic and denser magma was erupted 
for a period of several thousand years following edifice collapse until a new lava cone 
reached sufficient volume to erupt more evolved lavas (Pinel and Jaupart, 2000; 
Boudon et al., 2007). This site could also contain tephra from Dominican volcanoes, 
which will be distinguished on the basis of geochemistry and microtextural charac-
teristics (Machault, 2008). Volcanism on Dominica has been dominated by andesitic 
to dacitic eruption products since the Pleistocene (Lindsay et al., 2005c).

Scientific results

Lithostratigraphy

A continuous stratigraphic record was only retrieved for the uppermost 120 m at this 
site because of generally poor recovery below this depth (Figs. F12, F13). Sediment re-
trieved at this site was divided into eight lithostratigraphic units (Units A–H). Similar 
to the other sites, each unit consists of various combinations of hemipelagic mud, 
volcaniclastic or mixed (volcaniclastic-bioclastic) turbidites, and various tephra 
layers. Generally, unit boundaries and the material cored are similar in both holes, 
except that a higher proportion of turbidites and a lower proportion of tephra is ob-
served in some units in Hole U1397B compared to those in Hole U1397A. It is likely 
that most of the missing tephras were eroded during the emplacement of turbidites. 
Boundaries for each of the lithostratigraphic units are defined by abrupt or grada-
tional changes in the abundance of lithologies, distinctive marker horizons, different 
mineralogical compositions of tephra, and/or unusually thick turbidites. Unit A (0–
28 mbsf) is composed of a thick sequence of hemipelagic sediment with interbedded 
tephra and volcaniclastic layers. The tephra layers, of which there are at least 200, are 
well sorted and either massive or normally graded. The few turbidites observed in this 
unit are poorly sorted. Unit B (28–53 mbsf) is composed of tephra layers and volcani-
clastic turbidites intercalated in hemipelagic mud. The proportion of turbidites is 
higher than that found in Unit A. Turbidites are normally graded and contain variable 
amounts of fresh pumice. The matrix of the turbidites is mainly composed of crystals 
and very low proportions of carbonates and lava clasts. Most of the tephra layers are 
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dark and fine grained and are frequently normally graded. Unit C (53–76 mbsf) is di-
vided into two subunits (C-1 and C-2). Subunit C-1 is dominated by thick turbidite 
sequences of mixed (bioclastic-volcaniclastic) composition. Crystals, massive lava 
fragments, and pumice particles (sometimes in higher proportions) make up the vol-
canic component of these turbidites. Hemipelagic mud is frequently absent between 
turbidite layers. Subunit C-2 (<3 m thick) comprises a debris flow deposit and a sec-
tion of deformed sediment. The debris flow deposit consists of very abundant de-
formed mud clasts and large fragments of hydrothermally altered and fresh andesitic 
lava. Unit D (76–91 mbsf) is composed of a series of volcaniclastic turbidites and a few 
tephra layers, which are interbedded in a hemipelagic mud. The proportion of hemi-
pelagic sediment is very low in this unit, attesting to the erosional character of the 
turbidites. Unit E (91–120 mbsf) is composed of a series of thick massive to normally 
graded volcaniclastic turbidites containing a large amount of massive to poorly vesic-
ulated lava fragments. The base of this unit is not observed, and below this unit the 
stratigraphy is more uncertain, as core recovery was very low. Unit F (150–167 mbsf) 
was divided into two subunits on the basis of the compaction of the sediment. Sub-
unit F-1 is composed of a package of hemipelagic mud with a few interbedded tephra 
layers, whereas Subunit F-2 is composed of the same sequence of sediment, weakly 
compacted at the top and showing progressive lithification into mudstones toward 
the base. Unit G (~167 to 230 mbsf) is composed of mud-rich sandstone layers and 
semiconsolidated, highly fractured, and contorted mudstones. It contains abundant 
lava clasts, few pebbles, and a larger block composed of andesitic lava containing large 
phenocrysts of amphibole and quartz. Similar lavas are generated by the Pitons du 
Carbet Volcano, south of Montagne Pelée, and are unique to the area of Martinique 
and Dominica. The period of activity that generated this type of magma is dated at 
~330–350 ka (Germa et al., 2011; Samper et al., 2008). Unit H (230–265 mbsf) is only 
represented in Hole U1397A because Hole U1397B terminated at 230 mbsf. Unit H 
consists of heavily bioturbated hemipelagic mud. A few layers of bioclastic sandstone 
are interbedded within the mudstone.

Forty-four samples were taken to characterize the mineralogy of the volcanic material 
cored and the carbonate content. The volcanic material retrieved contains mainly 
plagioclase, hornblende, quartz, and amphibole. The hornblende appears to be more 
alkali rich than observed in samples from around Montserrat. Clay minerals are ubiq-
uitous throughout the hole and are also more abundant than in samples from the 
Montserrat sites. The dominant clay minerals are smectites, kaolinite, and glauconite. 
At the base of Hole U1397A, the abundance of clay minerals (mainly smectite) is es-
pecially high, and dolomite is also present in significant quantities, possibly reflecting 
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the presence of hydrothermal alteration products. CaCO3 concentrations are lower 
than those found in the sites around Montserrat, and the main carbonate minerals 
identified are calcite with minor aragonite. This combination likely reflects the 
greater water depth at this location and the absence of any significant aragonite pres-
ervation. With the exception of the uppermost sample from 4.1 mbsf, which yielded 
an organic carbon concentration of 0.62 wt%, all other samples yielded values of 
<0.5 wt% and most lacked any measurable organic carbon concentrations.

Paleontology and biostratigraphy

Results of the detailed study of the nanno- and microfossil content of the sediment 
described above are consistent with their intensely reworked nature because many of 
the studied samples contained poorly preserved shallow-water reef benthic foramin-
ifers and coral fragments. Generally, the sediment contained low abundances of cal-
careous nannofossils and planktonic and benthic foraminifers with varying levels of 
preservation. Although biostratigraphic dates are generally not sequential, an overall 
trend to older material with depth is observed. Biostratigraphic datums derived from 
both calcareous nannofossils and planktonic foraminifers show that Site U1397 con-
tains many levels of reworked sediment from the upper Miocene to upper Pliocene 
amidst a background of upper Pleistocene sedimentation. Overall, only a few datum 
species could be used as an age constraint for the cored material. These were the 
planktonic foraminifers Globigerinella calida and Globorotalia flexuosa and the nanno-
fossil Emiliania huxleyi. The resulting age model resolves an age younger than 220 ka 
for the top ~25 mbsf, younger than 250 ka from ~50 to ~100 mbsf, younger than 
~350 ka from 100 mbsf to nearly the base, and ~400 ka at the bottom of this site. It 
should be noted that these ages are only a maximum age estimate and that any con-
straint on the youngest material is inappropriate given the extensive reworking of 
sediment.

Paleomagnetism

Generally, the retrieval of a magnetostratigraphic record for this site was as compli-
cated as the retrieval of a biostratigraphic record because of the nature of the cored 
material and recovery. Using the detailed core description logs, only data measured 
on identifiable hemipelagic sediment layers were used for interpretation. The FlexIt 
orientation tool was used on Cores 340-U1397A-1H through 9H, together with non-
magnetic core barrels; thus between 0 and 67 mbsf in Hole U1397A declination could 
be corrected to true north. The occurrence of hemipelagic sediment is highly discon-
tinuous at Site U1397, particularly below ~55 mbsf. Shallower than ~55 mbsf, incli-
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nation values obtained on discrete samples show scattered but positive inclination, 
clustering around the expected GAD inclination. Declination shows little variation, 
suggesting that all sediment and tephra to a depth ~55 mbsf was deposited in the 
Brunhes Chron (<780 ka). Below this depth the record becomes increasingly discon-
tinuous, making confident interpretation of ages based solely on paleomagnetic data 
difficult.

Physical properties

The physical properties of the material retrieved at Site U1397 can generally be corre-
lated to the lithologic variations observed throughout the cored material (Figs. F12,
F13). Bioclastic and volcaniclastic turbidites and thick tephra layers can be distin-
guished from background sedimentation (hemipelagic mud) by most of the physical 
proprieties. Magnetic susceptibility data show large variations, with maximum values 
(6880 × 10–5 IU) more than twice as high as those obtained from measurements at the 
other sites. Peaks in magnetic susceptibility values correlate with tephra layers and 
volcaniclastic turbidites. Measured bulk densities increase slightly with depth, 
whereas NGR data show no consistent downhole trend. P-wave velocities also in-
crease slightly with depth (~1500 to ~1600 m/s, on average). Within thick turbidite 
deposits, P-wave velocity, density, and magnetic susceptibility typically increase with 
depth. All three of these properties have a sharp boundary at depths that correspond 
to the base of the turbidites. The shear strength of the sampled sediment increases 
with depth (1 kPa/m) for the uppermost ~55 mbsf at Site U1397. No shear strength 
measurements could be performed in the interval between ~55 and 65 mbsf because 
of the coarse nature of the retrieved sediment (mainly sand). Between 65 and 80 mbsf, 
shear strength increases as high as 200 kPa; it then decreases from 80 to 95 mbsf. The 
interval between 95 and 150 mbsf was again not favorable for the performance of 
shear strength measurements. The last interval from which shear strength measure-
ments were obtained is between 150 and 180 mbsf. Shear strength is quite variable in 
this interval, with values ranging from <50 to >450 kPa, reflecting the variable nature 
of the sampled sediment. Porosity data show, as was observed at Site U1396, no con-
sistent trend with depth. Porosity ranges from ~40% to 68%. Bulk density ranges from 
1.55 to 2.40 g/cm3 and shows a clear negative correlation with porosity. The dark-
colored volcaniclastic turbidites have systematically higher bulk densities (1.75–
2.40 g/cm3) than the other retrieved sediment. Grain density ranges between 2.48 and 
3.17 g/cm3, with hemipelagic sediment showing grain densities between 2.6 and 
2.85 g/cm3. To obtain a geothermal gradient for this site, formation temperature was 
measured using the advanced piston corer temperature tool (APCT-3) at the bottom 
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of Cores 340-U1397A-5H, 6H, and 7H (36.5, 46.0, and 55.5 mbsf, respectively) and 
the bottom of Cores 340-U1397B-3H, 4H, and 7H (25.6, 35.1, and 61.3 mbsf, respec-
tively). Temperature was calculated from these time series of temperature measure-
ments using an assumed thermal conductivity (k) of 1.0 W/(m·K) and equal to 3.7 × 
106 J/m3K. A best-fit linear relationship between depth and the six temperature mea-
surements gives a temperature gradient of 70.0° ± 8.8°C/km. Using the thermal con-
ductivity of 1.037 ± 0.135 W/(m·K) measured on the cored material, the implied heat 
flow, if conductive, is 72.5 ± 13.1 mW/m2. This estimate has not been corrected for 
bathymetry (which may be a significant correction because the site is on a ridge) or 
sedimentation (possibly a large correction owing to high sedimentation rates). It has 
to be noted that temperatures obtained from the downhole measurements show a 
considerable scatter upon the linear trend, which might be indicative of fluid flow.

Downhole logging

In situ measurements of geophysical properties obtained by downhole logging in 
Hole U1397B should be treated with caution because of the large diameter of the bore-
hole. An oversized borehole such as U1397B can make centralization and eccentral-
ization of the tools in the borehole difficult, with gamma ray and FMS measurements 
being the most significantly affected. Measurements of electrical resistivity, magnetic 
susceptibility, and P-wave velocity are less affected, and general trends and relative 
changes displayed by those measurements should be reliable. Four logging units were 
identified based on specific characteristics observed across the physical properties 
measured. Logging Unit 1 (85–90 mbsf) is characterized by relatively consistent values 
of resistivity and gamma radiation and average values of P-wave velocity (~1650 m/s). 
Magnetic susceptibility decreases with depth. Logging Unit 2 (90–127 mbsf) is char-
acterized by four intervals that exhibit increasing resistivity and P-wave velocity with 
depth. The boundaries of these intervals are marked by distinct changes in magnetic 
susceptibility (local peaks superimposed on the general decreasing trend with depth). 
Logging Unit 3 (127–185 mbsf) shows a return to less variable resistivity and P-wave 
velocity values. This logging unit is divided into two subunits (logging Subunits 3A 
and 3B) based on subtle changes in the character of the recorded geophysical proper-
ties, of which magnetic susceptibility is the most distinctive. The amplitude of mag-
netic susceptibility variations is much higher in logging Subunit 3A than in logging 
Subunit 3B. In addition, P-wave velocity is slightly higher in logging Subunit 3B 
(mean = ~1760 m/s) than in logging Subunit 3A (average = ~1710 m/s). Logging Unit 
4 (185 mbsf to base of the hole) is characterized by higher values of resistivity and 
magnetic susceptibility than those found in logging Unit 3. P-wave velocity is also 
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higher in this unit (average = ~1900 m/s), completing the downhole trend of increas-
ing P-wave velocity.

Geochemistry

Samples for headspace gas analysis were taken from 18 depths throughout Hole 
U1397A. Samples from the uppermost 76 m tend to have slightly higher methane 
concentrations (3.1–4.4 ppm) than those from 94 to 266 mbsf (2.3–3.7 ppm). No 
higher hydrocarbons were detected. Pore water alkalinity values increase with depth 
in the upper part of the sediment at this site and reach a maximum of 5.1 mM be-
tween 23 and 46 mbsf before decreasing to 3.9 mM in the deepest samples (164–
182 mbsf). pH values vary between 7.3 and 8.2, but no consistent pattern is observ-
able in the data. Ammonium concentrations are lower than those at comparable sites 
around Montserrat (Sites U1394 and U1395); the lower concentrations likely reflect 
the greater water depth of this site. The shape of the ammonium profile is similar to 
that of the alkalinity profile, suggesting that diagenetic processes in the sediment col-
umn dominate both. Calcium concentrations decrease from the seawater value to 
9.3 mM at 23 mbsf and then increase to 11.5 mM in the deepest sample (182 mbsf) 
(Fig. F13). Magnesium concentrations (which scatter around values slightly higher 
than seawater) and potassium concentrations (which are higher in the uppermost 
75 mbsf and show a weak trend to lower values between 164 and 182 mbsf) suggest 
that alteration of volcanic matter does not play a dominant role in defining major el-
ement pore water concentrations. Sulfate concentrations decrease from the seawater 
value to 26 mM at 43 mbsf and then increase to near seawater concentrations in the 
deepest samples, again suggesting that organic carbon–driven diagenesis is the major 
process in the upper part of the hole. Chloride concentrations are within the normal 
range (560–570 mM) expected for pore water obtained from squeezing carbonate-rich 
sediment.

Site U1398

Background and objectives

IODP Site U1398 (proposed Site CARI-09B; 14°16.70′N, 61°53.34′W; 2935 mbsl) is lo-
cated west of Martinique (Table T1; Fig. F3). The objective for this site was to charac-
terize the sedimentation processes in the backarc Grenada Basin. We planned to drill 
through hemipelagic sediment and turbidites and retrieve a complete sedimentation 
record to ~264 mbsf. Site survey seismic data show that we could penetrate through 
sedimentary reflectors indicative of the deposition of hemipelagic sediment and tur-
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bidites. With the recovered material we hope to identify the turbidites related primar-
ily to debris avalanche deposition. One focus is to evaluate whether submarine debris 
avalanches can generate voluminous turbidites long after their emplacement and, if 
so, how far such turbidites can travel. We also expect to improve the reconstruction 
of the postcollapse eruptive activity of Pitons du Carbet (Boudon et al., 2007). This 
will provide better constraints on the transition of activity between the Pitons du Car-
bet and Montagne Pelée Volcanoes. Finally, we expect to sample turbidites with vol-
canic material coming from Dominica (e.g., Roseau tuff).

Scientific results

Lithostratigraphy

Generally, the upper parts of both holes at this site are dominated by volcaniclastic 
turbidites, whereas the lower portions are composed of various combinations of 
hemipelagic sediment with intercalated volcaniclastic turbidites and tephra (Figs. 
F14, F15). The retrieved sediment was divided into seven lithostratigraphic units 
(Units A–G). The uppermost 70 cm of Unit A (0–40 mbsf) is composed of hemipelagic 
mud; below this depth Unit A is composed of a series of thick volcaniclastic turbidites, 
consisting of massive, normally graded sand-sized minerals, lava particles, and detri-
tal carbonates interrupted by thin layers of hemipelagic mud. Abundant pumice clasts 
are common throughout the entire unit. The upper part of Unit B (40–57 mbsf) con-
sists of hemipelagic sediment with interbedded thin tephra layers, whereas the lower 
part is composed of a succession of massive normally graded turbidite sequences, 
which can be as thick as 6 m. Turbidites occasionally display compositional lamina-
tions, grain-size layering, and parallel stratification in the upper part of each layer. 
Unit C (57–80 mbsf) consists of hemipelagic mud interbedded with multiple thin 
tephra layers and thin turbidites. The turbiditic sequences, exhibiting mainly normal 
grading, generally contain pumice clasts and hemipelagic clay. Unit D (80–100 mbsf) 
is composed of a succession of massive turbidites that are a few meters thick. The tur-
bidites, often displaying normal grading, are separated by hemipelagic sediment in-
terbedded with thin tephra layers. The upper of two distinctive pink-colored ash 
layers forms the lower boundary of Unit D. Unit E (100–115 mbsf) is characterized by 
multiple tephra layers. It also contains a few turbidites that are generally <1 m thick, 
interbedded with hemipelagic sediment. Two pinkish, 1 cm thick glassy ash layers are 
present in the upper half of Unit E. These layers occur at 99–100 mbsf in Hole U1398A 
and at 103–104 mbsf in Hole U1398B. The top of Unit F (115–171 mbsf), only fully 
recovered in Hole U1398B, is composed of a 3 m thick debrite followed by a succes-
sion of thick massive turbidites. Below the sequence of massive turbidites, Unit F 
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comprises a sequence of intercalated multiple thin tephra layers and small-scale 
turbidites. Unit G (171–265 mbsf) mostly comprises well-lithified, heavily biotur-
bated hemipelagic mud. This unit occasionally contains interbedded volcaniclastic 
sand layers. A whitish to pinkish colored, 1 cm thick glassy ash layer occurs at 
232 mbsf in Hole U1398A and 246 mbsf in Hole U1398B.

XRD data obtained from discrete samples throughout the cores show that quartz and 
plagioclase minerals dominate the volcanic material, whereas the marine sediment is 
dominated by calcite and lesser amounts of aragonite. Amphibole is less frequently 
present than in the cores obtained from previous sites. Smectite, kaolinite, and, to a 
lesser extent, glauconite are also ubiquitous. Clay abundance increases with depth. 
Pyrite has often been observed in the cored material that is rich in volcanic particles 
but could not be identified by XRD. Calcium carbonate concentrations are highly 
variable and are generally lower in intervals with higher proportions of volcanic ma-
terial. Maximum concentrations are ~35%, reflecting the greater proportion of terres-
trial clay minerals and possibly the absence of significant aragonite preservation.

Paleontology and biostratigraphy

Based on the detailed biostratigraphic studies done at Site U1398 using calcareous 
nannofossil as well as planktonic foraminiferal datums, the cored material could be 
assigned to the upper Pleistocene, indicating extremely high sedimentation rates. 
However, as observed in the cored material of previous sites, reworking of much older 
(early Pleistocene and late Pliocene) material is evident in several of the studied sam-
ples. This is consistent with the shallow-water benthic foraminifers, fragments of 
shells and corals, pteropods, heteropods shells, otoliths, and sponge spicules (Demo-
spongiae) observed throughout the entire set of core catcher samples studied. The 
nannofossil record observed at this site (Emiliania huxleyi, Gephyrocapsa oceanica, Ge-
phyrocapsa caribbeanica, Gephyrocapsa parallela, Ceratolithus cristatus, and Ceratolithus 
telesmus) is characteristic of upper Pleistocene sediment. Thus, the entire sequence 
was placed in Zone CN15, E. huxleyi, which has a maximum age of 0.25 Ma. The pres-
ence of upper Miocene to lower Pliocene species (Sphenolithus neoabies/abies, Calcidis-
cus macintyrei, Discoaster asymmetricus, Reticulofenestra umbilicus, and Pseudoemiliania 
lacunosa) throughout the sampled sediment indicates extensive reworking of the sed-
iment retrieved at this site. Planktonic foraminifers were present in all samples, al-
though some were found at very low abundances, possibly because of the high 
volume of volcanic material. In samples with abundant specimens, the assemblage of 
planktonic foraminifers was diverse but dominated by Globigerinoides ruber (white and 
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pink), Globigerinoides sacculifer, and Neogloboquadrina dutertrei (dextral). Other abun-
dant species include Globorotalia truncatulinoides and Globorotalia tumida. The fauna 
does not change significantly throughout the section recovered at Site U1398, and all 
species present are indicative of warm subtropical waters. The presence of Globigeri-
nella calida (base occurrence at 0.22 Ma) at the base of this site dates the sediment to 
younger than 0.22 Ma, within the Pleistocene. Datum species characteristic of early 
Pleistocene and late Pliocene times (Globorotalia tosaensis [top occurrence at 0.61 Ma], 
Globorotalia exilis [top occurrence at 2.10 Ma], and Globorotalia multicamerata [top oc-
currence at 2.99 Ma]) were also found in the planktonic foraminiferal assemblage and 
point again toward the reworked nature of the deposited sediment.

Paleomagnetism

Generally, the magnetostratigraphic record obtained from the cored material is in ac-
cordance with biostratigraphic observations, despite creation of the stratigraphic re-
cord being complicated by discontinuous retrieval of hemipelagic sediment 
throughout the holes at Site U1398. Expected inclination for the site is 27° during 
normal polarity and –27° during reversed polarity assuming a GAD. Between 0 and 
~170 mbsf at this site all superconducting rock magnetometer (SRM) and discrete in-
clination data show scattered but positive inclination, clustering around the expected 
GAD inclination. Declination shows little variation, suggesting that all sediment shal-
lower than ~170 mbsf was deposited under normal polarity conditions. Using the 
GPTS of Cande and Kent (1995), all of this sediment was deposited in the Brunhes 
Chron and is younger than 780 ka. Below this depth, core retrieval using the XCB re-
stricts polarity interpretation to inclination, more specifically, because of severe over-
printing, discrete inclination at roughly 10 m intervals. Inclinations are generally 
shallower than would be expected based on the GAD at this location; however, with-
out declination data to reinforce these shallow inclination data, interpretation of po-
larity is difficult. Some sections of the core show evidence for postdepositional 
deformation; however, this evidence cannot account for all the observed negative in-
clination intervals. If these consistently negative values show true geomagnetic be-
havior, it would suggest that sediment below ~170 mbsf was deposited during the 
Matuyama Chron; however, this suggestion is not consistent with the biostrati-
graphic data.

Physical properties

Similar to the other sites sampled so far, the physical properties of the material re-
trieved at Site U1398 can be correlated to the lithologic variations observed in the 
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recovered material (Figs. F14, F15). Magnetic susceptibility varies between 1000 × 10–5

and 2500 × 10–5 IU (maximum of 6700 × 10–5 IU) in the sediment containing consid-
erable amounts of volcanic clasts (mainly andesitic in composition) and is mostly be-
low 700 × 10–5 IU in the hemipelagic sediment. Usually, magnetic susceptibility also 
decreases with grain size in normally graded volcaniclastic layers. NGR varies in-
versely with magnetic susceptibility. It shows high count rates in the hemipelagic sed-
iment (as high as 35 cps) and low count rates (as low as 8 cps) in the volcaniclastic 
sediment. P-wave velocities vary between 1650 and 1850 m/s in the volcaniclastic 
sediment and between 1500 and 1600 m/s in the hemipelagic sediment. Bulk density 
and P-wave velocity decrease with grain size in normally graded turbiditic sequences. 
Shear strength measurements were not performed in the uppermost 40 and 60 mbsf 
of Holes U1398A and U1398B, respectively, because of the presence of sandy and 
gravelly sediment. Below these depths, although the shear strength measurements 
show considerable scatter, a general trend of increasing shear strength is observed. Po-
rosity in the hemipelagic sediment ranges between 60% and 75%, and, as at the other 
sites, no trend with depth was observed. Porosity in the volcaniclastic deposits varies 
between 39% and 67%; however, as for the other sites, the porosity of these loose 
sandy layers may be underestimated by as much as 20% because of draining pore wa-
ter during coring, splitting, and moisture and density (MAD) sampling. Bulk density 
of the hemipelagic sediment ranges between 1.46 and 1.77 g/cm3. Volcanic sand and 
the fine mass flow deposit have bulk densities as high as 2.2 g/cm3. As at all previous 
sites, porosity and bulk density display a clear negative correlation. The grain density 
of the hemipelagic sediment and volcaniclastic sand shows a range between 2.6 and 
2.8 g/cm3. Temperature was measured using the APCT-3 at the bottom of Cores 340-
U1398A-6H and 8H (45.6 and 60.4 mbsf, respectively) and the bottom of Cores 340-
U1398B-4H, 8H, and 10H (26.5, 58.1, and 73.8 mbsf, respectively). Temperature was 
calculated from these time series of temperature measurements, and a best-fit linear 
relationship between depth and our six temperature measurements gives a tempera-
ture gradient of 57.4° ± 5.0°C/km. Using the thermal conductivity value of 1.035 ± 
0.085 W/(m·K) measured on the retrieved cores, the implied heat flow, if conductive, 
is 59.4 ± 7.0 mW/m2. Small deviations of measurements from a straight line may be 
indicative of fluid flow.

Geochemistry

Twenty-three headspace samples were analyzed for gas content. Methane concentra-
tions are very low (a few parts per million) in the upper parts of the sediment retrieved 
from Site U1398 but increase rapidly below 180 mbsf to a maximum value of 4700 ppm 
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at 240 mbsf. Despite these elevated methane levels, concentrations of the higher hy-
drocarbon remained close to detection limits, with between 0.4 and 1.4 ppm ethane 
and ethene measured in seven samples. Because of the coarse-grained nature of the 
sediment, it was not possible to take any pore water samples in the uppermost 
60 mbsf at this site. Hence, the uppermost pore water data come from 62.5 mbsf. At 
this point, pore water alkalinity values are close to 10 mM and remain at this level to 
150 mbsf. Alkalinity then gradually decreases to 5 mM at 180 mbsf and remains at 
this value to the deepest sample at 254 mbsf. Ammonium concentrations increase 
steadily from 0.8 mM in the shallowest samples to 1.5 mM in the deepest sample. Cal-
cium concentrations decrease from 4.5 mM at 62.5 mbsf to 3.5 mM at 140 mbsf and 
then show a steep increase to 10.9 mM in the deepest sample (Fig. F15). Magnesium 
concentrations also gradually decrease from 51 mM in the shallowest sample to 
42.5 mM at the base of the hole. Chloride concentrations show a consistent increase 
from close to the seawater value in the shallowest sample to 674 mM at 254 mbsf. 
Even the shallowest sample has sulfate concentrations that are less than half the sea-
water level, and sulfate falls to below 10 mM at 65 mbsf. Overall, data are consistent 
with diagenetic processes controlled by organic carbon oxidation and alteration of 
volcanic material. The increase in chloride with depth may reflect hydration of clay 
minerals.

Site U1399

Background and objectives

IODP Site U1399 (proposed Site CARI-08B; 14°23.24′N, 61°42.69′W; 2900 mbsl) is lo-
cated west of Martinique (Table T1; Fig. F11). The objective for Site U1399 was to 
characterize the processes accompanying debris avalanche emplacement and associ-
ated erosion. The seismic and bathymetric surveys for Site U1399 revealed that this 
site is located on one of the main chaotic deposits and that coring at this site could 
retrieve volcanic and biogenic sediment with intercalated, large, chaotic debris ava-
lanche deposits of debris avalanche Deposit 1. In detail, we hope to characterize and 
quantify the erosional processes of the upper sedimentary layers deposited in the Gre-
nada Basin associated with such debris avalanches and their subsequent incorpora-
tion into the flow. Finally, we will compare the characteristics of debris avalanche 
deposits from Dominica and Martinique to constrain possible differences in erosional 
capability and mobility. Sediment above debris avalanche Deposit 1 will be used to 
better constrain the age of the slide event.
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Scientific results

Lithostratigraphy

Sediment cored at Site U1399 is dominated by a combination of hemipelagic mud 
with interbedded tephra and volcaniclastic turbidites, as well as various types of de-
formed sedimentary intervals that occur at different depths (Figs. F16, F17). Eight 
lithostratigraphic units (Units A–H) were defined based either on characteristic 
changes throughout the cored material or distinct marker layers. Unit A (0–24 mbsf 
in Hole U1399A; 0–12 mbsf in Hole U1399B) is mainly composed of hemipelagic mud 
with abundant interbedded tephra layers. In Hole U1399A, several small turbidites are 
also interbedded with hemipelagic mud, whereas only one turbidite could be identi-
fied in Hole U1399B. Most tephra and turbidite layers contain pumice in variable 
abundances (5%–65%). Unit B (24–50 mbsf in Hole U1399A; 12–29 mbsf in Hole 
U1399B) is composed of a thick sequence of variably deformed hemipelagic sediment 
with several areas of inclined and convoluted banding. This unit also contains debris 
flow deposits (debrites) with a muddy sand matrix. Dispersed lava clasts and de-
formed tephra layers are often found within the debrites. Unit C (50.5–72 mbsf in 
Hole U1399A; 29–53 mbsf in Hole U1399B) consists of hemipelagic mud with inter-
bedded tephra layers and thin turbidites (<1 m thick). The base of Unit C is composed 
of a 1 m thick interval of hemipelagic mud overlain by a turbidite. This basal turbidite 
is 8.2 m thick in Hole U1399A and 2.1 m thick in Hole U1399B. The upper part of 
Unit D (72–76 mbsf in Hole U1399A; 53–68.5 mbsf in Hole U1399B) is composed of 
deformed sediment with inclined contacts between zones of different colored mud, 
whereas the lower part is composed of weakly deformed hemipelagic mud with in-
clined green laminae. Unit E (76–112 mbsf in Hole U1339A; 68.5–102.7 mbsf in Hole 
U1339B) consists of a succession of alternating layers of undeformed hemipelagic 
mud with interbedded tephras and thin turbidites, deformed hemipelagic mud, deb-
rites, and thick turbidites. Unit F (114–142.5 mbsf in Hole U1399A; 102.7–129 mbsf 
in Hole U1399B) is composed of a thick sequence of highly deformed and contorted 
sediment, including some turbidites and contorted tephra layers. Unit G (142.5–
191.7 mbsf in Hole U1399A; 129–182.3 mbsf in Hole U1399B) is mainly composed of 
thick sequences of pumice-rich turbidites with interbedded hemipelagic mud con-
taining a few tephra layers. The proportion of hemipelagic mud in this unit is low. 
Unit H (191.7–270 mbsf in Hole U1399A) is mainly composed of hemipelagic mud, 
with interbedded tephra layers and pumice-rich turbidites. The proportion of hemi-
pelagic mud (70%) is higher than in preceding units, and tephra layers are frequently 
observed.
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As shown by the carbonate analysis of 33 samples throughout the entire cored inter-
val, calcium carbonate concentrations are highly variable and are lower in intervals 
with higher proportions of volcanic material and presumably terrestrial clay. The 
maximum concentration is ~35 wt%, which also partly reflects the absence of signif-
icant aragonite preservation.

Paleontology and biostratigraphy

Core catcher samples taken from Site U1399 for biostratigraphic studies contain cal-
careous nannofossils and planktonic and benthic foraminifers of varying abundances 
and at varying levels of preservation. Calcareous nannofossil and planktonic foramin-
iferal datums obtained from the cored material indicate that the sediment sampled 
was deposited during the late Pleistocene, indicating an extremely high sedimenta-
tion rate for this site. Reworking of much older (early Pleistocene and late Pliocene) 
material is evident in several samples. Many of the core catcher samples from Site 
U1399 consist of very coarse grained material containing numerous shallow-water 
benthic foraminifers and fragments of shell and coral. Well-preserved pteropod and 
heteropod shells, otoliths, and sponge spicules (Demospongiae) were also found in 
some of the hemipelagic samples. Observed nannofossil species believed to be in 
place are Gephyrocapsa oceanica, Gephyrocapsa parallela, Helicosphaera hyalina, and 
Emiliania huxleyi, as well as Ceratolithus cristatus and Ceratolithus telesmus. Encoun-
tered reworked specimens are Pseudoemiliania lacunosa, Calcidiscus macintyrei, Spheno-
lithus neoabies/abies, and Biantholithus sparsus. The assemblage of observed planktonic 
foraminifers was diverse but dominated by Globigerinoides ruber (white and pink), Glo-
bigerinoides sacculifer, and Neogloboquadrina dutertrei (dextral). Other abundant species 
include Globorotalia truncatulinoides and Globorotalia tumida. The assemblage does not 
change significantly throughout the site, and all species present are indicative of 
warm subtropical waters. Several datum species were found; however, reliable datum 
species were generally not found in samples with low planktonic foraminifer abun-
dance. Globorotalia flexuosa (0.07–0.40 Ma) and Globigerinella calida (base occurrence 
at 0.22 Ma) were only found in low numbers. The last occurrences of these datum spe-
cies are not clearly defined, and no reliable planktonic foraminiferal datum was found 
at the base of either hole. Reworked planktonic foraminifers included Globorotalia to-
saensis (top occurrence at 0.61 Ma), Globorotalia exilis (top occurrence at 2.10 Ma), 
Globorotalia miocenica (top occurrence at 2.39 Ma), Dentoglobigerina altispira (top oc-
currence at 3.13 Ma), Sphaeroidinellopsis seminulina (top occurrence at 3.16 Ma), and 
possibly Globigerinoides mitra (early to late Miocene).
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Paleomagnetism

Interpretation of the behavior of the geomagnetic field during the deposition of the 
cored sediment to derive a magnetostratigraphy is solely based on the data from the 
nondeformed intervals. This is roughly 20% of the paleomagnetic directional data ob-
tained from Site U1399. Expected inclination for the site is 27.2° during normal po-
larity and –27.2° during reversed polarity assuming a GAD. Between 0 and 207.5 mbsf 
in Hole U1399A and in all of Hole U1399B, SRM and discrete inclination data show 
scattered but positive values, clustering around the expected GAD inclination. Decli-
nation also shows some scatter, but coupled with the positive inclination data it sug-
gests all sediment was deposited under normal polarity conditions. Using the GPTS 
of Cande and Kent (1995), this sediment was deposited in the Brunhes Chron and is 
younger than 780 ka.

Physical properties

Unlike previous sites, magnetic susceptibility data obtained from the cored material 
at Site U1399 show no clear variation with the material recovered (Figs. F16, F17). 
Only two strong peaks correlating to thicker layers of coarse-grained volcaniclastic 
material were observed throughout both holes. Bulk density data scatter around an 
average value of 1.7 g/cm3 and generally increase with depth. Reduction of bulk den-
sity data using a moving average (20 m smoothing window) shows that significant 
differences in density exist between the two holes, consistent with a difference in sed-
imentation rate. Analysis of the smoothed data implies large swings in density be-
tween the hemipelagic and volcaniclastic zones. Bulk density obtained from 
measurements of discrete hemipelagic samples ranges between 1.5 and 1.8 g/cm3, dis-
playing a weak positive correlation with depth. Sandy samples have bulk densities as 
high as 2.05 g/cm3. As at all previous sites, porosity and bulk density display a clear 
negative correlation. Grain density varies between 2.65 and 2.8 g/cm3. The volcanic 
sand has a similar grain density compared to the hemipelagic samples. Porosity ob-
tained from the measurement of discrete hemipelagic samples ranges between 53% 
and 73%. In contrast to previous sites, Site U1399 shows a weak negative porosity-
depth correlation from ~70% at the mud line to ~60% at 270 mbsf. Porosity in vol-
canic sand samples ranges between 40% and 50%. The porosity of the loose sand may 
be underestimated by as much as 20% because of draining pore water during coring, 
splitting, and sampling. NGR data show the differences expected when measuring 
hemipelagic sediment and volcanic material. Count rates in the hemipelagic material 
vary between 15 and 50 cps, whereas count rates in the volcanic material are below 
15 cps. P-wave velocities obtained from hemipelagic sediment shallower than 140 mbsf 
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range from 1500 to 1550 m/s, whereas the volcaniclastic material shows velocity val-
ues between 1650 and 1800 m/s. In the depth interval 140–180 mbsf, P-wave veloci-
ties increase gradually from 1550 and 1650 m/s to 1650 and 1900 m/s in the 
hemipelagic and volcaniclastic sediment, respectively. The shear strength of the stud-
ied material generally increases downhole in both holes. Downhole formation tem-
perature was measured using the APCT-3 at the bottom of Cores 340-U1399A-3H, 4H, 
5H, and 6H (24, 34, 43, and 53 mbsf, respectively) and the bottom of Cores 340-
U1399B-3H, 6H, and 9H (25, 53, and 81 mbsf, respectively). The geothermal gradient 
calculated based on the obtained temperatures is 65.4° ± 0.9°C/km. Using the thermal 
conductivity of 1.045 ± 0.080 W/(m·K) obtained from the cored material, the implied 
heat flow, if conductive, is 68.3 ± 5.8 mW/m2. This estimate probably needs to be cor-
rected, based on the high sedimentation rate observed at this site. Despite a separa-
tion of 410 m between the two holes cored at this site, all temperature measurements 
lie on a single line. This suggests that fluid flow is not disturbing the temperature gra-
dient.

Downhole logging

In situ measurements of geophysical properties obtained by the downhole logging 
operations in Hole U1399C are generally of good quality (Fig. F18). Four different log-
ging units were identified based on specific characteristics observed across the physical 
properties measured, especially gamma ray, resistivity, and magnetic susceptibility. 
Logging Unit 1 (80–106 mbsf) is characterized by an overall increase in gamma radi-
ation with depth from ~25 to ~50 gAPI. The magnetic susceptibility and electrical 
resistivity profiles are similar in character with a small net decrease with depth. At 
106 mbsf, the transition from logging Unit 1 to logging Unit 2 (106–150 mbsf) is 
marked by a sharp decrease in gamma radiation that coincides with sharp increases 
in resistivity and magnetic susceptibility. Similar to logging Unit 1, logging Unit 2 
shows a net increase with depth in gamma ray. Between 140 and 150 mbsf gamma 
ray values are elevated; this increase is reflected in both the total gamma ray and spec-
tral gamma ray measurements. Interestingly, this increase is not shown in the corre-
sponding NGR data from cores recovered in Hole U1399A. Resistivity generally 
decreases with depth through this logging unit with localized high-resistivity fea-
tures. This trend is repeated in the magnetic susceptibility curve. Logging Unit 3 (150–
181 mbsf) is characterized by higher amplitude variability in gamma ray, resistivity, 
and magnetic susceptibility. Similar to the transition between logging Units 1 and 2, 
the transition from logging Unit 2 to logging Unit 3 is marked by a stepwise decrease 
in gamma radiation and increases in resistivity and magnetic susceptibility. Gener-
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ally, lower values of gamma radiation coincide with higher values of both resistivity 
and magnetic susceptibility. Logging Unit 4 (181 mbsf to total hole depth) is charac-
terized by more regular gamma ray variations, on the order of ~15 gAPI, continuing 
through the uppermost 25 m of this unit, after which variations decrease in ampli-
tude. In addition, this unit exhibits the most variable magnetic susceptibility profile in 
Hole U1399C, including some significant peaks, the largest of which (~205–208 mbsf) 
corresponds to similarly elevated values of resistivity. Check shot traveltimes 
obtained by seismic experiments range from 0.128 s two-way traveltime at 87.8 mbsf 
to 0.279 s at the bottom of the hole (225.7 mbsf).

Geochemistry

Twenty-eight samples for headspace analyses were taken throughout the hole. Meth-
ane concentrations were only a few parts per million in all but the deepest sample 
(276 mbsf in Hole U1399A), which yielded a methane concentration of 690 ppm. This 
is slightly deeper than the zone of high methane concentrations observed at Site 
U1398. The major ion pore water profiles are characteristic of a deep-sea diagenetic 
sequence. Sulfate concentrations gradually decrease over the same interval over 
which alkalinity and ammonium steadily increase. Calcium concentrations show a 
steady decrease with depth, reflecting precipitation of secondary carbonate (Fig. F17). 
Magnesium concentrations also decrease with depth, most likely caused by the alter-
ation of volcanic material. The slight increase in chloride concentrations also reflects 
uptake of water into secondary mineral phases at depth. The shapes of the pore water 
profiles suggest that the main oxidation of organic carbon takes place in the upper-
most 60 m of the sediment column. Generally, organic carbon concentrations de-
crease with depth but are highly scattered. The uppermost 115 m of the interval cored 
contain several samples with organic carbon concentrations close to 1 wt%, whereas 
the maximum concentration observed in the lower 155 m is ~0.7 wt%. The change 
in organic carbon concentrations between the upper 115 m and the lower 155 m of 
the sediment column may reflect a change in the input of organic carbon to the sys-
tem rather than changes in preservation. There is, however, a strong caveat to this hy-
pothesis, as the percentage of volcanic material can also vary with depth, and this 
may cause variable dilution of a constant input flux of organic carbon to the sedi-
ment.
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Site U1400

Background and objectives

IODP Site U1400 (proposed Site CARI-07C; 14°32.58′N, 61°27.55′W; 2745 mbsf) is 
located west of Martinique (Table T1; Fig. F11).

Site U1400 was dedicated to the study of debris avalanche emplacement and associ-
ated erosional processes. The evolution of the active Montagne Pelée Volcano is char-
acterized by three major flank-collapse events (~0.1 m.y., ~25,000 y, and ~9000 y ago) 
that systematically destroyed the western flank of the volcano (Le Friant et al., 2003a; 
Boudon et al., 2005, 2007). The volume of material displaced by these collapses varies 
from 2 to 25 km3. The debris avalanches traveled into the Grenada Basin. The Pitons 
du Carbet Volcano experienced a sector collapse 0.3 m.y. ago (Boudon et al., 1992, 
2007; Samper et al., 2007). As shown by bathymetric and seismic data obtained dur-
ing several presite surveys, drilling to 510 mbsf would penetrate through volcanic and 
biogenic sediment with intercalated large chaotic debris avalanche deposits (Deposits 
1 and 2). Of particular interest are the contacts between the different avalanche units, 
not only to distinguish between the different deposits but also to better understand 
avalanche transport dynamics, especially in the basal part of the avalanche. This 
study will provide fundamental constraints on friction parameters needed for realistic 
avalanche propagation models. Sediment above the avalanche deposit will be dated 
using 18O chronostratigraphy to better constrain the age of this event. As shown on 
the seismic profiles, a thick and well-bedded sedimentary layer (~70 m) overlies De-
posit 2 with an abnormal thickness toward the northeast. We will test the hypothesis 
that, following a flank collapse, the on-land drainage system is drastically modified, 
resulting in increasing erosion and, therefore, increased sedimentation rates in the 
Grenada Basin.

Scientific results

Lithostratigraphy

Sediment retrieved at Site U1400 is divided into seven lithostratigraphic units (Units 
A–G) (Figs. F19, F20). Generally, this site is dominated by a combination of hemipe-
lagic mud with interbedded tephra, volcaniclastic turbidites, and deformed sediment. 
Units A–G consist of varying proportions of these different lithologies. Unit A (0–
27 mbsf) consists of dark gray massive volcanic sand, followed by hemipelagic mud 
and alternating layers of hemipelagic mud, tephra, and turbidite layers. Pumice is 
present in variable amounts (5% to >60%) throughout the entire unit. Unit B (27 to 
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>51 mbsf in Hole U1400A; 3–26 mbsf in Hole U1400B; 15–22 mbsf in Hole U1400C) 
is solely composed of volcaniclastic sand. Pumice and scoria clasts were found 
throughout the entire unit. Unit C (26–35 mbsf in Hole U1400B; 22–25 mbsf in Hole 
U1400C) is dominantly composed of gray-green hemipelagic mud with several tephra 
and two thin turbidite layers. Pumice is abundant in both the tephra layers and the 
turbidites, with some of the layers containing as much as 90% pumice. Unit D (35–
85 mbsf in Hole U1400B; 25–59 mbsf in Hole U1400C) consists of gray and in some 
places highly mottled gray-green-brown hemipelagic mud with interbedded tephra 
layers (and a few turbidites in Hole U1400C). With the exception of the uppermost
3 m (inclination of layers = ~60°–70°), most of the sediment is weakly deformed (in-
clinations at ~20°) or contorted. Despite its relatively shallow present-day burial 
depth, the sediment is occasionally highly indurated. Most of the tephra layers con-
tain pumice in various proportions. Unit E (58–154 mbsf in Hole U1400B; 59–
190 mbsf in Hole U1400C) is composed of primarily hemipelagic mud with numer-
ous interbedded tephra and turbiditic layers, ranging in thickness from a few tens of 
centimeters to several meters. Most of the tephra layers, as well as the turbidites, con-
tain a significant amount of pumice (varying between 5% and 60%). Generally, the 
degree of sediment deformation in this unit is much higher (bedding inclination on 
average = 40° but ranging as high as 70°) than in other units. Unit F (190–390 mbsf 
in Hole U1400C) is composed of a succession of deformed (bedding and contact in-
clinations as high as 80°) and lithified hemipelagic sediment. The unit locally con-
tains many tephra layers. A few muddy-sand debrite intervals, frequently rich in 
pumice clasts, are observed at different depths within the unit. Unit G (390 to a total 
depth of 436 mbsf) consists mainly of hemipelagic mud and partly lithified mudstone 
lacking any signs of sediment deformation. The top of this unit therefore marks the 
lower boundary of the deformed sediment.

Seventy-eight samples were taken to determine the mineralogical composition (XRD) 
and carbonate content of the cored sediment. In general, the mineralogy is very sim-
ilar to the mineralogy obtained at Sites U1398 and U1399. However, subtle variations 
in the relative proportions of volcanic minerals are present, with quartz and Fe-Ti ox-
ides being more abundant than those seen in the deeper sites. Clay minerals (typically 
smectite, kaolinite, and glauconite) were identified in virtually every sample and are 
present in high abundance in some samples. As is typical for sediment cores taken 
near volcanic islands, carbonate concentrations are highly variable and are lower in 
intervals with higher proportions of volcanic material. Maximum carbonate concen-
trations are ~35 wt%, also reflecting the greater proportion of terrestrial clay minerals 
and the absence of significant aragonite preservation. An unusual aspect of the 
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organic carbon data is a general increase in concentrations with depth. Concentra-
tions in the upper 250 mbsf are generally low (mostly <0.5 wt%) compared to previ-
ous sites, whereas approximately half the samples from this depth contain higher 
organic carbon concentrations, with some samples reaching 0.8 wt%.

Paleontology and biostratigraphy

Core catcher samples collected at Site U1400 for shipboard biostratigraphic studies 
contain calcareous nannofossils and planktonic and benthic foraminifers of varying 
abundances. Calcareous nannofossil and planktonic foraminiferal datums both re-
solve late Pleistocene ages for the majority of samples. However, at the base of each 
hole, species indicative of older material are present. Reworking is evident throughout 
the material cored at this site. Observed calcareous nannofossil species characteristic 
for the late Pleistocene are mainly Emiliania huxleyi, Gephyrocapsa parallela, Gephyro-
capsa oceanica, Ceratolithus cristatus, Ceratolithus telesmus, and Ceratolithus simplex. As-
semblages observed at the base of the site characteristic for the late Pliocene are 
Discoaster brouweri, Discoaster surculus, Calcidiscus macintyrei, and Discoaster asymmet-
ricus. These samples correlate with Zone CN12d D. brouweri, Subzone D. surculus, sug-
gesting an age between 2.54 and 2.74 Ma. Globigerinoides ruber (white and pink), 
Globigerinoides sacculifer, and Neogloboquadrina dutertrei (dextral) dominate the assem-
blage of the planktonic foraminifers. Other abundant species include Pulleniatina 
obliquiloculata and Sphaeroidinellopsis dehiscens. In all holes, the population changes 
toward the base to reflect a likely Pliocene assemblage. This change is most obvious 
in Hole U1400C: in Sample 340-U1400C-36X-CC, P. obliquiloculata is reduced in num-
ber; it is absent in Sample 38X-CC, and Globorotalia miocenica and Globorotalia exilis
become more abundant. All of these changes reflect a late Pliocene rather than an 
early Pleistocene foraminiferal assemblage. All species present are indicative of warm 
subtropical waters. Several datum species were found in all three holes. The most fre-
quently encountered datum species was Globigerinella calida (base occurrence at 
0.22 Ma). At the base of Hole U1400A (Sample 340-U1400A-7H-CC), Hole U1400B 
(Sample 340-U1400B-28H-CC), and Hole U1400C (Samples 340-U1400C-33X-CC 
through 49X-CC), Globigerinella miocenica (top occurrence at 2.39 Ma) is quite abun-
dant and most likely reflects the true age of the sediment at the base of each hole. 
Other late Pliocene markers present include Globigerinoides extremus (top occurrence 
at 1.99 Ma) and Globigerinoides exilis (top occurrence 2.10 Ma), further corroborating 
the PL5 zonation. Early Pliocene datum species Globorotalia cibaoensis (top occurrence 
at 4.60 Ma) was also found in low numbers throughout the late Pliocene sediment in 
Hole U1400C.
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Paleomagnetism

Interpretation of the behavior of the geomagnetic field during the deposition of the 
cored sediment to derive a magnetostratigraphy that is solely based on the data is re-
stricted to sediment deeper than ~385 mbsf because of substantial deformation of sed-
iment in the overlying chaotic unit. Based solely on inclination data and because of 
XCB recovery and rifling of the declination data, negative inclination values suggest 
reversed polarity and ages older than 780 k.y. This calculation agrees with biostrati-
graphic ages for the site.

Physical properties

Generally, physical properties data obtained from the cored material show consistent 
changes depending on the lithology recovered (Figs. F19, F20). Magnetic susceptibil-
ity data show high values in the volcaniclastic material and relatively low values 
(mostly <400 × 10–5 IU) in the hemipelagic sediment. P-wave velocity increases with 
depth. Above 80 mbsf, P-wave velocities are consistent with expected velocities for 
hemipelagic sediment undergoing normal compaction. Below 80 mbsf, P-wave veloc-
ity increases at a lower rate. The highest P-wave velocities are measured in the volca-
niclastic sediment (typically ~1750 m/s) and the lowest in the hemipelagic sediment. 
The proportion of volcaniclastic sand is much lower at Site U1400, resulting in lower 
mean P-wave velocity. Discrete measurements of P-wave velocity also indicate a 
downhole velocity increase in the hemipelagic mud. Again, the volcaniclastic mate-
rial shows much higher velocities (1700–1840 m/s) than the hemipelagic mud (1650–
1750 m/s). Porosity observed in the hemipelagic samples ranges between 51.5% and 
73%, showing a weak decrease in porosity with depth. Porosity in the volcaniclastic 
sand ranges between 36% and 51%. As mentioned before, the porosity of loose sand 
may be underestimated by as much as 20% because of draining pore water during cor-
ing, splitting, and sampling. Observed bulk density in the hemipelagic sediment 
ranges between 1.5 and 1.82 g/cm3, displaying a very weak positive correlation with 
depth. Sandy samples have bulk densities as high as 2.18 g/cm3, quite distinct from 
the density of the hemipelagic samples. As in all previous sites, porosity and bulk den-
sity display a clear negative correlation. Grain density in the hemipelagic sediment 
varies between 2.64 and 2.77 g/cm3. Grain density in the volcaniclastic material varies 
between 2.74 and 2.87 g/cm3. Downhole temperature was measured using the APCT-
3 at the bottom of Cores 5H, 8H, and 12H in Hole U1400C (48, 76, and 103 mbsf, 
respectively). Temperatures of 6.94° ± 0.03°C, 8.45° ± 0.03°C, and 9.68° ± 0.09°C were
obtained, respectively. The temperature of ocean water at the seafloor is 4.26°C. A 
best-fit linear relationship between depth and the four temperature measurements 
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gives a temperature gradient of 52.9° ± 1.6°C/km for this site. Using the average ther-
mal conductivity of 1.050 ± 0.075 W/(m·K) obtained from our cores, the implied heat 
flow, if conductive, is 55.5 ± 4.3 mW/m2. This estimate should not need a correction 
for bathymetry. However, the correction for sedimentation rate may be appreciable 
owing to the high sedimentation rates. There is no evidence for fluid flow affecting 
temperature.

Geochemistry

Samples for headspace analyses were taken from 49 cores throughout all three holes 
at this site. In contrast to the two previous sites in the basin, not a single sample had 
a methane concentration >4.1 ppm, and the vast majority had concentrations of 
<3 ppm. No higher hydrocarbons were detected in any of the samples.

The pore water profiles can be, with the exception of the deepest sample from 
427 mbsf, readily interpreted in terms of a classic diagenetic profile driven by the 
oxidation of organic carbon. There is a little more scatter in the Mg data than that 
observed at previous sites, but this may reflect the much higher abundance of clay in 
the sediment (Figs. F19, F20). This interpretation is consistent with the Cl data, which 
show a steady increase in concentration from the modern seawater value at the sur-
face (560 mM) to 570 mM at 120 mbsf, likely reflecting progressive hydration of vol-
canic material as it is altered to clay minerals. It is interesting to note that the 
chemical composition of the deepest sample deviates from this interpretation; in par-
ticular, it has a much lower sulfate concentration than the rest of the samples. This 
sample comes from much older sediment (~2 m.y. old) that appears to be separated 
from the younger overlying sediment by a hiatus of at least 1 m.y. The two deepest 
samples also contain the highest organic carbon concentrations. Thus, the pore water 
geochemistry of the deepest sample seems to reflect a diagenetic environment dis-
tinct from that observed in the overlying sediment. This distinction either reflects 
changes in environmental conditions at this site over time or transport of the upper 
sediment to this area from a site of lower organic carbon deposition.

Site U1401

Background and objectives

IODP Site U1401 (proposed Site CARI-12A; 14.6517°′N, 61.418°′W; 2590 mbsl) is 
located west of Martinique (Table T1; Fig. F11).
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Site U1401 was dedicated to the characterization of debris avalanche deposits and 
study of their emplacement processes. The Montagne Pelée Volcano has experienced 
at least three major flank-collapse events, which systematically destroyed the western 
flank of the volcano. Previous studies revealed the presence of a debris avalanche de-
posit with hummocky morphology associated with the 9000-year-old flank collapse 
on the Montagne Pelée Volcano. Presite survey data indicated that Site U1401 could 
penetrate through volcanic and biogenic sediment with intercalated large chaotic de-
bris avalanche deposits. We expected to drill through mass wasting Deposit 3 and 
mass wasting Deposit 2 from the Montagne Pelée Volcano with the aim to distinguish 
between the two deposits and identify erosive levels or frictional interactions between 
them. We expected to drill sediment at the top of the debris avalanche deposit to bet-
ter constrain the age of the event. The data obtained from the sampled sediment, will 
provide valuable insights into the chronology (one or several pulses), the mobility of 
debris avalanches, and the processes of possible syntransport flow transformation.

Scientific results

Lithostratigraphy

Sediment cored at Site U1401 was divided into three lithostratigraphic units (Units A–
C) consisting of a combination of hemipelagic mud with interbedded tephra and/or 
volcaniclastic turbidites (Fig. F21). Unit A (0–8.1 mbsf in Hole U1401A; 0–7 mbsf in 
Hole U1401B; 0–5.6 mbsf in Hole U1401C; 0–3.7 mbsf in Hole U1401D) is composed 
of a thick ungraded to weakly graded volcanic sand layer locally containing some 
light-colored lava/pumice granules. This sequence is followed by hemipelagic mud 
with numerous interbedded, poorly sorted, sometimes laminated volcanic sand lay-
ers. Most of these layers can be interpreted as tephra layers. However, the thicker lay-
ers show planar lamination and poor sorting, suggesting their emplacement was by 
density flows rather than fallout. In a few places, the sandy tephra layers are separated 
by fine brown mud, which is most likely volcanic in origin. Unit B (8.1–14.4 mbsf in 
Hole U1401A; 7–12.9 mbsf in Hole U1401B; 5.6–10.4 mbsf in Hole U1401C; 3.7–
9.1mbsf in Hole U1401D) is composed of a series of coarse to very coarse volcaniclas-
tic turbidites. They are as thick as 2 m and generally normally graded with a basal part 
rich in gravels and a top part composed of fine to medium sand. At least three or four 
distinct turbidites are observed. They contain pumices and scoriae in variable propor-
tions, with vesiculated, massive, and oxidized lavas and crystals. The basal part is rich 
in granules and clasts of gray to reddish gray dense lavas; some of them reach 7 cm in 
size. The clasts comprise mainly two-pyroxene andesites or dacites. Interbedded 
hemipelagic mud in this unit was only observed in Holes U1401A and U1401D. Unit 
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C (14.4–72 mbsf in Hole U1401A) is characterized by abundant mafic, vesicular an-
desite clasts as long as 7 cm, as well as subsidiary amounts of clasts of two-pyroxene 
andesite.

Paleontology and biostratigraphy

Core catcher samples at Site U1401 contain calcareous nannofossils and planktonic 
and benthic foraminifers in generally low abundance and were often found to be bar-
ren, caused by the very coarse nature of the majority of the cored material. Very few 
of the core catcher samples were adequate for biostratigraphic analysis. However, 
nannofossil and planktonic foraminiferal content were sufficient to resolve an age of 
late Pleistocene for this site. Observed nannofossil assemblage characteristic for the 
late Pleistocene comprises Emiliania huxleyi and Gephyrocapsa sp., dating the material 
to younger than 0.08 Ma (Zone CN15, E. huxleyi acme zone). The most abundant spe-
cies of planktonic foraminifers observed at this site included Globigerinoides ruber
(pink and white) and Globigerinoides sacculifer. One datum species, Globigerinella calida
(base occurrence at 0.22 Ma) was found in Sample 340-U1401D-1H-CC, placing this 
sediment also within the late Pleistocene.

Paleomagnetism

Interpretation of the behavior of the geomagnetic field during deposition of the cored 
sediment to derive a magnetostratigraphy is solely based on the generally discontin-
uous (restricted to the zone above 10 mbsf in all cores) record of hemipelagic sedi-
ment cored at this site. Expected inclination for the site is 27.6° during normal 
polarity and –27.6° during reversed polarity assuming a GAD. Inclination data all 
show positive values and normal GAD-like inclination. Declination shows some scat-
ter, but coupled with the positive inclination data it suggests all sediment was depos-
ited under normal polarity conditions. Using the GPTS of Cande and Kent (1995), this 
sediment was deposited in the Brunhes Chron and is younger than 780 ka. This agrees 
with the ages obtained from the biostratigraphic studies.

Physical properties

Physical properties data obtained from the cored material generally show differences 
based on the lithology retrieved (Fig. F21). In all three holes, peaks in magnetic sus-
ceptibility correspond to volcaniclastic beds (2000 × 10–5 to 5000 × 10–5 IU), whereas 
low magnetic susceptibility values (<2000 × 10–5 IU) correspond to hemipelagic mud. 
In the uppermost 6 mbsf at Hole U1401A, bulk density progressively increases from 
1.4 to 2.0 g/cm3 with depth despite several mud layers interlaced with volcaniclastic 
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sand at these depths. We fail to observe this trend in the other three holes at this site. 
Similar to the behavior of NGR observed at the other sites, NGR is strongly correlated 
with the mud content in the beds, with more mud resulting in higher NGR counts. 
The mud layer at ~10.3 mbsf in Hole U1401B has the highest value of 21 cps. The two 
major lithologies are also clearly identified in P-wave velocity patterns, showing low 
values in the hemipelagic mud (1500–1650 m/s) and higher values in the volcaniclas-
tic material (1650–1800 m/s; maximum = 1860 m/s). Measurements of P-wave veloc-
ity obtained from discrete samples also resemble this pattern; the hemipelagic mud 
has velocities of 1530–1660 m/s, whereas the volcaniclastic sand has velocities of
1720–1920 m/s. Density and porosity values obtained from the hemipelagic sediment 
are typical for shallow, buried marine sediment. Porosities are between 50% and 60%, 
and grain densities are ~2.75 g/cm3. Shear strength measurements (Su) in hemipelagic 
intervals show an increase from 3–5 kPa in the upper few meters to 20 kPa at 15 mbsf.

Preliminary scientific assessment

Expedition 340 involved drilling in marine sediment and volcaniclastic material at 
nine sites located off the islands of Montserrat and Martinique, The overarching aim 
of the Expedition is to reach a better understanding of the constructive and destruc-
tive processes occurring along the Lesser Antilles volcanic arc. Two holes were 
planned for each of the nine sites, and logging was planned for eight sites. The pri-
mary objectives of this expedition were

1. To drill through the chaotic units (as identified in the seismic data) interpreted 
as mass wasting deposits and to better understand their composition, origin, and 
relationship to on-land volcanic flank-collapse events;

2. To core as many tephra layers as possible for tephrochronology studies designed 
to reconstruct the history of the volcanoes of both Montserrat and Martinique 
and the long-term magmatic evolution of the arc; and

3. To retrieve a complete sediment record from each of the sites to study the sedi-
mentation processes occurring along the entire volcanic arc. 

Sites U1393–U1396 were located in the northern part of the arc, around Montserrat. 
Sites U1397–U1401 were located in the southern part of the arc close to Martinique.

Sites U1396 and U1397 were chosen to study the magmatic evolution and eruptive 
history based on tephrochronology of Montserrat and Martinique, respectively. We 
achieved our depth and coring objectives at Site U1396 (total depth of 139 mbsf, 
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296 m of material, and 104% recovery) and partly at Site U1397 (total depth of 
260 mbsf, 276 m of material, and 54% recovery). Sites U1393, U1394, and U1399–
U1401 were dedicated to the study of mass wasting deposits and associated erosional 
processes. Drilling proved to be extremely difficult in these chaotic, heterogenous for-
mations. However, although core recovery was highly variable, ranging from 11% to 
98% (Table T1), we were able to recover enough material to study the processes occur-
ring during the emplacement of such deposits. Sites U1395 and U1398 were dedicated 
to the study of the distal sedimentation processes associated with the deposition of 
mass wasting deposits. In total we cored 284 m (65% recovery) of material at Site 
U1395 and 302 m (57% recovery) at Site U1398. Despite reaching our depth objec-
tives at both sites in at least one of the holes, we did not meet our coring objectives 
below ~120 mbsf because of the poor recovery associated with the XCB. Nonetheless, 
the cored material should be sufficient to conduct the intended scientific studies. Log-
ging was planned for the Hole B at each site, except for Site U1396, which, at 
135 mbsf, was too shallow for downhole logging. Logging was successfully conducted 
at Sites U1394, U1395, U1397, and U1399. Because of unfavorable hole conditions, 
logging was not possible at Sites U1398 and U1400.

Despite the significant difficulties in drilling through the highly heterogeneous sedi-
ment, the expedition can be considered a success and the initial objectives were 
achieved. A total of 2384 m of core was recovered. We thank the drillers for their un-
relenting efforts to drill through such difficult volcaniclastic material and all R/V 
JOIDES Resolution staff for their collaboration and efficient work on board.

The cores recovered during IODP Expedition 340 are very promising. Postcruise re-
search will provide crucial information to better constrain the evolution of the Lesser 
Antilles volcanoes. Correlation of the chaotic deposits identified on seismic reflection 
profiles with sequences of turbidites or deformed marine sediment will lead to a better 
understanding of processes related to the instabilities of the Lesser Antilles volcanoes, 
as well as provide new perspectives for studies of similar volcanic settings.

1. Mass transport deposits: identify the mechanisms controlling processes and timing 
of potentially tsunamigenic large mass transport deposit emplacement.

Sites U1393 and U1394 were dedicated to the study of debris avalanche deposits off-
shore Montserrat. Coring conditions at Site U1393 were very difficult with poor re-
covery caused by the unconsolidated nature of the material being cored. The chaotic 
deposit was successfully cored at Site U1394 with some unexpected results. Based on 
seismic reflection profiles and previously published criteria (Moore et al., 1989; 
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Urgeles et al., 1997; Deplus et al., 2001; Le Friant et al., 2004; Lebas et al., 2011; Watt 
et al., 2012), the chaotic unit has been interpreted as a debris avalanche deposit. How-
ever, the chaotic unit is dominated by a stacked sequence of predominantly thick, 
massive, relatively coarse grained turbidites that range in composition from bioclastic 
to volcaniclastic. The absence of planar or ripple cross-laminations in the upper part 
of the deposit suggests rapid deposition. Randomly distributed clasts in the lower part 
of the chaotic unit may suggest rapid emplacement by a debris flow. Overlying the 
chaotic unit are hemipelagic sediment and a series of basaltic tephra layers associated 
with the South Soufrière Hills Volcano (Harford et al., 2002). This gives a minimum 
age for the unit of ~138 k.y. However, to fully understand the emplacement processes 
of the turbidites and their association with the hummocky debris avalanche deposits 
observed on the upper submarine slope further investigations are required. Among 
these is the need for correlation between existing seismic data and the cored material. 
The physical properties data obtained correlate well with the different lithologies re-
covered. These measurements show that the hemipelagic mud is generally character-
ized by low values of magnetic susceptibility and P-wave velocity but relatively high 
values of NGR, with a generally low degree of variability of those properties. In con-
trast, the physical properties of the turbidites are relatively heterogeneous, with over-
all high values of magnetic susceptibility and P-wave velocity but low values of NGR 
and bulk density.

Three sites (U13999, U1400, and U1401) were dedicated to investigating the chaotic 
deposits offshore Martinique. Coring conditions at Site U1399 were very good. The 
first hole was terminated at a total depth of 275 mbsf, whereas the second hole had 
to be abandoned at 183 mbsf because of unstable hole conditions. At Site U1400 we 
cored three holes (U1400A, U1400B, and U1400C). Holes U1400A and U1400B were 
terminated at 51 and 213 mbsf, respectively, because of technical problems, whereas 
U1400C was terminated at 436 mbsf, reaching the depth objective for this site. Coring 
conditions at Site U1401 also proved to be difficult. Consequently, a series of short 
holes were cored instead of one longer hole. The objective at this site was to trace the 
evolution of the upper 15 m of material covering the chaotic unit along a ~1 km 
transect. Sediment cored at all three sites is dominated by hemipelagic mud with in-
terbedded tephra and volcaniclastic turbidite layers of variable thickness. The sedi-
ment recovered at Sites U1399 and U1400 shows signs of severe deformation. 
Inclined and convoluted banding of hemipelagic sediment combined with deformed 
tephra or turbiditic layers were observed throughout almost the entire cored interval. 
Identifying the origin of these deformed units and their relationship with aerial flank-
collapse events observed on land (retrogressive sediment failures, submarine slides, 
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etc.) forms a major part of planned postcruise research. Timing of the event that de-
formed the sediment will be done by 18O dating of the undisturbed sedimentary se-
quences above and below the chaotic deposit. The study of the processes resulting in 
the observed fundamental differences between the chaotic deposits sampled offshore 
Montserrat and offshore Martinique (broadly turbidites versus deformed sediment) 
will also be part of postcruise research. Most likely these differences are related to the 
emplacement mechanism and the size of the different debris avalanche events, as 
well as the structure of the sedimentary basin surrounding the islands.

One of the main objectives of this expedition was to better characterize the seismic 
velocities of the different materials deposited around the Lesser Antilles (e.g., marine 
sediment versus volcaniclastic material). P-wave measurements from both whole-
round sections and half sections show velocities ranging from 1500 to 1900 m/s. Gen-
erally, higher velocities (1650 to >1800 m/s) are obtained from the volcanic layers, 
whereas lower velocities are obtained from the hemipelagic background sediment 
(1550 to 1650 m/s). Velocities obtained during the vertical seismic profile (VSP) ex-
periment conducted in Hole U1399C are generally higher, ranging from 1997 to 
2072 m/s. These results will help improve estimates of the thickness of the chaotic 
units, which had previously been made using velocities between 1800 and 2200 m/s. 
Data will be processed on shore and will help provide constraints on the seismic stra-
tigraphy of the area. Values could also be applied to seismic profiles obtained at other 
volcanic areas where similar chaotic deposits have been observed.

2. Tephrochronology studies: characterize the eruptive history, magmatic cycles, and 
long-term evolution of the arc.

Site U1396 was dedicated to the tephrochronology study of Montserrat and was suc-
cessfully cored to 135 mbsf (Hole U1396A) and 139 mbsf (Hole U1396C). Material 
cored at this site is dominated by hemipelagic sediment with interbedded tephra lay-
ers and volcaniclastic sands. More than 180 visible tephra layers were identified, rang-
ing from <1 to >10 cm in thickness. However, there may be many more crypto-tephra 
layers embedded within the hemipelagic mud. The magnetostratigraphic record ob-
tained from the cored material is in excellent accordance with biostratigraphic obser-
vations. According to the magnetostratigraphy, the basal age of Hole U1396C 
(139 mbsf) is ~4.62 Ma; biostratigraphy places the basal age >4.48 Ma. The highest 
CaCO3 concentration observed in hemipelagic sediment is 72 wt% with most samples 
being much lower than this, indicating that a considerable amount of volcanic mate-
rial is dispersed throughout the cores, despite the fact that it is not necessarily visible 
to the naked eye. The high recovery (104%) and good correlation between both holes 
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mean that this site represents one of the most important time records for this expe-
dition. The work planned for the material recovered at this site includes petrological, 
geochemical, magnetostratigraphic, and biostratigraphic studies to characterize the 
entire eruptive history of Montserrat. In addition, tephra layers obtained from Site 
U1395 will be correlated, by geochemical fingerprinting, with tephra layers from Site 
U1396.

Site U1397 was dedicated to the tephrochronology study of the volcanoes of Marti-
nique and Dominica. Although both holes were drilled >250 mbsf, a continuous stra-
tigraphic record was recovered for only the uppermost 120 m. The cored material 
consisted of combinations of hemipelagic mud, volcaniclastic or mixed (volcaniclas-
tic-bioclastic) turbidites, and abundant tephra layers. At least 200 tephra layers (com-
ing mainly from the Montagne Pelée Volcano) were recorded in the uppermost 28 m 
at this site. The turbidites contain variable amounts of fresh pumice in a crystal-rich 
matrix containing very low proportions of both carbonate material and lava clasts. 
Below 167 mbsf a larger block composed of andesitic lava containing large pheno-
crysts of amphibole and quartz was recovered. This lava originates from the Pitons du 
Carbet Volcano on Martinique and has been dated on-land at ~330–350 k.y. This age 
provides a maximum age for the base of the site. This corresponds well with biostrati-
graphic datums that assign the base of this site to ~400 ka or younger. Numerous 
tephra layers were also recognized at Sites U1398, U1399, U1400 (especially in the up-
per part), and U1401, representing material from the more recent history of the vol-
cano. Postcruise research will include a full petrological, geochemical, and 
granulometric characterization of all identified tephra layers as well as an interhole 
correlation, based on geochemistry, of the tephra layers. In a final step, these tephra 
layers will be traced back to possible eruptions recorded on land both in Martinique 
and Dominica. With the cored material we should be able to reconstruct the entire 
history of the Montagne Pelée Volcano, which will be important to assess major vol-
canic hazards as well as volcano evolution.

Volcanoes from the northern and southern parts of the arc have marked differences 
in chemical composition. Postcruise analyses of the tephra and volcaniclastic turbi-
dites obtained from the north to the south part of the arc will shed light on the evo-
lution of the Lesser Antilles arc.
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3. Sedimentation processes: characterize sedimentation processes along the deep 
backarc Grenada Basin.

Three sites were dedicated to studying basin sedimentation processes: Sites U1395 
and U1396 in the Bouillante–Montserrat half Graben between Montserrat and Gua-
deloupe and Site U1398 in the backarc Grenada Basin. Cores recovered at Site U1395 
consisted of hemipelagic mud with intercalated turbiditic sand and tephra. The ma-
jority of turbidites probably come from Montserrat. However, in the lower part (~90–
100 mbsf), interbedded in the background sediment, are numerous layers of sand-
sized volcanic material consisting of lava fragments, scoria, plagioclase, pyroxene, 
and, rarely, amphibole. This composition is characteristic for tephra deposits originat-
ing from volcanoes in the central part of Guadeloupe. The magnetostratigraphy may 
indicate a polarity change indicative of the beginning of the normal Jaramillo Chron 
(1.070 Ma) around 101 mbsf (Hole U1395A) and 116 mbsf (Hole U1395B). This polar-
ity change not only suggests sedimentation rates on the order of 8 cm/k.y. above 
~110 mbsf and slightly higher rates below this depth but also indicates that we are 
able to study a continuous sedimentation record over 1 m.y. The sedimentation re-
cord for Site U1396 reaches as far back as ~4.62 Ma, as indicated by the magnetostrati-
graphic and biostratigraphic studies done at this site. Using the GPTS of Cande and 
Kent (1995), nine periods of normal polarity and nine periods of reversed polarity 
could be identified for this site. The earliest polarity reversal we see is the beginning 
of Chron C3n.1n (4.29 Ma) at 129.4 mbsf in Hole U1396A, giving this hole a basal 
age of 4.29–4.48 Ma. The longer Hole U1396C record contains the end of Chron 
C3n.2n (4.48 Ma) at 4.48 Ma, giving this hole a basal age of 4.48–4.62 Ma. Average 
sedimentation rate for this site is ~3.1 cm/k.y. However, sedimentation rates vary over 
the observed depth interval cored at this site. Pliocene sedimentation rates are on the 
order of 4 cm/k.y., whereas Pleistocene rates are ~1.7 cm/k.y. and rates from the base 
of the core to the beginning of the Gauss Chron (3.58 Ma) are ~5.3 cm/k.y.

Site U1398 is located in the backarc Grenada Basin. The upper part of the site is dom-
inated by volcaniclastic turbidites, whereas the lower portions are composed of vari-
ous combinations of hemipelagic sediment with intercalated volcaniclastic turbidites 
and tephra. Abundant pumice clasts are common throughout the upper parts. XRD 
data obtained from discrete samples throughout the cores show that quartz and pla-
gioclase dominate the volcanic material, whereas the marine sediment is dominated 
by calcite and lesser amounts of aragonite. Postcruise research will help to distinguish 
deposits from Dominica and Martinique by comparison with on-land products and 
geochemical fingerprinting. Based on detailed biostratigraphic studies, the cored 
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material could be assigned to the late Pleistocene, indicating extremely high sedimen-
tation rates in comparison with Site U1395. However, reworking of much older 
material is evident in several studied samples.

With the long-reaching sediment record obtained at these sites we will be able to con-
duct the desired research. Postcruise studies aim at comparing the sedimentation pro-
cesses in the north and the south parts of the arc, correlating turbidites with volcanic 
activities (composition, petrology, geochemistry, and granulometry), refining the 
magnetostratigraphic-based chronology, and undertaking a complete provenance 
analysis of the hemipelagic sediment recovered.
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vered 
gth 

m)
Recovery 

(%)

Total 
cores 
(N)

Date 
started 
(UTC)

Date 
finished 
(UTC)

Time 
on hole 
(days) Comments

5.42 11 7 3/7/12 3/8/12 0.84

7.37 23 27 3/9/12 3/10/12 0.14
1.15 78 21 3/11/12 3/12/12 1.00

4.18 62 28 3/13/12 3/14/12 1.29
0.21 69 25 3/14/12 3/16/12 1.23

0.51 104 15 3/17/12 3/17/12 0.44
0.00 105 1 3/17/12 3/17/12 0.01 Drill down 5 m and take one APC core
5.92 105 15 3/17/12 3/18/12 0.47

4.20 55 34 3/19/12 3/21/12 1.72
1.46 53 32 3/21/12 3/23/12 1.95

5.09 43 30 3/24/12 3/26/12 1.50
6.75 71 34 3/26/12 3/28/12 1.59

9.88 80 36 3/29/12 3/30/12 1.71
3.04 101 26 3/31/12 4/1/12 1.05
0.00 0 0 4/2/12 4/2/12 0.00 Dedicated logging hole

1.80 101 9 4/5/12 4/5/12 0.44
5.19 101 28 4/5/12 4/7/12 1.71
4.49 72 48 4/8/12 4/11/12 2.79

5.61 19 11 4/14/12 4/14/12 0.79
2.42 96 3 4/14/12 4/14/12 0.10
0.44 101 3 4/15/12 4/15/12 0.08
9.12 99 1 4/15/12 4/15/12 0.00
4.25 434
Table T1. Coring summary, Expedition 340.

Hole Latitude Longitude

Water 
depth 
(m)

Penetration 
DSF (m)

Cored 
interval 

(m)

Reco
len

(

340-
U1393A 16°43.1316′N 62°05.0594′W 926.0 47.5 47.5

U1394A 16°38.4259′N 62°02.2822′W 1114.9 244.5 244.5 5
U1394B 16°38.4375′N 62°02.2819′W 1114.2 181.4 181.4 14

U1395A 16°29.5988′N 61°57.0858′W 1200.9 231.3 231.3 14
U1395B 16°29.5985′N 61°57.0751′W 1200.2 203.3 203.3 14

U1396A 16°30.4841′N 62°27.1017′W 787.4 134.9 134.9 14
U1396B 16°30.4847′N 62°27.0912′W 787.4 14.5 9.5 1
U1396C 16°30.4729′N 62°27.0905′W 786.6 139.4 139.4 14

U1397A 14°54.4081′N 61°25.3530′W 2482.2 265.5 261.1 14
U1397B 14°54.4075′N 61°25.3421′W 2481.4 253.5 248.7 13

U1398A 14°16.6984′N 61°53.3422′W 2935.3 268.6 268.6 11
U1398B 14°16.6987′N 61°53.3309′W 2935.1 263.4 263.4 18

U1399A 14°23.2419′N 61°42.6883′W 2900.8 274.7 274.7 21
U1399B 14°23.3639′N 61°42.5380′W 2900.2 183.0 180.5 18
U1399C 14°23.2593′N 61°42.6665′W 2900.8 240.0 0.0

U1400A 14°32.5831′N 61°27.5492′W 2744.4 51.3 51.3 5
U1400B 14°32.2023′N 61°27.4065′W 2743.0 212.5 212.5 21
U1400C 14°32.1935′N 61°27.4028′W 2743.0 436.0 421.0 30

U1401A 14°39.0991′N 61°25.0797′W 2596.7 81.5 81.5 1
U1401B 14°39.0237′N 61°25.2273′W 2606.2 12.9 12.9 1
U1401C 14°39.1744′N 61°24.9323′W 2578.8 10.3 10.3 1
U1401D 14°38.9463′N 61°25.3743′W 2617.9 9.2 9.2

Totals: 3487.5 238
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Figure F1. The Lesser Antilles arc. Predicted bathymetry from Smith and Sandwell (1997).
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Figure F2. Montserrat. Shaded image of topography-bathymetry, debris avalanche deposits, and 
drill sites, Expedition 340.
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Figure F3. Extent of debris avalanche deposits superimposed on swath bathymetry and drill sites, 
Expedition 340.
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Figure F4. Dominica. Shaded image of topography-bathymetry, debris avalanche deposits and drill 
sites, Expedition 340.
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Figure F5. A. Hole U1393A summary. MAJ = major, GRA = gamma ray attenuation, cps = counts per 
second. B. Graphic lithology key.
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Figure F6. Hole U1394A summary. MAJ = major, GRA = gamma ray attenuation, cps = counts per
second. See Figure F5B for graphic lithology key.
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Figure F7. Hole U1394B summary. MAJ = major, GRA = gamma ray attenuation, cps = counts per second. See Figure F5B for graphic lithology key.
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Figure F8. Hole U1395A summary. MAJ = major, GRA = gamma ray attenuation, cps = counts per
second. See Figure F5B for graphic lithology key.
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Figure F9. Hole U1395B summary. MAJ = major, GRA = gamma ray attenuation, cps = counts per second. See Figure F5B for graphic lithology key.

1H

2H

3H

4H

5H

6H

7H

8H

9H

10H

11H

12H

13H

14H

15H

16X

17X

18X

19X

20X

21X

22X

23X

24X

25X200

190

180

170

160

150

140

130

120

110

100

90

80

70

60

50

40

30

20

10

0

A

B
CD

E

F

G

H

I

D
ep

th
(m

bs
f)

Hole U1395B Summary

Hole U1395B

Core
recovery

Lith.
unit

Graphic
lithology

GRA
bulk density

(g/cm3)

321

Magnetic
susceptibility

(SI)

60
00

40
00

20
00

0

Natural
gamma
radiation

(cps)

22171272

Hole
diameter
(inches)

20151050

Resistivity
(ohm.m)

321

P-wave
velocity x

(m/s)

20
00

18
00

16
00

14
00

Ca (mM)

20151050

Declination
(°)

3210

Grain density

321

Gamma ray
(gAPI)

3025201510

Mg (mM)

60504030

Age
(Ma)

MAJ lith grain size

Pe
bb

le
s 

or
 c

oa
rs

er
G

ra
nu

le
s

V
er

y 
co

ar
se

 s
an

d
C

oa
rs

e 
sa

nd
M

ed
iu

m
 s

an
d

Fi
ne

 m
ed

iu
m

 s
an

d
Fi

ne
 s

an
d

Fi
ne

 m
ud

Si
lt-

fin
e 

m
ud

Ve
ry

 fi
ne

 m
ud

Downhole logging data

0.78

0.99
90



91
Expedition 340 Prelim
inary Report

Figure F10. Site U1396 summary. MAJ = major, GRA = gamma ray attenuation, cps = counts per second. See Figure F5B for graphic
lithology key.

1H

2H

3H

4H

5H

6H

7H

8H

9H

10H

11H

12H

13H

14H

15H130

120

110

100

90

80

70

60

50

40

30

20

10

0 A

B

C
D

E

D
ep

th
(m

bs
f)

Site U1396 Summary

Hole U1396A

Core
recovery

Lith.
unit

Graphic
lithology

GRA
bulk density

(g/cm3)

321

Magnetic
susceptibility

(SI)

60
00

40
00

20
00

0

Natural
gamma
radiation

(cps)

181383

P-wave
velocity x

(m/s)

20
00

18
00

16
00

14
00

Declination
(°)

3210

Grain density

321

Age
(Ma)

MAJ lith grain size

Pe
bb

le
s 

or
 c

oa
rs

er
G

ra
nu

le
s

V
er

y 
co

ar
se

 s
an

d
C

oa
rs

e 
sa

nd
M

ed
iu

m
 s

an
d

Fi
ne

 m
ed

iu
m

 s
an

d
Fi

ne
 s

an
d

Fi
ne

 m
ud

Si
lt-

fin
e 

m
ud

Ve
ry

 fi
ne

 m
ud

11

2H10

0 A

B

D
ep

th
(m

bs
f)

Hole U1396B

Core
recovery

Lith.
unit

Graphic
lithology

GRA
bulk density

(g/cm3)

321

Magnetic
susceptibility

(SI)

60
00

40
00

20
00

0

Natural
gamma
radiation

(cps)

16116

Grain density

321MAJ lith grain size

Pe
bb

le
s 

or
 c

oa
rs

er
G

ra
nu

le
s

V
er

y 
co

ar
se

 s
an

d
C

oa
rs

e 
sa

nd
M

ed
iu

m
 s

an
d

Fi
ne

 m
ed

iu
m

 s
an

d
Fi

ne
 s

an
d

Fi
ne

 m
ud

Si
lt-

fin
e 

m
ud

V
er

y 
fin

e 
m

ud

pt
h sf
)

Hole U1396C

Core Lith. Graphic

GRA
bulk density

(g/cm3)

Magnetic
susceptibility

(SI)

000000

Natural
gamma
radiation

(cps)

P-wave
velocity x

(m/s)

00000000

Ca (mM)
Declination

(°)

Grain density

321 Mg (mM)

60504030

Age

MAJ lith grain size

bb
le

s 
or

 c
oa

rs
er

an
ul

es
ry

 c
oa

rs
e 

sa
nd

ar
se

 s
an

d
di

um
 s

an
d

e 
m

ed
iu

m
 s

an
d

e 
sa

nd
e 

m
ud

t-f
in

e 
m

ud
ry

 fi
ne

 m
ud

0.78
0.99
1.07

1.77

1.95

2.58

3.04

3.33

3.58

4.18

4.29

2.14
2.15
1H

2H

3H

4H

5H

6H

7H

8H

9H

10H

11H

12H

13H

14H

15H

130

120

110

100

90

80

70

60

50

40

30

20

10

0

D
e

(m
b

recovery unit lithology 3216040200 21161161 20181614 4030201003210 (Ma)PeG
r

VeC
o

M
e

Fi
n

Fi
n

Fi
n

Si
l

V
e

0.78

0.99
1.07

1.77

1.95

2.58

3.04

3.33

3.58

4.18

4.29

4.48

2.14
2.15

A

B

C
D

E



Expedition 340 Preliminary Report
Figure F11. Martinique. Shaded image of topography and bathymetry with flank-collapse structures 
on shore and associated submarine debris avalanche deposits (Le Friant et al., 2003a).
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Figure F12. Hole U1397A summary. MAJ = major, GRA = gamma ray attenuation, cps = counts per
second. See Figure F5B for graphic lithology key.
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Figure F13. Hole U1397B summary. MAJ = major, GRA = gamma ray attenuation, cps = counts per second. See Figure F5B for
graphic lithology key.
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Expedition 340 Preliminary Report
Figure F14. Hole U1398A summary. MAJ = major, GRA = gamma ray attenuation, cps = counts per
second. See Figure F5B for graphic lithology key.
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Figure F15. Hole U1398B summary. MAJ = major, GRA = gamma ray attenuation, cps = counts per
second. See Figure F5B for graphic lithology key.
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Figure F16. Hole U1399A summary. MAJ = major, GRA = gamma ray attenuation, cps = counts per
second. See Figure F5B for graphic lithology key.
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Figure F17. Hole U1399B summary. MAJ = major, GRA = gamma ray attenuation, cps = counts per 
second. See Figure F5B for graphic lithology key.
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Figure F18. Hole U1399C logging summary.
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Figure F19. Hole U1400A and U1400B summary. MAJ = major, GRA = gamma ray attenuation, cps = counts per second. See Figure
F5B for graphic lithology key.
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Figure F20. A. Hole U1400C summary, 0–300 mbsf. MAJ = major, GRA = gamma ray attenuation, cps = counts per second. See Fig-
ure F5B for graphic lithology key. (Continued on next page.)
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Figure F20 (continued). B. Hole U1400C summary, 300–436 mbsf. MAJ = major, GRA = gamma ray 
attenuation, cps = counts per second. See Figure F5B for graphic lithology key.
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Figure F21. Site U1401 summary. MAJ = major, GRA = gamma ray attenuation, cps = counts per sec-
ond. See Figure F5B for graphic lithology key.
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