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[1] A horseshoe-shaped structure already identified on the southwestern flank of
Montagne Pelée (Martinique, Lesser Antilles arc) was previously interpreted as resulting
of a flank collapse event, but no debris avalanche deposits were observed at the time. New
offshore high-resolution bathymetry and geophysical data (Aguadomar cruise; December
1998 to January 1999; R/V L’Atalante) lead us to identify three debris avalanche deposits
on the submarine western flank of Montagne Pelée extending down to the Grenada Basin.
They display morphological fronts and hummocky morphology on bathymetric data,
speckled pattern on backscatter data and hyperbolic facies on 3.5 kHz and seismic profiles.
New on-land geological studies lead us to identify two other horseshoe-shaped structures
on the same flank of the volcano. The three submarine deposits have been traced back to
the structures identified on land, which confirms the occurrence of repeated flank collapse
events during the evolution of Montagne Pelée. The ages of the last two events are
estimated at ~9 ka and ~25 ka on the basis of '*C and **U/*°Th dates. Every flank
collapse produced debris avalanches which flowed down to the Caribbean Sea. We
propose that the repeated instabilities are due to the large asymmetry of the island with
western aerial and submarine slopes steeper than the eastern slopes. The asymmetry results
from progressive loading by accumulation of volcanic products on the western slopes of

the volcano and development of long-term gravitational instabilities. Meteoric and
hydrothermal fluid circulation on the floor of the second flank collapse structure also
creates a weakened hydrothermalized area, which favors the recurrence of flank

collapses.
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1. Introduction

[2] Flank collapse events have now been recognized as an
efficient process of volcano destruction. Thus they play an
important role in the evolution of volcanic edifices, whatever
the geodynamic context in which they occur. The 1980
eruption of Mount St. Helens [Lipman and Mullineaux,
1981] is a good example of what can occur on a volcano in

'Also at Laboratoire de Gravimétrie et Géodynamique, CNRS UMR
7096, Institut de Physique du Globe de Paris, Paris, France.

Copyright 2003 by the American Geophysical Union.
0148-0227/03/2001JB001624$09.00

ECV

a very short time. Resulting debris avalanches can run
downslope several tens of kilometers. When they occur on
volcanic islands they can enter the sea and produce cata-
strophic tsunamis. In the recent years, numerous flank
collapse events have been identified and studied on land on
many volcanoes [Siebert, 1984; McGuire, 1996]. Flank
collapse events can be repetitive and can mobilize different
volumes of material (tenths to hundreds of cubic kilometers).
The most voluminous events were recognized on oceanic
islands on the basis of marine studies: Hawaii, [Lipman et al.,
1988; Moore et al., 1989, 1994], La Réunion [Lénat et al.,
1989; Labazuy, 1996], and the Canary Archipelago [Hol-
comb and Searle, 1991; Watts and Masson, 1995; Urgeles et
al., 1997; Krastel et al., 2001; Masson et al., 2002].
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[3] In the Lesser Antilles arc, which results from the
subduction of the Atlantic oceanic crust under the Carib-
bean plate, several horseshoe-shaped structures were iden-
tified on most islands [Roobol et al., 1983; Vincent et al.,
1989; Wadge, 1985; Mattioli et al., 1995]. On La Grande
Découverte-La Soufriére volcano, Guadeloupe, the horse-
shoe-shaped structures have been clearly related to debris
avalanche deposits on land [Boudon et al., 1984; Boudon et
al., 1987] and one event to a lateral blast deposit. Recently,
on 26 December 1997, the ongoing eruption of Soufriere
Hills on Montserrat generated a small but devastating flank
collapse [Robertson et al., 2000]. However, generally in the
Lesser Antilles arc, no debris avalanche deposits have been
identified and correlated to the large horseshoe-shaped
structures recognized on land. Their origin by flank collapse
needs to be confirmed.

[4] At the beginning of 1999, we conducted a marine
geophysical survey on both flanks of the Lesser Antilles Arc
(Aguadomar cruise, R/V L’Atalante) [Deplus et al., 1999].
Analysis of the data has revealed numerous submarine
debris avalanche deposits off active volcanoes of Montser-
rat, Dominica, Martinique, and St. Lucia [Deplus et al.,
2001]. The deposits display hummocky morphology on
swath bathymetry, a speckled pattern on backscatter images,
hyperbolic reflections on 3.5 kHz echo sounder data and
diffracting units on seismic data. At the same time, on-land
studies on several islands of the arc identified new horse-
shoe-shaped structures and, in some case, debris avalanche
deposits [Boudon et al., 1999] that can be related with the
offshore deposits. In this paper, we focus on Montagne
Pelée volcano, Martinique. On the southwestern flank of
Montagne Pelée, Vincent et al. [1989] previously identified
a horseshoe-shaped structure, but no debris avalanche
deposits were recognized at the time. The new marine and
on-land studies show that Montagne Pelée has experienced
at least three flank collapse events during its evolution. We
first present the detailed characteristics of the submarine
debris avalanche deposits and their relationship with horse-
shoe-shaped structures and debris avalanche deposits iden-
tified on land. We then discuss the origin of the flank
collapse events, their ages, and their influence on the
sedimentation in the back arc Grenada Basin.

2. Geological Setting and Previous Data

[s] Martinique island is located in the central part of the
Lesser Antilles arc (Figure 1). The arc has a curved shape
and extends over 800 km from the South American con-
tinent to the Greater Antilles. Arc volcanism is active since
40 Ma [Martin-Kaye, 1969; Bouysse et al., 1990]. To the
north of Dominica, the arc is divided in two strings of
islands. The outer string corresponds to the older part of the
arc where thick carbonate platforms cover the volcanic
basement of the islands. Active volcanoes are located on
the inner string active since 20 Ma. South of Dominica, the
arc is composed of only one string of islands on which the
older and recent parts are superimposed. These islands are
bordered to the west by the back arc Grenada Basin, 2900 m
deep. The volcanic activity on Martinique Island covers a
period from the early Miocene to present with global
migration of the active centers from the southeast to the
northwest with time.
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Figure 1. Geodynamic setting of Montagne Pelée volcano
(Martinique) in the Lesser Antilles Arc. Predicted bathy-
metry from Smith and Sandwell [1997]. Contour interval is
1000 m. The Grenada back arc Basin (thick solid line)
borders the southern islands of the arc.

[6] Montagne Pelée, located in the northern part of Marti-
nique Island, is an active and dangerous volcano, which has
experienced several historical eruptions, including the
1902—-1904 and 1929-1932 events. The century’s most
devastating eruption in 1902 caused the destruction of the
towns of St. Pierre and Morne Rouge and the death of 30,000
people [Lacroix, 1904]. The location of the volcano between
two older ones (Mont Conil to the northwest and Morne
Jacob-Pitons du Carbet to the southeast) (Figure 2) is
responsible for the preferential development of the north-
eastern and southwestern flanks [Vincent et al., 1989; Bou-
don, 1993]. The evolution of the volcano can be divided in 3
main stages described below [Traineau, 1982; Traineau et
al., 1983; Westercamp and Traineau, 1983a, 1983b]. Pyro-
clastic deposits are dominant compared to massive lavas.

[7] The beginning of the volcanic activity has been dated
at about 0.4 Ma [Bellon et al., 1974]. However, on the basis
of our new studies and dates, it is likely that it is not older
than 0.2—0.3 Ma. The first stage, called “paleo-Pelée”
mainly consists of volcanic breccias (block- and-ash flows),
viscous lava domes located in the central part of the edifice
and few lava flows. The second stage, named St. Vincent
period (>40,000—19,000 years B.P.) corresponds to the
emplacement of numerous scoria flows resulting from open
vent eruptions. A large flank collapse event was proposed to
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Figure 2. Location of the horseshoe-shaped structure
proposed by Vincent et al. [1989] on Montagne Pelée
volcano. The active Montagne Pelée volcano is located
between two old volcanoes (Mont Conil and Pitons du
Carbet-Morne Jacob). Previous swath bathymetry compiled
by Le Friant [1998] is also reported (oceanographic cruises:
Arcante2, 1980; Dormasis, 1992); contour interval is 50 m.

occur during this stage on the southwestern flank of the
volcano [Vincent et al., 1989]. It formed a horseshoe-shaped
structure (6 x 3.5 km) open to the southwest (Figure 2).
Products of the paleo-Pelée stage identified in the walls of
the collapse structure are not observed inside the depression
which contains only more recent products. No debris
avalanche deposits related to the horseshoe-shaped structure
were recognized on land. For this event, Vincent et al.
[1989] suggested a minimum age of ~25,000 years B.P., on
the basis of the presence of scoria flows channeled inside
the structure dated at 25,000 + 1040 years B.P. [Traineau et
al., 1983]. The third stage, “the modern period” (14,000
years B.P. to present) corresponds to the emplacement of the
new cone of Montagne Pelée that partially fills the horse-
shoe-shaped structure and covers its northeastern rim. Two
types of eruptions have occurred: pumiceous Plinian erup-
tions and dome-forming eruptions with associated block-
and-ash-flows and pyroclastic surges. During this stage,
deposits are mainly concentrated on the southwestern flank
of the volcano, inside the horseshoe-shaped structure.

[8] Additional observations are consistent with the exis-
tence of the flank collapse event proposed by [Vincent et al.,
1989]. On the basis of self-potential (SP) surveys, Zlotnicki
et al. [1998] have recognized two SP anomalies on the
western flank of Montagne Pelée. An SP negative anomaly
(=900 mV) is centered below the horseshoe-shaped structure
and vanishes toward its southern rim. It is interpreted as
resulting of meteoric water circulation on the floor of the
depression between indurate products of paleo-Pelée and
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unconsolidated deposits of the more recent stages. This water
circulation is confirmed by the presence of a well in the
southern part of the structure with cold water circulation. A
positive SP anomaly (+100 mV) is located in the northwest-
ern part of the depression and interpreted as resulting from
hydrothermal water circulation at its floor. This agrees with
the emergence of thermomineral springs in the northern part
of the structure at an elevation of 650 m and on the coastline.

[0] A synthesis of swath bathymetry data west of Mon-
tagne Pelée (Arcante2, 1980; Seacarib, 1985, and several
transits) was conducted [Le Friant, 1998] before the Agua-
domar cruise and shows the offshore continuity of the
southern rim of the horseshoe-shaped structure (Figure 2).
However, the data coverage at the time only extends over
the upper submarine slopes of the volcano (shallower than
—2250 m) and prevented offshore recognition of possible
associated debris avalanche deposits.

3. Data Collection and Processing

[10] The marine data were gathered during the Aguado-
mar cruise, aboard the French R/V L’Atalante (December
1998 to January 1999). We collected Simrad EM12D swath
bathymetry and backscatter data, 3.5 kHz echo sounder,
gravity, magnetic and 6-channel seismic reflection profiles
around several islands of the arc up to 70 km from the
coastlines [Deplus et al., 2001]. Swath bathymetry and
backscatter data were processed using the CARAIBES
software developed by Ifremer. Digital terrain models
(DTM) have been constructed with resolutions of 100 m.
The 6-channel seismic reflection data were filtered, stacked
and migrated using seawater velocity with “Seismic Unix”
software [Cohen and Stockwell, 1996].

[11] Morphological analysis of the island was performed
on a 50-m resolution DTM provided by the French National
Geographic Institute (IGN) and aerial photographs. In
addition, the swath bathymetry was merged with the on-
land topography to construct a 100-m resolution DTM
covering an area of 9.1 x 9.2 km on the western submarine
and subaerial flanks of Montagne Pelée.

[12] On-land geological investigations were then carried
out in order to study the horseshoe-shaped structures
identified in the morphologic analysis, to reconstruct the
stratigraphy, and to collect rock samples. '*C and U-Th
desequilibrium dates of some lava domes, lava flows, and
pyroclastic deposits intersected by the successive structures
were performed to constrain the age of the flank collapse
events. U-Th dates are obtained from (***U/**?Th)—
(***Th/**?Th) isochrons on mineral separates and whole
rocks using an analytical method described by Villemant
and Fléhoc [1989].

4. Submarine Debris Avalanche Deposits
4.1. Sea Bottom Characteristics

[13] The swath bathymetry of the studied area is pre-
sented in Figure 3. The western flank of Martinique is
characterized by numerous canyons and incised steep slopes
contrasting with the flat seafloor of the Grenada Basin. We
identified three deposits that we interpreted as debris
avalanche deposits. They extend from the coastline to the
floor of the basin via well defined flat-bottomed chutes.
They also display in some parts clear morphological fronts.
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Figure 3. Swath bathymetry collected during the Agua-
domar cruise southwest of Martinique island; (top) shaded
image of bathymetry illuminated from N320°; (bottom)
bathymetry and topography data. Contour interval is 100 m
down to 2500 m below sea level and 20 m below that. The
dashed lines show the limits of the three debris avalanche
deposits D1, D2, and D3 deduced from the joint analysis of
the whole marine dataset. South of the debris avalanche
deposits, the thin line shows the limit of the area displaying
facies 3d on 3.5 kHz data (see Figure 5a) and a bevel of
chaotic unit on seismic reflection profiles (see Figure 9).
The straight lines indicate the location of 3.5 kHz and
seismic profiles shown on Figures 6—10.

[14] Backscatter values depend on the absorption effi-
ciency of the seafloor but also on the incidence of the beam
relatively to the local slope. Five types of acoustic facies
may be distinguished using a combination of backscatter
intensity and pattern (Figure 4). Facies 1 corresponds to
high backscatter (darkest areas) and is present on the slopes
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of the island and at the front of the deposits. It also
underlines canyons. Facies 2 is characterized by a speckled
pattern typical of chaotic deposits as debris avalanche
deposits [Moore et al., 1989; Watts and Masson, 1995]
and corresponds to irregular hummocky terrains. High
reflectivity patches indicate the presence of blocks. They
are the result both of contrasting acoustic responses of the
lava blocks and the fine products surrounding them and of
the angular shapes of the blocks which provide facing
slopes relative to the beam geometry. Facies 3 is defined
by an intermediate backscatter value and is observed on the

high backscatter I:I mean backscatter

zone 2 : zone 4 :
EI speckled pattern lineations

zone 5:
low backscatter

Figure 4. (top) Backscatter image of the debris avalanche
deposits off Martinique (same area as in Figure 3). Back-
scatter level decreases from black to white. Linear white and
black areas correspond to the location of ship tracks. Thin
black lines are the limits of the three debris avalanche
deposits. (bottom) Interpretative map of backscatter data.
Five acoustic facies corresponding to different patterns and
backscatter levels are identified and detailed in text.
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Figure 5. (a) Map of acoustic facies based on 3.5 kHz
echo sounder profiles. Ship tracks are shown with grey
lines. Black lines indicate the limits of the three debris
avalanche deposits. The large hyperbolic reflections zone in
the northwest part of the map corresponds to debris
avalanche deposits originated from the southern part of
Dominica island [Deplus et al., 2001]. The lines labeled 56
and 58s are 3.5 kHz profiles shown on Figures 5b and Sc,
respectively. (b) 3.5 kHz profile 56 crossing the southern
edge of deposits D1 and D2. Opaque facies (facies 2) is
present outside the deposit. (¢) The 3.5 kHz profile 58s
crossing the southern edge of deposit D2. Debris avalanche
deposits are identified by hyperbolic facies on 3.5 kHz data
and a morphological front (30 m high). Outside the deposit,
flat-lying reflectors correspond to the sedimentary layers of
the Grenada Basin.

floor of the Grenada Basin outside the debris avalanche
deposits. It corresponds to the sediments of the basin
[Masson et al., 1992]. Facies 4 is characterized by undu-
lated lineations of relatively high backscatter and mainly
corresponds to the front of the chaotic deposits. Facies 5,
with very low backscatter, is generally interpreted as fine-
grained sediments on flat areas [Masson et al., 1992].

[15] From the 3.5 kHz echo sounder profiles, three main
acoustic facies can be identified according to the echo
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character and the geometry of reflectors: stratified, opaque,
and hyperbolic (Figure 5a). Facies 1, characterized by
parallel reflectors, indicates the presence of a layered
sedimentary seafloor. Facies 2 displays a strong echo with-
out penetration. It is observed on the floor of the chutes
(Figure 5b) and may correspond to coarse-grained deposits
[Pratson and Laine, 1989]. The third facies displays a
chaotic texture characterized by hyperbolic reflections (Fig-
ure 5¢). It is found on steep submarine slopes (facies 3a) of
the islands in areas where numerous canyons lead to an
important roughness of the topography. It is also observed
in flat-lying areas (facies 3b—3c) indicating the presence of
rough and irregular seafloor surfaces. Such hyperbolic
signatures on a flat-lying area have been interpreted by
[Lipman et al., 1988; Watts and Masson, 1995; Urgeles et
al., 1997] as evidence for submarine debris avalanche
deposits. Such deposits can be covered by a thin sedimen-
tary layer (facies 3b) or not (facies 3c). An intermediate
facies (facies 3d) with weakly defined hyperbolic reflections
below subhorizontal parallel reflectors is observed in the
areas lying between the front of the debris avalanche
deposits and the sediments of the basin.

[16] On seismic reflection profiles, two main acoustic
units were identified (Figure 6). The first unit consists of
continuous subhorizontal reflectors corresponding to the
parallel bedded sedimentary layers of the Grenada Basin.
The second unit displays chaotic reflectors with large
energy diffraction. Its thickness is ~0.2 s two-way travel
time (twt). Previously, Deplus et al. [2001] showed that
such a thick chaotic unit indicates the presence of debris
avalanche deposits. The thickness of this unit is thereafter
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Figure 6. Air gun seismic profile 61 (location on Figure 3)
crossing the southern limit of deposit D1, with interpretative
section. Debris avalanche deposits are identified by an
incoherent/chaotic unit and contrast with subhorizontal and
well-bedded sedimentary layers corresponding to normal
sedimentation in the Grenada Basin; twt is two-way travel
time.
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Figure 7. Detailed swath bathymetry of hummocky
morphology of the debris avalanche deposit D3. Contour
interval is 10 m.

estimated using a seismic velocity of 1800 m/s [Urgeles et
al., 1997; Collot et al., 1999].

4.2. Identification of Three Debris Avalanche Deposits

[17] Three debris avalanche deposits (called D1, D2, and
D3 deposits, respectively) were identified on the western
submarine flank of Montagne Pelée and extend in the
Grenada Basin (Figure 3). Deposit D2 is the most clearly
defined. It displays a clear morphological front and extends
from a chute well marked in the topography of the submarine
flanks of Montagne Pelée. A much smaller deposit, D3,
clearly overlies deposit D2. A larger one, D1, lies below it.

[18] The small deposit D3 has a typical lobate shape
(Figure 3) and is located between isobaths 2300 and 2700
m. It covers an area of 60 km” and presents a typical
hummocky morphology. Megablocks, 100—500 m in diam-
eter and 10—40 m high (Figure 7), are concentrated in the
central part of the deposit. They display a characteristic
speckled pattern on the backscatter data and hyperbolic
reflections on the 3.5 kHz profiles (Figure 5a, facies 3b).
The lack of sedimentary cover on the blocks attests of the
recent age of this deposit.

[19] Deposit D2 has a larger extent (Figure 3). It extends
up to 50 km from the coastline and covers an area of 700
km? between isobaths 2200 and 2900 m. It extends down to
the flat Grenada Basin (slopes ~2°) and displays a distinc-
tive topographic front between isobaths 2800 and 2900 m.
The front is generally 10—20 m high but can reach locally
35 m (Figure 5c). The morphology of deposit D2 is
relatively smooth in its northeastern part, but it becomes
rough in its western and southern parts with ridges up to 10
m high and parallel to the front (Figure 3). However, as
observed on the aerial nonvolcanic Blackhawk landslide in
California [Johnson, 1978], such ridges could also corre-
spond to overlapped structures resulting from an abrupt
deceleration of the front of the flow, propagating rearward,
in an area where the slope is very low. There is evidence of
active erosion of the deposit because it is incised by deep
canyons. Seismic reflection profiles over deposit D2 show
the chaotic unit characteristic of debris avalanche deposits
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(thickness of ~150—200 m). Over the southern part of
deposit D2, hyperbolic reflections are very well defined
on the 3.5 kHz profiles (facies 3¢, Figures 5a and 5b). They
are covered by parallel bedded reflectors characteristic of
layered fine-grained sediments with an estimated total
thickness of ~4 m. The central part of deposit D2, where
the morphology is smooth, displays a contrasting signature
in 3.5 kHz profiles, backscatter images and seismic profiles.
In this part, the 3.5 kHz profiles display an opaque facies
without hyperbolae (facies 2, Figure 5a) and a very low
backscatter signature (zone 5, Figure 4). These two types of
facies are usually not correlated [Masson et al., 1992]. On
the seismic profiles (Figure 8), continuous subhorizontal
reflectors overly the chaotic unit. They correspond to a thick
and well-bedded sedimentary layer (thickness of 0.08 s twt,
i.e., ~70 m, using a velocity of 1800 m/s) which has an
abnormal thickness in comparison with the other parts of the
deposit. Last, south of the morphological front, few sub-
bottom hyperbolae (facies 3d) are observed on 3.5 kHz
profiles (Figure 5a). They are correlated with a thin chaotic
unit identified on the seismic reflection profiles (Figure 9).

[20] Deposit D1 extends up to 60 km from the coastline
and is mainly covered by deposit D2. Its morphology is not
as clear as for the other deposits, although a well-marked
topographic front can be identified in its southwestern part
(Figure 3). This front correlates with the extension of the
chaotic unit seen on seismic profile 61 (Figure 6). The
southeastern limit is deduced from a north-south disconti-
nuity at 61°20'W that crosscut the canyons draining the
southwest submarine flanks of Martinique Island. Some of
the main canyons have dug the deposit again. Several points

sedimentary unit hummock? chaotic unit

Figure 8. Air gun seismic profile 57 (location on Figure 3)
crossing the middle part of deposit D2 and interpretative
section. The seismic profile shows an important thickness of
well-bedded sedimentary layers covering deposit D2. The
thickness is up to 0.08 twt and corresponds to ~70 m (using
a velocity of 1800 m/s). The area also corresponds to very
low backscatter (“zone 5 on Figure 4) and to opaque facies
on 3.5 kHz profiles (facies 2 on Figure 5a).
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Figure 9. Air gun seismic profile 58s (location on Figure
3) crossing the southern edge of deposit D2 with
interpretative section. The morphological front underlines
the southern limit of the thick chaotic unit. Southward, a
bevel with chaotic signature thins progressively and ends at
the southern limit of facies 3d on 3.5 kHz profiles.

permit to propose a northern limit for this deposit north of
deposit D2 (Figure 3): (1) On the seismic profile 58n
(Figure 10), north of the morphological front of deposit
D2, another morphological front can be interpreted as the
limit of deposit D1, and the sedimentary cover has a greater
thickness, indicating that this deposit is significantly older
than deposit D2; (2) north of deposit D2, few megablocks
appear on the submarine flanks of the island, between
isobaths 2000 and 2500 m (Figures 3 and 4); and (3) the
regular morphology of the submarine flank in the same area
contrasts with the morphology to the north with numerous
and deep radial canyons. The thickness of the sedimentary
cover above D1 masks its chaotic structure on 3.5 kHz
profiles (lack of hyperbolic reflections) leading to a smooth
morphology. Moreover, the thickness of the chaotic unit
displayed by seismic profiles is greater south of the topo-
graphic front of deposit D2 (0.5 and 0.2 s (twt), respectively,
on Figure 10). We interpret this large thickness as resulting
from the superimposition of deposits D1 and D2. Deposit
D1 has a total extent of ~1100 km?.

4.3. Existence of Chutes on the Submarine Flank of
Montagne Pelée

[21] Bathymetric data clearly show that deposit D2
extends from a chute, well marked in the topography of
the submarine flank of Montagne Pelée (Figure 3). The
chute, striking N240°, is 13 km long and 4 km wide. It
extends from the coastline down to isobath 2200 m cover-
ing an area of 50 km?. It is bound by two well-marked rims
with different height. The northern rim is 10 to 60 m high,
whereas the southern rim increases from 150 to 350 m in
height between isobath 1700 m and the coastline. The floor
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of the chute is relatively smooth in comparison with the
surrounding submarine flanks cut by narrow and deep
canyons. It shows high backscatter (Figure 4). The lack
of erosional canyons within the chute indicates a young
age. Inside the upper part of the chute, an elongated
depression 3.5 x 0.5 km extends from the coastline to
isobath 1200 m (Figures 2 and 3) with a N40° strike,
oblique to the direction of the main chute. Its lower end
abuts against the southern rim of the main chute. The
depression is 30 to 40 m deep in the continuity of the
Riviere Blanche valley. We interpret it as a younger
narrower chute related to deposit D3.

5. On-Land Geological Data
5.1. Identification of Morphological Discontinuities

[22] Geological and morphological data obtained on the
basis of field observations, digital topography, and aerial
photograph interpretations allow us to identify five topo-
graphic discontinuities on the western flank of Montagne
Pelée (Figure 11). Two of them were recognized by Vincent
et al. [1989] (discontinuities 1 and 2) and interpreted as the
rims of the same flank collapse structure, as mentioned in
section 2.

[23] The first discontinuity is a 100 to 150 m high
northwest facing scarp on the left bank of Riviére Roxélane
that extends from St. Pierre to an elevation of 600 m. Its
upper part disappears under the recent products of Mon-
tagne Pelée. It is irregular and dissected by several lateral
deep valleys. Discontinuity 1 intersects old lava domes and
lava flows (Morne Calebasse, Morne Essentes). To the
northwest the regular topography of the recent pyroclastic
deposits of Montagne Pelée contrasts with the irregular
morphology of the southeastern older deposits, most of
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Figure 10. Air gun seismic profile 58n (location on Figure
3) crossing the northern parts of deposits D1 and D2, with
interpretative section. A sedimentary cover with significant
thickness is only present on deposit D1, attesting of its older
age. The chaotic unit is thicker when both deposits are
superimposed.
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Figure 11. (top) Shaded image of topography illuminated

from N320° and produced using the 50 m DTM of
Martinique island, provided by IGN, France. (bottom)
Interpretative map showing the hydrographic system of
Montagne Pelée and major topographic discontinuities.
Debris avalanche deposits with hummocky morphology are
represented by a dotted pattern. Dark grey areas are lava
domes. Grey area indicates block-and-ash-flow deposits of
the 1902 and 1929 eruptions filling the Riviére Blanche
valley.

them belonging to the Pitons du Carbet volcano. On both
sides of the scarp, the hydrographic system has developed in
divergent directions: N240° in the northwestern area (Riv-
iére Roxélane, Riviére des Péres) and N30° to N130° in the
southeastern part, with different flow directions (west-cast
or northwest-southeast in the upper part; east-west or north-
east-southwest in the lower part).

[24] The second discontinuity is a continuous cliff, facing
southeast, on the right bank of Rivie¢re Claire, 100—150 m
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high, with a great difference of altitude on both sides of the
valley (Figure 12a). It is particularly well marked in the
upper part of the volcano where it forms a 300 m high
regular and weakly eroded cliff that cuts the Morne Plumé
lava flows. In the summit area, it disappears under the
recent lava domes. The recent block-and-ash-flow deposits
of the 1902 and 1929 eruptions were channeled by this rim
into the Riviere Blanche valley.

[25] To the northwest, another morphological discontinu-
ity (discontinuity 3 in Figure 11), facing southeast, is
identified along the crest of Montagne d’Irlande on the
right bank of the Fond Canonville valley. In the upper part
of the volcano it is cut by discontinuity 2 and in the lower
part by small valleys.

[26] A fourth morphological discontinuity is formed by
a cliff facing northwest on the left bank of Riviére Séche
(Figures 11 and 12a). In the upper part of the valley it
disappears under the recent products. The rim is clearly
defined by the hydrographic system. The valleys on the
southwestern flank of the volcano generally display a
N240° direction (Figure 11), consistent with the orienta-
tion of the horseshoe-shaped structure identified by Vin-
cent et al. [1989] in which the new cone is edified. To
the southeastern part of the crest, valleys have different
directions that vary from N160° to N180°. They are
tributaries of Riviere des Péres oriented N240° and have
their source along this crest. The existence of perched
valleys indicates that their upper part has been cut by the
discontinuity. We assume that this cliff has a structural
origin that has locally modified the hydrographic system.
Different lithologies were recognized on both side of
Riviere Séche valley. On the left bank, thick scoria flows
belonging to the second phase of building of the volcano
(25,000 £+ 1040 years B.P. [Westercamp and Traineau,
1983a, 1983b] are covered in the upper part of the cliff
by more recent products. On the right bank, these old
scoria flow deposits are absent and all pyroclastic deposits
are more recent with a maximum '*C age of 3740 + 120
years B.P. [Westercamp and Traineau, 1983b]. Moreover,
the left side of the valley is regular and not dissected
by new valleys; it is higher and steeper that the right
side.

[27] A fifth curved morphological discontinuity has been
recognized facing south-southwest on the right bank of Le
Précheur and Samperre valleys. It extends from the coast-
line to the summit area with heights of 150 to 500 m. This
scarp partially cuts the Mont Conil edifice. As for the
previous features, main river directions on both sides of
the upper part of the scarp are different (Figure 11): south-
north to the north and east-west to the south. This scarp is
very irregular and cut by several valleys. Some landslides
have modified its original outline. These features suggest
that these five discontinuities can be interpreted as rims of
several flank collapse structures.

5.2. Debris Avalanches Deposits

[28] Debris avalanche deposits and hummocky morpholo-
gies have also been identified on different areas on the
western flank of Montagne Pelée (Figure 11). In the lower
part of the Riviére Claire valley, outcrop coarse-grained
deposits containing a yellowish matrix, blocks with jigsaw
cracks structure and stretched hydrothermalized zones (Fig-
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Figure 12. (a) View of the southwestern flank of Montagne Pelée showing the structural discontinuities
2 and 4. (b) Debris avalanche deposits in the lower part of Riviére Claire showing a yellowish matrix,
blocks with jigsaw cracks structure and stretched hydrothermalized zones. (¢) Hummocky morphology
on the southwestern flank of Montagne Pelée between discontinuities 2 and 4 viewed from the summit of
the volcano. (d) Jigsaw crack structures on massive lava of the Morne Julien megablock.
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Figure 13. Map showing flank collapse spatial relations between the submarine chutes and the
horseshoe-shaped structures identified on Montagne Pelée volcano. Radiometric age dates discussed in
the paper are also reported. See Figure 11 for legends of mapped units.

ure 12b). We also recognized hydrothermalized blocks with a
thick rust patina and silicified clasts. On the right bank of
riviere Claire, these deposits are in vertical contact with older
pumice flow deposits. We interpret them as formed by a
debris avalanche which eroded older block-and-ash-flow
deposits.

[20] Several hills are present on the lower flank of the
volcano between the two valleys of Riviere Claire and
Riviere Seche, at an elevation up to 450 m (Figures 11 and
12¢). They are surrounded by recent pyroclastic flow depos-
its and covered by fallout deposits several tens of meters
thick. The larger hill is 500 m long and 100—150 m high. All
these hills are elongated in a N240° direction parallel to the
morphological discontinuities. Hills in the lower part of the
volcano overlap each other. Their location excludes that they
could represent lateral vents of the volcano, because in such
a composite volcano, all the eruptive activity is located in the
summit area. These hills can be interpreted as megablocks
associated to a flank collapse event.

[30] On the western flank of the volcano, Morne Julien
hill culminates at 386 m above sea level (Figure 11). It was
considered as an old volcanic center contemporary to the
Mont Conil emplacement and surrounded by more recent
pyroclastic products of Montagne Pelée [Vincent et al.,
1989]. However, most of Morne Julien is constituted by
massive lavas with well-developed jigsaw crack structures.
Locally, the rocks are entirely shattered (Figure 12d). The
petrographic characteristics of these lavas are identical to

those of Mont Conil lavas. The morphology of Morne
Julien is the result of several overlapping hills, some of
them being 350—-400 m long. Thus Morne Julien can be
interpreted as a series of overlapped megablocks emplaced
by debris avalanches.

6. Identification of Three Flank Collapse Events
on the Southwestern Flank of Montagne Pelée:
Relations Between On-Land and Offshore Data

6.1. First Flank Collapse Event (Le Précheur Flank
Collapse)

[31] The northern limit of deposit D1 (Figures 13 and 14)
can be correlated on land with the curved scarp on the right
side of Riviére du Précheur (discontinuity 5 on Figure 11)
which can be interpreted as the northern rim of an old
horseshoe-shaped structure (called structure 1). The small
scarp offshore between the coastline and isobath 500 m, in
the continuity of this rim, can be interpreted either as the
continuity of the structure or as the boundary of a chute
eroded by the passage of the debris avalanche (Figures 3 and
13). The southern rim of the structure is not identified and
probably masked by the more recent flank collapse events.
We propose that it can be located near the southern rim of
structure 2 (i.e., discontinuity 1) in relation with the boun-
dary of the southern limit of deposit D1. In this case, the high
southern rim of the main chute related to deposit D2 would
be the result of both flank collapse events 1 and 2.
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Figure 14. Three-dimensional representation of combined bathymetry and topography data of
Martinique island and submarine slopes. The image is constructed using Aguadomar swath bathymetry
offshore and IGN DTM onshore. The black line corresponds to sea level. The data were projected using
Mercator projection and the axis are labeled in kilometers (reference latitude 15°30'N, origin 15°30'N,
63°W). The image is viewed from the southwest (N230°) and is illuminated from N330°. Vertical
exaggeration is 2.5. The color lines show the limits of the three submarine deposits and their correlation
with the aerial horseshoe-shaped structures (red indicates flank collapse 1; green indicates flank collapse

2; and yellow indicates flank collapse 3).

6.2. Second Flank Collapse Event (St. Pierre Flank
Collapse)

[32] The southern limit of the elongated chute identified
on the submarine flank of Montagne Pelée and related to
deposit D2 (dark grey lines on Figure 13) is in perfect
alignment with the southern rim of the horseshoe-shaped
structure proposed by [Vincent et al., 1989] (discontinuity 1
on Figure 11) in front of St. Pierre (Figure 13). On the
contrary, the northern limit of the channel does not corre-
spond to discontinuity 2 initially proposed by Vincent et al.
[1989] as the northern rim of the flank collapse structure. It
is offset to the north by ~1 km. However, it is aligned with
the Montagne d’Irlande ridge (discontinuity 3). In addition,
the positive SP anomaly recognized by Zlotnicki et al.
[1998] extends outside discontinuity 2. The northern limit
coincides more accurately with the ridge of Montagne
d’Irlande (discontinuity 3). Thus we propose that structure
2 corresponding to the second flank collapse event is
delimited to the south by discontinuity 1 and to the north
by the ridge of Montagne d’Irlande, (Figure 13). The
distribution of the hydrographic system also underlines this
second structure as most of the valleys are radial outside the
depression, whereas they have a N180° to N240° direction
inside the depression (Figure 11). The new geometry
proposed for structure 2 might also explain the concavity
of the coastline between the ridge of Montagne d’Irlande
and St. Pierre that indicates that the flank collapse also
affected the submarine flank of the volcanic edifice.

[33] The close relations between deposit D2, the submar-
ine chute, and structure 2 suggest that they are related to the
same flank collapse event (Figures 13 and 14). The chute
thus represents either the submarine continuity of the rims
of the horseshoe-shaped structure or the result of flow
erosion. Structure 2 is 6 km long on land, and the chute is

13 km long on the submarine flank of the volcano. Similar
features are observed at Stromboli volcano where the aerial
remnants of the “Sciara del Fuoco” flank collapse structure
are prolonged by a submarine chute several kilometers long
[Kokelaar and Romagnoli, 1995]. In the case of Montagne
Pelée the length of the chute and its narrowness suggest
strongly an erosional origin associated with emplacement of
debris avalanche. Only a small part of the submarine flank
(down to a depth <200 m) which corresponds to the
concave shape of the coast, can be associated to the flank
collapse structure itself. The proposed horseshoe-shaped
structure would thus be 6.5 x 4 km in size (of which 0.5
km x 4 km offshore) and the corresponding missing
volume is estimated at ~13 km® on the basis of a mean
thickness of 500 m for the sliding mass. The important
height (up to 300 m) of the southern rim of the chute
nearshore (Figure 11) can be accounted by erosion of debris
avalanches 1 and 2 and the proximity of the older Pitons du
Carbet volcano.

6.3. Third Flank Collapse Event (Riviére Seche Flank
Collapse)

[34] The most recent deposit D3 can be correlated with a
smaller horseshoe-shaped structure (structure 3) located
within structure 2. Its northern and southern rims are
identified as the scarps on the right bank of Riviere Claire
(discontinuity 2) and on the left bank of Riviere Seéche
(discontinuity 4), respectively (Figures 13 and 14). Its size
is 1.5 x 4 km and the missing volume can be estimated at
~2 km? on the basis of a mean thickness of 300—400 m for
the sliding mass. The volcanic products belonging to the
growth of the present cone cover the upper part of this
structure. The different hills identified on land inside
structure 3, the debris avalanche deposits in the lower part
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of the Riviere Claire valley and submarine deposit D3 with
hummocky morphology are related to structure 3 and
belong to the same flank collapse event. The total volume
of the deposit (offshore ~1.6 km® and on land ~0.1 km®),
around 2 km®, is consistent with the size of structure 3 and
the estimated collapsed volume. The small chute observed
offshore between the coastline and isobath 1300 m (Figure
13), 30—40 m deep, in the continuity of structure 3 and
inside the chute related to deposit D2, can be interpreted as
resulting of the submarine erosion produced by flowing of
the debris avalanche. The main axis of deposit D3 (east—
west) is oblique relative to structure 3 and the corresponding
chute (northeast—south west); it indicates that the debris
avalanche was deviated to the north by the southern rim of
the main chute related to deposit D2.

7. Discussion
7.1. Age of the Flank Collapse Events

[35] In the 1980s, numerous ages were obtained on the
pyroclastic deposits of Montagne Pelée [Traineau, 1982];
most of them are reported on the volcanological map
[Westercamp and Traineau, 1983b]. Though many dates
exist, this study has required us to obtain new ages on
deposits cut by the rim of the collapse structures, or infilling
them, in order to constrain the chronology of the three flank
collapse events. Ages on two lava domes, a lava flow and
three block-and-ash-flow deposits were obtained by the U-
Th desequilibrium method. Other ages were obtained by the
“C method on charcoal samples found in pumice and
block-and-ash-flow deposits (Figure 13).

[36] Vincent et al. [1989] proposed a minimum age of
25,000 + 1040 years B.P. for the second flank collapse event
obtained on charcoal sampled in scoria flow deposits which
filled the horseshoe-shaped structure. U-Th desequilibrium
dating of lava domes and lava flows intersected by structure
2 or outside the structure gives ages of 37 + 4 ka for the
Morne Calebasse lava dome (cut by the eastern rim of the
structure) and 25 + 1 ka for the Morne Plumé lava flow
(outside the western rim). Thus the second flank collapse
event likely occurred around 25 ka. The offshore distal part
of deposit D2 is covered by ~4 m of sediments implying a
sedimentation rate of ~16 cm/kyr for the last 25 kyr. Such a
value is in the range of the sedimentation rates (4—21 cm/
kyr), deduced from coring in the Grenada Basin [Sigurdsson
et al., 1980; Reid et al., 1996]. An older U-Th age of 8§1.3 +
5 ka was obtained on block-and-ash-flow deposits sampled
in the ridge of Montagne d’Irlande. It corresponds to older
deposits which fill the first horseshoe-shaped structure and
are cut by structure 2. However, a U-Th age of 75.1 =3 ka
was obtained on block-and-ash-flow deposits at the base of
the “Tombeau des Caraibes” cliff, inside structure 2. It is in
apparent contradiction with the age of 25 ka that we propose
for structure 2. Taking into account the arguments devel-
oped before on the northern limit of the structure, it is likely
that the ridge which forms the “Tombeau des Caraibes”
cliff is a slide block from the second flank collapse event
which came to rest inside the horseshoe-shaped structure 2.
It was later cut by the younger horseshoe-shaped structure 3.

[37] The third flank collapse event occurred after the
growth of a new cone inside the second horseshoe-shaped
structure. The interval of time between the two events
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should have been long enough to emplace a sufficiently
large cone to induce a new flank collapse. U-Th desequili-
brium dating provide strong constrains on the age of this
event. The Aileron lava dome, located in the summit part of
Montagne Pelée, intersected by the structure, was dated at
9.7 £ 0.5 ka. The postcollapse “Sans nom” lava dome,
located inside the flank collapse structure was dated at 9 + 1
ka. Thus the most recent flank collapse event likely
occurred around 9 ka. This young age is compatible with
more recent pyroclastic products filling the structure which
have a '*C age of 4020 + 80 years B.P. [Roobol and Smith,
1976] and with the rough morphology of the correlated
submarine deposit D3 without any sedimentary cover.

[38] No dates are available for the oldest flank collapse,
which destroyed a great part of the western flank of the
primitive edifice of Montagne Pelée. The horseshoe-shaped
structure cuts the southern part of the older Mont Conil
volcano. The thickness of the sedimentary cover on the
distal part of submarine deposit D1 which we interpret as
correlative to this event is estimated to be less than 30 m
thick from the seismic profiles and more than 15 m from 3.5
kHz profiles. This large thickness of sediments compared to
the one observed on deposit D2 indicates a much older age
(~4-8 times larger, i.e., 100—-200 ka).

7.2. Deposit Mechanism and Estimation of the Volume
of the Debris Avalanche Deposits

[39] Previously, Deplus et al. [2001] discussed the origin
of the chaotic unit observed on seismic data. We proposed
that it is the result of not only direct submarine deposition of
debris avalanches but also of particular transport conditions
of debris avalanches in a sedimentary basin. Debris ava-
lanches would erode the upper sedimentary layers of the
basin of which large amounts can be incorporated in the
flow as well as disturb lower sedimentary layers. The upper
part of the chaotic unit is thus probably made up of both
primary debris avalanche material and reworked sediments
whereas the lower part would only consist of disturbed
marine sediments (Figure 6). We propose that the bevel of
diffracting material observed on seismic profiles (Figure 9)
at the front of some of the deposits was emplaced by
spreading of the debris avalanche. The erosional potential
of the debris avalanche is compatible with the formation of
the deep submarine chutes.

[40] Therefore the thickness of the chaotic unit cannot be
used to estimate the volume of the primary debris avalanche
materials. However, on the basis of morphological consid-
erations such as the average height of the front of 30 m
(maximum 35 m) and extension of each deposit, we obtain
estimated volumes for each deposit : ~30 km® for deposit
D1, ~20 km? for deposit D2, and ~2 km? for deposit D3.
On land, the missing volumes for the last two structures (2
and 3) are ~13 and ~2 km® and the lacking volume in the
main submarine chute related to event 2 is estimated ~2
km?>. For event 1, the structure on land would be of 8 x 6
km (using a southern rim identical to that of structure 2)
which gives an estimated volume ~25 km?® on the basis of a
mean thickness of 500 m for the sliding mass. For the three
events the missing volumes on land are in the same range
and a little bit smaller than the estimated volume of the
submarine debris avalanche deposits. The difference
between the two estimations could be partly explained by
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the expansion of the material due to its fragmentation during
flowing.

7.3. Origin of the Flank Collapse Events

[41] On Montagne Pelée, as on other volcanoes in the
southern Lesser Antilles arc, repetitive flank collapses have
occurred in the same southwestern direction, the debris
avalanches flowing into the Caribbean sea [Boudon et al.,
1999; Deplus et al., 2001]. Several local causes for these
successive flank collapse events can be proposed: increase of
the load by accumulation of volcanic products, weakening of
the flank by intense hydrothermal alteration and/or magmatic
injections, dominance of pyroclastic deposit versus massive
lava flows. In addition, the structural and regional setting is
likely an important control of flank collapses. The southern
part of the volcanic arc shows an important east-west
asymmetry with a well-developed back arc basin, the Gre-
nada Basin, to the west (Figure 1). The subaerial western
flank of the volcano is steeper than the eastern flank. This
asymmetry is also obvious on the submarine flanks of
Montagne Pelée with slopes of 20% to the west in contrast
to only 5% to the east. Moreover, the offset of the area of
active volcanism (Montagne Pelée) to the west of the island
will cause overload of the western flank of the volcano.
Enhanced by the steep aerial and submarine slopes of the
western flank of the edifice, this overload is likely respon-
sible for repetitive flank collapse events. The resulting horse-
shoe-shaped structure will create a desequilibrium in the load
distribution on one flank of the volcano as a new cone will
progressively fill the structure. The floor of the structure thus
represents a discontinuity between old indurated deposits and
the new nonconsolidated infilling deposits. Hydrothermal
fluids and meteoric waters will percolate through the upper,
nonconsolidated, deposits and circulate along this. It forms a
hydrothermalized layer within the flank of the volcano which
constitutes a weak mechanical area that will promote recur-
rent sliding. Such a system of fluid circulation was identified
on the floor of the horseshoe-shaped structure 2 by self-
potential survey [Zlotnicki et al., 1998]. The load necessary
for a future flank collapse event will likely diminish because
of continuous development of hydrothermalized layers as
supported by field evidence of overlapping flank collapse
structures which have decreased size with time.

[42] Sea level variations induced by climate change may
represent another cause of the repetitive instability of a
volcanic edifice on an island arc. The second flank collapse
(25 kyr old) occurred during the last glacial period which
involved an important lowering of the sea level since 130
ka. In particular, the rate of temperature decrease was high
during the period 30—-25 to 18 ka, associated with a rapid
sea level lowering from —80 m to —140 m at the glacial
maximum [Bard et al., 1990]. Rapid sea level lowering
yields an important decrease of the hydrostatic pressure at
the bottom of the volcano. If the material is weakly
permeable, the pore pressure become larger than the hydro-
static pressure. This effect could decrease the shear strength
favoring a flank instability [Hutchinson, 1986].

7.4.
Basin

[43] On the basis of piston cores studies, Reid et al.
[1996] have observed that the sedimentation rates in the
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Grenada Basin display spatial variations increasing from
north to south. There is also some temporal variations:
sedimentation rates vary from 4 to 23 cm/kyr during the
Holocene (0—12 ka) sea level highstand and reach larger
values (9 to >25 cm/kyr) during the lowstand of the second
period of the Visconsin glaciation (35—12 ka).

[44] Emplacement of several debris avalanches into the
Grenada Basin in a short time interval will considerably
modify the sedimentation processes due to the large input of
volcanoclastic material (cubic kilometers to tens of cubic
kilometers) and the generation of secondary debris flows
and turbidites. Moreover, the equilibrium profiles of the
draining system on land will be drastically modified after a
flank collapse thus increasing erosion and detritic sedimen-
tation rates in the Grenada Basin. This erosion rate will also
increase during periods of lower sea level as it was the case
during the last glacial period (35—12 ka) when the second
flank collapse occurred (25 ka) on Montagne Pelée. In
addition, successive debris avalanches coming from collaps-
ing volcanoes on nearby Caribbean Islands [Boudon et al.,
1999, Deplus et al., 2001] in the last 30,000 years and the
intense post flank collapse erosion would have also con-
tributed to major volumes of detritic material in the Grenada
Basin and affected the sedimentation rates. Thick sedimen-
tary layers covering the central part of deposit D2 at the
mouth of the submarine chute are probably the result of this
enhanced detritic sedimentation. Indeed, the main part of
deposit D2 is located closer to the submarine flank of the
island and at the opening of the chute, which will prefer-
entially channel most of the detritic material eroded from
the western flank of the volcano where pyroclastic activity
is dominant.

7.5. Magma Production Rate

[45] The identification of successive flank collapse events
on Montagne Pelée shows that large volumes of volcanic
products are lacking on land. It is also the case on the other
islands. The magma production rate of 0.1 m*/s proposed by
Sigurdsson et al. [1980] for all the islands of the arc is thus
underestimated. On Montagne Pelée, the volume of vol-
canic products which lost as a result of the three flank
collapse events is estimated at 40 km® which represents
~70% of the emerged present volume of Montagne Pelée
(50—60 km?®). Considering that Montagne Pelée is 0.3 Myr
old, the mean magma production rate is ~0.006 m?/s, using
the on-land volume of the present cone, but 0.01 m*/s if the
collapsed volumes are included. Future estimates of the
magma production rate for the entire arc should take into
account the large missing volume of volcanic products due
to repetitive flank collapse events at different volcanoes.

7.6. Risk of a Future Event

[46] During its evolution, Montagne Pelée has been sub-
ject to repetitive flank collapse events, involving large
volumes (several cubic kilometers to tens of cubic kilo-
meters), with two events occurring in the last 30,000 years.
Field data indicate that flank collapses occurred following
the growth of a new cone inside the horseshoe-shaped
collapse structure left by the previous event. Since the last
flank collapse event dating at about 9 ka a new cone has
grown on the inclined surface collapse almost filling the
entire horseshoe-shaped collapse structure. Consequently,
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the debris avalanche that could result from a future flank
collapse event could have catastrophic effects on land and
generate a devastating tsunami. In fact, all coastal areas of
Martinique as well as that of neighboring islands would be
threatened by such a tsunami.

[47] Recognized flank collapse events seems to decrease
in volume, whereas span of time between two successive
events becomes shorter. If true, next events would be smaller
but more frequent. Another possibility is that smaller events
could be hidden between the large identified flank collapses.
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