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Abstract Onshore-offshore geophysical studies conducted on Martinique have
identified major flank collapse events of Montagne Pelée that generated large
submarine mass wasting deposits. Here, we evaluate the preconditioning factors
involved in the deformation and failure of marine sediments related to volcano-flank
collapse events. We use core logging, sedimentological and geotechnical data of the
upper 200 m of core at sites U1397, U1398, U1399 and U1400 drilled during the
Integrated Ocean Drilling Program (IODP) expedition 340, west of Martinique. We
find that the low hydraulic conductivity of hemipelagic sediment causes low rates
of dewatering of turbidites and tephra layers allowing excess pore fluid pressures
to persist at depth. Overpressure generation was likely enhanced during major
flank collapses, leading to low shear strength and subsequent deformation of large
volumes of marine sediments, as found at Site U1400.
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7.1 Introduction

Volcano-flank collapses and subsequent debris avalanches are a major hazard in
coastal areas of volcanic islands. Their entry into the sea can have catastrophic
effects on-land and on nearby islands by generating tsunami waves (Harbitz et al.
2012). Along the Lesser Antilles volcanic arc, many prehistoric flank collapses have
been recognized based on submarine deposits offshore Montserrat (Le Friant et al.
2004; Lebas et al. 2011; Watt et al. 2012a, b), Dominica (Deplus et al. 2001; Boudon
et al. 2007), Martinique (Le Friant et al. 2003), St. Lucia (Deplus et al. 2001) and
St. Vincent (Le Friant et al. 2009). A well-documented flank collapse occurred on
Montserrat in 1997 (Voight et al. 2002).

Marine geophysical and on-land studies in Martinique have identified three
submarine mass wasting deposits related to three major flank collapse events of
Montagne Pelée volcano at �100 ka (D1, 1100 km2), �25 ka (D2, 700 km2) and
�9 ka (D3, 60 km2) (Fig. 7.1) (Le Friant et al. 2003). Seismic reflection data for
these deposits suggest that they consist of debris avalanche material that incorporate
shallow marine sediment (Deplus et al. 2001). Incorporation of marine sediments
increases the overall landslide volume and mobility, with important implications for
tsunami modeling (e.g. Voight et al. 2012).

To improve our understanding of both eruption history and the consequences of
flank collapses, IODP expedition 340 obtained sediment records offshore Montser-
rat, Dominica and Martinique (Le Friant et al. 2011). For the first time ever,
submarine mass wasting deposits in volcanic islands were successfully drilled and
revealed the importance of marine sediment deformation. Here we report physical
properties obtained from core logging as well as sedimentological and geotechnical
analyses that we use to infer the consolidation state of the upper 200 m of sediment
drilled at sites U1397, U1398, U1399 and U1400 (Fig. 7.1). Our objective is to
evaluate the preconditioning factors involved in the deformation and failure of
marine sediments during major volcano-flank collapses on Martinique.

7.2 Geomechanical Characterization

Our study focuses on the consolidation state of materials, which is the gradual
reduction in volume and water content of low permeability material, due to the
dissipation by drainage of excess pore water pressure caused by increased external
loading (Terzaghi et al. 1996). Materials are considered “normally consolidated”
when excess pore pressures (exceeding hydrostatic) are completely dissipated.
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Fig. 7.1 Location of IODP drill sites west of Martinique. Inset map shows satellite bathymetry
of the Lesser Antilles (Smith and Sandwell 1997). Multibeam bathymetry map (water depth given
by color scale) from CARAVAL 2002 and AGUADOMAR 1999 cruises (IPGP-IFREMER) shows
main geomorphologic features (based on Le Friant et al. 2003)

From laboratory uniaxial consolidation experiments, which measure how poros-
ity decreases with increasing stress, the maximum effective vertical stress that has
acted in the past – the preconsolidation pressure (� 0

p) – can be estimated. The
ratio between � 0

p and the in situ vertical effective stress � 0
v is referred to as the

overconsolidation ratio (OCR), which indicates whether a sediment is normally
consolidated (OCR D 1), i.e. current overburden is the largest ever supported;
whether previous stresses exceeded that of current overburden, reflecting processes
such as erosion, deformation or cementation (OCR > 1); or if excess pore pressures
maintain abnormally high porosities at depth (OCR < 1). When OCR < 1, excess
pore pressure �u can be expressed as:

�u D � 0
v � � 0

p (7.1)
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Table 7.1 Physical properties measured on whole-round samples collected at Hole U1400C

5H6 7H2 10H4 13H4 19H4

Depth (mbsf) 47 61 84 109 159
Description Carbonate ooze Carbonate ooze Pink tephra Carbonate ooze Carbonate ooze
� 0

v (kPa) 251 309 597 489 1,240
wc (%) 74.4 80.2 52.1 82.8 37.1
PI (%) 11 12 17 28 12
Clay (%) 23.6 23 35.6 11 24.6
Silt (%) 48.9 59.1 36.7 28.6 42.9
Sand (%) 27.5 17.9 27.7 60.4 32.5
e0 (�) 2.07 2.23 1.40 2.41 1.08
e0 (at ¢ 0

v) 2.02 2.18 1.31 2.34 1.03
�e/e0 0.02 0.02 0.07 0.03 0.04
� 0

p (kPa) 299 505 219 592 811
OCR (�) 1.19 1.63 0.37 1.21 0.65
�u (%¢ 0

v) – – 63 – 35
k (m�s�1) at ¢ 0

v 2.0�10�9 3.4�10�10 1.5�10�10 1.2�10�9 2.8�10�9

k (m�s�1) 4.5�10�10 1.8�10�10 3.8�10�11 1.7�10�10 2.8�10�9

� 0

v effective vertical stress, wc water content, PI plasticity index, e0 initial void ratio before
loading, � 0

p preconsolidation pressure, OCR Overconsolidation ratio, �u excess pore fluid
pressure considering hydrostatic conditions, k hydraulic conductivity

Standard consolidation experiments require minimally disturbed samples, but
such sampling interferes with continuous sediment core recovery. Thus only a
few undisturbed whole-round samples were obtained during IODP expedition 340.
Here we report only uniaxial consolidation (oedometer) tests performed on five
samples collected from Hole C at Site U1400 (Table 7.1). We also use the Skempton
empirical method to predict the shear strength-overburden stress ratio for normally
consolidated (OCR D 1) marine sediments:

Su=� 0
v D 0:11 C 0:0037 PI (7.2)

where Su D undrained shear strength, � 0
v D effective stress, and PI D plasticity

index (e.g. Bryant et al. 1986).
Hydraulic conductivity (k) was measured by the falling-head method immedi-

ately after reaching effective stress conditions and before the last loading stage
during consolidation experiments. A handheld penetrometer (Soiltest 29-3729) and
an automated shear vane (Wykeham Farrance) were used to measure Su onboard
when materials were sufficiently fine-grained to ensure undrained conditions. Grain
size measurements were performed with a particle size analyzer Coulter LS 230
and Atterberg limits and PI according to Feng (2001). Interpretation of � 0

p follows
the bi-logarithmic approach of Onitsuka (Grozic et al. 2003). � 0

v is calculated from
bulk density from shipboard gamma ray attenuation measurements on whole-round
samples (Expedition 340 Scientists 2012).
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7.3 Results

7.3.1 Summary of Hole Stratigraphy

For our purposes, we distinguish three main lithologies: (i) hemipelagic,
(ii) volcanic (turbidite and/or coarse tephra) and (iii) hemipelagic with intercalations
of fine turbidite/tephra (Fig. 7.2). Site U1399 penetrated distal area of mass wasting

Fig. 7.2 Depth distribution of ratio Su/¢ 0

v. Gray shading, normally consolidated materials. Black
and green colors are used to differentiate Su measurements at holes B (black) and C (green) at each
drilling site, except for site U1397, with hole A in black and hole C in green. A to I, location of
photos in Fig. 7.4. Circles: Su-handheld penetrometer; crosses: Su-automated shear vane
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Fig. 7.3 (a) Consolidation curves showing porosity reduction (decreasing void ratio e) during
uniaxial loading (increasing stress � 0

v) of whole-round samples (5H6 to 19H4; Hole U1400C). (b)
Linear relationship between overconsolidation ratios (OCR) and Su/� 0

v

deposit D1 (�100 ka) and Site U1400 penetrated mass wasting deposits D1 and D2
(�25 ka) described by Le Friant et al. (2003). Deformation in these is characterized
mainly by tilted bedding (Expedition 340 Scientists 2012).

7.3.2 Consolidation State

Evaluation of quality for our whole-round samples (Hole U1400C), based on the
change in pore volume (�e) relative to the initial pore volume (e0), was possible for
samples with OCR > 1 (Lunne et al. 2006). These data suggest that samples 5H6,
7H2, 13H4 are of high quality (�e/e0 < 0.04, Table 7.1).

OCR obtained from oedometer tests (Table 7.1) are plotted together with
obtained Su/� 0

v (Fig. 7.3). A linear regression results in Su/� 0
v D 0.25 ˙ 0.08 for

normally consolidated sediments (OCR D 1). The Skempton approach used for
U1400C data with average PI D 16 (Table 7.1) yields Su/� 0

v D 0.17. Given mean
PI values of 17–21 in hemipelagic sediments in sites U1397, U1398 and U1399, we
assume materials are underconsolidated if Su/� 0

v <0.17–0.25.
Ratios Su/¢ 0

v <0.17–0.25 indicate underconsolidated sediments in the upper
200 m at site U1397 and >50 m below seafloor (mbsf) at U1398, and under-
consolidated to marginally normally-consolidated sediments at U1399 (Fig. 7.2).
At U1400, Su/¢ 0

v suggest materials <120 m are overconsolidated (exceedingly
so <85 m, with 85–120 m transitional), 120–180 m are normally consolidated,
and >180 m are underconsolidated. The latter condition implies excess pore
pressures (�u). Two consolidation samples from U1400C suggest overpressures
with �u D 63 % of vertical stress (63 %¢ 0

v) in sample 10H4 (fine-grained pink
tephra) and 35 %¢ 0

v in sample 19H4 (hemipelagic sediment with dark tephra)
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Fig. 7.4 a to i, examples of facies and structures present at Hole U1400C. Bottom: particle size
distribution of whole-round samples

(Fig. 7.4). The 19H4 result is consistent with the Su/¢ 0
v profile, but the 10H4 result

is anomalous with ¢ 0
p and OCR exceedingly low, compared to adjacent Su values

that indicate OCR � 1. The result might reflect unusual properties of tephra but
should be considered suspect. U1400C show tilted beds and in some cases faulting
or folding (Fig. 7.4), and such deformation could affect the stress state.

7.3.3 Hydraulic Conductivity

Measurements of hydraulic conductivity confirm that hemipelagic sediments and
fine-grained tephras have low k. At effective stress conditions, the highest k
measured corresponds to the deepest sample (19H4; 2.8�10�9 m�s�1), and the
shallowest (5H6; 2.0�10�9 m�s�1), with similar grain size (Table 7.1). A slightly
lower value (1.2–2.1�10�9 m�s�1) is found for relatively coarser 13H4 (Table 7.1).
Values of k an order of magnitude less (3.4�10�10 and 1.5�10�10 m�s�1) are found for
the other two samples (7H2 and 10H4). Values of k at higher stresses are an order of
magnitude less except for sample 7H2, which shows a smaller decrease, and sample
19H4, in which no change in k was noted.
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7.4 Discussion and Conclusion

Our results suggest that in general, the upper 200 m of the drilled sediments west
of Martinique have pore fluid pressures in excess of hydrostatic, except Site U1400
where overpressure appears only deeper than 180 mbsf. The inferred overpressure
is explained by slow pore fluid escape during the burial of permeable sediment
(turbidities and tephras) sandwiched within minimally permeable hemipelagic
sediment. The �u values obtained at Hole U1400C suggest that materials with low k
(10�9–10�10 m�s�1) can maintain overpressure at depth, as shown by �u D 35 %� 0

v

at 159 mbsf (19H4).
At Site U1400, overconsolidation likely reflects compression by sediment de-

formation rather than erosion. This is consistent with a compressive zone within
deposit D2, evidenced by the transverse ridges observed on bathymetry (Fig. 7.1;
Le Friant et al. 2003). At Site U1400, normal consolidation in the transition zone
(85–120 mbsf) is implied by our data despite deformation revealed by sediment
structures (Fig. 7.4).

No clear conclusions can be drawn about the link between the grain size and
k, since calculated k is not proportional to sand content (Table 7.1), though we
have measurements on a limited number of samples. This suggests that grain shape,
sorting, and other micro-structural properties must control hydraulic conductivity,
perhaps explaining why tephra of anomalous sample 10H4 indicates overpressure
(a suspect result). At other sites (U1397, U1398, U1399) the presence of a relatively
higher abundance of thicker turbidites (Fig. 7.2) and coarser tephra, compared to
the sediment succession at Site U1400, results in a higher storage of pore water and
thus higher overpressure, as deduced from Su/� 0

v ratios (Fig. 7.2).
We found a general correlation between Su profiles and results of consolidation

experiments, though Su measurements could be compromised in some holes and
at some depths. Some Su values measured in split cores may be lower because of
anisotropy and/or remoulding during coring. We cannot quantify the reliability of
our Su measurements but three of the consolidation samples were of high quality
(Table 7.1), and four of five appear relatively consistent with Su/� 0

v trends. Only
one sample (10H4) is anomalous. Hence, we consider that our approach provides
reliable first evidence of overpressures as a preconditioning factor for sediment
deformation and failure. Overpressure can be enhanced by undrained loading
(Voight et al. 2012) and/or seafloor acceleration (Moretti et al. 2012) triggered
by debris avalanche emplacement, resulting in low shear strengths, which could
account for the deformation of sediments at Site U1400.
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