Chapter 37

Undrained Sediment Loading Key

to Long-Runout Submarine Mass Movements:
Evidence from the Caribbean Volcanic Arc
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Abstract Long undersea debris runout can be facilitated by a boundary layer
formed by weak marine sediments under a moving slide mass. Undrained loading
of such offshore sediment results in a profound drop of basal shear resistance, com-
pared to subaerial shear resistance, enabling long undersea runout. Thus large long-
runout submarine landslides are not truly enigmatic (Voight and Elsworth 1992,
1997), but are understandable in terms of conventional geotechnical principles.
A corollary is that remoulded undrained strength, and not friction angle, should be
used for basal resistance in numerical simulations. This hypothesis is testable via
drilling and examining the structure at the soles of undersea debris avalanches for
indications of incorporation of sheared marine sediments, by tests of soil properties,
and by simulations. Such considerations of emplacement process are an aim of
ongoing research in the Lesser Antilles (Caribbean Sea), where multiple offshore
debris avalanche and dome-collapse debris deposits have been identified since 1999
on swath bathymetric surveys collected in five oceanographic cruises. This paper
reviews the prehistoric and historic collapses that have occurred offshore of Antilles
arc islands and summarizes ongoing research on emplacement processes.
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37.1 Introduction

The Lesser Antilles volcanic arc along the eastern edge of the Caribbean Sea con-
stitutes a unique setting where volcanic activity since the mid-Oligocene has resulted
in the construction of numerous volcanic islands. In this region at least 52 flank col-
lapses events have occurred and have generated submarine mass movements (SMM),
15 of which have occurred within the last 12,000 years (Fig. 37.1) (Boudon et al.
2007; Lebas et al. 2011; Samper et al. 2008). The aim of this paper is threefold:
(1) to introduce readers to SMM and related deposits of the Caribbean arc as deduced
largely from marine geophysical surveys since 1999; (2) to outline plans for future
investigations of SMM and sediment deposits; and (3) to identify specific issues on
emplacement mechanisms and mechanics related to mobility of SMM.

37.2 SMM of the Lesser Antilles Arc

Boudon et al. (2007) provide a comprehensive review. Early studies had identified
horseshoe-shaped depressions on active volcanoes of Montserrat, Dominica,
Martinique, St. Lucia, and St. Vincent, and proposed an origin from sector collapse
(following the example of Mount St Helens, Voight et al. 1981; Voight 2000), but
only rarely were the associated deposits recognized (Boudon et al. 1984, 1987).
More recently a partial collapse of the crater wall on Montserrat was observed and
studied (Voight et al. 2002), and large collapses of the active lava dome occurred
(Mattioli et al. 2007; Le Friant et al. 2009, 2010). A major advance of understanding
of SMM followed a series of geophysical surveys from Montserrat to St. Lucia
during the AGUADOMAR cruise in 1999, and the CARAVAL cruise in 2002 to
St Vincent (Fig. 37.1) (Deplus et al. 2001; Le Friant et al. 2002, 2004; Boudon et al.
2007). Additional high-resolution seismic data have been collected recently (JCR123;
GWADASEIS cruise 2009-72 channels; JC45/46 cruise 2010-60 channels) to
investigate in detail the environment of Montserrat. Overall 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. The new seismic data have vertical resolutions of ~3 to 4 m while the
previous data were ~10 to ~20 m (Lebas et al. 2011). Such a vertical resolution has
allowed us to distinguish superimposed SMM deposits at depth by highlighting
well-bedded sedimentary units lying between SMM units, to accurately locate the
boundaries of each SMM deposit and to estimate deposit thickness. The seismic
surveys demonstrate that debris avalanche deposits and their basal contacts can be
imaged successfully in the Lesser Antilles.
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37.2.1 Montserrat

Volcanism started on Montserrat ~2.6 Ma at Silver Hills in the north, moved to
Centre Hills between 0.5 and 1.0 Ma, with the youngest volcanism in Soufriere
Hills in the south (~300 ka-present) (Harford et al. 2002). The ongoing eruption of
the Soufriere Hills volcano started in 1995 (Druitt and Kokelaar 2002). Activity has
included lava dome growth and collapse, explosive activity, flank collapse, redistri-
bution of pyroclastic materials by debris flows on land and turbidity currents offshore,
and minor tsunamis. Prehistoric flank collapses have been recognized on Soufriere
Hills and Centre Hills volcanoes (Le Friant et al. 2004). The English’s crater event
occurred ~2,000 years ago (Boudon et al. 2007), producing deposit 1 (volume
~0.5 km?) (Fig. 37.2). Debris avalanche deposit 2 (extent: 200 km?, volume ~5 km?)
probably resulted from a combined submarine and subaerial flank collapse of the
eastern flank of the volcano dated between 130 and 112 ka (Le Friant et al. 2004,
2008, Lebas et al. 2011). The combined Montserrat marine geophysical data set is
now the most complete of any Lesser Antilles island (Lebas et al. 2011).

37.2.2 Martinique

Martinique consists of several volcanic centres, and evolution of the active Montagne
Pelée volcano has been marked by three major flank collapses (~0.1 Ma, ~25,000
years, ~9,000 years ago), which systematically destroyed the western flank of the
volcano (Le Friant et al. 2003a; Boudon et al. 2005, 2007). The collapse volumes
vary from 2 to 25 km® and debris avalanches flowed down to the Grenada Basin
(Fig. 37.3).

37.2.3 SMM Targets for Research Drilling

The range of features of Caribbean SMM deposits, their high frequency of occur-
rence in comparison with Hawaiian volcanoes (e.g., Hawaii: Moore et al. 1989), and
the ability to collect detailed seismic data, are important reasons for studying Lesser
Antilles SMM. Edifice collapses are of high concern on the small Caribbean islands
as a large portion of the debris avalanches flowed into the sea, generating potentially
destructive tsunamis (e.g., Heinrich et al. 1998; Mattioli et al. 2007). Le Friant et al.
(2010) have shown that up to 70% by volume of erupted products in the arc are
delivered to the surrounding marine environment.

The intent of IODP Expedition 340 (scheduled February-March 2012) is to
document the evolution of three volcanic islands in the arc which represent the range
of behaviours and eruptive styles: Montserrat in the north (where Soufriere Hills
volcano has been erupting and creating serious hazards since 1995), Martinique,
and Dominica. A main goal is to understand the timing and emplacement processes
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Fig. 37.3 (a) Martinique, shaded bathymetry. SMM deposits and drill sites (b) Transverse air gun
profile, Line 16, Caraval cruise, 2002. Scheduled IODP drilling sites are annotated

of debris avalanches and SMM produced by flank collapse, with implications for
tsunami hazards.

37.3 Emplacement Mechanisms and SMM Mobility

SMM runout can be facilitated by mobilization of undrained large-strain shear
strength in subjacent fine grained marine sediments. These may be quantified in
terms of stress changes where the stress tensor is decomposed into components that
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represent the mean stress and deviatoric stress, with the Skempton (1954) coefficients
B (~1 for fine grained sediments) and A » The overriding influence is an increase in
pore pressure in the marine sediments that negates the total stress increase from the
overriding slide mass. The remoulded undrained strength (S, ) of the sediment is
mobilized and not immediately augmented by the increase in confining pressure.
The loading is thus undrained when SMM emplacement speed is high compared to
seepage and pressure-dissipation rate in subjacent fine grained sediments of low
permeability. For undrained loading — loading at constant volume and voids ratio —
the strength is independent of any changes in total normal stress, and depends only
on voids ratio or water content as influenced say by normal consolidation under a
few meters of sedimentation load prior to slide emplacement, and remoulding. Thus
undrained loading by moving landslides over soft fine-grained submarine sediments
offshore of islands is likely to result in profound drop of basal landslide shear resis-
tance (Voight and Elsworth 1992, 1997). On this basis Voight and Elsworth (1992)
asserted that large long-runout submarine landslides such as those offshore Hawaii
were not truly enigmatic; they appear to be completely understandable in terms of
well-known geotechnical principles.

This hypothesis is testable via drilling by examining the structure at the soles of
undersea debris avalanches for indications of incorporated sheared marine sedi-
ments, and perhaps (in some cases) by use of modern borehole technology to assess
whether cored materials and existing pore pressure distributions in recently emplaced
debris deposits are consistent with theory.

The submarine emplacement of the last flank collapse event (9,000 yBP) on
Martinique, with volume 2.7 km?, was simulated by finite difference numerical
models in which parameters were estimated by trial and error, on the basis of runout
distance and shape of deposits (Fig. 37.4) (Le Friant et al. 2003b). Two behaviors
were considered, a fluid one with viscous law, and a solid one with friction law. For
a viscous law, motion never ceases and a more realistic model was recognized as a
visco-plastic fluid, citing Voight et al. (1983) and Norem et al. (1990), or a compa-
rable bi-viscous approximation (Sousa and Voight 1991, 1995). For the solids case
the modeling considered a simple Coulomb law (constant ratio of shear stress to
normal stress at slide mass base), and also the Pouliquen (1999) empirical model in
which friction is assumed a function of mean velocity and thickness of the granular
layer. In the simulations, for a viscous-Coulomb friction model (a Bingham model
was not used) best agreement was found with a viscosity of 7.5 m?%s (similar to the
Ontake debris avalanche, Voight and Sousa (1994)) and basal friction angle of 0.5°.
A Coulomb model (base friction 7°) matched runout but not distribution of mass,
with a steep deposit snout. The best overall fit was given by the Pouliquen model
with two friction angles, 6° (corresponding to base friction) and 15°. Qualitatively
the results are consistent with the average friction being low compared to static
friction angles of volcanic rocks and sediments, and crudely comparable to the ratio
of fall height to runout distance (H/L) (Pariseau and Voight 1979; Voight et al. 1985).
However for water-saturated materials, the apparent friction angle (or coefficient)
is a function of the actual friction angle and the pore fluid pressure (Voight 1978,
pp. 154-155; Sassa 1988; Voight and Elsworth 1997, pp. 11-14). Similar simulations
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were run for the well-studied 1997 Boxing Day debris avalanche (¢.50x 106 m?) on
Montserrat (Heinrich et al. 2001; Voight et al. 2002), which did not quite run to the
sea but which exhibited low apparent friction angles (<15°). The difference between
the Montserrat and Martinique avalanche dynamics (much lower apparent friction
for Martinique) likely resides in the effects of a boundary layer of weak, undrained-
loaded marine sediments in the latter case.

However the simulations to date emphasized a frictional basal layer, whereas in
the Voight-Elsworth (1992) hypothesis the appropriate boundary-layer resistance is
taken as the remoulded undrained strength (S ) — essentially a constant over the
base of the moving avalanche and not a friction-based term influenced by local slide
thickness during emplacement. This relation is consistent with Dade and Huppert
(1998) who suggested from scaling relationships that a constant-stress resistance
law applies to long-runout mass movements. The argument can be contested in some
cases for subaerial slides (e.g., Voight et al. 2002) which formed the basis of their
model, but is completely consistent for submarine slides incorporating a basal
boundary layer with undrained strength S . Thus we suggest that the use of remoulded
undrained strength, and not friction angle, is appropriate generally for simulations
of basal resistance of SMMs. The undrained strength is likely to vary along the
runout track, due to variations in marine sediments, and typically may decrease due
to finer distal material.

The values of S can be estimated by standard geotechnical methods such as
piezocone or vane in-situ and lab tests. Values will depend on province and nature
of sediment (hemipelagic vs. turbidite facies, etc.) and deposit history, but typical
offshore results suggest S of a few to tens kPa for sediment depths of 1-10 m
(e.g., Kowsmann et al. 2003). Such tests are needed within the Caribbean arc basins.

The phenomenon of hydroplaning has been noted as well (as in car tires losing
contact with wet roadways), in particular for the head of debris flows (Mohrig et al.
1998), but also for debris avalanches (Sassa 1988; Voight and Sousa 1994).
Hydroplaning can increase runout (Elverhoi et al. 2005). A hydroplane water film
can reduce or eliminate shear coupling to the substrate and thus reduce entrainment or
expansion of the boundary layer to include a deeper (and stronger) sediment section.
With absence or depletion of a lubricating layer, shear coupling to subjacent sediments
can occur to bulk the slide mass and affect basal resistance. Pore pressure enhance-
ment can occur through shear friction (Voight and Faust 1992), but this requires
shear coupling.

Finally, we note that not all SMM observed are of the long-runout variety, implying
higher basal resistance. Reasons for this include: (1) the repetition of slide events
with short time separations. The build-up of pelagic sedimentation is slow (a few cm
in a 1,000 years) such that if collapse events occur within a “short” time span, a soft
marine sediment layer may not exist to “lubricate” successive flows or to over-ride
the roughness of previous SMM deposits. Some examples of repeated collapses are
seen offshore Montserrat (Le Friant et al. 2010). (2) Deposits in topographic lows
may be dominated by turbidity current deposition, and such deposits may be variable
from place-to-place, stronger proximally, and stronger than hemipelagic sediments.
(3) Some SMM are slump-like deposits not disposed to large displacement.
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37.4 Conclusions

Accordingly, whether significant substrate erosion or bulk entrainment occurs to
develop a weak sole layer is a crucial question for understanding the dynamics and
mobility of SMM and for using realistic parameters in numerical simulations of
flow processes. Is undrained loading of overridden (and incorporated) marine sedi-
ments as proposed by Voight and Elsworth the correct general explanation for long
undersea SMM runouts? Deplus et al. (2001) proposed that submarine debris ava-
lanches in the Lesser Antilles cut significantly into underlying sedimentary layers
during emplacement, incorporate large amounts of marine sediment, and disturb
underlying stratigraphy. Such erosion and sediment deformation is apparent in some
seismic profiles, and the volume of deposits deduced from seismic data seems
perhaps an order of magnitude larger than the estimated collapsed volume on-land
(Le Friant et al. 2003a). We await the IODP results with considerable interest.
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