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Abstract We simulate here the emplacement of the debris avalanche generated by the last

flank collapse event of Montagne Pelée volcano (30–45 ka), Martinique, Lesser Antilles.

Our objective is to assess the maximum distance (i.e., runout) that can be reached by this

type of debris avalanche as a function of the volume involved. Numerical simulations are

performed using two complementary depth-averaged thin-layer continuum models because

no complete models were available in the literature. The first model, SHALTOP, accu-

rately describes dry granular flows over a 3D topography and may be easily extended to

describe submarine avalanches. The second model, HYSEA, describes the subaerial and

submarine parts of the avalanche as well as its interaction with the water column. However,

HYSEA less accurately describes the thin-layer approximation on the 3D topography.

Simulations were undertaken testing different empirical friction laws and debris avalanche

volume flows. Our study suggests that large collapses (*25 km3) probably occurred in

several times with successive volumes smaller than about 5 km3 entering the sea. This

result provides new constraints on the emplacement processes of debris avalanches asso-

ciated with these collapses which can drastically change the related hazard assessment such

as the generated tsunami, in a region known for its seismic and volcanic risks.
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1 Laboratoire des Systèmes Volcaniques, Institut de Physique du Globe de Paris, Sorbonne Paris
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1 Introduction

Volcano flank collapse is recognized as a recurrent process into the long-term evolution of

a volcanic edifice (Siebert 1984; McGuire 1996). These processes produce typical horse-

shoe-shaped structures on-land and debris avalanche deposits with a typical hummocky

morphology. The most important mass-wasting deposits have been recognized offshore

volcanic islands where they can extend up to several tens of kilometers away from the

coastline, such as in Hawaii (Moore et al. 1989; Moore et al. 1994), the Canary Islands

(Carracedo 1999; Masson et al. 2002), La Réunion Island (Labazuy 1996; Oehler et al.

2008; Le Friant et al. 2011) or the Lesser Antilles (Deplus et al. 2001; Le Friant et al.

2003a; Boudon et al. 2007). Such deposits emplacement into the sea can also trigger

catastrophic tsunamis (e.g., Harbitz et al. 2012). Currently, it remains unclear how debris

avalanche emplaces from subaerial to submarine environments because of monitoring

difficulties or absence of observations and significant uncertainties concerning submarine

dynamics and its modeling.

The IODP expedition 340 (March 3–April 17, 2012) provides for the first time some

drilling through the large landslide deposits offshore Lesser Antilles volcanoes (Le Friant

et al. 2013, 2015). Drilled cores data were combined with seismic reflection data from

three different cruises (AGUADOMAR 1999; CARAVAL 2002 and GWADASEIS 2009)

to reinterpret the composition and emplacement dynamics of large mass-wasting deposits

recognized offshore Montserrat and Martinique in the Lesser Antilles. For instance, the

larger landslide deposit recognized that offshore the island (Fig. 1a, light-gray SLD

deposit, runout distance *70 km) is not composed of volcanic debris avalanche deposit

but results from seafloor sediment failure (Brunet et al. 2016). Le Friant et al. (2015) and

Brunet et al. (2016) propose that flank collapse of Montagne Pelée volcano in Martinique

produced debris avalanches that flowed down the volcanic edifice and submarine volcano

slope until the Grenada Basin. At this transition location (i.e., between the submarine

volcano slope and ‘‘flat’’ Grenada Basin at 30–35 km from the coastline), the debris

avalanche lost inertia, slowed down and deposited (Fig. 1a, dark DAD deposits, runout

distance *30 km). This new scenario implies shorter runout distance of debris avalanche

than previously proposed (Deplus et al. 2001; Le Friant et al. 2003a; Boudon et al. 2007)

and has consequences on the understanding of their dynamics. To confirm this scenario,

key questions remain about the emplacement process: is there a critical runout distance

reached by these flows, what is the influence of the transition between submarine volcano

flank and Grenada Basin? How does the water or initial collapse volume control this runout

distance? What is the dynamics of debris avalanches in this region? Do the flank collapse

events occur in one time or in several phases? The latter implies the flow of smaller debris

avalanche volumes.

The aim of this paper is to address these questions to better constrain this new scenario.

To do so, we perform numerical simulations of aerial to submarine debris avalanches

emplacement related to Montagne Pelée flank collapse in Martinique. Our numerical

simulations focused on the last major flank collapse event recognized on Montagne Pelée

volcano. Numerical modeling of subaerial debris avalanches has been significantly

developing since the pioneered work of Savage and Hutter (1989). Since then, a great

number of studies investigated volcano flank collapse and associated debris avalanches

with numerical simulations using different numerical models to reproduce specific debris

avalanches events (Gittings 1992; Kelfoun et al. 2011; Abadie et al. 2008, 2010; Heinrich

et al. 2001a, b; Mangeney et al. 2000; Kelfoun and Vargas 2015). In this study based on
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one specific event, we test different physical parameter in order to better understand their

impact on debris avalanche emplacement. To do so, our simulations based on the accurate

description of an arbitrary complex 3D topography within thin-layer depth-averaged

models are now possible (e.g., Bouchut et al. 2003; Bouchut and Westdickenberg 2004;

Mangeney-Castelnau et al. 2007). This description involves the full tensor of the topog-

raphy curvature as implemented in the SHALTOP model, while most of the other models

Fig. 1 a Terrestrial digital elevation model (from IGN) with Montagne Pelée volcano (red star) and
bathymetric map from the AGUADOMAR (1999) and CARAVAL (2002) cruises. The three horseshoe-
shaped structures are represented (Le Friant et al. 2003a). Submarine landslide deposit extents inferred are
illustrated (black lines, Brunet et al. 2016). Inset Lesser Antilles Arc map on the left-hand side, with
Martinique Island (yellow star). b Zoom on the northwest part of Martinique, highlighting the last flank
collapse event of Montagne Pelée volcano with the flank collapse structure on-land and the DAD3 debris
avalanche deposit offshore
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only use part of the curvature terms thus neglecting some centrifugal forces. These forces

may, however, play a key role in the avalanche dynamics (Favreau et al. 2010; Moretti

et al. 2015). On the other hand, submarine avalanche models have been poorly developed.

The physical processes involved (granular–fluid interaction, dilatancy effects, etc.) and

their description within the thin-layer depth-averaged approximation are still challenging

(e.g., Abadie et al. 2011, 2012; Harris et al. 2012; Pitman and Le 2005; Fernandez-Nieto

et al. 2008; Pelanti et al. 2008; Pailha and Pouliquen 2009; Kelfoun 2011; Iverson and

George 2014; Bouchut et al. 2015a, b; Delannay et al. 2016). Furthermore, the description

of topography effects in these models is not accurate [e.g., oversimplified projection of

gravity terms in Le Friant et al. (2003b), thin-layer approximation applied in the horizontal/

vertical reference frame in Fernandez-Nieto et al. (2008)]. As a result, up to now there is no

model that properly accounts for both granular/fluid interaction and topography effects. In

this context, we propose to combine (1) an accurate dry granular flow model (SHALTOP)

and its simple extension to submarine flow in order to reflect properly topography effects

and (2) a submarine avalanche model (HYSEA) in order to better assess the effect of water

on granular flow mobility. The ultimate goal is to investigate the order of magnitude of the

runout distance that the Montagne Pelée major debris avalanches could reach as a function

of the volume involved and thus confirm or question the conceptual scenario proposed by

Brunet et al. (2016).

Previous numerical simulations of the last debris avalanche of Montagne Pelée volcano

have been carried out by Le Friant et al. (2003b) using a thin-layer depth-averaged

numerical model, solving mass and momentum conservation equations for a frictional

granular material (generally called Saint-Venant or Savage–Hutter equations). The Sav-

age–Hutter model (1989) involves two friction angles: the basal friction angle and the

internal friction angle. Sensitivity analysis shows that the internal friction angle plays a

smaller role on the avalanche dynamics and deposit than the basal friction angle (see, e.g.,

Pirulli and Mangeney 2008). Le Friant et al. (2003b) considered either the Coulomb

friction law with a constant friction coefficient or the so-called Pouliquen friction law (e.g.,

Pouliquen, 1999) where the friction coefficient depends on the strain rate and pressure (i.e.,

on the velocity and thickness of the flow). The authors concluded that Pouliquen friction

law (1999) best reproduces the debris avalanche deposit emplacement, using friction

angles between 6� and 15�. However, up to now, no rigorous asymptotic development of

the thin-layer depth-averaged model over an arbitrary topography including the internal

friction angle has been proposed. As a result, we ignore here the internal friction angle and

consider the friction coefficient in the model as an effective friction coefficient describing

the mean dissipation during the flow, whose value is obtained empirically by fitting the

observed deposit (e.g., Lucas et al. 2014). Therefore, we extend here the simulations of Le

Friant et al. (2003b) by using more accurate numerical models and test different scenario.

In the first section, we describe the last debris avalanche deposit characteristics of

Montagne Pelée volcano and the numerical models used in this study. In the second

section, we present a series of sensitivity tests. First, simulations with the SHALTOP

numerical model were performed using the same rheological behavior and parameters as in

Le Friant et al. (2003b), such as the Coulomb and Pouliquen friction laws with friction

angles values between 6� and 15�. Then, simulations with SHALTOP were carried out

using the Coulomb friction law and different Pouliquen friction laws considering four

friction angles as in Pouliquen and Forterre (2002). Finally, using the best agreement in

terms of friction law and friction angles, simulations were carried out with the HYSEA

numerical model. All simulations were systematically performed in both dry and wet

conditions. In the last and third section, we compare and discuss results in order to
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highlight the influence of each physical parameter (water, friction law, friction angles and

mass flow volumes) on the runout distance and morphology of the debris avalanche

deposit. These simulations together with observed deposits give new constraints on the

debris avalanche emplacement process and volume of past collapse events.

2 Geological context and data

2.1 The 30–45 ka flank collapse event and resulting DAD3 deposit

Montagne Pelée volcano in Martinique (Lesser Antilles arc, Fig. 1a) has experienced three

major flank collapse events during the last *130 ka years, which removed several km3 to

tens of km3 of the western flank of the volcano (Le Friant et al. 2003a; Boudon et al.

2005, 2007). Each of these flank collapses produced a horseshoe-shaped structure on the

volcano (Fig. 1b) and generated debris avalanches that flowed into the Caribbean Sea. The

first major flank collapse was dated as older than 127 ka with a collapse volume of 25 km3

(Germa et al. 2011; Le Friant et al. 2003a). The second major flank collapse was dated

between 45 and 127 ka with a collapse volume of 13 km3 (Le Friant et al. 2015). Finally,

the last major flank collapse was dated between 45 and 30 ka with a collapse volume of

1.8 km3 (Le Friant et al. 2015). We focus here on the last-recognized flank collapse event

in order to better understand debris avalanche emplacement dynamics (Fig. 1b).

The last-recognized flank collapse event triggered a debris avalanche that flowed into

the sea forming the submarine DAD3 deposit. This event corresponds to the smallest one,

with an on-land structure of 1.5 9 4 km and a missing volume of 1.8 km3 (Fig. 1b).

Offshore, the DAD3 deposit was 1.8 km3, covering an area of 50 km2 with an average

thickness of about 10 to 15 m, but it reaches locally 20–30 m. It extends over *30 km

from the coastline and is located at the base of an erosive channel, with slopes between 10�
and 20� close to shoreline and less than 5� further downslope the submarine flank, around

30–35 km off the coast. It displays a typical hummocky morphology and an elongated

shape with a morphological front at its frontal edge (Fig. 1b). Megablocks 100–500 m in

diameter and 10–40 m high are concentrated in the central part of the deposit (Fig. 1b) (Le

Friant et al. 2003b).

2.2 Data

Swath bathymetry collected during the AGUADOMAR cruise (Deplus et al. 2001) was

used to build a 50-m resolution digital terrain model (Fig. 1). To reconstruct topography of

the volcano before failure, Le Friant et al. (2003b) altered the DTM: (1) the submarine

debris avalanche deposit was removed and replaced by a smooth slope; (2) the landslide

volume in its assumed initial position was defined by a parabolic-shaped volume of

1.8 km3. The SHALTOP numerical model used to perform the simulations requires smooth

enough topography fluctuations, and the radius of curvature has to be larger than the

thickness of the avalanche. Violating this condition means to leave the range of validity of

the model and induces instabilities. Because of this, the DTM from Le Friant et al. (2003b)

was smoothed. It has been done by calculating the mean value of the topography over a

sliding window containing the 24 closest points. To obtain our final rough topography, we

performed 20 times this procedure. Thus, numerical simulations were carried out with both

a smooth and an artificial roughness topography, by adding random topography
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fluctuations where Le Friant et al. (2003b) had removed the DAD3 deposit, in order to

consider a more realistic topography. This roughness is characterized by a lateral ampli-

tude of 1–1.5 km large, a vertical amplitude of 11 m high in average, with a minimum of

7 m and a maximum of 15 m, typical of the surrounding roughness. Further studies should

be performed to precisely study the effect of roughness on the simulations, which is beyond

the scope of this paper. Furthermore, different collapse volumes have been tested to

investigate the possible relationship between volumes and runout distance. To do this, we

defined initial collapsing mass with a 3D parabolic shape characterized by its height (H0)

and width (W0). To change the associated volume, we varied either the height H0 of the

parabola while keeping a fixed width W0 or its width with a fixed height. The avalanche is

treated as a homogeneous and incompressible continuum, i.e., it does not take into account

explicitly the presence of pore fluids, bed erosion, density variation due to expansion of the

material and possible incorporation of air or water.

3 Numerical models

Debris avalanches, composed of particles with sizes ranging from millimeters to several

hundred meters, are generally very heterogeneous. However, this heterogeneity is hard to

describe in models able to simulate avalanches at the natural scale. The avalanche is

treated here, as classically done, as a homogeneous and incompressible continuum. In

particular, we do not take into account density variation due to expansion or contraction of

the material and its impacts on pore fluid pressure, segregation and fragmentation pro-

cesses, bed erosion or incorporation of air or water (Delannay et al. 2016).

3.1 The SHALTOP numerical model

As a first step, we use the SHALTOP numerical model (Bouchut et al. 2003; Bouchut and

Westdickenberg 2004; Mangeney-Castelnau et al. 2005; Mangeney et al. 2007b) that

allows to simulate dry granular flows on complex topographies. One of the strengths of this

model is that it involves a single free parameter: the friction coefficient l ¼ tan d, where d
is the friction angle. Following the approach of Savage and Hutter (1989), mass and

momentum conservation equations are depth averaged over the flow thickness, considering

that the flowing thickness in the direction normal to the topography is much smaller than

the characteristic flow length along the slope. SHALTOP takes into account the curvature

tensor, contrary to the existing models (e.g., Le Friant et al. 2003b; Hungr 2008), to our

knowledge.

H ¼ c3

o2b

ox2
o2b

oxoy

o2b

oxoy

o2b

oy2

0
BB@

1
CCA ð1Þ

with all its components (Bouchut and Westdickenberg 2004). Here x and y are the hori-

zontal coordinates, and the topography is described by the scalar function b(x, y) with a 3D

unit upward normal vector.
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n~¼ �rxbffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ rxbk k2

q ;
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ rxbk k2
q

0
B@

1
CA ¼ ð�s; cÞ 2 R2 � R: ð2Þ

where x = (x, y) 2 R2, the scalar c = cos h is the cosine of the angle between the vertical

direction and the normal n~. In our notation, the 3D vectors are denoted by :~, whereas the 2D
vectors are written in bold.

The flow is described by

h t; xð Þ� 0; u0ðt; xÞ 2 R2; ð3Þ

where h is the thickness of the avalanche in the direction normal to the topography and

u0 = (u, ut) is a parameterization of the velocity. This parameterization has been defined in

order to simplify the equations with topography. The real 3D material velocity has hori-

zontal/vertical components.

u~¼ ðcu0; s � u0Þ ð4Þ

This physical velocity is tangent to the topography, u~ � n~¼ 0, as would be expected for

shallow flows. In the horizontal Cartesian coordinate formulation, the model can be

expressed as

ot h=cð Þ þ rx � ðhu0Þ ¼ 0 ð5Þ

otu
0 þ cu0 � rxu

0 þ 1

c
ðId � sstÞrxðgðhcþ bÞÞ ¼

�1

c
ðu0tHu0Þsþ 1

c
ðstHu0Þu0 � glcu0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 u0k k2þ s � u0ð Þ2
q 1þ u0tHu0

gc

� �

þ

ð6Þ

where rx is the gradient vector in the horizontal (x, y) plane and g the acceleration due to

gravity. The subscript ? stands for the positive part, x? = max(0, x) (see Bouchut and

Westdickenberg 2004 and Mangeney-Castelnau et al. 2007 for more details). The rheo-

logical behavior is described by a Coulomb-type friction law involving a constant or

variable friction coefficient l (see Sect. 3.3 for more details).

Note that replacing the gravity g by jg, with

j ¼ 1� qw=qs ð7Þ

makes it possible to recover the submarine flow equations when the coupling between the

avalanche and the water column is neglected (see next Sect. 3.2).

3.2 The HYSEA numerical model

The 1D HYSEA model proposed by Fernandez-Nieto et al. (2008) is a two-layer 1D model

developed to simulate submarine avalanches. One layer represents the granular avalanche

modeled as in Savage and Hutter (1989), and the upper layer represents the fluid. As the

granular avalanche layer, the fluid layer is assumed to be thin.

We use here the 2D HYSEA model corresponding to a 2D extension of the model

proposed in Fernandez-Nieto et al. (2008). The unknowns of the problem are the heights

and the velocities of the fluid and of the granular layers. The main simplification in the

current version of the 2D extension of the model is to make the thin-layer approximation in
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the Cartesian reference frame (i.e., horizontal/vertical). This leads to assume that the

thickness of the flow in the vertical direction is much smaller than the horizontal flow

extension and that the velocity is mostly horizontal. This is much less accurate than what is

assumed in the granular model of Savage and Hutter (1989) and in SHALTOP where the

thickness in the direction normal to the flow is assumed to be small compared to the

downslope extension of the flow and that the velocity is almost tangent to the topography.

However, contrary to SHALTOP, 2D HYSEA takes into account the interaction between

the avalanche and water. In both models, the buoyancy effects are taken into account but

only the drag force between the free surface of the landslide and the ocean layer is not

simulated in SHALTOP while it is simulated in HYSEA. Note that HYSEA model also

makes it possible to simulate the tsunami generated by the submarine avalanche.

With subindex 1 let us denote the unknowns corresponding to the fluid layer: h1 is the

height and u1 the velocity vector of the fluid layer. Index 2 corresponds to the granular

layer: h2 is the height and u2 the velocity of the granular layer.

The mass and momentum conservation equations are:

oth1 þrx � ðh1u1Þ ¼ 0;

otu1 þ u1 � rxu1 þrxðgðbþ h1 þ h2ÞÞ ¼ bðu2 � u1Þ;
oth2 þrx � ðh2u2Þ ¼ 0;

otu2 þ u2 � rxu2 þrxðgðbþ h2 þ ð1� jÞh1ÞÞ ¼ �bðu2 � u1Þ � gjl
u2

u2k k :

ð8Þ

where bðu2 � u1Þ defines the friction term between the fluid and the granular layers.

Moreover, note that if we assume that the free surface is nearly horizontal, that is,

rx bþ h1 þ h2ð Þ ¼ 0; ð9Þ

we can simplify the velocity equation for the granular layer. Indeed, by using rxh1 ¼
�rx bþ h2ð Þ we obtain the system

oth1 þrx � h1u1ð Þ ¼ 0;
otu1 þ u1 � rxu1 þrxðgðbþ h1 þ h2ÞÞ ¼ bðu2 � u1Þ;
oth2 þrx � ðh2u2Þ ¼ 0;

otu2 þ u2 � rxu2 þrxðgjðbþ h2ÞÞ ¼ �bðu2 � u1Þ � gjl
u2

u2k k :

8>>><
>>>:

ð10Þ

Finally, let us remark that if the friction between the fluid and the granular layer is

neglected, the system describing the evolution of the granular layer can be decoupled from

the evolution of the fluid layer. The granular layer evolution can be obtained as the solution

of the following system

oth2 þrx � ðh2u2Þ ¼ 0;

otu2 þ u2 � rxu2 þrxðgjðbþ h2ÞÞ ¼ �gjl
u2

u2k k :

(
ð11Þ

This corresponds to Eqs. (5), (6), implemented in SHALTOP when substituting the

gravity acceleration g by jg and with the simplification c = 1, s = 0, H = 1. Indeed, when

the friction between the fluid and granular layers is neglected, the effect of water only plays

a role in the acceleration terms (divide Eq. (11) by j).
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3.3 Friction laws

We test here the Coulomb and three versions of the Pouliquen friction laws proposed in the

literature.

3.3.1 The Coulomb friction law

Following Lucas et al. (2014), we use the Coulomb friction law with a constant friction

coefficient l:

l ¼ tan d: ð12Þ

where d is the constant so-called basal friction angle. This is the simpler friction law that

can be used in landslide models making it possible to have only one parameter to constrain

empirically. We assume here that all the dissipation is empirically taken into account in the

so-called basal friction term involving l. Indeed, the formulation of the Coulomb friction

law including internal and basal friction coefficients in thin-layer depth-averaged models

on 3D topography is still an open issue (see, e.g., Denlinger and Iverson 2004; Pudasaini

and Hutter 2007).

3.3.2 The Pouliquen friction law (1999)

Pouliquen (1999) argued that a constant friction coefficient does not allow to reproduce

steady uniform flows over rough beds observed in the laboratory for a range of inclination

angles. To reproduce these flows, he introduced an empirical friction coefficient l that

depends on the norm of the mean velocity u and on the thickness h of the granular layer:

lðu; hÞ ¼ tan d1 þ ðtan d2 � tan d1Þ exp �bh
L

ffiffiffiffiffi
gh

p

u

� �
: ð13Þ

where d1 and d2 are characteristic friction angles of the material. In this expression,

L represents the mean size of grains and b is an empirical parameter. This law predicts that

the friction coefficient varies between tand1 and tand2. Large velocities or small thick-

nesses lead to high friction coefficients.

To avoid numerical issues when the velocity is close to zero in Eq. (13), we considered

a threshold value us = 0.001 m/s for the velocity. If u\ us, we set u = us.

3.3.3 The extended Pouliquen friction law (1999)

However, the starting angle for an avalanche to flow is higher than the angle for an

avalanche to stop. For these reasons, a different friction coefficient should be used when

the mass starts to destabilize from rest at zero velocity, i.e., at zero Froude number

Fr ¼ uffiffiffiffi
gh

p ¼ 0. This leads to introduce two other friction angles d3 and d 4 that are related

to the behavior when starting from rest.

The behavior at 0\Fr\b corresponds to metastable conditions, for which the

description of the mechanical behavior is still uncertain. An empirical ad hoc fit has been

proposed by Pouliquen and Forterre (2002) to relate the behavior at Fr[ b, to the mea-

surements at Fr = 0. We used it to extend the friction law (13):
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• If Fr C b:

lðh; uÞ ¼ tan d1 þ ðtan d2 � tan d1Þ exp �bh
L

ffiffiffiffiffi
gh

p

u

� �
ð14Þ

• If Fr = 0:

lðhÞ ¼ lstartðhÞ ¼ tan d3 þ ðtan d4 � tan d3Þ exp � h

L

� �
ð15Þ

• If 0 B Fr B b:

lðh; uÞ ¼ lstartðhÞ þ
Fr

b

� �c

ðlstopðhÞ � lstartðhÞÞ ð16Þ

with

lstopðhÞ ¼ tan d1 þ ðtan d2 � tan d1Þ exp � h

L

� �
ð17Þ

where c is an empirical parameter.

3.3.4 The Pouliquen and Forterre friction law (2002)

Pouliquen and Forterre (2002) proposed another shape of these empirical relations:

• If Fr �b:

lðh; uÞ ¼ tan d1 þ ðtan d2 � tan d1Þ
1

1þ bh
L

ffiffiffiffi
gh

p
u

ð18Þ

• If Fr ¼ 0:

lðhÞ ¼ lstartðhÞ ¼ tan d3 þ ðtan d4 � tan d3Þ
1

1þ h
L

ð19Þ

• If 0 B Fr B b:

lðh; uÞ ¼ lstartðhÞ þ
Fr

b

� �c

ðlstopðhÞ � lstartðhÞÞ ð20Þ

with

lstopðhÞ ¼ tan d1 þ ðtan d2 � tan d1Þ
1

1þ h
L

ð21Þ

For all the Pouliquen friction laws, when the height h decreases and the velocity

increases, the friction increases and vice versa. For all these laws we set b = 0.136,

L = 1 m, and c = 10-3. For c\ 10-2 the results are not significantly affected by the value

of c (Pouliquen and Forterre 2002). The friction angles di with i = 1–4 will be varied in the

following by keeping a constant difference between these angles.
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4 Results

Several sensitivity tests have been performed with the SHALTOP model. First, we used the

same friction laws and same values of friction angles as those used by Le Friant et al.

(2003b). Then the best values of friction angles for each simulation are calibrated

numerically on the basis of the best agreement with the following observations: the shape

of the submarine deposit (thickness, lateral and longitudinal extensions), the volume of the

offshore deposits (1.8 km3), the runout distance (30 km from the coastline) and the for-

mation of a morphological front (10–20 m) (Fig. 2a). For the last two criteria, the

parameters of the flow law are chosen when results and observations do not differ by more

than 20%. We quantified the difference between the simulated and observed thickness

distribution to identify the best simulations (see Eq. (2) and Table 2). No attempt was

made to reproduce the hummocky morphology of the deposits. The height of the initially

release mass H0 and its width W0 used for the sensitivity tests were both about 500 m

(except for simulations testing different debris avalanche volumes).

4.1 Comparison between previous work (Le Friant et al. 2003b)
and simulations using SHALTOP

Le Friant et al. (2003b) have already modeled the last flank collapse event on Montagne

Pelée using a numerical model (Heinrich et al. 2001a, b). In this model, the role of water in

the submarine avalanche was simply taken into account by multiplying the gravity by

j = 1-qw/qd as explained in Sects. 2.1 and 2.2, where -qw (the water density) is

1000 km/m3 and qd (the mass density) is between 1500 and 2500 kg/m3. The model used

by Le Friant et al. (2003b) oversimplified the projection of gravity terms and did not

involve the full tensor of the topography curvature. Le Friant et al. (2003b) concluded that

the Pouliquen friction law (1999) (Eq. 13) better reproduces DAD3 deposit than the

Coulomb friction law, with friction angles of d1 = 6� and d2 = 15�. We used the same

friction law and angle values in SHALTOP, with two different values for j, j = 1 or

j = 0.5 to describe dry or wet granular flow, respectively (Fig. 2b, b0, c, c0, d, d0). No
differences are observed on the calculated deposit between ‘‘dry’’ and ‘‘wet’’ simulations,

i.e., j = 1 and j = 0.5. This was expected since j only changes the acceleration terms as

discussed in Sect. 3.2. The runout distance simulated by SHALTOP is systematically lower

by *2–7 km than that calculated by Le Friant et al. (2003b) (white lines in Fig. 2), for

both the Coulomb and Pouliquen (1999) friction laws. This difference could result from the

differences in the treatment of the topography and in the numerical method between the

two models. Indeed, as discussed in introduction SHALTOP describes accurately the

topography contrary to the model used by Le Friant et al. (2003b), in particular by

including the full curvature tensor of the topography (i.e., all the centrifugal forces).

Topography effects can significantly change the dynamics and deposit of the simulated

landslide (see, e.g., Favreau et al. 2010; Moretti et al. 2015). As an example, taking into

account the centrifugal acceleration related to the terrain curvature in a simple simulation

of granular flows over a smooth 2D topography reduces by about 5% the runout distance

(Fig. 11 of Mangeney-Castelnau et al. 2003). As a result, to reproduce the same runout

distance than SHALTOP with a model ignoring the centrifugal effects would require a

larger friction angle. Furthermore, the numerical method used in the two codes is different

even though they are both based on finite volume methods. In particular, SHALTOP deals

accurately with the transition between the avalanche (where the flow thickness h is not
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zero) and the topography (where h = 0), while the model used in Le Friant et al. (2003b)

requires to add a non-physical small thickness on the topography to avoid numerical

problems. All these effects could explain the differences observed in the simulation. A

detailed description of the numerical methods used in these two codes is, however, beyond

the scope of this paper.
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4.2 Sensitivity tests using SHALTOP

4.2.1 Coulomb friction law

Sensitivity tests have been carried out using the Coulomb friction law (Eq. 12), by varying

the friction angle d from 4� to 8�, 1� by 1�, to best fit the observed deposit. The mass

reaches the sea position around 60 and 70 s after the initial release of the mass at t = 0 s

and seems to stop at around 8 min. The best fit of the real deposit runout distance is

obtained for a friction angle of about 6� (Fig. 3a, a0). Finer fitting would lead to friction

angles slightly larger than 6�. In terms of morphology, the mass spreads laterally, whereas

field data exhibit a narrow and elongated shape. The thickness of the modeled deposit

reaches more than 90 m down the slope and decreases distally. There is no morphological

front and no deposit’s tail as well. Note the strong difference in runout distance between

d = 6� (Fig. 3a, a0) and d = 7� (Fig. 2b, b0) (Table 1).

4.2.2 Extended Pouliquen friction law (1999)

Sensitivity tests have been performed using the non-extended and extended Pouliquen

friction law (1999), involving two and four friction angles, respectively (Eqs. 14, 15 and

16). The minimum angle d1 in Pouliquen friction law (1999) calibrated to reproduce real

landslides has been found to be lower than the angle calibrated using a Coulomb friction

law (see, e.g., Pirulli and Mangeney 2008). Therefore, we varied d1 between 2� and 6� and
d2 between 12� and 15�, 1� by 1�. We observe the best agreement with the natural deposit

for d1 = 2�, d2 = 12�, d3 = 4� and d4 = 14� (Fig. 3b, b0): the runout distance is well

reproduced (*35 km), and the average thickness is around 10–15 m and a maximum of

about 20–25 m. A locally thick sediment packages occur in the center, at the south edge

and front of deposit. The latter is 20–25 m high, which is conformed to the reality, and a

15-m-thick deposit’s tail also in agreement with observations (Fig. 3b, b0).

4.2.3 Pouliquen and Forterre friction law (2002)

Simulations performed using the Pouliquen and Forterre friction law (2002) with lower

friction angles d1 = 1�, d2 = 11�, d3 = 3� and d4 = 13� display an almost identical

deposit, with a quite smaller runout distance *34.5 km, but longer by 1.5 km compared to

the real deposit extent (Fig. 3c, c0). The shape and average thickness are really similar to

the previous simulation using the extended Pouliquen friction law (1999) law, both located

at the base of the erosive channel and tending to bifurcate toward the south according to the

main slope. Only the thickness spatial distribution slightly changes, with a larger and

bFig. 2 Comparison between Le Friant et al. (2003b) and SHALTOP numerical simulations: Sensitivity
tests carried out with the Coulomb and Pouliquen (1999) friction laws using the same values of friction
angles as Le Friant et al. (2003b). Dotted red lines represent the observed DAD3 deposit extents, white lines
illustrate the DAD3 deposit extents calculated by Le Friant et al. (2003b), and the SHALTOP calculated
deposit is represented in color scale. a Topography of the observed DAD3 deposit. b Coulomb friction law
with d1 = 7� and j = 1, b0 Coulomb friction law with d1 = 7� and j = 0.5, c Pouliquen friction law (1999)
with d1 = 6�, d2 = 15� and j = 1, c0 Pouliquen friction law (1999) with d1 = 6�, d2 = 15� and j = 0.5,
d Pouliquen friction law (1999) with d1 = 5.5�, d2 = 14.5� and j = 1, d0 Pouliquen friction law (1999)
with d1 = 5.5�, d2 = 14.5� and j = 0.5. No differences are observed between dry and wet conditions
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thicker central part and a more pronounced front at the snout of the deposit. However, a 10-

to 15-m-thick tail is also obtained (Fig. 3c, c0).
Comparing results obtained with the Pouliquen friction law (1999) with two friction

angles, and those with the extended Pouliquen friction law (1999) with four friction angles,

we notice a greater runout distance for the latter, up to 3 km, and also a width larger by

more than 1 km (Figs. 2d, d0, 3b, b0). The modeled deposit with two friction angles is

15–20 m thick in average and up to 30 m in its thickest part. The modeled deposit with
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a Coulomb friction law with d1 = 6� and j = 1, a0 Coulomb friction law with d1 = 6� and j = 0.5
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four friction angles is 10–15 m thick in average and up to 25 m thick in its thickest part,

with a front forward, which is not observed in the previous case, where a large thickness

accumulation occurs slightly backward (Figs. 2c, c0, 3b, b0).
Our results show that the observation does not make it possible to discriminate the

different shapes of the friction law (i.e., Pouliquen (1999) or Pouliquen and Forterre

(2002)). Indeed, similar deposit can be obtained using these different friction laws but with

different friction coefficients. However, the velocity and thickness dependency of the

friction law is crucial to reproduce the shape of the deposit as found by Le Friant et al.

(2003b) (Table 1). As a result, either of the Pouliquen and co-authors’ friction laws with

their best fitted friction coefficients can be used to investigate the role of the initial volume

and shape of the released mass.

4.2.4 Flow dynamics

To describe the flow dynamics, we thus consider the simulation with the extended Pou-

liquen law (1999) with friction angles: 2�, 12�, 4� and 14� for dry or wet conditions. Even

if simulated deposits appear to be the same in dry or wet simulations, the flow dynamics is

expected to change.

For the simulation with dry conditions, once the collapse has started, most part of the

slide flows rapidly downslope within the flank collapse structure until the coastline, while a

little part is going outside to the north (Fig. 4b). Then, the main mass flow splits into two

main units that flow on both sides of a preexisting erosive channel (Fig. 4c). The one that

flows against the south wall of the channel rapidly deflects to join the other flow toward

southeast (Fig. 4d). Around 20 km off the coastline, the mass thickens and then spreads

forward and laterally, conferring a lobate shape to the deposit (Fig. 4e, f). Once it reaches

its maximum runout distance, the mass divides in its center into several thick sediment

accumulations and a tail is progressively developing backward (Fig. 5g, h). A thicker

sediment package is located in front of the deposit, looking like the morphological front

observed in the real deposit (Fig. 4h). The simulated flow dynamics helps us to understand

the final morphology of the deposit.

Considering wet conditions, we clearly see a difference in terms of dynamics. The first

50 s is pretty corresponding to what we observe in dry conditions, but once the coastline is

passed, the mass flow spreads slower (Fig. 4b, b0), so that when the main part of ‘‘dry’’

mass flow has been deflected, the ‘‘wet’’ mass flow is still flowing down along the walls of

the channel (Fig. 4c, c0). Despite this time laps between dry and wet simulations, the mass

flow evolves exactly the same, by deflecting from the south wall of the channel, starting to

get thicker in its center (Fig. 5e, f) before also spreading forward and laterally (Fig. 5g).

While the runout distance of the ‘‘dry’’ mass flow was reached at 440 s during the sim-

ulation, the ‘‘wet’’ mass flow gets to it at around 600 s (Fig. 5h). This comparison between

both dry and wet simulations highlights the first-order influence of water on the flow

dynamics, not having an impact on the way the flow propagates, but on the emplacement

time (Figs. 4, 5). These different dynamics could not be discriminated by our data on the

deposit.

4.3 Sensitivity tests using HYSEA

We use the HYSEA numerical model to assess the effect of the avalanche/water interaction

as the debris avalanche is entering the sea and flows down under the water. We used the

topography with added roughness.

1204 Nat Hazards (2017) 87:1189–1222

123



Fig. 4 SHALTOP numerical model: dynamics of the flow in dry conditions (j = 1) with the extended
Pouliquen friction law (1999) and friction angles d1 = 2�, d2 = 12�, d3 = 4� and d4 = 14�. This is the best
agreement in terms of runout distance, morphology of the deposit and thicknesses distribution
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Fig. 5 SHALTOP numerical model: dynamics of the flow in wet conditions (j = 0.5) with the Pouliquen
friction law (1999) and friction angles d1 = 2�, d2 = 12�, d3 = 4� and d4 = 14�. This is the best agreement
in terms of runout distance, morphology of the deposit and thicknesses distribution
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Using the same Coulomb friction law and friction coefficient (d1 = 6�) as in the sim-

ulations with SHALTOP (Fig. 3a, a0), the simulated runout distance is much smaller using

HYSEA, in both dry and wet conditions (Fig. 6a, a0). By decreasing the friction angle

down to 4�, the ‘‘dry’’ model reaches the real runout (Fig. 6b) but not the ‘‘wet’’ model

(Fig. 6b0). The ‘‘dry’’ modeled deposit reaches 30 km off the coast, stuck into the erosive

channel, with two zones of thick sediment accumulations, at the foot of the erosive channel

and forward in its center part in the deposit (Fig. 6b). The ‘‘wet’’ modeled deposit has a

lobate morphology, but is 6 km wider than the observed deposit and is deflected to the

Fig. 6 HYSEA numerical model: sensitivity tests carried out to test the influence of water using the same
topography that the one in Fig. 4. a Coulomb friction law with d1 = 6� and j = 1, a0 Coulomb friction law
with d1 = 6� and j = 0.5, b Coulomb friction law with d1 = 4� and j = 1, b0 Coulomb friction law with
d1 = 4� and j = 0.5, c extended Pouliquen friction law (1999) with d1 = 2�, d2 = 12�, d3 = 4�, d4 = 14�
and j = 1, c0 extended Pouliquen friction law (1999) with d1 = 2�, d2 = 12�, d3 = 4�, d4 = 14� and
j = 0.5. Simulations performed with the Coulomb friction law, demonstrating that it is necessary to
consider smaller friction angles to obtain approximately runout distance equivalent to that obtained with the
SHALTOP numerical model
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south. Most of the mass flow sediments concentrate forward, forming a large front

(Fig. 6b0). We observe no tail at the rear of the slide (Fig. 6b0). Therefore, using a Coulomb

friction law under dry conditions, the HYSEA model well reproduces the deposit in terms

of morphology. We can see here that, with the Coulomb friction law, the errors in the

topography description in HYSEA artificially lead to a better fit with the observed deposit

than when using the SHALTOP model.

Simulation with HYSEA using the extended Pouliquen friction law (1999) with the

same parameters as in SHALTOP (d1 = 2�, d2 = 12�, d3 = 4� and d4 = 14�) shows

similar morphology and thickness distribution than those obtained with the Coulomb

friction law (d = 4�) in dry conditions (Fig. 6b, c). However, considering wet conditions,

the results are different. Indeed, although the runout distance is similar to previous sim-

ulations and in line with the observed deposit, the shape of the modeled deposit is very

different. It shows a ‘‘L’’ shape elongated until the runout distance with sediment accu-

mulation at this point, and some thinner part to the south (Fig. 6c0). A central mass and

elongated from north to south is located at the front of the deposit, and then two arms

extend northwest (forming a tail at the rear of the deposit) and south (Fig. 6c0).
Using the HYSEA, there is globally a better fit with the real DAD3 deposit when

considering dry rather than wet conditions. However, both drift southward contrary to the

real deposit. Moreover, the sediment distribution is not well reproduced in both

simulations.

Comparison between Figs. 4, 5 and 7 shows that the flow dynamics is really different

using the HYSEA numerical model compared to SHALTOP even though both were carried

out with the same parameters (roughness, extended Pouliquen law (1999), with friction

angles d1 = 2�, d2 = 12�, d3 = 4� and d4 = 14�, wet conditions). With HYSEA, once the

collapse has started, most part of the avalanche rapidly reaches the coastline, with really

little material going outside of the flank collapse structure (Fig. 7a). Then, as observed with

SHALTOP, the mass splits into two main units that flow on both sides of the submarine

channel (Fig. 7b). Although at this stage, the runout distance of the avalanche is lower by

5 km than the one calculated with SHALTOP (Fig. 4c), most of the avalanche is also

concentrated at the south wall of the channel (Fig. 7c). Contrary to the avalanche modeled

in dry conditions, here it continues to flow along the channel’s wall (Fig. 7d) and pro-

gressively spreads longitudinally with no such obliquity on the north side of the flow, as

observed in the dry simulation (Figs. 4e, 7e). Moreover, at this stage, the runout distance is

much smaller than in the SHALTOP’s dry simulation, of about 10 km. Then, the avalanche

continues to flow straight ahead and starts slightly to bifurcate southward (Fig. 7f). Then,

the avalanche continues to evolve in both directions (Fig. 7g) and finally stops around

30 km off the coast as the modeled deposit in the SHALTOP’s dry simulation (Figs. 7h,

4h). The shape of the deposit is totally different from the real one and from the one

modeled with the SHALTOP dry simulation (Figs. 2a, 7h).

Using the HYSEA numerical model but considering this time dry conditions (Fig. 8),

we clearly see a similar flow dynamic as observed with SHALTOP (Fig. 4), except that a

large part of the mass flow gets northward of the flank collapse structure since the

beginning of the simulation (Fig. 8a, b). The avalanche also seems to flow down

cFig. 7 HYSEAnumericalmodel: dynamics of the flow inwet conditions with the extended Pouliquen friction
law (1999), and friction angles d1 = 2�, d2 = 12�, d3 = 4� and d4 = 14�. The runout distance is well
reproduced but not of themorphology and thickness distribution of the deposit. The avalanche dynamics is also
very different compared to the one simulated by the SHALTOP numerical model (Figs. 4, 5)
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preferentially along the south wall of the channel (Fig. 8c, d), before drifting westward

(Fig. 8e, f) and spreading forward and laterally (Fig. 8g, h). Compared to the dry simu-

lation with SHALTOP (Fig. 4) the runout distance during the avalanche’s emplacement is

systematically lower, but the final runout distance is the same. However, the thickness

distribution within the deposit is different, with one main sediment accumulation in the

center of the deposit (Fig. 8h). Compared to the wet simulation with HYSEA (Fig. 7),

there is no such difference in terms of runout distance during the avalanche’s emplace-

ment. However, as described before, the dynamic emplacement is very different and the

final outline deposit as well (Figs. 7, 8). We also notice that the avalanche is directly

channeled into the erosive channel when it enters the sea in the wet simulation (Fig. 7b)

while it is more widespread in the dry simulation (Fig. 8b).

5 Discussion

5.1 Interactions between the avalanche and water: SHALTOP versus HYSEA

While SHALTOP gives the same deposits for wet and dry simulations, HYSEA that

accounts for the interaction between the submarine avalanche and the water column pre-

dicts different deposits for wet and dry simulations, as shown in Eqs. (8). For the same

Coulomb friction law, simulations using HYSEA required lower friction angles (2� to 3�)
to obtain the same runout distance than simulations using SHALTOP. For the value of

friction angles (d1 = 6�), the difference in runout distance is about 16 km between the two

models (Figs. 3a, a0, 6a, a0) and about 1–2 km using the extended Pouliquen friction law

(1999) (Figs. 3b, b0, 6c, c0). It is hard to discriminate between the effect of water and the

impact of the difference in the description of the topography when comparing the two

models.

Whatever, in terms of combined runout distances, shape, morphology and material

distribution, the calculated deposit simulated with SHALTOP better fits the real deposit

using both the extended Pouliquen friction law (1999) and the Pouliquen and Forterre

friction law (2002) (Fig. 3b, b0, c, c0). Indeed, there are no such differences between both

simulated deposits, as testified by the calculation of the runout error and the misfit. The

latter represents the mean difference between the observed and the simulated deposit, in

terms of height (Table 2; Fig. 9).

misfit ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

X
i

X
j

ðhMði; jÞ � hSði; jÞÞ2
s

ð22Þ

where hM is the measured height, hS is the simulated height, and i and j are the indexes of

the topography grid.

On contrary, simulations using the HYSEA model display substantial differences with

the real deposit (Fig. 6c, c0). To better understand the effect of the different terms in the

HYSEA model, we varied the friction between the fluid and the avalanche layers for both

cFig. 8 HYSEA numerical model: dynamics of the flow in dry conditions with the extended Pouliquen
friction law (1999) and friction angles d1 = 2�, d2 = 12�, d3 = 4� and d4 = 14�. The runout distance is well
reproduced, but not the final deposit that is located too far southward compared to the real one. Scattered
sediment accumulation is also not reproduced. However, the avalanche dynamics is close to the one
simulated by the SHALTOP numerical model (Figs. 4 and 5)
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Coulomb and Pouliquen friction laws. We found that this friction term only slightly

changed the avalanche dynamics and deposit while it changes the tsunami waves generated

by the avalanche. The main difference between the dry and wet simulations in HYSEA is
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related to the entry of the avalanche into the water. Indeed, at that moment the gravity

sharply changes from g to the reduced gravity, generating a sharp change in the velocity

field. This change and the presence of complex eigenvalues in the two-layer model are hard

to deal with numerically (Fernandez-Nieto et al. 2008). Furthermore, the entry of the

avalanche into the water involves complex 3D motion that could not be properly handled

by thin-layer depth-averaged models. Another key point that is not taken into account in

HYSEA is the dilatancy effects that generate a coupling between the granular phase and

the pore fluid pressure that can drastically change the flow dynamics and deposit (Rondon

et al. 2011; Bouchut et al. 2016). Detailed comparison with laboratory experiments should

be done to get better insights into the validity and limits of two-layer depth-averaged

model to simulate granular flows entering water (e.g., Viroulet et al. 2014).

Furthermore, as discussed in introduction, the description of topography effects in

HYSEA is not accurate [thin-layer approximation applied in the horizontal/vertical ref-

erence frame in Fernandez-Nieto et al. (2008)]. On the other hand, SHALTOP properly

takes into account the thin-layer approximation in the direction normal to the topography

and involves the full tensor of the topography curvature contrary to the HYSEA numerical

model that only use part of the curvature terms thus neglecting some centrifugal forces.

These forces may, however, play a key role in the avalanche dynamics (Favreau et al.

2010; Moretti et al. 2015).

For these reasons, we will therefore use SHALTOP to simulate different debris ava-

lanches offshore Martinique to assess the effect of the released volume on the runout

distance (Sect. 4.2).

5.2 Low friction angle and influence of the flow parameters

The DAD3 deposit is well modeled with the extended Pouliquen friction law (1999),

suggesting a dependence of the empirical friction coefficient on the thickness and velocity

of the flowing mass. This is in agreement with the conclusions of Le Friant et al. (2003b).

Other approaches based on simulations of a wide range of landslides on Earth and other

planets showed that the empirical friction coefficient decreases with the volume involved

V (Lucas et al. 2014):

Table 2 Synthesis of the deposit height misfit and the runout relative error between the modeled and real
deposits

Best fit with friction laws Height misfit
(m)

Runout relative error
(%)

Coulomb: d ¼ 6� 17.7 5.5

Pouliquen and Forterre friction law (2002):
d1 ¼ 1�; d2 ¼ 11�; d3 ¼ 3�; d4 ¼ 13�

10.7 3.8

Extended Pouliquen friction law (1999):
d1 ¼ 2�; d2 ¼ 12�; d3 ¼ 4�; d4 ¼ 13�

10.6 3.8

Pouliquen friction law (1999): d1 ¼ 5:5�; d2 ¼ 14:5� 12.4 3.4

The runout error is calculated as follows:
rM�rSj j
rS

where rM and rS are the measured and simulated runout

distances. Simulations presented here were carried out with the SHALTOP numerical model
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leff �V�0:0774 ð23Þ

As the landslide velocity is related to the volume, the friction coefficient could also be

expressed empirically as a function of velocity (Lucas et al. 2014). Using Eq. (2) for the

large-scale volume 1.8 9 109 m3 DAD3 deposit leads to a small friction coefficient

leff * 0.192 as shown in Fig. 10a. This represents a friction angle of 10.8�. The best fitted
friction angle obtained with the Coulomb friction law d = 6� is much smaller, corre-

sponding to leff * 0.105 (see Fig. 10a). Because Eq. (23) has been obtained using the best

fitted friction coefficients of the Coulomb friction law, this may suggest that a lower

friction coefficient needs to be used to simulate submarine avalanches compared to dry

avalanches.

However, the value of leff * 0.192 deduced from (24) well corresponds to the range of

friction angles used for the simulation with the extended Pouliquen friction law (1999) that

best reproduces the observed deposit (Fig. 3b, b0). This is demonstrated in Fig. 11, where

the friction angle from this simulation is represented. It varies between 10.5� and 11�
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Fig. 9 Illustration of the absolute height errors for the best fitted simulations using the SHALTOP
numerical model, in relation to the real deposit: a Coulomb friction law with d1 = 6�, b Pouliquen and
Forterre friction law (2002) with d1 = 1�, d2 = 11�, d3 = 3�, d4 = 13�, c non-extended Pouliquen friction
law (1999) with d1 = 5.5�, d2 = 14.5� and d extended Pouliquen friction law (1999) with d1 = 2�,
d2 = 12�, d3 = 4�, d4 = 14�
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Fig. 10 Characterization of DAD3 deposit (yellow and green stars) in terms of a effective friction (see
Lucas et al. 2014 for more details), b Heim’s ratio and c velocities as a function of volume (figures are
modified from Lucas et al. 2014)
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Fig. 11 Evolution of the mean friction angle during the SHALTOP simulations that best reproduces the
observed deposit (i.e., Coulomb friction law with d1 = 6� in blue, the non-extended Pouliquen friction law
with two angles d1 = 5.5�, d2 = 14.5� in red, the extended Pouliquen friction law (1999) with four angles:
d1 = 2�, d2 = 12�, d3 = 4�, d4 = 14� in black and the Pouliquen friction law (2002) with four angles
d1 = 1�, d2 = 11�, d3 = 3�, d4 = 13� in green). After the first 150 s, friction angle stays quite stable around
9� and 11�
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during a large part of the avalanche’s emplacement. Interestingly, the value of the mean

friction coefficient used here for a submarine debris avalanche is close to that obtained for

subaerial avalanches of the same volume. The use of more complex friction law than the

Coulomb friction law could possibly help to get better empirical relations than (19). Note

that the corresponding Heim’s ratio is also very small (Fig. 10b).

Considering the volume of the DAD3 deposit (1.8 km3) in the empirical figures ob-

tained by Lucas et al. (2014) from simulations of a wide range of landslides leads to a

maximum velocity of the avalanche of 150 m/s and 200 m/s depending on the friction law

(Fig. 10c) and mean velocity between 110 and 112 m/s.

As commonly described in the literature, for large landslides, the debris avalanche

deposit mobility and deposition processes are well reproduced with a low empirical value

of the friction coefficient (Lucas et al. 2014). The corresponding empirical friction angles

are much smaller than the static friction angles of volcanic rocks and sediments and than

the angles required in numerical models to reproduce laboratory experiments (e.g., Man-

geney-Castelnau et al. 2005; Ionescu et al. 2015). The origin of this low friction is still an

open issue even though it is commonly explained by the fact that pore pressure is not

explicitly taken into account in the models (Voight et al. 2002 and Kelfoun and Vargas

2015) or by the development of a boundary layer at the base of the debris avalanche (e.g.,

Campbell et al. 1995). Others studies based on field data also proposed and quantified a

statistical relation between a volume and the effective friction (i.e., ratio of the fall height

to the runout distance) (Legros 2002; Bayarri et al. 2015). Even if authors observed a

strong negative correlation between the effective friction and the volume, they proposed

that increase in runout distance due to a large volume corresponds to a decrease in the

effective friction, so that larger flows generate lower effective dissipation. Legros (2002)

goes further, suggesting that in some cases, the runout of a landslide passing a certain

distance would depend on the volume beyond this distance and not on the total volume of

the landslide. Some well-documented examples of landslides and notably debris ava-

lanches from flank collapse events at Mount Shasta or Mount St. Helens—like those

affecting Montagne Pelée volcano—were in agreement with this theory. This prediction

notably suggests that landslides hazards assessment should be based on the correlation

between the volume and the area covered by the deposit, rather than on the effective

friction.

5.3 Influence of the avalanche volume on deposit extent

The good agreement between our simulations with SHALTOP and the observed deposit, as

well as the similitude of the friction coefficients used here and those calibrated for other

events (Lucas et al. 2014), suggests that this model and friction parameters could be used to

investigate the dynamics and deposit of debris avalanches in this area. In particular, our

results reinforce the suggestion that the debris avalanche’s extent is influenced by the

transition between submarine volcano flank and Grenada Basin as suggested by the

interpretation of Brunet et al. (2016). However, bigger volumes of the old events are not

fully constrained so that some questions remain, such as: could debris avalanches with

bigger volumes travel much further? Do these events occur in one time or in several

phases? To investigate this, simulations were carried out by testing different initial collapse

volumes varying from 0.5 up to 7 km3. We varied the height H0 of the initial masses

between 90 and 580 m and the width W0 between 1 and 15 km. This range of volumes has

been simulated to take into account bigger volumes that may have collapsed in the past in

the Montagne Pelée volcano history, as represented in Fig. 12.
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Fig. 12 Sensitivity tests performed to test the influence of the collapse volume by varying its height.
Simulations are systematically carried out using the extended Pouliquen friction law (1999) with d1 = 2�,
d2 = 12�, d3 = 4�, d4 = 14� and j = 1. a Initial collapse volume = 1.8 km3, b initial collapse
volume = 2.7 km3, c initial collapse volume = 3.6 km3 and d initial collapse volume = 5.4 km3.
Simulation time has been extended for simulations considering more than twice the real volume (c, d).
e Bathymetric map representing the extents of calculated deposits using different volumes of debris
avalanche collapses. The corresponding runout distances vary only slightly
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Fig. 13 Illustration of the runout distance as a function of the volume of the released mass. The blue
diamonds represent simulations with variable height and fixed width of the collapse dome, while the red
diamonds correspond to simulations with variable width and fixed height. Both demonstrate the increase in
runout distance with increasing debris avalanche volumes, and especially a slower growth around 30–35 km
from the coastline. The latter corresponds to the transition between the submarine volcano flank and the
Grenada Basin
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Since the sliding mass is greater, the runout distance is longer (Fig. 13). However,

depending on the chosen variable parameter (height versus width of the collapse dome), the

debris avalanche’s runout distance is slightly different. Indeed, for the same volume,

simulations with a variable width systematically show lower runout distance compared to

those with a variable height (Fig. 13). For instance, considering a collapse material of

6 km3, the runout distance is around 42 km for simulations with H0 = 565 m and

W0 = 510 m and 40 km for simulations with W0 = 1230 m H0 = 100 m (Fig. 13).

However, the runout distance growth with the debris avalanche volume is clearly

increasing less when the avalanche reaches distances of about 30–35 km from the coast-

line, either considering height or width variations (Fig. 13).

In addition, the increase in runout distance displays two phases: a significant increase in

the runout as a function of the volume involved until 35 km offshore the coastline for

debris avalanches up to 3 km3, and a slower but continuous increase in runout as a function

of the volume involved for bigger debris avalanches (Fig. 13). This specific distance

corresponds to the transition between the submarine volcano flank and the Grenada Basin

(between 2� and 0.5�). Indeed, this break in slope tends to slow down the debris avalanches

propagation and may act as an accumulation zone for debris avalanche deposits of volumes

around 2–5 km3 (Figs. 12, 13). In addition, numerical simulations modeling four succes-

sive flows (5 km3 each; Fig. 14a–d) and resulting deposits thickness accumulation

(Fig. 14e) support this assumption. Each simulation takes into account the new topography

resulting from the emplacement of a previous deposit. For instance, modeling of the 2nd

flow (Fig. 14b) has been undertaken considering the new topography resulting from the 1st

flow modeling (Fig. 14a), and so on. Then, simulations show that runout distance is not

increasing with the number of flows deposits, but stays stable around 35–40 km offshore

the island. Plus, deposits still display an accumulation zone at the front (20–30 m thick), a

lobate shape and a deposit tail (10 m thick). Figure 14e shows that north to the main

deposit unit, there is another smaller accumulation zone, still located at the transition

between the submarine volcano flank and the Grenada Basin (around 2500 m deep). Thus,

the runout distance appears to be here mainly related to the seafloor’s configuration that is

strongly supporting our assumption.

Considering larger debris avalanche volumes, the runout distance still slightly increases,

so that debris avalanches as big as 25 km3 may reach 50 km from the coastline (Fig. 13).

Previous studies have estimated such collapse volumes based on older and larger flank

collapse structures on-land (Deplus et al. 2001; Le Friant et al. 2003a; Boudon et al. 2007).

However, drilled cores from IODP 340 expedition have demonstrated that no debris

avalanche deposits coming from the volcano can be identified 50 km offshore the island.

Debris avalanche deposits have been only identified around 33 km offshore, at 1401 drill

sites (Le Friant et al. 2015; Brunet et al. 2016). Moreover, our numerical simulations

suggest that previous larger flank collapses probably occurred in several times with suc-

cessive debris avalanches volumes (*2–5 km3) entering the sea and traveling distances no

more than 40 km (Fig. 14). More detailed shapes and position of the released mass of these

high volumes events should be performed to confirm our results. However, we expect to

obtain similar results on the dependence of the runout distance on the volume because

changing the height or the width of the released mass gives approximately the same

tendency (Fig. 13).
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6 Conclusion

The DAD3 debris avalanche deposit related to the last Montagne Pelée flank collapse is

better reproduced with the SHALTOP model than with the HYSEA model. This suggests

that (i) the accurate description of the topography is a crucial ingredient in the dynamics

and deposition of such debris avalanches and (ii) the theoretical and numerical description

of the entering of the debris avalanche into the water has to be more accurately simulated

than what is presently done in HYSEA. In particular, 3D effects or dilatation/compression

effects and their interaction with pore fluid pressure that are ignored in state-of-the-art thin-
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layer depth-averaged models may play a strong role in the dynamics and deposit of aerial

avalanches entering the sea.

The best agreement with observations is obtained using the Pouliquen and co-authors

friction laws and, for example, for the extended Pouliquen (1999) with friction angles

d1 = 2�, d2 = 12�, d3 = 4� and d4 = 14�. Sensitivity tests using different topographies

and mass volumes show a debris avalanches critical runout distance around 30–40 km

offshore the island, corresponding to the transition between the submarine volcano flank

and Grenada Basin, for avalanches with volumes of about 2–5 km3. If compared to sim-

ulations, the use of seismic signals generated by the flow that are recorded for more recent

avalanches would have helped to constrain the different dynamical scenario and time

variations of the force applied by the landslide to the topography, providing new types of

data that will possibly help going further in investigating this issue (see, e.g., Favreau et al.

2010; Schneider et al. 2010; Hibert et al. 2011; Moretti et al. 2012, 2015; Levy et al. 2015;

Yamada et al. 2016). However, this latter approach does not allow to constrain the

dynamics of past events, like the one studied here.

Simulations show that the more voluminous debris avalanches from Montagne Pelée’s

collapse events proposed in the literature (V *25 km3) may extend until 50 km offshore,

with changing either the height or the width of the released mass (Fig. 13). Moreover, our

simulations demonstrate that runout distance is not increasing with successive flows of

volumes smaller than about 5 km3 and stays around 35–40 km offshore the island. These

observations associated with field data showing that debris avalanche deposits could only

be found up to 35 km offshore the island, suggest that volcano flank collapse might occur

in several phases involving debris avalanches volumes no more than 5 km3 and therefore

smaller runout distances than previously thought. These multistage volcano flank collapses

are a common process in the Lesser Antilles, especially in Montserrat Island (e.g., Cassidy

et al. 2012) but has been also described in others volcanic islands contexts. For instance,

the Canary and Hawaiian Islands have generated distinctive turbidites that comprise

multiple fining-upward subunits (Garcia and Meyerhoff Hull 1994; Wynn and Masson

2003; Hunt et al. 2011, 2013), which suggest that flank collapse occurred in a number of

stages separated by days to weeks. Therefore, our study highlights the necessity to focus on

the timing of emplacement process of the previous volcano flank collapse events, which is

crucial to well evaluate the resulting tsunamigenic hazard in Martinique, but also in the

Lesser Antilles arc, which is largely prone to these processes.
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