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Seafloor earthquake ruptures and mass wasting
from the 2004 M,, 6.3 Les Saintes submarine
earthquake
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The seismic hazard posed by submarine faults and the capacity of submarine earthquakes to
trigger mass wasting are poorly understood because we lack detailed characterizations of
coseismic ruptures at the seafloor. Here, we present comprehensive mapping of a seafloor
rupture caused by the 2004 M,, 6.3 Les Saintes earthquake on the Roseau normal fault in the
Lesser Antilles. We report the visual characteristics, displacement profile, and note pro-
nounced asymmetry of the rupture that bears similarities with well-studied subaerial normal
fault ruptures. We also identify footwall-derived mass wasted debris that locally cover the
coseismic rupture, and show that ground accelerations of 0.1-0.2 g can trigger submarine
mass wasting events in well consolidated bedrock along unstable, over-steepened, scarps.
Our study demonstrates the potential of underwater vehicles for detailed mapping of seafloor
ruptures and hints at a key role for earthquakes in shaping submarine bedrock landscapes by
triggering mass wasting events.
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apping coseismic offsets of the Earth’s surface provides
M valuable insight into the dynamics of the underlying

rupture and helps to quantify earthquake hazards.
Rupture data from terrestrial normal faults have been used to
assemble scaling relationships between earthquake slip, moment,
and source dimension!2, to ground truth geophysical models of
slip distributions®*, and to infer the associated static stress
transfers>~’. Underwater, high-resolution seafloor mapping is
challenging, and existing submarine observations of coseismic
ruptures are typically incomplete and rare®-1! and thus insuffi-
cient to inform scaling relationships or asses seismic risk. Pre-
vious work suggests that submarine ruptures may generate
surface offsets larger than subaerial ruptures of comparable
source characteristics due to the specific environmental and
rheological conditions!?. For example, fault lubrication from
near-surface fluids could enhance surface rupture propagation!?
or, in deeper water, pressure from the overlying water column
could promote shear failure at the seafloor!3. Moreover, hetero-
geneous seafloor displacement is a key control on modeled tsu-
nami height distributions!4-17, but tsunami propagation models
usually rely on rupture profiles inferred from geophysical or
geodetic models that lack ground-truthing from seafloor
observations!>17, Detailed characterizations of seafloor ruptures
are therefore needed to test these hypotheses and help assess the
specific hazards posed by submarine faults.

Submarine mass wasting is a widespread process that may be
facilitated, or triggered by, reduced internal friction associated
with fluid circulation, fluidification of sediments, or alteration
weakening!8-20, Ground accelerations from earthquakes are also
an important mass wasting trigger in active terrestrial
settings21:22, in fjords2>24, and offshore in sediments along con-
tinental slopes?0-2>-27. Historically, the characteristics of paleo-
seismic seafloor events are indirectly inferred from seismically
triggered turbidites in sediment cores?8. However, evaluating the
level of earthquake-induced ground accelerations required to
trigger submarine mass wasting events (triggering thresholds) has
also proved difficult because pre- and post- earthquake seafloor
surveys are rare, and we lack sufficient examples of seafloor
earthquake ruptures that can be directly linked to specific mass
wasting events?®27. On the deep ocean floor, the dominant
morphological features are volcanic abyssal hills dissected and
tilted by seismically active normal faults??30. Therefore, estab-
lishing triggering thresholds and links between submarine
earthquakes and mass wasting is not only important from a
hazard perspective, but will also help understand how tectonics
and surface processes interact over geological time to shape the
morphology of the global seafloor.

The Roseau fault (Lesser Antilles) is an ideal setting to inves-
tigate seafloor earthquake ruptures and links between submarine
earthquakes and mass wasting. The Roseau fault is a northeast-
dipping normal fault that runs northwest-southeast for ~40 km,
bounding an active extensional half-graben within the Lesser
Antilles volcanic arc>»13 (Fig. 1a). The fault has five previously
mapped segments (Sec Pate, Canyon, Roseau, Le Havre, Colibri;
Fig. 1) and exhibits a pronounced fault scarp reaching a max-
imum height of ~170 m along the Roseau segment!3-30, The 2004
M,, 6.3 Les Saintes earthquake had its hypocenter at ~10km
depth on the Roseau fault and was followed by six large after-
shocks (M,, 4.8-5.8)>31:32. The earthquake also triggered a tsu-
nami with run-up heights of 2 m along the coast of the Les Saintes
islands!4. Geophysical inversion models for the Les Saintes
earthquake predicted a maximum of 0.6-0.9m of coseismic
seafloor displacement during the 2004 M,, 6.3 main shock332,
The predicted seafloor breaching was confirmed by observations
and mapping with a remotely operated vehicle (ROV) during the
2013 ODEMAR cruise®3, which documented a 0.9 m high ribbon

of coseismically exposed bedrock at the base of the Roseau fault
scarp!0. ROV observations also showed mass wasted debris from
the footwall that locally covered the coseismic ribbon and indi-
cated that active mass wasting occurred either during or after the
2004 earthquakel?.

These initial observations were limited to ~3 km along the base
of the Roseau fault, while geophysical models predicted 10 km of
surface rupture during the 2004 main shock®32. This left much of
the potential surface rupture of the Les Saintes earthquake
unmapped. Here, we present data from the 2017 SUBSAINTES
cruise>* where we investigated the Roseau fault scarp and the 2004
coseismic rupture with an ROV and an autonomous underwater
vehicle (AUV). We present a comprehensive coseismic rupture
profile for a submarine normal fault and combine qualitative
observations of the rupture and local mass wasting with maps of
peak ground accelerations derived from local seismicity catalogs.
This work provides a blueprint for mapping submarine earth-
quake ruptures and demonstrates that earthquake-induced ground
accelerations of 0.1-0.2 g can trigger mass wasting in well con-
solidated bedrock.

Results

The Les Saintes earthquake rupture. We used high-resolution,
near-bottom AUV bathymetry, ROV video imagery, and scaled
and georeferenced 3D terrain models of selected fault outcrops to
map the 2004 earthquake rupture (see Methods)3>:3. These data
show variations of along-fault rupture style while providing
quantitative constraints on rupture displacement.

The fault’s surface expression and the coseismic rupture are
most pronounced along the Roseau segment where the fault scarp
exposes basement including a lava flow dated to 4.12 + 0.06 Ma3’.
The free face is clearly visible at the base of the scarp in 3D
models and video imagery where it comprises a planar, sub-
vertical surface coated by a dark manganese patina (Fig. 2a-c).
Above the free face, the scarp is eroded and forms a blocky,
discontinuous, surface covered with small amounts of rubble and
sediment (Fig. 2b). The free face reaches a maximum height of
~50 m3¥ and often displays a ribbon of smooth rock at its base
that is generally smoother than the overlying rock and lacks the
manganese patina (Fig. 2a-d). This ribbon is reminiscent of
subaerial coseismic ruptures333° and was previously interpreted
as fresh rock exposed by coseismic slip during the 2004 Les
Saintes earthquake at just one location (model 20: Supplementary
Data 1)!0. We mapped the coseismic ribbon continuously for
more than 4km along strike of the Roseau segment (Fig. 3),
which confirms the ribbons coseismic nature and documents
efficient localization of the rupture along the Roseau segment.

The expression of the surface rupture varies along strike and in
different lithology (Fig. 2), in particular, along the northwest and
southeast sections of the Roseau fault. Towards its southeast tip, the
Roseau fault branches out into several distributed fault strands
where it dissects the Roseau volcano (Fig. 1c). Here, the complex
fault geometry precludes a systematic and exhaustive seafloor
exploration along all faults and rupture observations are sparse
(Fig. 3). Consequently, towards the southeast tip, we only identified
the coseismic ribbon in four locations covering ~8 km along strike.
The northwest end of the fault cuts a series of submarine canyons
along the southwest slope of the Les Saintes Plateau (Fig. 1b), within
a mixture of consolidated and unconsolidated sediment and rubble
that paves the seafloor. Coseismic ruptures in this area lack the clear
ribbons observed on basement fault outcrops in the Roseau
segment, and instead exhibit small scarps or extensional fissures
through the sediment and rubble cover (Fig. 2e-i).

We measured vertical seafloor displacement using both
laser calipers and directly from 3D outcrop models (Fig. 3;
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Fig. 1 Study location. a Regional map of the Lesser Antilles showing the location of the study area. The green star shows the epicenter of a M,, 7.4
earthquake in 2007. b Map of the Roseau fault and the Les Saintes islands based on 10-m per pixel regional bathymetry. Faults are from ref.’3 and
epicenter of the Les Saintes earthquake is shown by the beachball3. ¢ Close up view of the study area showing remotely operated vehicle tracks from 2013
ODEMAR cruise (yellow) and 2017 SUBSAINTES cruise (white) and the location of 3D outcrop models and laser measurements. The labels show the
location of models in Figs. 2 and 4 and the photos in Supplementary Figs. 1-2. d Near-bottom bathymetry from the Roseau segment showing the location of
footwall (FW) catchments and associated debris cones on either side of the Roseau fault30. ROV Remotely operated vehicle.

Supplementary Data 1-5; see Methods). The coseismic rupture
spans 18 km along the Roseau fault scarp (Fig. 3), which extends
the previously identified ~3 km rupture and significantly exceeds
the 10 km predicted by geophysical models®32. Coseismic vertical
displacement shows a distinct northwest skew along strike to
form an asymmetric displacement profile with ~0.6 m average
vertical displacement (Fig. 3). We record a maximum coseismic
vertical displacement of 2.7 m towards the northwest end of the
rupture, which tapers to 0.1 m northwestward and to <0.5m
southeastwards (Fig. 3).

The maximum displacement of 2.7 m significantly exceeds that
predicted by seismic inversion models, which indicated a
maximum of 0.6-0.9 m of coseismic seafloor offset and 1.8 m of
subsurface slip? (Fig. 3d). This discrepancy may be partially
attributed to free surface effects near the seafloor, which could
promote surface slip due to a reduction in near-surface elastic
resistance?0-42, Distributed or off-fault deformation*>** and

gravity driven processes?® can also affect the ratio of measured
surface slip to slip inferred on the fault plane at depth. Off-fault
deformation near the Roseau fault scarp includes pervasive cracks
of sedimented seafloor at the base of the scarp that extend ~200 m
away from the fault trace into the hanging wall (Supplementary
Fig. 1) as well as possible antithetic scarps dissecting these
sediments (Supplementary Fig. 1d). However, the northwest-dip
of the fault faces against the southeast-dipping regional slope and
the basement is well lithified, neither of which are conducive to
gravity driven processes locally increasing measured slip.
Furthermore, redistribution of unconsolidated sand by bottom
currents at the scarp base may account for local over- and
underestimation in measured displacement.

The measured 2.7 m maximum vertical displacement may also
reflect some component of displacement from the six largest
aftershocks (4.8 < M,, <5.8). Tsunami modeling indicates that a
vertical displacement of 2.5-3.5m is required to match observed
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sediment (e). The inset screenshot in part (a) is from remotely operated vehicle video footage showing a characteristic example of the 2004 rupture plane.
Red arrows show the top of the rupture and white arrows denote the hanging wall cut-off. b-d/f-i Video-derived, 3D outcrop models showing coseismic
rupture features associated with the 2004 earthquake. The upper images are color interpretations and the lower images are shaded models overlain with
interpretation and annotations. The extent of the coseismic ribbon from the 2004 rupture is highlighted in red on the shaded models and the outline of
fissures are shown with dashed red lines. For model details refer to the model number in Supplementary Data 1. b-d Ruptures in volcanic lithology. f-i Small

scarps and fissures in sediment. The location of each model is in Fig. 1c.

tsunami amplitudes'4, consistent with our rupture observations
(Fig. 2). Conversely, simulations based on predicted seafloor
displacements of 0.6 m inferred from seismic inversion models
produce much smaller wave heights than those observed!4. The
outcome that the tsunami models require the M,, 6.3 main shock
to be associated with vertical displacements >2.5 m indicates that
limited displacement occurred during the aftershock sequence.

Mass wasting features and links to coseismic structures. Mass
wasting is ubiquitous along the Roseau fault scarp and funda-
mentally linked to its long-term morphological evolution!0:1330,
A series of canyons and channels up to 200 m deep drain the
southwest flank of the Les Saintes reef plateau!3 (Fig. 1b). Along
the Roseau segment, surface uplift of the northeast-dipping
Roseau fault has cut-off these regional channels and caused
sediment ponding in the hanging wall!3 (Fig. 1c). Consequently,
the scarp along the Roseau segment is mostly isolated from
regional sedimentation and turbidity currents. Likewise, parts of
the Colibri and Le Havre segments are on a bathymetric high
created by the Roseau volcano and also isolated from regional
sedimentation (Fig. 1c). In these isolated fault scarps, sediment
inputs are limited to pelagic or hemipelagic sedimentation, in
addition to local mass wasted debris from the footwall. Pelagic
sediments form a patchy and thin veneer (a few cm) along the
footwall that blankets volcanic basement and rubble. The rubble
concentrates along footwall catchments that funnel rubble and
sediment towards debris cones at the foot of the scarp3? (Fig. 1d),

thus providing the ideal sites to examine local mass wasting
sourced from the footwall and their interactions with the fault.
Mass wasted rubble and sediment sourced from the footwall
locally incise or cover the fault free face and the coseismic ribbon
(Fig. 4). The coseismic ribbon often tapers towards channel
outlets where it is covered by rubble sourced from the footwall
(Fig. 4a—-c). Away from catchment outlets, rubble and sediment
mounds at the base of the scarp, up to 10-20 m wide and 2 m
high, partially or fully cover the coseismic ribbon (Fig. 4d—e). The
mass wasted debris covering the rupture clearly postdates the
coseismic ribbon, with deposition that may be coseismic,
postseismic, or a combination of both. To help ascertain when
the mass wasting occurred, we surveyed overlapping sections of
the Roseau fault in 2013 and 2017 with vertical imaging to
construct overlapping photomosaics along ~4km of the fault
trace and covering a total area of ~73,000 m? (Figs. 3a, 5a). The
overlapping surveys also cover catchment outlets, where mass
wasted rubble is concentrated at the apex of debris cones
(Fig. 1d)%0. This location makes the overlapping photomosaics
ideal to document mass transport and deposition over the 3.5-
year inter-survey period, albeit well after the 2004 earthquake.
Systematic and comprehensive visual inspection of the 2013
and 2017 photomosaics, with identification of matching features
at cm-scale (e.g., pebbles), reveal no identifiable changes in the
position and distribution of rock debris and rubble during the
2013-2017 inter-survey period (Fig. 5). The only documented
change in seafloor structure are ripples associated with mobile
sediments. These are attributable to bottom currents, estimated at
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Fig. 3 Seafloor rupture data. a Bathymetric profiles showing the height of the Roseau fault scarp along strike in pale blue and the location of 3D models
and laser measurements. The green bar chart shows the overlap in remotely operated vehicle photomosaic coverage from surveys in 2013 compared to
2017. b Shaded relief map of the study area (same area as Fig. 1b) showing the surface projection of the slip at depth during the 2004 Les Saintes
earthquake amended from ref. 3. The gray rectangle is the fault outline used in the inversion models and the points X-X' show the projection line for parts
(a, ¢, and d). ¢ Along-strike coseismic vertical displacement measured from 3D models and with a laser caliper based on data in Supplementary Data 2, 3.
The gray polygon shows surface slip from geophysical inversion models3. All error bars are one standard deviation. d The along-strike location of mass
wasting or coseismic rupture observations based on data in Supplementary Data 5.

~0.5m/s from ROV navigation, that are too weak to mobilize
pebbles or trigger mass-wasting of rubble along the fault scarp.
Along the Roseau segment, we identified one ~2m? patch of
rippled sediment in 2013 with exposed rubble in 2017. This
rubble patch could result from mass wasting between 2013
and 2017 or from mobilized sediment exposing previously buried
rubble (Supplementary Fig. 2). Even if this area corresponds to
newly deposited rubble, this is the sole example of mobilization of
coarse material between 2013 and 2017 that we identified.

Discussion

Implications for submarine seismic hazard. The coseismic
rupture profile presented here provides a unique opportunity to
compare a submarine normal fault rupture with subaerial rup-
tures to inform aspects of earthquake behavior and provide inputs
for seismic hazard analysis. When compared to data from a
compilation of normal fault earthquakes (Supplementary Data 6),
the surface rupture length (SRL) and maximum displacement
(Dmax) for the Les Saintes earthquake are within the range
recorded for other normal fault earthquakes of a similar magni-
tude, albeit towards the upper end of the range with a large spread
in the data (Fig. 6a, b). The along-strike distribution of surface
rupture is similar to the M,, 6.5 2016 Norcia earthquake in Italy
(Depth: ~8km, SRL: 22 km, Dya 2.1 m)383 and the M,, 6.9
1983 Borah Peak earthquake in northwestern USA (Depth:
16 km, SRL: 35km, D 2.7-3.0m)*47 and all three earth-
quakes show distinct asymmetry in the rupture profile with a
pronounced skew towards one end of the rupture (Fig. 6c).
Asymmetrical or skewed coseismic rupture profiles are common
in subaerial faults and attributed to structural barriers or
discontinuities*8->0, fault bends at depth®l, the varying size of off-

fault damage zones*>#4, or the fault growth history>2. Further-
more, zones of distributed deformation at fault tips can indicate
fault propagation and termination towards the distributed
deformation®!?3, The complex fault network at the southeast tip
of the Roseau fault could therefore indicate that the fault is
propagating southeastwards!3. This would partially explain the
northwest-skew in the rupture profile because maximum slip
often occurs on the section of fault farthest away from the fault-
propagation direction®%.

The submarine rupture profile from the Les Saintes earthquake
provides an opportunity to test empirical earthquake scaling
relationships on a submarine fault. Using the range of regressions
for normal faults!, SRL is considered the most reliable predictor
of moment magnitude (M,,)38. The SRL of 18 km measured here
corresponds to an earthquake of M, 5.8-7.2 (Supplementary
Data 7), which overlaps with the M,, 6.3 2004 Les Saintes main
shock. However, standard regressions of earthquake magnitude
versus rupture parameters do not account for the large spread in
the data and do not capture fault properties like segmentation or
maturity®2. Surface rupture during the 2004 Les Saintes earth-
quake occurred mainly on the Roseau, Le Havre, and Colibri
segments with minor surface displacement in the relay zone
between the Roseau and Canyon segments (Fig. 3). This pattern
of surface displacements is consistent with the modeled rupture at
depth which has two main slip patches beneath the Roseau and
Colibri segments (Fig. 3d). The Le Havre segment is not a major
distinct fault segment, but rather a complex zone of diffuse, left-
stepping, echelons in the relay zone between the Roseau and
Colibri segments. That means the 2004 main shock ruptured two
primary segments which is accordant with model predictions and
empirical relations for structurally immature terrestrial faults®

COMMUNICATIONS EARTH & ENVIRONMENT | (2023)4:270 | https://doi.org/10.1038/543247-023-00919-x | www.nature.com/commsenv 5


www.nature.com/commsenv
www.nature.com/commsenv

ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/543247-023-00919-x

Model 19

Footwall catchment
__outlet 7
A g

Fault free face

oseismic ribbon

tapered by rubble

0 ~1m|
—

Model 04

he 7 . »,—"
R Fault free facgléf’ P Lo
R _,-‘,,Eroé'ed faulty 7
S freerface | SEEETA A
o g GV T T
o

Rubble piles
covering ribbon

Model 07

= {/&z Y '/Qu“et

Coseismic ribbon
tapered by rubble

Previous
rubble position -

Sediment and rubble pile
covers ribbon

Fig. 4 Mass wasting deposits covering the coseismic ribbon. a-e Video-derived, 3D outcrop models. In each example, the upper image is a texture-
mapped 3D model and the lower one is a shaded model overlain with interpretation and annotations. The extent of the 2004 coseismic rupture is
highlighted in red on the lower image. a, b Models located at the outlet of footwall catchments. Note how the ribbon tapers towards the crest of the rubble
piles indicating that rubble sourced from the catchments postdates the ribbon. c-e Rubble and sediment piles covering the coseismic ribbon at the base of
the fault free face away from catchment outlets. The blue arrows denote sediment/rubble transport. For model details refer to the model number in

Supplementary Data 1 and the location of each model is shown in Fig. 1c.

(Fig. 6d). A structurally immature Roseau fault is consistent with
the faults slow slip rate (0.15-0.40 mm/yr), limited total offset
(450 m), and relatively young age (probably <3 Ma)!3.

The general agreement of various rupture parameters for the
Les Saintes earthquake with existing scaling relationships suggests
consistency between surface rupture behavior for subaerial versus
submarine faults. However, while we identified sediment cracks
and possible antithetic scarps at distances up to 200 m away from
the fault (Supplementary Fig. 1), the limited field of vision during
ROV surveying and the lack of landscape view precludes
comprehensive mapping of the width of the damage zone.
Quantifying the damage zone is important because mass wasting
may be focused within heavily fractured areas®® and off-fault
deformation can account for a large proportion of overall strain
during normal fault earthquakes?®”.

Linking earthquakes and mass wasting. In several locations
along the 2004 coseismic rupture, we observe rubble and sedi-
ment sourced from footwall catchments covering the coseismic
ribbon (Fig. 4). This overlapping relationship clearly documents
mass wasting that postdates the 2004 earthquake and aftershock
sequence. The key question is whether the rubble was mobilized
and transported downslope as a result of ground shaking during
the 2004 earthquake, or results from a continuous shedding of
material along the scarp due to processes like weathering or

sediment accumulation that result in stochastic mass wasting
events unrelated to earthquakes.

On land, seismically triggered mass wasting is attributed to peak
ground accelerations (PGA) during earthquakes, with shear
stresses overcoming frictional forces to destabilize rock masses®’.
PGA is controlled by numerous parameters, including epicentral
distance, magnitude, or the nature of the substrate and its frictional
properties®’—>°. To calculate maps of PGA on the Roseau fault, we
used local seismicity catalogs by the Centre de Données
Sismologiques des Antilles and the Observatoire Volcanologique
et Sismologique de Martinique and Guadeloupe® (see Methods).
We used the spatial and temporal distribution of seismicity to
predict maximum horizontal PGA for the study area over periods
defined by the 2004 earthquake and repeat surveys of the seafloor
in 2013 and 2017. The Roseau Fault was seismically quiescent prior
to the 2004 M,, 6.3 earthquake (Fig. 7a, Supplementary Fig. 3), with
a recurrence time for M,, ~ 6 events estimated at several hundred to
a few thousand years!?. Following the M,, 6.3 2004 main shock and
six largest aftershocks, a slight spike in seismic activity is followed
by a gradual decrease and leveling off after ~1000 days to a
background level that persists today and that includes the 3.5-year
inter-survey period (Fig. 7a, b).

Maximum horizontal PGA reached 0.24 g on the Roseau fault
scarp during the period from the 2004 main shock to the 2013
ODEMAR cruise (Fig. 7d; Supplementary Data 8). For other
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Fig. 5 Comparison of rubble locations from 2013 to 2017. a Map showing the tracks of the remotely operated vehicle (ROV) dives from the 2013
ODEMAR and 2017 SUBSAINTES cruises, areas of potential overlap between the two dives, and the location of the comparisons in parts (b-f). Map
location is the same as Fig. 1d. b-f Photomosaics comparing the distribution of mass-wasted sediments at the same location at catchment outlets from the
ODEMAR cruise in 2013 (black and white)76 with the SUBSAITES cruise in 2017 (color)’’. The Roman numerals point to several examples of cobbles/
boulders which are in the same location in 2013 as in 2017. In all examples, there is some variation in the distribution of sand-sized sediment moved by

bottom currents but little change in the distribution of cobbles or boulders.

periods (pre-shock, 2013-2017, and post 2017; Fig. 7c, e, f)
maximum PGA on the Roseau fault are several orders of
magnitude lower (<0.01g) and are most likely below the
threshold to trigger mass wasting®!. In terms of individual
earthquakes, maximum PGA within the period from the 2004
earthquake to the 2013 cruise occurred during the main shock
when horizontal PGA on the Roseau fault reached 0.24 g (Fig. 7g).
The only other notable shaking event occurred during the largest
aftershock of M,, 5.8 on 14th February 2005 when PGA on the
Roseau fault reached 0.12 g (Fig. 7i). These PGA values support a
mobilization of material and its deposition immediately following
the main shock and possibly the largest aftershock. From 2004 to
2017, the only other major earthquake in the area was a 2007 M,,
7.4 earthquake, 20 km offshore Martinique and at 156 km depth
along the subduction plane (Fig. 1a). With a calculated PGA of up

to 0.02g along the Roseau Fault (Fig. 7n), we expect this
earthquake to have had limited impact on mass-wasting processes
in the study area.

The repeat photomosaic surveys provide further data to
support mobilization of debris primarily during earthquakes.
We observe little deposition of rubble during the 3.5-year inter-
survey period from 2013 to 2017 during which maximum PGA
along the Roseau fault were <0.01 g (Figs. 5, 7e). Furthermore,
local rubble piles up to ~1 m high cover the coseismic ribbon
(Fig. 4). Such large rubble piles resulting from continuous mass
wasting would imply rapid local erosion rates and widespread
evidence of seafloor changes should be documented by the
photomosaics from 2013 and 2017. Hence, while we lack pre-
seismic observations and we cannot quantify coseismic versus
postseismic erosion and deformation, the visual observations
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combined with modeled PGA are consistent with a hypothesis or abrasion by currents operate at slow rates relative to
that local mass wasting of coarse debris is seismically triggered, seismically triggered mass wasting. We acknowledge that our
and that inter- and post-seismic mass wasting is negligible. repeat surveys only cover 3.5 years of the 14-year period from the

These repeat observations also suggest that processes that are 2004 earthquake to the SUBSAINTES cruise in 2017. It is possible
continuous and unrelated to seismicity like weathering, alteration, that non-seismic processes trigger punctuated events that were
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offshore from Martinique. Earthquake data are presented in Supplementary

not recorded in between the 2013 and 2017 surveys. However, we
speculate that these long-term processes more likely act to
weaken the bedrock and facilitate failure which occurs primarily
when shaken during earthquakes.

The suggestion that bedrock mass wasting on the uplifting
footwall is triggered mainly by earthquakes is supported by on-land
observations. In the Lesser Antilles, physical erosion is driven
mainly by discrete landslides that occur during frequent tropical

Data 8.

storms®2. To a lesser extent, earthquakes also trigger mass wasting
and the 2004 main shock triggered coseismic landslides on the Les
Saintes islands®. However, even though the region features some of
the fastest subaerial weathering rates in the world, landslides are
largely inhibited during dry periods®?. This indicates that on
annual-decadal timescales, even when strongly altered by intense
weathering, the local volcanic bedrock needs external forcing to
induce mass wasting. As the Roseau fault scarp is not subject to
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storm-driven erosion, the most plausible external trigger for mass
wasting is ground accelerations during earthquakes. Consequently,
while mass wasting between 2004 and 2013 cannot be ruled out, we
favor a model where the primary geomorphic agent eroding the
uplifting footwall is seismic shaking.

Our analysis indicates that mass wasting of well-consolidated
basement bedrock along the Roseau fault is triggered by
horizontal PGA of at least 0.12g, and possibly up to 0.24g.
One recent example, based on repeat bathymetry from before and
after the M,, 7.8 Kaikoura earthquake in New Zealand, indicates
that PGA of 0.38-0.44 g are required to trigger mass wasting in
sediments on the continental slope?®?7. The tectonic setting of
the Kaikoura earthquake is clearly different from the Les Saintes
earthquake and the Kaikoura rupture was complex and
reactivated primarily strike-slip faults®3. Nevertheless, a com-
paratively low-triggering threshold in volcanic bedrock on the
Roseau fault is an interesting comparison.

Morphological parameters from the Roseau fault scarp are
indicative of high-strength bedrock. The average slope of the
Roseau segment is 20-40° and the slope of the free face averages
72° for heights up to 50 m3. These morphological parameters are
in contrast to a comparatively low triggering threshold, which
should inhibit the preservation of widespread, high-slope
surfaces. An explanation for this apparent contradiction is the
existence of a threshold height, above which the steep scarp
becomes unstable and prone to erosion via mass wasting. The
threshold height could be controlled by gradual weakening of the
bedrock over time due to seismic shaking and weathering from
seawater. For the Roseau fault scarp, the threshold height is
thought to be between 20 and 50 m30. We suggest it is the
prevalence of high-slope scarps above the threshold instability
height on the footwall of the Roseau fault that account for a low
triggering threshold by rendering the scarp susceptible to
gravitational failure and mass wasting during earthquakes.

Indeed, along the continental slope of the Pacific northwest
offshore from the USA and Canada, mass wasting is more
widespread in older, well-consolidated sediments at the base of
the slope compared to younger, less-consolidated sediments on
the upper slopes®4-66. More widespread failure of lower slope
sediments can be partially attributed to seismic strengthening in
unconsolidated upper slope sediments® or local site effects®’, but
the steepness of sediments towards the base of the continental
slope is also thought to be an important factor®%. Observations
from the continental slope, despite involving sediments instead of
bedrock along the Roseau fault, are consistent with triggering
thresholds in submarine basement bedrock being relatively low
due to widespread high-slope surface that are above a threshold
stability height and, therefore, prone to erosion via gravitational
mass wasting during earthquakes.

Conclusion

We present the first comprehensive coseismic rupture profile for
a submarine normal fault based on near-bottom bathymetry data,
video imagery, and 3D-terrain models from the Roseau fault and
the 2004 M,, 6.3 Les Saintes earthquake. We record a northwest-
skewed rupture profile with 18 km of coseismic rupture, max-
imum vertical displacement of 2.7 m, and average coseismic
vertical displacement of 0.6 m. The surface rupture and rupture
parameters from the submarine Les Saintes earthquake super-
ficially resemble examples of terrestrial normal fault surface
ruptures for similar magnitudes. This work demonstrates the
novel application of underwater vehicles to undertake submarine
paleoseismic or rapid response studies and provides a methodo-
logical blueprint for future studies to map and quantify sub-
marine coseismic ruptures. Further submarine rupture studies

will also improve the applicability of scaling relationships for
submarine faults and validate geophysical inversion models,
which provide important inputs for models of tsunami hazard or
stress transfer. Our approach has certain drawbacks because we
cannot precisely determine the proportion of observed rupture
length and displacement attributable to the 2004 main shock, the
largest aftershocks, or post-seismic deformation, nor the width of
the damage zone. Consequently, further examples of systematic
and comprehensive submarine rupture characterization are
required to compare the surface rupture propagation between
submarine and subaerial faults.

We also document local mass wasting features covering the
coseismic rupture and use repeat seafloor surveys along with
maps of peak ground accelerations (PGA) to investigate mass
wasting triggering thresholds in well-consolidated basement. We
suggest a triggering threshold in basement bedrock for PGA of
~0.1-0.2g. This relatively low triggering threshold may be
attributed to the abundance of steep scarps in the footwall of the
Roseau fault, which are above a threshold stability height and
therefore inherently unstable and susceptible to gravitational
failure via mass wasting. Triggering thresholds for mass wasting
provide an important data point for mass wasting triggers in
strong bedrock, which is vital for studies linking submarine
earthquakes with landslides and tsunamis. Seismic triggering of
mass wasting is also an important process that shapes seafloor
landscapes e.g., abyssal hills which cover large parts of the sea-
floor. However, additional observations linking earthquake rup-
tures to mass wasting are required to characterize what is a
complex relationship due to the numerous factors involved (e.g.,
lithology, rock strength, slope).

Methods

Research cruises. We collected the main photographic, bathymetric, and video
datasets analyzed for this study during the 2017 SUBSAINTES cruise onboard the
research vessel L’Atalante3*. Data from the SUBSAINTES cruise was supplemented
by further photographic, bathymetric, and video datasets from the 2013 ODEMAR
cruise conducted onboard the research vessel Pourquoi pas?3? and by ship-based
multibeam bathymetry data obtained during the 2010 BATHYSAINTES cruise,
also conducted onboard the research vessel Pourquoi pas?®. A summary of the
datasets used in this study is included in Supplementary Data 9.

Bathymetry data. During the SUBSAINTES cruise, we collected near-bottom,
high-resolution bathymetry data using the AUV Aster® (IFREMER, France),
equipped with a Kongsberg Reson SMF EM2040. The AUV surveyed at ~70 m
above the seafloor, covering ~100 km? of seafloor between Les Saintes and
Dominica (Fig. 1a). The AUV data were processed using the CARAIBES (IFRE-
MER) and gridded to produce digital terrain models (DTMs) with a 1-m cell size.
AUV bathymetry was also acquired by AUV Abyss (GEOMAR) during the
ODEMAR cruise and the resulting DTM was gridded with a 2-m cell size. Ship-
based multibeam bathymetry data was obtained during the 2010 BATHYSAINTES
cruise using a 0.5° x 0.5° beam width multibeam echosounder (Reson Seabat 7150
at 24 kHz). The resulting bathymetry provides continuous seafloor coverage across
the study area and allows gridding of a DTM with a 10-m cell size (Fig. 1b; see
details in refs. 13:69),

ROV seafloor photomosaics. We collected still-camera images of the seafloor for
each dive from the 2013 ODEMAR cruise and the 2017 SUBSAINTES cruise using
vertically mounted cameras on the ROV Victor6000 (IFREMER, France). The
georeferenced photomosaics have an approximate horizontal resolution of 1 cm
and provide systematic surveys of various sections of the Roseau fault. Images from
the ODEMAR cruise are black and white, while those from SUBSAINTES are in
color. We built navigated photomosaics’ from images acquired in transits at ~5 m
above the seafloor in specific areas of interest and images were processed for feature
matching and blending.

ROV 3D terrain models from video imagery. During the SUBSAINTES and
ODEMAR cruises, we collected video imagery at multiple locations along the
Roseau fault scarp (Fig. 1c) using a Sony FCB-H11 high-definition video camera
mounted on a pan-and-tilt platform at the front of ROV Victor6000. We surveyed
using overlapping tracks at speeds of <0.5 m/s and at distances of ~2-5m from
outcrop surfaces. Extracted video frames were corrected for distortion, illumina-
tion, equalized, and color-shifted prior to processing using structure-from-motion
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techniques to create three-dimensional terrain models of each outcrop?®. All
models are texture-mapped, scaled, and georeferenced to facilitate visualization for
geological interpretations and provide proper scaling for quantitative studies with
model resolutions of ~1 cm or better3>3.

Measurements of vertical displacement: 3D models. We visually inspected
individual 3D models and digitized markers of coseismic displacement. These
include the top and bottom of coseismic ribbons on either the fault free face, if
present on freshly exposed basement scarps, or the top and bottom of faults and
fissures rupturing through rubble and sediment. Uncertainties are estimated from
several individual measurements made along each image of the rupture and we
report the average value with one standard deviation uncertainty in each case. 3D
models may include one or more digitized ruptures, and we reported the averaged
value from an outcrop if multiple measurements were made at the same outcrop.
Displacements of individual rupture sections and the average for each model are
provided in Supplementary Data 2.

Measurements of vertical displacement: laser scalers. Four parallel lasers
mounted on ROV Victor6000 define a square of 16.5 cm per side. The projected
beams, visible on the ROV HD video imagery, provide scaling that can be exploited
to scale 3D models and estimate the size of features and the vertical coseismic
displacement along the Roseau fault>>36. The distance between the parallel laser
beams in the images depends on the orientation and geometry of the outcrop
surface relative to that of the laser beams, and surfaces at a high angle from the
image will have large uncertainty. For optimal laser measurements, we selected
video frames that contained visible laser beams with imaging sub-perpendicular to
the outcrop. From these frames, we digitized the top and bottom of coseismic
features at several positions in each image to obtain an average value and an
estimate of the associated error (Supplementary Fig. 4; Supplementary Data 3). At
selected positions, we compared displacements evaluated from laser scaler imagery
with those from 3D terrain models and the results are consistent and within the
estimated errors.

Seismicity data. For the M,, 6.3 2004 main shock and the six largest aftershocks,
we used the relocated earthquake locations and magnitudes from ref. 3. For regional
seismicity prior to the 2004 main shock, we used data from the Centre de Données
Sismologiques des Antilles catalog, which represents an ongoing attempt to create
an integrated database of the various earthquake catalogs from the Lesser
Antilles®. For the period covering and following the 2004 Les Saintes earthquake,
but not including the 2004 main shock and the six largest aftershocks, we
assembled earthquake data from the seismic catalog generated by the Institut de
Physique du Globe de Paris, which manages two volcanological and seismological
observatories in Martinique and Guadeloupe. From this combined catalog, we
excluded earthquakes deeper than 50 km and associated with the subducting plate
interface, and those outside our study area (15.95-15.65°N and —61.7 to —61.4°W).
The final combined dataset contained 7356 earthquakes recorded over ~9500 days
up to November 2019 (Fig. 7, Supplementary Fig. 3).

Maps of peak ground accelerations. We calculated PGA using the ground
motion predictive equation (GMPE) from for Les Saintes’!. The GMPE takes the
form:

log(PGA) = aM + bR — log(R) + ¢ 1)

where PGA has units of acceleration scaled to gravity (g), M is earthquake mag-
nitude, and R is hypocentral distance in km. The parameters a, b, and, ¢ are
constants calculated locally (0.61755, 0.0030746, and —3.3968, respectively)”!. For
the 7356 earthquakes in the combined seismicity catalog described above, we used
the GMPE in Eq. (1) and the earthquake location and magnitude from the
earthquake catalogs to calculate maximum horizontal PGA in each cell of the
regional 10 m/pixel DTM (Fig. 7). We present maps of the maximum PGA for each
cell of the DTM over specific time periods and for the main shock and six largest
aftershocks in Fig. 7.

Data availability

A 25-m per cell version of the regional bathymetry data from the BATHYSAINTES
cruise is available at https://doi.org/10.17882/8117472. The 1-m per cell AUV-bathymetry
data from the SUBSAINTES cruise is available at https://doi.org/10.17882/7989573 and
ROV-navigation files from the SUBSAINTES cruise are available at https://doi.org/10.
17882/8229074. ROV dive footage from the SUBSAINTES cruise is available at https://
video.ifremer.fr/. Video-derived 3D terrain models along the Roseau fault are available
from https://doi.org/10.17882/8424975. Photomosaics from the ODEMAR cruise are
available at https://doi.org/10.17882/9524376 and photomosaics from the SUBSAINTES
cruise are available at https://doi.org/10.17882/9524277. Full details of all datasets used in
the study are summarized in Supplementary Data 9 which is available along with all
other supplementary tables referenced in this work from https://doi.org/10.6084/m9.
figshare.2330415878.
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Supplementary Figure 1. Hanging wall deformation along the
Roseau fault. Photomosaics from the 2013 ODEMAR cruise®*
showing sediment cracks (A and B) and possible antithetic faulting
(C) in the hanging wall of the Roseau fault. The white arrows in C
denote the crest of a possible antithetic sediment scarp. Images are
located in Figure 1C and the photomosaic is available at doi:

10.17882/95243™,



Supplementary information for Hughes et al., 2023

ODEMAR

2017: SUBSAINTES

Supplementary Figure 2. Change in rubble location from 2013 to 2017. A)
Photomosaic from the 2013 ODEMAR cruise?® showing the location of cobbles at
a catchment outlet. Roman numerals highlight individual cobbles that are also
visible in B. The ODEMAR Photomosaic is available at doi: 10.17882/952437,
B) A photomosaic from the same area as part A from the 2017 SUBSAINTES
cruise**. The cobbles highlighted in A appear to be unmoved whereas a new
section of rubble is visible (highlighted in the blue polygon) which is covered in
rippled sediment in 2013. The SUBSAINTES photomosaic is available at doi:
10.17882/952427 and the images are located in Figure 1C.
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Supplementary Figure 3. Map summarizing seismicity in the study area. A) Map of the Roseau
fault (red line) showing the location, magnitude, and depth of seismicity for the earthquakes in
Figure 7. Earthquakes are from the Centre de Données Sismologiques des Antilles catalogue and
the seismic catalog generated by the Institut de Physique du Globe de Paris at volcanological and
seismological observatories in Martinique and Guadeloupe. B) Earthquake depth evolution with
time relative to the 21* of November 2004 main shock (time 0) for the earthquakes in A. C)

Frequency of earthquakes with depth for the earthquakes in A.
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Supplementary Figure 4. Example of displacement measured
using a laser caliper. The image is a screen grab from remotely
operated vehicle video footage from the SUBSAINTES cruise®. A
laser mounted on the remotely operated vehicle projects a square with
sides of 16.5 x 16.5 cm onto the outcrop (red dots). The square is used
as a reference scale for individual measurements of vertical
displacement (red lines with value in white text). We report the
average value of all individual measurements on one rupture and

errors of one standard deviation.
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