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Summary

Seismic hazard levels used as reference for the French Lesser Antilles are derived from
probabilistic seismic hazard assessment studies performed in 2002. However, scientific
knowledge has greatly increased over the past 20 years in this area, warranting an update of the
seismic hazard models. As part of a project linking the French Ministry of Ecological Transition
and Territory Cohesion, and the Seismicity Transverse Action of RESIF-EPOS (French
seismological and geodetic network), we developed a new seismotectonic zoning model of the
Lesser Antilles. The Lesser Antilles tectonic system results from the subduction of the North
and South American plates beneath the Caribbean plate since the Eocene. The boundary extends
along 850 km with a convergence of 18-20 mm/yr oriented ENE-WSW. Significant north-south
variations in tectonics, seismic and volcanic activities highlight the lateral variability of the
undergoing geodynamic processes. Oceanic fractures and ridges entering into the subduction
zone impact the trench, the subduction interface, and upper plate tectonics, adding
seismotectonic complexities. Several controversial questions remain, such as the origins of the
1839 (Mw=7.5-8) and 1843 (Mw=8-8.5) earthquakes or the state of interseismic coupling of
the subduction interface (potentially very low compared to other subduction systems). In this
study, we propose new seismotectonic models and associated seismotectonic zoning for seismic
hazard. We treat all components of the Lesser Antilles system: subducted oceanic plate,
subduction interface, mantle wedge, upper plate crust and associated volcanisms. Our work is
based on a compilation of up-to-date seismicity and fault catalogs as well as research-based
active tectonic hypotheses, completed by an analysis of focal mechanisms rupture styles and
strain tensor derived from geodetic data. Compared to previously published models, our new
seismotectonic zoning model provides better depth resolution, a fully revised zoning around
Guadeloupe, new mantle wedge and volcanic zones, and a complete redefinition of the
subduction interface and slab. Our results also highlight specific needs for better seismic hazard
assessment in this region.
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Introduction

Study framework

The work presented in this report follows a request from the Direction Générale de la
Prévention des Risques (DGPR) of the French Ministére de la Transition Ecologique et de la
Cohésion des Territoires to the Action Transverse Sismicité (ATS) of the RESIF-EPOS
consortium (French seismological and geodesic network — European Platform Observing
System). This request, made in early 2019, aimed at identifying new scientific knowledge that
could warrant an update of the seismic hazard calculations for the Lesser Antilles arc. Among
the three priorities identified by the RESIF-EPOS ATS (20/08/2019 report), a project was
established for the development of a new seismotectonic zoning integrating the most up-to-date
geological and geophysical data. The model best characterizes current knowledge on the
dynamics of the Lesser Antilles. Adaptations might be necessary in order to simplify it for the
seismic hazard assessment calculations.

New and improved data and knowledge of Lesser Antilles system warrants an update of the
proposed seismotectonic models (Bertil & Lemoine, 2017). In particular, new understanding
has been brought to light regarding slab interface geometry and properties (Bie et al., 2020;
Braszus et al., 2021; Laurencin et al., 2018; Paulatto et al., 2017), crustal faults geometries and
activities (Boucard et al., 2021; Laurencin et al., 2017), seismicity characteristics and behavior
(Bie et al., 2020; Corbeau et al., 2021; Gonzalez et al., 2017; Massin et al., 2021; Oral &
Satriano, 2021), or heat and fluid interactions (Ezenwaka et al., 2022; Harmon et al., 2021;
Marcaillou et al., 2021).

The project was conducted through a two-year post-doctoral contract funded by the DGPR,
executed by Océane Foix at the Geosciences Montpellier laboratory (Univ. Montpellier, CNRS)
in collaboration with the Institute for Radiation Protection and Nuclear Safety (IRSN). During
these two years, several researchers working on the Lesser Antilles have been contacted.
Regular exchanges as well as work meetings were organized to define the current scientific
knowledge and uncertainties concerning the Lesser Antilles geodynamics. The Lesser Antilles
Working Group is composed of:

= BRGM, Orléans: Didier Bertil, Roser Hoste Colomer, Anne Lemoine & Agathe

Roull¢ ;

= ENS Paris: Eric Calais & Elenora van Rijsingen ;

= Géoazur Nice: Mireille Laigle & Boris Marcaillou ;

= Géosciences Montpellier, Guadeloupe: Jean-Jacques Cornée, Jean-Frédéric Lebrun &

M¢élody Philippon ;

= Géosciences Montpellier, Montpellier: Océane Foix, Serge Lallemand & Stéphane
Mazzotti ;

= JPGP, Paris: Marie-Paule Bouin, Nathalie Feuillet, Claudio Satriano, Jean-Marie
Saurel ;

= JRSN, Fontenay-aux-Roses: Hervé Jomard ;
= IsTerre, Grenoble: Céline Beauval.

This report is divided in three main sections: (1) the description of the tectonic and seismic
behavior of the Lesser Antilles, including historical and more recent knowledge, as well as
corresponding interpretations and hypotheses from literature; (2) the description of the
proposed seismotectonic zoning models according to literature knowledge and new data
analyses, such as stress distribution and geodetic motion, with discussions on their limitations
and questioning; (3) important points and recommendations in order to improve the
seismotectonic models and to move towards seismic hazard assessment.
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Definitions and concepts

Seismotectonic model — includes area whose limits have been determined through a variety of
data (historical and instrumental seismicity, regional geology and tectonic styles of
deformation, measured or inferred stress and strain, etc.), and fault sources, whose limits have
been determined through field mapping, aerial photo and satellite imagery, seismicity studies
and geophysical imageries (McGuire, 2004).

Seismotectonic zoning — study of relationship between earthquakes and active tectonics to
determine seismotectonic sources:
= Area sources — “areas within which future seismicity is assumed to have distributions
of source properties and locations of energy release that do not vary in time and space”
(McGuire, 2004).
= Fault sources — “faults or zones for which the tectonic features causing earthquakes
have been identified. They are usually individual faults, but they may be zones
comprising multiple faults or region of faulting if surface evidence of these faults is
lacking but the faults are suspected from seismicity patterns, tectonic interpretations of
crustal strain, and other evidence” (McGuire, 2004).

Lesser Antilles (LA) — we define the LA as the entire tectonic system from the outer-rise region
to the backarc area.

Magnitude (M) — depends on the energy released during an earthquake. Several laws were
developed depending on the wave type to cover all focal depths. In this study, we will keep our
interest in Mw, which is the scale used for hazard studies. M will be used when no information
is provided about the used scale.
= ML (Richter magnitude) — logarithm to base 10 of the maximum seismic wave
amplitudes.
= Mb (P-wave magnitude) — based on maximum P-wave amplitude, generally used at
large distances.
=  Ms (S-wave magnitude) — based on maximum S-wave amplitude.
= Md (duration magnitude) — based on the signal duration of the earthquake.
= MO (seismic moment) — quantity used to estimate the size of an earthquake from the
shear modulus, the rupture area and the average slip.
* Mw (moment magnitude) — proportional to the MO.

Mmax — determines the maximum magnitude associated with a fault or an area source.
=  Mmax.cat — from our seismic catalog.
= Mmax.obs — from the literature and not observed in our seismic catalog.
* Mmax.struct — estimated from the largest fault geometry of an area using Wells &
Coppersmith (1994) scaling law (which is the most common law).
= Mmax.proxy — observed worldwide at similar tectonic settings.

Magnitude Frequency Distribution (MFD) — empirical relations to define earthquake
occurrence rate for each considered magnitude from a seismic statistical analysis (instrumental
and historic), or from fault dimensions and recurrence models (globalquakemodel.org/gem).

Gutenberg Richter distribution (GR) — empirical power law MFD computed for all seismic
sources. We divided the GR results into three groups: usable (seismicity in the zone allows
computing a robust GR), unusable (seismicity in the zone is not sufficient to compute a robust
GR), and “to improve” (catalog improvements could allow computing a robust GR).
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Probabilistic Seismic Hazard Assessment (PSHA) — aims to quantify the probability of
exceeding given ground-motion levels at specific sites given all possible earthquakes

(opensha.org).
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1-Seismic and tectonic setting of the Lesser Antilles

la-Geodynamic and tectonic settings

The Lesser Antilles (LA) geodynamic is resulting from the subduction of the North and South
American Plates beneath the Caribbean Plate along 850 km since the Eocene (Figure 1). The
subducted plates are dated 83-110 Ma (Carpentier et al., 2008). The plate convergence follows
the N254°E direction at a rate of 18-20 mm/yr (e.g., DeMets et al., 2010; Symithe et al., 2015).
About 1 mm/yr of NS shortening is recorded at the trench between North and South American
plates (Patriat et al., 2011a). The convex shape of the LA trench combined with the ENE-WSW
convergence direction make the subduction almost arc-perpendicular along the southern and
central sections, while it becomes more oblique toward the northern extremity. The obliquity
ranges from about 0° in the south to 75° in the north. The subduction is bounded to the north
by the Anegada Passage, characterized by an EW left-stepping en échelon strike-slip system
(e.g. Laurencin et al., 2017) and to the south by the right-lateral El-Pilar strike-slip fault (e.g.
Mann et al., 1991). To the west, the LA is bordered by the Grenada basin that separates the
volcanic arc from the Aves ridge considered as remnant of the Cretaceous-Paleocene ‘Great
Arc of the Caribbean’ (Burke, 1988). To the east, numerous fracture zones and aseismic ridges
enter the subduction, deforming the trench and affecting sediment distribution in the
accretionary wedge (e.g., Pichot et al., 2012 and references therein). The slab geometry and
Wadati-Benioff zone thickness vary significantly (Bie et al., 2020). Their variations have been
attributed to the subduction of the fractures (Bie et al., 2020; Schlaphorst et al., 2016) or the
presence of a slab tear (Bie et al., 2020; Schlaphorst et al., 2017; van Benthem et al., 2013).

68°0 64°0 60°0 56°0

RuertolRicojtrench

Elevation (m)

-8495 2218

© .. North American )
X Plate

ribbean
Plate | s
Ve

Figure 1: Overview of the Lesser Antilles geodynamic system. A: inset of the Caribbean region, arrows indicate global plate
motions; dashed square reports to B, red lines: main fault structures from Global Earthquake Model (GEM). B: main structural
features of the LA; white area: accretionary wedge, red triangles: active volcanoes; thick blue line: active volcanic arc; thick
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blue dashed line: inactive volcanic arc; FZ: fracture zones; black lines: FZ; black dashed lines: subducted FZ; white lines:
crustal faults; red lines: ridges; red dashed lines: subducted ridges; SteL.E.: Saint-Lucia ridge Extension, T.E.: Tibubon ridge
Extension, B.E.: Barracuda ridge Extension, PR: Puerto Rico, BVI: British Virgin Islands, USVI: United States Virgin Islands,
Ag: Anguilla, Bda: Barbuda, SKN: Saint-Kitts-and-Nevis, At: Antigua, Mo: Montserrat, Gu: Guadeloupe, MG: Marie-Galante,
Do: Domonique, Ma: Martinique, SL: Saint-Lucia, StVG: Saint-Vincent-and-Grenadines, Bde: Barbade, Gr: Grenade, To:
Tobago, Tr: Trinidad. Faults are from Feuillet et al. (2001, 2002, 2004, 2011a and b), Leclerc et al. (2016), Laurencin et al.
(2017, 2019), Boucard et al. (2021), Garrocq et al. (2021). FZ were extracted from Global Seafloor Fabric (soest.hawaii.edu)
and bathymetry from Global Multi-Resolution Topography (gmrt.org).

To a first order, the GPS velocities show very small relative motions of the arc with respect to
the Caribbean Plate (Manaker et al., 2008; Symithe et al., 2015; van Rijsingen et al., 2021). To
a second order, they indicate a small (< 1 mm/yr) component of arc-parallel motion that may
be indicative of intra-arc extension (van Rijsingen et al., 2021) with the northern segment
(Guadeloupe to Virgin Islands) moving northwest and the southern segment (Guadeloupe to
Grenada) moving south (Figure 2). Note that these velocities with respect to the Caribbean
Plate are often within their 95% error ellipse.

20°

18°

16°

Figure 2: GPS vector
velocities (black arrows)
along the Lesser Antilles
arc, in the Caribbean
reference frame. Geodetic
* Strein velocities were provided
7’ by van Rijsingen et al.
(2021). Black circles are
* Ellipoe Error error ellipses with 95%
confidence. Red arrows
are the strain through the
« Velocity veoor arc, and the red dote is the
1 tmeniyr original location of the
« Scale Strain  arrows.  Strain
km values: el= 2.1.10° =+
L1077yl e2 = -0.6.107
+ 11077y,

14°

::1 e (mm‘yr)‘:r

12°

100 T A . !
-66° -64° -62° -60° -58° -56°

Three oceanic ridges are interacting with the subduction dynamic. Sainte-Lucia is a buried ridge
identified by seismic reflection beneath the Barbados accretionary wedge (Westbrook et al.,
1982). The Tiburon rise is 150 km long by 30 km wide, cutting the trench with ESE-WNW
orientation, producing a positive free-air gravity anomaly of 70 mGal (Pichot et al., 2012). The
Barracuda ridge is 450 km long by 40 km wide, cutting the trench with a 288° azimuth
orientation (Peter & Westbrook, 1976), producing a positive free-air gravity anomaly of 80
m@Gal (Pichot et al., 2012). Roest & Collette (1986) interpreted the Barracuda ridge and trough
as the continuation of the Fifteen-Twenty fracture zone. The Barracuda and Tiburon ridges were
likely generated at the Mid Atlantic Ridge along transform faults (Westbrook et al., 1984).
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Harmon et al. (2019) suggest an extension of Tiburon and Barracuda ridges beneath the
accretionary wedge. The limit between the South and North American Plates has been proposed
to be located between these two ridges, as diffuse plate boundary (Patriat et al., 2011b), which
also separates the Proto-Caribbean (south) and Equatorial Atlantic (north) lithospheres (Braszus
et al., 2021; Cooper et al., 2020). Fracture zones and ridges of the slow-spreading American
Plates may affect the plate interface seismogenic behavior through fluid circulation and pore
pressure (Bie et al., 2022; Ezenwaka et al., 2022; Harmon et al., 2019; Marcaillou et al., 2021).

The arc, forearc and accretionary wedge morphologies are characterized by a strong NS
dissymmetry (Figure 1), also observed on seismic activity (section 1b):
=  South of 15° of latitude, the volcanic arc is located at about 400 km from the trench,
bordered to the east by the Tobago forearc basin and the 240 km wide, 15 km thick
Barbados accretionary wedge (Speed & Larue, 1982). The slab dip beneath the forearc
is about 10° (Bie et al., 2020). The accretionary wedge is marked by thrust faults, and
the arc fault spatial distribution is not well known.
= North of 15° of latitude, the volcanic arc is separated in two alignments north of
Martinique island (thick solid and dashed blue lines in Figure 1). The western line
marks the continuity of the active volcanic arc located at about 250 km from the trench,
whereas the eastern line marks the outer arc, composed of extinct volcanic edifices
(Bouysse et al., 1990 and references therein). The accretionary wedge varies from 100-
to 40-km-wide, with a trench fill thickness lower than 500 m (Laigle, Becel, et al.,
2013). The thin sedimentary fill combined with the rough topography of the north
American Plate favor a long-term margin erosion (Boucard et al., 2021). The slab dip
beneath the forearc is about 15° (Bie et al., 2020). The forearc is affected by several
deep V-shaped basins controlled by NE-SW normal faults perpendicular to the trench
(Boucard et al., 2021; Feuillet et al., 2002). The arc is shaped by normal to strike-
slip/normal faults parallel to the trench (Feuillet et al., 2011 and references therein).

The arc and inner forearc crustal thickness have been estimated to about 28+7 km along the arc
(Bie et al., 2020; Kopp et al., 2011; Laigle, Hirn, et al., 2013), with value ranging from 20 to
24 km in the south (Christeson et al., 2008; Padron et al., 2021), and 28 km in the central area
(Paulatto et al., 2017).

From east to west, the forearc region stress is influenced by the along-arc bending and oblique
subduction, while the arc and back-arc regions stress is characterized by trench-perpendicular
extension possibly reactivating structures formed during the back-arc opening (Allen et al.,
2019; Lindner et al., 2023).

From north to south, the fault kinematics identified and the relationships between faults and
crustal seismicity are not obvious, and are still debated. In the north area (Figure 3b), the
Anegada Passage (AP) (Figures 3a (5) and 4) is interpreted as part of the Puerto Rico Virgin
Islands microplate (Byrne et al., 1985; Mann et al., 1995). Relatively low motion was recorded
by geodesy at its eastern limit (Symithe et al., 2015). Various interpretations were given on the
AP fault system activity from extensional faulting to sinistral or dextral transtension (Feuillet
et al., 2002; Jany et al., 1990b; Mann et al., 1991). Laurencin et al., (2017) investigated the
region with new bathymetric imagery and concluded that the 450-km-long and N54° AP fault
system presents a main EW trending left-stepping en échelon strike-slip motion.

At the eastern AP, the 87-km-long, 25-km-wide Sombrero Basin (Figure 4) is interpreted as a
pull-apart basin bounded by normal and strike-slip transtensive faults (Laurencin et al., 2019).
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To the northeast of the AP, the Bunce Fault (Figure 4) is described as a steep subvertical 535-
km-long fault, reaching 5 km at depth, with a sinistral strike-slip component (Laurencin et al.,
2019). The Bunce Fault is connected to the west to the strike-slip Bowin Fault (Grindlay et al.,
2005) and marks the limit between the backstop and the thin accretionary wedge. Its existence
may reveal a partitioning motion induced by the strong subduction obliquity (Laurencin et al.,
2019). From seamount deformation, the authors estimate a maximum slip rate of about 1.6 +
0.2 cm/year on the Bunce Fault. The fault is potentially able to generate moderate size
earthquake because of its only 5 km depth roots and may rupture partially consolidated
accretionary sediments (U. ten Brink & Lin, 2004).

From La Désirade (Guadeloupe) to Anguilla islands, the forearc is marked by V-shaped basins
formed during the Paleogene and resulting from the collision of the Bahamas Bank against the
northeastern Caribbean Plate (Boucard et al., 2021). At the northern end, the normal faults that
flank the basins are sealed and are crosscut by the normal Tintamarre Faults (Figures 3a (2)
and 4). The Tintamarre Faults mark the margin erosion and subsidence occurring since the mid-
Miocene (Boucard et al., 2021). Seismic imagery indicates fault deep roots, possibly down to
the subduction interplate contact (Boucard et al., 2021).

In the central area (Figure 3b), the arc and forearc are marked by series of trench perpendicular
and parallel normal faults (Feuillet et al., 2001, 2002). The first set of faults bounds grabens
and spurs oriented perpendicular to the trench, such as the Marie-Galante graben or the
Bertrand-Falmouth spur system, indicating a NS to NNW-SSE extension (Figure 6). The
second set shapes an en-échelon system of normal faults located roughly along the active
volcanic arc. These faults are parallel to the trench, and may accommodate a sinistral motion
north of Guadeloupe as the Montserrat fault, or a strict normal motion as the Roseau fault
(Feuillet, Beauducel, & Tapponnier, 2011; Feuillet et al., 2001). Several historical and
instrumental earthquakes have ruptured these systems with magnitude greater than 5.5 (sections
1b and 1¢). Feuillet, Beauducel, & Tapponnier, (2011) and Feuillet et al. (2001) proposed that
these series of faults are related to regional strain partitioning, with V-shaped basins, induced
by the increase of plate motion along the curved trench and accompanied by a strike-slip system
(trench-parallel en-échelon faults). However, this hypothesis remains debated as the V-shaped
basins mostly opened when the subduction was supposed to be linear, during the Oligocene,
and appear inactive nowadays (Boucard et al., 2021; Symithe et al., 2015). Seismic imagery
also highlighted ridge-parallel intra-crustal reverse faults above Barracuda and Tiburon ridges
extents, possibly rooting down to the subduction interplate contact resulting in localized outer
forearc basement highs (Laigle, Becel, et al., 2013).

In the south area (Figure 3b), knowledge about fault systems south of Sainte-Lucie is sparse.
The possible extension of the en-échelon trench-parallel faults is unknown (Feuillet pers.
comm.). Christeson et al. (2008) and Aitken et al. (2011) interpreted large-offset normal faults
along both flanks of the LA volcanic arc. They interpreted these faults as a consequence of
uplift induced by magmatism intrusion through the thinned Paleogene basins of Grenada and
Tobago. However, based on deep-penetrating multichannel seismic reflection data, no evidence
of these large normal faults was found (Garrocq, 2021; Garrocq et al., 2021). The seismic
profiles indicate possible normal faults along the west flank of the LA volcanic arc, between
Saint-Vincent-and-the-Grenadines and Sainte-Lucie, and subvertical faults, possibly normal to
strike-slip, similar to north of Martinique. This deformation may be more related to the present-
day tectonic context. Further south, the Tobago terrane marks the edge of the Caribbean Plate
and is bounded by the North Coast fault (Christeson et al., 2008). The major transition between

11 2023



Foix et al | New Seismotectonic Models for Seismic Hazard Assessment of the Lesser Antilles

the northern and southern tectonic areas is marked by lateral ramps that follows the Barracuda
and Tiburon ridges trend (e.g., Brown & Westbrook, 1987).
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Figure 3: Crust faults, subduction interface geometry and instrument sensitivities. A: crustal faults and interpreted fault
relative motions; faults and relative motions are extracted from Boucard et al. (2021); Feuillet, Beauducel, & Tapponnier
(2011); Feuillet, Beauducel, Jacques, et al. (2011); Feuillet et al. (2001, 2002, 2004); Garrocq et al. (2021); Laurencin et al.
(2017, 2019); Leclerc et al. (2016) and the dote black lines are normal faults proposed from (Aitken et al., 2011; Christeson
et al., 2008); black squares highlight zooms available on Figure 4, (1) Bunce fault, (2) Tintamarre faults, (3) Marie-Galante
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graben, (4) Montserrat-Bouillante fault, (5) Anegada passage fault system, (6) El Pilar fault system. B: slab geometry and
GPS (Global Positioning System) and seismic stations locations and sensitivities; thin black lines are the unified slab top from
Bie et al., (2020) and Laurencin et al., (2018) constructed for this study, with depth indicated every 20 km from 10 to 90 km
depths; GPS stations sensitivity is from van Rijsingen et al. (2021) for log(sensitivity)>0.5; seismic stations used for the CDSA
catalog indicate a magnitude of completion (Mc) of 3.5 (Massin et al., 2021).
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Figure 4: Crust fault systems and relative motions summary of the northeastern Lesser Antilles extracted from Laurencin et
al. (2019) and references therein. Blue arrows are relative to extension and green arrows to strike-slip motions. BF: Bunce
Fault. AP: Anegada Passage fault system. SB: Sombrero Bassin. MF: Malliwana Fault. AF: Anguilla Fault, located between
the Sombrero basin to the west and the Malliwana basin to the east. TF: Tintamarre Faults. NF: Nevis Fault.

1b-Past and present seismicity
Instrumental and historical studies along the LA reveal significant seismic activity along the
entire system, slightly higher in the central and north areas, above 15°N (Hayes et al., 2014;
McCann et al., 1984). Only a few damaging earthquakes were reported until the 19" century,
but several events had estimated magnitudes exceeding 7, such as the April 5, 1690 event in
Nevis, the February 8, 1843 in Guadeloupe, or the November 18, 1867 in the Virgin Islands
(Figure 5). Recently, the Mw=7.4 event on November 29, 2007 generated minor damage in
Fort-de-France (Régnier et al., 2013). This event likely broke an oblique normal fault within
the subducted slab at about 152 km depth (Bouin et al., 2010). Relocation with dense sea-
bottom seismometers (OBS) revealed a dip-parallel extension mechanism interpreted as being
associated with a potential slab tear (Laigle, Hirn, et al., 2013). In the last century, few events
exceeded M7 according to USGS (United State Geological Survey):

* 1914 Oct.3, near Guadeloupe, Mw=7.0

= 1953 Mar. 19, south of Martinique, Mw=7.3

= 1969 Dec. 25, near Barbados, Mw=7.2

= 1974 Oct. 8, between Barbuda and Antigua, Mw=7.5

= 2007 Nov. 29, below Guadeloupe at 128.8 km depth, Mwb=7.4

Two major earthquakes were reported in the 19" century. The first occurred on January 11,
1839, which destroyed Fort-de-France, occurred offshore Martinique, with a magnitude
estimation of about Mw=7.5-8. The second on February 8, 1843, which destroyed Pointe-a-
Pitre, occurred close to Guadeloupe with a magnitude estimation of about Mw=7.5-8.7
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(Bernard & Lambert, 1988; Feuillet et al., 2011; Ten Brink et al., 2011; Hough, 2013). The
exact locations of these events are debated. Bernard & Lambert (1988) and McCann et al.
(1984) interpreted them as megathrust earthquakes, despite the absence of large tsunami or
significant vertical deformation of the coast. van Rijsingen et al. (2021) proposed that the 1843
event had a smaller magnitude, or different mechanism or location within the subducted slab,
and that the 1839 event could also be located in the subducted slab (similar to the M=7.5 in
1953 or the M=7.4 in 2007).

Recent geodetic data highlight a very low interseismic coupling of the seismogenic portion of
the subduction interface (van Rijsingen et al., 2021, 2022), which, depending on interpretations,
may only allow for one earthquake Mw= 8§ every 2000 years (Symithe et al., 2015). van
Rijsingen et al. (2022) observed subsidence from geodetic vertical motions, in coherency with
coral and atoll data (Philibosian et al., 2022). While Philibosian et al. (2022) proposed that the
deep portion of the subducting interface is affected by strong interseismic coupling to explain
the subsidence, van Rijsingen et al. (2022) recent geodetic observation exclude an interface
coupling. These interpretations and its implications are discussed in more details in the
subduction interface zoning (section 2e).

Lindner et al., (2023) investigated 151 focal mechanisms solution (FMs) to invert for stress
regime in the LA from an offshore deployment of 14 months in 2016-2017. They observed: 1)
typical compression on the plate interface, 2) dominant slab perpendicular extension at 100-
200 km depth, beneath the central part of the arc, and 3) strike-slip and extension in the upper-
plate northern area (north of Guadeloupe) changing to near arc-perpendicular extension to the
south (west of Guadeloupe and south). The megathrust seismic slip is highlighted by thrust-
fault earthquakes at depths shallower than 50 km and events are becoming more frequent
towards the trench (Lindner et al., 2023). North of Guadeloupe and east of Martinique, most
events are located in the 1839 and 1843 estimated rupture areas (Gonzalez et al., 2017; Lindner
et al., 2023). This megathrust activity is lacking in the south where no shallow events are
recorded near the trench, but also between ~15°N and ~16.5°N (Lindner et al., 2023). Dense
offshore deployments over the forearc domain in 2007 revealed interplate seismicity clusters
offshore northern Martinique island with thrust mechanisms down to 45 km depth, but almost
no event at depths shallower than 20 km (Laigle, Hirn, et al., 2013; Ruiz et al., 2013).

At depths greater than 100 km, most of the intraslab seismicity is generated by normal or strike-
slip faults, related to processes within the subducted slab (Gonzalez et al., 2017). Abundant
seismicity is observed between the Martinique and Dominique islands, possibly associated with
the Marathon or Marcurius fracture zone, and host the majority of strong deep earthquakes (Bie
et al., 2020; Lindner et al., 2023). The 2007 Mw=7.4 event is the largest of this group and the
LA strongest instrumentally measured. Below the central LA area, at depths around 170-200
km, Lindner et al. (2023) observed a seismic gap within the subducted American Plates
lithosphere, where Braszus et al. (2021) observed a continuous slab, in accordance with Bie et
al. (2020) tomography.

Seismic activity of the Caribbean upper-plate crust shows a strong variability along the arc,
where normal faulting dominates (Figures 3a and 5). From FMs, Lindner et al. (2023) observed
a transitional regime in the north and central areas, with normal to strike-slip faulting as attested
by shallow seismicity along the arc-parallel and -perpendicular faults. North of Martinique
(14.5-15°N), the seismicity rate is higher than to the south, especially for events with magnitude
greater than 5 (Figure 5). Some of these faults have produced disastrous event, such as the 1867
earthquake Ms=7.5, located at the Virgin Islands (McCann et al., 1982). In the central area,
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high normal-faulting activity is observed between Guadeloupe and Dominique. This seismicity
includes the shallow 2004 Mw=6.3 Les Saintes earthquake, which ruptured the Roseau fault,
revealing arc-perpendicular extension (Feuillet, Beauducel, Jacques, et al., 2011). Towards the
south, large-magnitude events are scare and the deformation regime is characterized by arc-
parallel extension, interpreted as the result of the tight arc curvature (Lindner et al. (2023).

Pervasive seismicity is observed in the cold mantle wedge (Bie et al., 2020; Laigle et al., 2013;
Ruiz et al., 2013). Laigle et al. (2013) interpreted this seismicity as “supraslab” earthquakes, as
observed in Japan (Uchida et al., 2010), and is characterized by normal-faulting focal
mechanisms. This type of seismicity is questioning as the upper plate mantle is supposed to be
composed of serpentinized peridotite, which should favor aseismic fault behavior. Laigle, Hirn,
et al. (2013) proposed that, because the Caribbean Oceanic Plateau upper plate was formed by
a mantle plume, the corresponding mantle could have been modified and may include
pyroxenitic material within peridotites. Modelled temperature at this location also suggests that
supraslab seismicity could also be related to dehydration embrittlement due to
deserpentinization reaction in the serpentinized mantle wedge, as invoked beneath northeast
New Zealand (e.g. Davey & Ristau, 2011). Recent seismic imageries highlight a cold and
stagnant mantle wedge, where fluids expelled from slab favor for abundant seismicity in the
LA mantle wedge (Hicks et al., 2023). Only few other subduction zones present mantle wedge
seismicity as Japan, New-Zealand or Greece. Authors interpreted them as the deformation of
subducted seamount (Uchida et al., 2010) or fracturing due to fluid paths and pressure.

In association with upper plate deformation induced by the subduction active system, the LA is
subject to numerous volcanic eruptions (Table 2). Sixteen seismo-volcanic crises have been
reported between 1530 and 1960 (Robson, 1964). Five led to eruptions: the Soufriere of St.
Vincent (1812, 1902), the Mt. Pelée (1902, 1929) and the Soufriere of Guadeloupe (1956)
(Robson & Tomblin, 1951). The 1950-51 Nevis crisis was responsible for building damages,
with the largest earthquake of Mw=4.3 (ISC catalog) and intensity VIII (Willmore, 1952).
Montserrat was also struck in 1897-98 and 1933-37 (Shepherd et al., 1971). The 1966—67
Montserrat volcano-seismic crisis was marked by 32 felt earthquakes. Unfortunately, no
seismographs were installed at that time in or near the island (Shepherd et al., 1971). Since
1960, several eruptions have struck the LA active volcanic arc, leading sometimes to significant
seismic event such as the M=4.6 earthquake of the 1976-77 La Soufriére Guadeloupe seismo-

volcanic crisis (Smithsonian monthly reports, IPGP).
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Figure 5: Historic and instrumental seismicity of the Lesser Antilles. Thick black lines mark the Lesser-Antilles, Puerto-Rico
and Muertos trenches. A: ISC-U catalog instrumental seismicity introduced in section 2a. B: CDSA catalog instrumental
seismicity (Massin et al., 2021). C: IPGP catalog instrumental seismicity (Saurel et al., 2022). D: SisFrance Antilles historic
seismicity (Lemoine pers. comm.). E: SARA pre-1964 historic seismicity (Gomez-Capera et al., 2017). F: significant
instrumental and historic earthquakes.

1c-Zoom on Guadeloupe

The central LA area has been intensively investigated inducing a higher amount of knowledge
compare to remaining arc. Here, we proposed a specific focus on Guadeloupe. We currently
lack the same level of information to be able to deliver the same approach on Martinique.

The Guadeloupe area is affected by several set of active faults described by Feuillet, Beauducel,
& Tapponnier (2011); Feuillet, Beauducel, Jacques, et al. (2011); Feuillet et al. (2001, 2002,
2004); Leclerc et al. (2016). A zoomed view is presented in Figure 6. A first set of faults is
oriented N40£20°E and is defined as the Bertrand-Falmouth graben. The Grande-Vigie fault is
part of this system and exhibits a 40-m-high cumulative scarp. The second set cuts the south of
Grande-Terre and Marie-Galante, and marks the Marie-Galante Graben (MGG). South of
Grande-Terre, the EW-striking faults show a southward dip. The Gosier Fault is part of this
system and is marked by a 40 to 60-m-high cumulative scarp. The 1897 earthquake (EI=VIII)
was inferred to be linked to the Gosier fault with Mw=5.5 or Montserrat fault with Mw=6.5
(Bernard & Lambert 1988; Feuillet et al. 2011). To the south, the MGG faults are characterized
by an opposite vergence, northward dip, and cut Marie-Galante Island. The main structure is
named the Morne Piton fault (MPF), with 130-m-high cumulative scarp and a total length of
about 80 km for minimum depth of 15-km and could be responsible for the 1851 earthquake
(EI=VII) (Feuillet et al. 2011). The MPF presents five segments of 5 to 15 km-long with 75°
dip with an estimated slip rate of 0.2 + 0.05 mm/year (Philippon et al., under review). Feuillet
et al. (2004) highlights that these characteristics are compatible with potential M=6.5
earthquakes every 1400 to 3300 years, or with a M=5.5 every 400 to 1000 years (e.g., the events
of May 16, 1851 and August 5, 1992). The MGG supposedly generated three historical
earthquakes in the last 150 years, with intensity from VII to VIII, including the destructive April
29, 1897 earthquake, with M=5.5-6, located closed to Pointe-a-Pitre (Bernard & Lambert,
1988). To the east, the MGG extends to the Karukera spur and cuts the associated arc-parallel
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normal faults. To the west, the MGG cuts the Basse-Terre volcanic complex to merge, at sea,
with the arc-parallel faults.

Y

=-16°N

= 15°N

Figure 6: Guadeloupe to Martinique fault systems and relative motions summary extracted from Feuillet, Beauducel, &
Tapponnier (2011) and Leclerc (2014). Blue arrows are relative to extension and green arrows to strike-slip motions. RF:
Redonda Fault. MHF: Montserrat-Harvers Fault. BMF: Bouillante-Montserrat Fault. RoF: Roseau Fault. GF: Gosier Fault.
MPF: Morne-Piton Fault. KS: Karukera Spur. BFSF: Bertrand-Falmouth Fault System.

The arc-parallel en-échelon faults system was responsible for large earthquakes such as the
Nevis March 16, 1985, Ms=6.3 (Girardin et al., 1991) and Les Saintes November 21, 2004,
Mw=6.3 (Feuillet, Beauducel, Jacques, et al., 2011) earthquakes. West of Marie-Galante, the
Roseau Fault borders the Les Saintes graben and was responsible for the 2004 Les Saintes
event. The fault is about 35-km-long and is marked with a 120-m-high cumulative scarp, except
in its center where the fault is divided in three smaller segments with respectively 40, 10 and
40 m cumulative scarps (Leclerc et al., 2016). The Roseau fault is oriented N135°E + 15°, with
an average dip of 50° northeastward. The 2004 earthquake reveals that the fault accommodates
a normal motion. Its associated antithetic faults are 2 to 10-km-long (Feuillet, Beauducel,
Jacques, et al., 2011). A rupture of the entire Roseau fault system could induce a Mw=7 event
(Leclerc et al., 2016). Based on morphotectonic and geological analyzes of Les Saintes volcanic
system, Leclerc et al. (2016) proposed a minimum slip rate of 0.15 mm/year and a maximum
of 0.4 mm/year. No recurrence time is available, however, following scarp observations on the
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seafloor, 2 to 3 ruptures prior to the 2004 Saintes earthquake were identified. Work is in
progress to analyze associated turbidites (Feuillet pers. comm.).

North of the Roseau fault, the arc-parallel en-échelon faults system is marked by the Bouillante-
Montserrat System (BMS). The BMS is composed of several en-échelon oblique faults that
accommodate a sinistral motion component. Faults are 10 to 20-km-long, oriented N130°E +
20°, with a northeast dip, up to Basse-Terre, Guadeloupe (Feuillet et al., 2001). The 1985
mb=6.3 and 1986 earthquakes were located close to the BMS. From the Kahouane volcano,
located in the Bouillante-Montserrat basin, Carey et al. (2019) determined a subsidence rate of
0.2 mm/year. The authors proposed that 0.16 mm/yr correspond to tectonic subsidence and 0.03
mm/yr to regional subsidence. This 0.16 mm/year tectonic subsidence occurring on the graben
corresponds to ~0.1 mm/year of horizontal extension and ~0.2 mm/year of slip rate for the BMS
(assuming a standard 60° fault dip).

1d-Previous seismotectonic models

Continental scale seismotectonic models and probabilistic seismic hazard assessment (PSHA)
have been proposed for the Caribbean region (e.g Zimmerman et al., 2022 and references
therein; Pagani et al., 2020). These large-scale analyses of the Caribbean region may miss
essential details for a LA and French islands. The last study dedicated to the LA, on behalf of
the French government, was conducted by Geoter (2002). Geoter (2002) proposed a
seismotectonic crustal deformation model divided into 21 area sources (down to a uniform 30
km depth) and a seismotectonic subducting plate model divided into 20 or 14 area sources
(down 210 km depth). Two fault sources, the Marie-Galante and Gosier fault systems, were
included. Shepherd & Lynch (2003) updated seismic hazard maps of the LA to be consistent
with the requirement of the International Building Code. The following update was proposed
by Bozzoni et al. (2011) who developed PSHA maps for the eastern Caribbean islands based
on Cornell-McGuire seismogenic sources and the zone-free (or zoneless) methods. In this
study, 15 seismogenic sources are divided into six upper-crustal and crustal sources, five
interface sources, two intraplate sources, and two transition sources. The upper sources
characterize the volcanic arc, the shallow crustal and interface activity down to 50 km depth.
The deepest sources characterize the intra-plate activity of the subducting plate, from 50 to 200
km depth. The resulting seismic hazard estimations are systematically higher than previous
studies of Shepherd & Lynch (2003) and Lynch (2005). In the light of new and improved data
and knowledge of LA we propose new seismotectonic models exposed in the next sections.
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2-Seismotectonic models for the seismic hazard assessment

In this section, we present our proposed seismotectonic models, based on published research
(sections 1a to 1c¢) and combined with geodetic and focal mechanism information as well as
unpublished data (section 2a).

The seismotectonic model is used to defined seismotectonic zoning composed of area sources
and/or fault sources. Their geographical limits are meant to indicate significant spatial
variations in tectonic and seismicity characteristics. The overall approach chosen in this work
is based on three principles that consider existing information and associated uncertainties:
= We prefer one large zone over several small ones unless small zone distinctions are
clearly warranted by local complexities.
=  When appropriate, we divide and adjust zone limits to avoid dilution of seismicity in
very large zones.
= We prioritize data in the following order: (1) seismicity, (2) faults and local tectonics,
(3) geodesy, (4) structure and local geology.

For each source, we determine the earthquake magnitude-frequency distributions and seismic
moment rates. We used the maximum likelihood estimation method of Weichert (1980) for
different completeness periods and maximum magnitudes for the ISC-cat data. The earthquake
magnitude-frequency distributions are discussed on Foix et al. (in prep.) and results are added
in annexes of this report. An overview of the proposed area sources and corresponding
characteristics is also provided in annexes (Annex tables 1 to 6).

In order to avoid biases in regional earthquake completeness, we put higher emphasis on CDSA-
cat and ISCU-cat of magnitudes M>4 (section 2a). Most of the characteristics were already
exposed in sections 1a and 1b, and additional references are given when needed.

2a-Materials

To define and characterize seismotectonic area sources, we treated and analyzed published and
unpublished data up to 2022. In this section, we describe the materials used to develop the
proposed models and we briefly expose the methods used to treat a part of the data. Instrumental
and historic seismicity catalogs are mostly used for earthquake locations and depth information
when available, not so much for magnitudes.

Instrumental seismicity

e The Antilles Seismological Data Center (CDSA) catalog aims to produce a unified
catalog of known earthquakes from 1972 to 2012 (Bengoubou-Valerius et al., 2008;
Massin et al., 2021). Hypocenters were evaluated and preferred location results were
selected, building a 46,703 earthquakes catalog named CDSA-cat in this report.
Volcanic earthquakes are not contained in the catalog. Magnitudes are estimated in ML.
According to seismometer and island locations, the magnitude of completeness for the
seismically active crust is Mc=3.2, Mc=2.7 for Guadeloupe and Martinique and Mc=3.5
for the slab (Massin et al., (2021) for details on the catalog completeness). Geographical
distribution is reported on Figure 5b.

e The IPGP catalog aims to complete the CDSA project up to present day, using data form
the Guadeloupe and Martinique French observatories (Saurel et al., 2022). Magnitudes
are estimated in Md and My. The catalog is still under progress, and from now, it is
composed of 13,220 events from 2014 to 2019. The catalog is named /PGP-cat in this
report. Geographical distribution is reported on Figure Sc.
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The International Seismological Center (ISC) catalog was extracted and unified in Mw
magnitude by Didier Bertil (BRGM). This unpublished catalog contains events from
1906 to 2021, incomplete before 1964, with magnitudes Mw=>3. It is named ISC-cat in
the report. The Mw homogenization was done using reference magnitudes given by
GCMT (Global Centroid Moment Tensor Project) and NEIC (National Earthquake
Information Center). Geographical distribution is reported on Figure Sa.

Historical seismicity

The historical seismicity was extracted from SisFrance Antilles (Vermeersch et al.,
2002). The earthquake locations and intensities are considered in this study, but the very
limited level of reliability of the observations and epicenters does not provide strong
constraints. Work on this catalog is in progress by the BRGM team to better determined
event locations, depths and magnitudes. Geographical distribution is reported on Figure
5d.

For comparison, the SARA pre-1964 catalog is consulted (http://sara.openquake.org).
The project produced a homogeneous earthquake catalogue for South America. Mw
were estimated for each event. Geographical distribution is reported on Figure Se.

Focal mechanisms

We build a database of focal mechanisms (FMs), labeled as FMAnt-2021, composed of
572 events from Puerto-Rico to Venezuela for seismotectonic analyses, using GCMT,
ISC, and IPGP catalogs as well as recent published works of Corbeau et al. (2019, 2021),
Gonzalez et al. (2017) and Ruiz et al. (2013). We used Mazzotti et al. (2021) method to
compute average near-horizontal P and T axis orientations and faulting types on a
regular grid: for each grid point, parameter statistics are computed, using a minimum
Nmin of FMs, according to the distance d to the grid point and a Gaussian half-width
smoothing distance w. P and T axe orientations are computed using only data whose
plunge does not exceeded a near-horizontal angle a. Faulting style is determined by
associating each FMs to a scalar value based on its rake. The same weight is applied for
each earthquake and multiple-event FMs are weighted based on their compatibility with
each other. In this study, we use Nmin=3, d=50 km, w=40 km, and a=25°.

Slab geometry

Slab surface geometries of Bie et al. (2020) and Laurencin et al. (2018) were used and
combined in one unique surface named as Bie-Lau-Slab in this report (Figure 3b). Slab
and Moho geometries of Paulatto et al. (2017) were not used in order to keep a
consistency along the arc. However, we checked their consistency for local studies near
Martinique and Guadeloupe.

Crustal faults

20

A first-order Caribbean crustal fault distribution was obtained from the Global
Earthquake Model (GEM — Styron et al., 2020). It was completed with the local work
of Boucard et al. (2021); Feuillet, Beauducel, & Tapponnier (2011); Feuillet,
Beauducel, Jacques, et al. (2011); Feuillet et al. (2001, 2002, 2004); Garrocq et al.,
(2021); Laurencin et al. (2017, 2019); Leclerc et al. (2016). Currently, no unified
database of crustal fault exists and knowledge is heterogeneous for the entire LA arc
(mostly depending on oceanographic campaigns). Around Guadeloupe, we used the
unpublished fault catalog developed by Philippon et al. (pers. comm.) to better define
area sources limits. Their work is still under progress to provide a complete and sorted
faults catalog.
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Geodetic data

e Geodetic velocities at Global Navigation Satellite System (GNSS) sites along the LA
arc was provided by van Rijsingen et al. (2021). We used these data to calculate a first-
order strain rate tensor in a few specific areas.

e We used GNSS and micro-atolls geodetic data from Philibosian et al. (2022) and van
Rijsingen et al. (2021) to model the possible interseismic coupling of the megathrust
interface along a 2D cross section at the latitude of Guadeloupe. We tested three range
of potential coupling depths, 0 to 40 km, 40 to 70 km and 40 to 90 km, with 10 or 100%
of coupling. Results are discussed in section 2e.

2b-Crustal seismotectonic zoning

The Caribbean plate crust is first divided from east to west according to the limits of the
accretionary wedge and the fore-arc basin due to their differences in structure, lithology and
tectonics (section 1). A first division is located at the backstop, interpreted from existing data
on accretionary wedge and arc tectonics and structure (Laurencin et al., 2019; Torrini & Speed,
1989). At the north, this limit is defined 10 km south of the Bunce fault which marks the
backstop. A second division is defined between the arc and the forearc basins, where known
tectonic and seismicity diversities justify it. We then proposed a third lateral limit, between the
arc and the back-arc, to consider the low seismicity levels of the Grenada basin and Aves ridge.
Finally, we divided from south to north, according to structures, fault types and seismic activity.
Upper plate depth limit is defined by the Moho at 28 km (Paulatto et al., 2017), and by the
downgoing plate surface depth (minus 5 km, in order to avoid interface seismicity) when its
depth is located above the Moho depth. Downgoing plate depth limit, for the outer-rise region,
is about 20 km. The resulting seismotectonic model is presented on Figure 7.

68°0 64°0 60°0 56°0

20°N

Figure 7: Upper-plate crust seismotectonic model. Black lines highlight the main tectonic features as fractures, ridges and
subduction trenches from Figure 1. SB: South Boundary. AW: Accretionary Wedge. AWD: AW Death. FA: ForeArc. A: Arc.
FAA: FA and A. BA: BackArc. MF: Muertos Fault. NB: North Boundary. AP: Anegada Passage. UL: Undefined Limit. DP:
Downgoing Plate. AW-1 to AW-4 could eventually not be considered as explain in section 2b.

** Accretionary wedge and outer-rise seismogenic sources **
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In the accretionary wedge seismogenic sources, the seismogenic potential of faults is
considered. We do not integrate the possibility of rupture propagation or fault activation induce
by an earthquake nucleated at the subduction interface. This case is implicitly integrated into
the "subduction interface" model. Studies on the accretionary wedge seismicity mainly indicate
very low frequency earthquake or tremors on stable reserve faults (Ito & Obara, 2006; Obana
& Kodaira, 2009). No clear evidence of a potential to generate strong earthquakes is existing
as the prism is considered as unconsolidated sediments and full of fluids (low seismogenic
potential). The 2007 OBS Sismantilles experiment (Laigle et al., 2007) did not record
earthquakes in this area during 4 to 6 months (Laigle pers. comm.). On the basis of the
instrumental catalogs, earthquakes are located in the accretionary wedge (Figure 5).
Consequently, we propose a zoning, but we should eventually consider the possibility that the
majority of these earthquakes are on the interface or in the oceanic slab. This would change the
density and frequency of earthquakes on theses seismogenic sources.

AWD (Accretionary Wedge Death): the zone corresponds to the progressive disappearance
of the accretionary wedge towards the south (Figure 8c), where the South American Plate
oceanic crust gradually becomes continental and subduction ends (Padron et al., 2021). AWD
is bounded to the east by the trench, to the west by the eastern termination of the El Pilar strike-
slip fault system, to the south by the southern termination of surface fault distribution related
to the accretionary wedge, and to the north by the appearance of the accretionary prism (AW-1
limit, poorly defined).

AW-1 (Accretionary Wedge 1): the zone corresponds to the Barbados accretionary wedge
(Figure 1). As presented in section 1, it is characterized by a thick sediment layer from the
Orinoco River, deformed through a sequence of thrust faults. Convergence direction is almost
perpendicular to the trench and the subducted plate is highly fractured, referring to the Proto-
Caribbean lithosphere. AW-1 is bounded to the east by the trench, to the west by the backstop,
to the south by the progressive disappearance of the wedge (AWD limit, poorly defined) and to
the north by the Tiburon ridge that limits the sediment supply coming from the Orinoco river.

AW-2: the zone corresponds to the north/south transition limit of the Tiburon and Barracuda
ridges (Figure 1). The limits are poorly defined. The accretionary wedge, whose sediment
transport is stopped by the ridges, decreases in thickness. The few known faults correspond to
lateral ramps (Brown & Westbrook, 1987). AW-2 is bounded to the east by the trench, to the
west by the backstop, to the south by the Barbados accretionary wedge filled by sediment (AW-
1) and to the north by the narrow wedge with marge erosion dynamic (AW-3).

AW-3: the zone corresponds to the narrow accretionary wedge in erosion, with strike-slip
deformation marked by the Bunce fault (Figures 1 and 4). The trench is curved and the
convergence is oblique. The subducted North American Plate is less fractured compare to the
South American Plate (Figure 1) and corresponds to the Equatorial Atlantic lithosphere. AW-
3 is bounded to the north and east by the trench, to the west by the backstop, to the south by
transition zone (AW-2) and to the north by the Puerto-Rico subduction system (AW-4).

AW-4: the zone corresponds to the narrow accretionary wedge of the Puerto-Rico subduction
system (Figure 1). The convergence direction is about 75°. AW-4 is bounded artificially to the
west by a distance of 200 km from the last French islands (Saint-Barth and Saint-Martin), where
we consider seismic wave effects to be negligible for the PSHA calculation. To the east by the
western end of the LA subduction system (AW-3), to the north by the trench and to the south
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by a distance of 10 km south of the Bunce fault. The fault is described by Laurencin et al. (2019)
as the limit between the accretionary wedge and the fore-arc.

DP-1 and DP-2 (DP - Downgoing Plate): We considered a band about 150-200 km width,
seaward of the trench to include outer-rise seismicity of the American Plates. The eastern limit
of this zone is uncertain but has no impact, given the distance, on the calculation of the seismic
hazard. This area source can be divided in two distinct zone (DP-1 and DP-2), north of
Barracuda ridge, where the diffuse limit between Central and Equatorial Atlantic lithosphere is
located and is separated plates that differ in nature and fracturing amount.

** Characteristics of associated seismicity **

We defined, when it was possible, the Gutenberg-Richter (GR) magnitude-frequency
distribution (MFD) for each area source (report to Definitions and concepts). Results are
discussed in more details in Foix et al. (in prep.). Distributions are added in annexes of this
report (Annexes 1 to 7), while this section exposes a short discussion on the seismic potential
of the accretionary wedge. Based on the ISCU-cat earthquake catalog (Annexes 1 and 2), only
AW-4 MFD distribution is usable. AW-3 is unusable because of the very small number of
usable earthquakes (12 events). AW-1 and AW-2 are good examples of an uncomplete catalog
below Mw=4 and should be later improved (section 4). AW-1 MFD does not follow a linear
distribution for Mw>5 and raises questions on earthquake location errors.

Due to its poorly consolidated sediments nature and high fluid content, the accretionary wedge
may be unlikely to trigger large earthquakes. Due to the distance to the local seismic stations,
earthquake locations and depths are poorly resolved, limiting the attribution to these zones
(versus the subduction interface or slab). Current data does not allow us to determine structural
Mmax. The Mmax catalog of AW-1, AW-2, AW-3 and AW-4 from the ISCU-cat are 6.5, 7.2,
4.6 a d 4.6 respectively. The 1910 M6.5 and 1969 M7.2 earthquakes have controversial
locations, and we decide to exclude them as Mmax:

e 1910/01/23 — M=6.5: ISCU-cat depth location is fixed at 10 km whereas USGS fixes it
at 100 km. Not enough data are available to determine FMs that may help on the location
interpretation.

o 1969/12/25 — M=7.2: ISCU-cat depth location is fixed at 2.1 km, whereas USGS fixes
it at 9.7 km and NOAA at 7 km. FMs indicate normal faulting, excluding an interface
source (GCMT). According to the magnitude, an intra-slab source is more likely.

A few earthquakes could be used as reference for these zones, although their locations are
questionable:
e 1922/05/11 — M=6.07: z=15 km (ISC-GEM) - located by Russo et al. (1992) at 5 km
in the accretionary wedge.
e 2014 (Mw=6.4) and 2015 (Mw=5.7) seismic clusters have not been deeply investigate.
They are respectively located at 13.9 and 10.9 km depth according to the ISCU-cat.
e The 1767 historic earthquake, with intensity 8.5 is reported in this region (AWD), but
its location and depth cannot be clarified. The presence of a tsunami suggests a shallow
event (Le Roy et al., 2017).

The limited records of outer-rise earthquakes may be related to the instrumental recording time
or the distance from the stations. The outer-rise region was struck by a M=6.7 and M=5.6 in
2003 and 2016 respectively along the transform faults that cut the American crust (USGS),
while outer-rise earthquakes may reach magnitude 8.0 to 8.6 around the world (Craig et al.,
2014, and references therein). In Sumatra, outer-rise strike-slip earthquakes from Mw=8.2 to
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Mw=8.6 have been observed (Meng et al., 2012), as well as in Japan, with Mw=8.2 (Kanamori,
1971). At the LA, the work of Mathilde Cannat and Javier Escartin underlines the presence of
large seismogenic structures where roots could reach 10-15 km in depth (Escartin pers. comm.).

** Arc and fore-arc basins seismogenic sources/areas **

FAA (Fore Arc and Arc): the area source corresponds to the southern arc and fore-arc basins
(Figure 1). It is characterized by a significant decrease in instrumental seismicity in comparison
with the arc zones to the north (Figures 8a and b). About 25 historic earthquakes are listed in
FAA and about 60% have epicentral intensities greater than 6 (Figure 5d). Work is in progress
to determine if these historical events are shallow or deep (A. Lemoine, R. Hoste-Colomer and
D. Bertil, BRGM). South of Saint-Lucie, lack of multi-beam bathymetric data precludes the
identification of particular fault structures. No difference in seismic activity between the arc
and the fore-arc basins is observed (Figures 8a and b), given no justification to distinguish
between arc and forearc area sources.

FAA is bounded to the south by the increase of seismicity related to the El Pilar strike-slip fault
system (SB - South Boundary seismogenic source), to the north by an increase in seismic
activity and by a GNSS velocity decrease between Sainte-Lucie and Saint-Vincent-and-the-
Grenadines islands (GNSS data, Figure 2). The velocity gradient is about 0.15 and 0.56 mm/yr
for the eastern and northern components. However, this is not accompanied by an increase in
instrumental seismicity and no FMs exhibits extension (Figures 8a, b and d). To the east, the
limit of the area is defined by the presence of the accretionary wedge, and to the west by the
end of the volcanic arc.

FA-1 (Fore Arc 1), A-1 (Arc 1): the area sources correspond to the central arc and the fore-arc
basin (Figure 1). They are both characterized by an increase in seismic activity, compared to
FAA (Figures 8a and b). A-1 is characterized by the presence of normal faults parallel to the
subduction trench (Figure 8¢). FA-1 instrumental seismicity shows alignments in the continuity
with en-échelon faults with NW-SE orientation (without clear association with specific fault
structures, Figures 8a, b and c). FA-1 is considered as a zone of diffuse seismicity, as current
knowledge does not allow us to divide it in more specific seismogenic sources. Data currently
being acquired/processed should enable us to better characterize this transition between the arc
and forearc.

FA-1 and A-1 are bounded to the south by a decrease of seismic activity (FAA), to the north by
the fault system of the MGG (FA-2). FA-1 is bounded to the east by the presence of the
accretionary wedge. A-1 is limited to the west by the end of the volcanic arc.

FA-3, A-2, and UL (Undefined Limit): the area sources correspond to the northern arc and
fore-arc basin (Figure 1). A-2 differs from FA-3 by the presence of normal faults parallel to
the subduction trench (Figure 8c). FA-3 presents a series of normal faults perpendicular to the
trench and is marked by a sustained seismic activity throughout the area (Figures 8a, b and c¢).
The seismic activity decreases to the north, marking the limit with FA-4. A-2 differs from A-1
by a senestral component of the arc-parallel normal faults. These two zones are separated by a
diffuse, poorly defined limit UL. Moreover, given the proximity with Guadeloupe, this limit
may have a strong impact on hazard estimations and should be treated as an uncertainty in
future seismic hazard models.

FA-3 and A-2 are bounded to the south by the Marie-Galante fault system (FA-2) and the
diffuse boundary with A-1 (UL). FA-3 is bounded to the north by the decrease in seismic
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activity (FA-4) and to the east by the presence of the accretionary wedge. A-2 is bounded to the
west by the end of the volcanic arc.
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Figure 8: Crustal seismotectonic model and overlapped seismotectonic data overview. A: ISCU-cat for magnitude greater
than or equal to 4 (circles). B: CDSA-cat for magnitude greater than or equal to 4 (circles). C: crustal fault distribution (thin
black lines). D: focal mechanisms spatial distribution (FMAnt-2021). E: grid-average faulting style with symbol sizes inversely
proportional to the standard deviation (pentagon,).

FA-2a and FA-2b: the area sources correspond the Marie-Galante fault and associated fore-
arc region (Figure 1). Guadeloupe is defined as a key transition point between the north and
south of the LA in term of GNSS velocities, seismicity rate, faults orientations and tectonic
style. The arc-parallel faults (Roseau, Bouillante-Montserrat) and arc-perpendicular faults
(Marie-Galante graben - MGGQG) intersect near La Soufriére volcano (Figure 6). The northern
part of Guadeloupe is marked by GNSS velocity trends to the north, whereas the southern part
is characterized by velocity trends to the south (Figure 9). The main fault of the MGG system
is the Morne-Piton fault (MPF), also named Barre-de-L’ile fault (Figure 6). The MPF eastern
end is located in the Marie-Galante canyon, east of Marie-Galante Island, and its western end
is between the coast of Basse-Terre, near Capesterre-Belle-eau village, and Banc-Colombia.
The MGG extends to the Karukera spur. To the east, the seismicity rate decreases drastically,
marking the limit with the FA-2b seismogenic source (Figures 8a and b). The FA-2 division
in two distinct areas allows the non-dilution of the seismicity for hazard calculations.

FA-2a and b seismogenic sources are bounded to the south by the end of the MGG, south of
MPF, and to the north, by the change in GNSS velocity directions and the northern end of the
MGG, north of the Gosier and Roche-de-May faults. To the west, FA-2a is bounded by the
Bouillante-Montserrat fault system, part of the A-2 area source, and by the UL diffuse
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boundary. To the east, FA-2b is bounded by the Karukera spur. Historically, the MGG was
responsible for the 1851 event (M~5.5) and possibly the 1897 event (M~5.5) near Pointe-a-
Pitre (Bernard & Lambert, 1988).

FA-4: the area source corresponds to the fore-arc and LA northern limit (Figure 1). FA-4 is
characterized by a strong decrease in the seismic activity compared to FA-3 (Figures 7a and
b). The Tintamarre faults, which intersect the V-shaped basins, have a normal component, and
accommodate the margin erosion with roots estimated at 10-15 km depth. FA-4 encompasses
the Sombrero basin to the north, an inactive transtensif system. To the west, it includes the
northern section of the Anegada passage, an extension system with limited seismic activity.

FA-4 is bounded to the north by the southern zone of the Anegada passage (AP area) and by
normal active faults parallel to the trench (A-2), to the east by the accretionary wedge, to the
south by FA-3 and its high seismic activity, and to the west by the Puerto Rico subduction.

AP (Anegada Passage): the area source marks the southern zone of the Anegada Passage, a
transtensif system with very few instrumental earthquakes of Mw>4 (Figures 8a and b). Lower
magnitude seismicity is observed with the CDSA-cat and only one historical earthquake was
observed (Figure 10), the 1867 tsunamigenic Virgin Islands earthquake, Mw=7.2 (Reid &
Taber, 1920; Ten Brink et al., 2011). The British Virgin Islands (North Boundary — NB — area)
and the US Virgin Islands (AP area) are characterized by opposite GNSS velocity directions
(Figure 2). The velocity difference is estimated at about 0.64 and -0.46 mm/yr for the east and
north components respectively. This raises the question of the compatibility of GNSS velocity
data with the faults activity and seismicity rate.

AP is bounded to the south by the Muertos Fault (MF), to the north by Puerto Rico active
subduction (NB) and to the east by the active arc (A-2).

NB (North Boundary) and SB (South Boundary): these area sources delimit the northern and
southern limits of our study area. NB, in the north, corresponds to the seismicity associated
with the Puerto-Rico subduction system. Its western limit is located at 200 km from the last
French islands (Saint-Barth and Saint-Martin) and do not include the Puerto Rico fault system.
SB, in the south, corresponds to the seismicity associated with the El-Pilar fault system. It is
bounded by the dataset used and is not specifically addressed in this study.

—
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Figure 10: Background seismicity (<4) and historic events
of the northern end of the Lesser Antilles subduction.
Thick black lines delineate seismogenic source areas of
the Anegada Passage (AP), the Muertos Fault (MF), the
BackArc region (BA) and the northern end of the Arc (A-
2). The white transparent square marks the limit of our
instrumental seismic catalogs.

BA (Back Arc): the area source reflects weak diffuse seismicity of the Aves ridge and Grenada
basin. Seismicity and geological structure do not offer justifications to cut this area source into
two distinct blocs.

** Characteristics of associated seismicity **

We defined, when it was possible, the magnitude-frequency distribution for each area source
as previously exposed (Annexes 1 to 4, Foix et al., in prep). Regarding GR distribution, A-1,
BA and NB are directly usable (Annexes 1 to 3). For future hazard modeling, we recommend
to adapt the BA geometry to be more compatible with seismicity distribution. FA-1, FA-2a,
FA-3, FAA, SB and FA-4 are characterized by uncomplete catalogs for Mw=3 to Mw=3.5-3.8
and could be later improved (section 4). A-1, A-2, FA-1, FA-2a, FA-3, FA-4, FAA and SB are
all affected by an apparent step in the distribution around Mw=3.8, possibly related to
conversions used for magnitude homogenization. A-2 presents a second slope variation
between Mw=4 and Mw=5. Overall, all zones show a reasonable GR linear distribution and
could be usable for future hazard analysis after cleaning and verifications on the magnitude
completeness, magnitude estimations, Mw conversions and earthquake locations. AP, AW-3,
DP-1 and MF magnitude-frequency distributions are unusable because of the very low number
of earthquakes instrumentally recorded in these source areas.

Most of the seismicity is distributed in seismic clusters in the arc and forearc basins, with higher
activity north of Sainte-Lucie. The arc and forearc area sources may generate magnitude of
about Mw=7.0-7.5 according to active fault lengths. From instrumental and historical records,
the arc was struck by Mw=7.2 and Mw=6.3, respectively located at the Virgin Islands and at
Les Saintes in 1867 and 2004. About the forearc region, we may use the 1967, Mw=6.4
earthquake for Mmax, as the 1910 and 1974 earthquakes locations and magnitude estimations
are not constrained. Other large damaging events struck the arc and forearc areas in the last 400
years, but their locations are questionable (crust, interface or slab) and could not be used as
references: April 5, 1690 near Barbuda (Ms~8.0), January 11, 1839 offshore Martinique
(Ms~7.8), February 8, 1843 near Guadeloupe (Ms>8.0), and November 18, 1867 near the
Virgin Islands (Ms~7.2).

** Fault seismogenic sources **

In order to characterize the fault seismogenic sources, their geometry, slip rate and associated
earthquakes are needed. Only a few faults in the LA system fulfil these criterions. In this
section, we briefly expose in the Table 1 the characteristics of these faults, already introduced
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on section 1. No seismicity analysis has been conducted. Most of the information is from
published literature. The maximum magnitude is estimated using magnitude-rupture dimension
scaling relationships (Wells & Coppersmith, 1994) or magnitudes of large historical
earthquakes.

On the Guadeloupe and Martinique islands, some trenches have been dug across some faults.
So far, they have not revealed any evidence of a paleo-earthquake (May Fault, Guadeloupe,
Sedan & Terrier, (2001)), or indicated Quaternary activity without it being possible to make a
chronological distinction (North Lamentin and Schoelcher faults, Martinique, Terrier (1996)).
More explorations are needed to characterize fault sources.

Faults Length (km) Seismogenic | Slip Rate Mmax.struct. | Mmax.obs References
Depth (km) (mm/yr)

Roseau 35 15 0.15t0 0.4 7.0 Mw=6.3 (2004) [ (Feuillet, Beauducel,
Jacques, et al., 2011;
Leclerc et al., 2016)

Morne Piton 50 20 0.20+£0.05 7.5 Ms~5.5 (1851) | Philippon et al. (under
review)
Redonda ~30 15? ~0.2 7.0 Ms=6.2 (1985, | Carey etal., (2019): 0.3
7z=9+2km) mm/yr of regional

subsidence with 0.16
mm/yr, 60° of fault dip
is assuming. Feuillet et
al., (2010) figure 2.

Bouillante- 10 to 20 km 15? ~0.3 7.3 ? Beck etal., (2012): 10 m
Montserrat segments (~60) 0.15-0.20 in 3500 year;

Philippon et al. (under
review) and references
therein.

Anegada 220 ? 1.0* 6.8-8.0 Ms=7.5 (1867) | (Symithe etal.,2015;
1.25+0.15 ** Zimmerman et al., 2022)

Muertos 641 - 1.7 (East 7.6 (East Ms=6.7 (1984) | (Heuretetal., 2011;

Trough segment) * segment) Symithe et al., 2015;

Zimmerman et al., 2022)

Table 1:Fault seismogenic source characteristics. * modeled slip rate from Zimmerman et al. (2022). ** GPS block motion
modelling from Symithe et al. (2015) where Anegada passage is considered as block boundary.

2c-Mantle seismotectonic zoning

The Lesser Antilles are marked by mantle wedge seismicity located at about 50 km east of the
island arc coasts and at 25-60 km depths (Bie et al., 2022; Laigle, Hirn, et al., 2013; Ruiz et al.,
2013). During the SISMANTILLES oceanographic campaign, the deployment of ocean bottom
seismometers over a month allowed the recording of two magnitude 3.1 earthquakes located to
the east of Martinique, and one magnitude 3.6 earthquake at the northeast of the island (M.
Laigle, personal communication). We sorted seismicity in /SCU-cat based on the subduction
geometry (island arc Moho = 28 km and slab interface = Bie-Lau-Slab). We identified more
than 3,000 earthquakes, called as wedge-cat in this report, that can be linked to the mantle
wedge domain. The earthquake distribution indicates an activity up to 70 km depth (Figure
11). Due to the geometry of the seismological network, part of this seismicity may be poorly
localized and could be attributed to the crusts of the upper and lower plates, or to the subduction
interface. Further study to know exact locations, and especially depths, is necessary. For a local
study, Moho and top slab geometries of Paulatto et al. (2017) should be used in the future.

** Mantle wedge seismogenic sources/areas **
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Considering the wedge-cat as representative of Lesser Antilles mantle wedge seismicity, the
MS (Mantle Source) seismogenic source is here extending from Sainte Lucia to Barbuda, and
is characterized by high seismic activity (Figures 12 and 13a). The SMS (South Mantle
Source), including Barbuda and Anegada passage, and the NMS (North Mantle Source), from
Sainte Lucia to Grenada, are characterized by quieter seismic activity. The northern end is
related to the Puerto-Rico subduction system, named as PRM (Puerto Rico Mantle).

** Characteristics of associated seismicity **

We defined, when it was possible, the magnitude-frequency distribution for each area source
as previously exposed (Annex 7, Foix et al., in prep). Regarding GR distribution, PRM is
unusable because of the very low number of useable earthquakes. MS, NMS and SMS have to
be improved in order to be usable for seismic hazard modeling. The three zones are
characterized by uncomplete events beneath Mw=3.5. MS and SMS present a step around
Mw=4 that could be induced by issues in magnitude completeness or conversions. All of the
mantle area sources are characterized by a double distribution with two different slopes, before
and after Mw~4. This could be the result of earthquake location errors where a part of the
seismicity may not be in the mantle sources but in the oceanic slab or the upper crust.

FMs highlighted by Ruiz et al. (2013) include magnitudes between 2.7 and 3.9, and were
observed thanks to Ocean Bottom Seismometers (OBS) during less than one year. They are
located between Guadeloupe and Martinique and present large uncertainties on their solutions.
FMs orientations are heterogenous and no systematic fault type is observed (Figure 13c).

Considering the wedge-cat, about 9% of the earthquake have magnitudes greater than 4, and
the catalog present a maximum magnitude of 6.3. The rest of the catalog is composed of
magnitude between 3 and 4.

From historical seismicity, McCann et al. (1982) associated the October 8, 1974 earthquake
north of Antigua, in the mantle wedge, at ~35 km depth, along a NNE to NE striking and
southeast-dipping normal fault. The magnitude was estimated at about Ms 7.1-7.6. Based on
the same data, Feuillet et al. (2002) associated this earthquake to the upper-plate crust, rupturing
an arc-perpendicular ENE striking normal fault system northeast of Guadeloupe.

Dominique

Topography (km)
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Figure 11: Seismic cross-section south of Dominique Island.
Insert: Lesser Antilles subduction arc with AB cross-section
surface trace. Cross-section: at the top is the topography
linked to the AB cross-section. At the bottom is the seismicity
120 - from the ISCU-cat (white dotes) and CDSA-cat (grey dotes)
7 along AB. Thick black lines are slab and Moho from
300 . ; i —— . - Paulatto et al. (2017). The reddish triangle highlights
100 200 300 400 mantle wedge seismicity.
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The seismic catalog has to be better explored. The absence of attenuation law for the mantle
wedge further complicates the integration in a PSHA calculation. However, tests can be
conducted to assess its potential impact. Further studies are needed. Unknown exist on the
maximum magnitude possibly generated as locations are poorly resolved. In New-Zealand,
Davey & Ristau (2011) measured a M4.5 in the mantle wedge and point that it may cause some
damage.

68°0 64°0 60°0 56°0

Figure 12: Mantle seismotectonic. MS: Mantle Source.
SMS: South Mantle Source. NMS: North Mantle
Source. PRM: Puerto Rico Mantle.
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2d-Volcanic seismotectonic zoning

Working on PSHA in a volcanic region is challenging because they are characterized by low
magnitude earthquakes and high seismic wave attenuation. Most existing ground motion
prediction equations can consequently not be used (Peruzza et al., 2017). Moreover, the
characteristics and effects of volcanic earthquakes can be mixed with regional tectonic ones.
Although uncommon, major volcano-related events of M=6-7 have caused severe damages
worldwide (Japan, Indonesia, Hawaii, Azores islands, Abe (1979); Yokoyama (2009)).
Volcanic earthquakes may reach in extreme cases M=7.5-8 (e.g., 1990, Mount Pinatubo,
Philippines) but are generally limited to M=5-6 (McNutt & Roman, 2015). Few studies address
these challenges to propose seismic hazard assessment for volcanic systems (Peruzza et al.,
(2017) for Mt. Etna).

In our study, we give general information to be considered for assessment of Lesser Antilles
volcano-related seismic hazard. The first step aims to define specific zones associated with the
volcanic edifices and their seismic activity. We propose a simple definition consisting of a 10
km radius circle around each edifice and the crust thickness as depth limit, in order to include
all potential seismicity related to volcanic activity (Figure 14). However, a deep analysis of the
VT earthquake distributions will be essential to ensure any exclusion of events outside of the
10 km radius.

Volcanic seismicity can be found in the /PGP-cat for the two French volcanoes, La Soufriére
and Mont-Pelée. The CDSA-cat is cleaned from volcanic activity. The ISCU-cat may contain
event with magnitude greater than 3 during the last hundred year, as the 1950 Mw=4.3
earthquake from the St. Kitts-Nevis seismo-volcanic crisis. Unfortunately, this is not enough to
calculate magnitude-frequency distributions. In Table 2, we summarize volcano last activities,
as well as associated Mmax.
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Figure 14: Volcanic seismotectonic models along the Lesser Antilles volcanic arc. A: active volcanoes. B, C, D and E: zoom
on the active volcanoes to observe the area sources (red circle).

. . . Mmax - Instrumental Known Eruptions Dates
Volcano Island (Latitude| Longitude |Last eruption P
records
Saba Saba 17.63 -63.23 1640 - 1640, 1636
The Quill St Eustatius 17.478 -62.96 250AD
Liamuiga St Kitts 17.37 -62.8 160 - 160AD=£200, 60AD£100
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Nevis Nevis 17.15 -62.58 unknown - -
Soufriere Hills | Montserrat 16.72 -62.18 2013 M1=3.9 (with eruption) Seismic activity on 1897, 1898,
Mr=6.2(from seismic crisis, 1933-37, and 1966-67 without
Shepherd, 1989) recorded eruption before 1995.
Soufriére Guadeloupe 16.04 -61.66 1977 M=4.5 1976-77, 1956
Morne Watt Dominica 15.31 -61.1 1997 ? 1997, 1880
Morne Plat Pays | Dominica 15.26 -61.34 1270 - 1270 + 50, 390 AD =+ 40, 430 BC?,
4740 BC?
Mount Pelée Martinique 14.81 -61.17 1932 ? 1929-32, 1902-05, 1851-52, 1792,
1635
Qualibou Ste Lucia 13.83 -61.05 1766 - -
Soufriére St Vincent 13.33 -61.18 2021 M=3.3 2021, 1979, 1971-72, 1902-03, 1880
1814, 1812, 1784, 1718, 1640 + 50,
1550 + 50, 1480 + 150, 1395 + 75,
1325 + 75,905 AD £ 75, 530 BC +
75,750 BC £ 100, 1600 BC + 75,
2020 BC +£ 75,2135 BC + 50, 2200
BC + 150, 2310 BC + 100, 2380 BC
+100
Kick’em Jenny | submarine 12.30 -61.64 2017 M=4.0 2017, 2001, 1990, 1988, 1977, 1972,
1966, 1965, 1953, 1943, 1939
St Catherine Grenada 12.15 -61.67 unknown -

Tableau 2: Lesser Antilles volcanoes: locations and past activities. Information are mainly extracted from
https://volcano.si.edu and http://volcanolive.com/caribbean. html

2e-Subduction interface seismotectonic zoning

Based on GNSS data, seismic imagery, heat flow and new knowledge of plate interface
earthquake characteristics, we define two alternative models for the LA subduction interface
seismogenic behavior to consider in future hazard calculations.

** Average worldwide characteristics of the seismogenic interface **

Based on worldwide interface earthquake distributions, Heuret et al. (2011) determined updip
and downdip average limits of the seismogenic zone at about 11+4 km and 51+9 km depth,
respectively.

Lay et al. (2012), Lay (2015) and Ye et al. (2016) characterized the nature of the subduction
interface in 4 domains, based on the characteristics of high-frequency radiations of interface
earthquakes:
e Domain A (0-15 km depth) = located close to the trench and characterized by stable
slip, anelastic deformation, and low high-frequency radiation.
e Domain B (15-35 km depth) = domain of mega-earthquakes, such as the M=9 Tohoku
2011 event, and characterized by moderate high-frequency radiation.
¢ Domain C (35-55 km depth) = deep domain corresponding to moderate-slip earthquake
(M=7-8) and characterized by strong high-frequency radiation.
e Domain D (below or at the lower end of domain C) = transition zone with slow slip
events, very-low-frequency earthquakes, and seismic tremors.

** Extent of the Lesser Antilles seismogenic interface **

At the LA subduction zone, distributions of interface earthquake and thrust FM indicate an
extension of the seismogenic interface to ca. 65 km depth (Figure 15a and c). Seismicity
indicates along-strike variations of the seismogenic zone extension between 10 to 65 km depth
in the north and 35 to 65 km depth in the south (Bie et al., 2020). In contrast, a 5-year OBS
study located offshore Guadeloupe and Martinique islands did not record interface earthquakes
below 35 km depth (Laigle, Becel et al., 2013), suggesting a possible specific seismogenic
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behavior compare to the North or a peculiar temporal pattern. Overall, the quality of the
seismicity data in the LA precludes any detailed conclusions regarding the long-term spatial
distribution and potential variabilities of the subduction interface earthquakes.

Heat-flow data and thermal models agree with hypocenter locations. The modeled 350°C
isotherm, which marks the transition between seismic and aseismic sliding, corresponds to 60-
65 km depth at Martinique and Saint-Martin islands (Ezenwaka et al., 2022). Along strike
variations in the margin thermal structure suggests variations in the limits of the seismogenic
zone, consistent with the interplate seismicity distribution (Gutscher et al., 2013).
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Figure 15: Interface seismotectonic model presented in Figure 18 and overlapped seismotectonic data overview. Black thick
lines highlight the main tectonic features as fractures, ridges and subduction trenches from Figure 1. A: ISCU-cat for
magnitude greater than or equal to 4 (circles). B: Bie-Lau-Slab surface with depth. C: interface focal mechanism from the
FMAnt-2021 catalog.

** Interface interseismic coupling **

Recent horizontal geodetic data indicate a very low interseismic coupling of the entire
subduction seismogenic zone (van Rijsingen et al., 2021, 2022). Vertical motions from geodetic
data and from coral and micro-atoll data both indicate subsidence (Philibosian et al., 2022; van
Rijsingen et al., 2022). However, Weil-Accardo et al. (2016) and Philibosian et al. (2022)
proposed that the deep portion (about 40 to 80 km depth) of the subducting interface is affected
by a strong interseismic coupling based on coral and atoll data modelling, which disagrees with
geodetic data modelling (van Rijsingen et al., 2021, 2022).

In order to compare GNSS and micro-atolls velocity data from Philibosian et al. (2022) and van
Rijsingen et al. (2021), we ran a first-order computation to model the possible interseismic
coupling of the megathrust interface along a 2D cross section at the latitude of Guadeloupe
(section 2a). Our model does not consider for the 3D slab geometry, which may influence the
results. These simple tests indicate that, if a strong interseismic coupling exists, it can only be
on the deep part of the seismogenic interface (40-90 km depth, Figure 16). The very fast micro-
atolls vertical velocities (5-8 mm/year subsidence) proposed by Philibosian et al. (2022) could
be the result of other mechanisms than interseismic coupling, such as normal crustal faulting,
local environmental changes as hurricane, site conditions, or to the sampled specimen being
anomalous (Philibosian et al., 2022). As indicated in previous studies, a strong present-day
coupling of the entire interface does not fit with geodetic horizontal velocities or coral data and
must be excluded.
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Worldwide, Aegean, Calabria, South Sandwich, and Mariana subduction zones are examples
of low interseismic coupling and low seismicity (Carafa et al., 2018; Ruff & Kanamori, 1983;
Vanneste & Larter, 2002; Vernant et al., 2014). In particular, the Hellenic subduction is
characterized by very low interseismic coupling observed by geodetic data (Vernant et al.,
2014) with only few records of large interface earthquakes (M>8) (Polonia et al., 2013; Stiros,
2001), similar to the LA subduction.

An additional complexity may reside in temporal variations of interseismic coupling during the
seismic cycle. Costa Rica and Mexico geodetic data illustrate potential changes in coupling
over years to decades (Feng et al., 2010; Villafuerte et al., 2021). Coral studies show
interseismic coupling variations over decades to centuries in Sumatra linked to major
earthquakes (Philibosian et al., 2022; Tsang et al., 2015). Geodetic and coral data in the La
subduction zone are not precise enough to address that question of temporal variations.
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Figure 16 : Predicted vertical (Vz) and horizontal East component (Vx, profile direction) surface motions from GPS (blue
square) and micro-atolls (red square) measurements. Three cases are considering: a coupling of the upper part of the interface
(Up), a coupling of the downing part (Down), and a coupling of the entire interface (All).

** Proposed seismotectonic zoning of the Lesser Antilles subduction interface **

We consider a seismogenic zone between 0 and 65 km depth, according to earthquake and thrust
FMs distributions as well as thermal models discussed above. We define the updip limit at 0
km depth instead of 10 km to consider the possibility of rupture propagation up to the surface
during a large earthquake (keeping in mind that this upper limit has no impact on seismic hazard
in the island arc). We adapt the Lay et al. (2012) model to define A, B, C, and D domains that
correspond to the LA subduction system (Figure 17). As there is no earthquake frequency
content study along the LA subducting interface, we assume the average depth of 35 km of Lay
et al. (2012) as B - C limit (Figure 17). We have no robust justification to propose along strike
variations of these domains, and thus we consider them as consistent along the subduction.

Our proposed model is composed of (Figure 18):
e UI-1 and UI-2 area sources (Upper Interface — 0 to 35 km depth), which correspond to
the domain B, able to generate earthquakes up to M=9, but characterized by a low
interseismic coupling.
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e DI-1 and DI-2 area sources (Deep Interface — 35 to 65 km depth), which correspond to
the domain C that can generate earthquakes up to M=7-8. DI-1 and DI-2 can be
associated with a low interseismic coupling (Model 1) according to geodetic modelling,
or a strong interseismic coupling (Model 2) according to micro-atolls models. Because
of the high variability and large error bars on the micro-atoll data, we propose a lower
weight on Model 2. More data and further studies are required to address this major
source of epistemic uncertainty.

e UI-3 and DI-3 correspond to the eastern end of the Puerto Rico subduction at the
northern limit of our study area.

The lateral separations between zones 1, 2 and 3 are based on the ISCU-cat M>4 earthquake
distribution, structural variations of the subducting plate, and changes in the convergence
direction along the trench (Figure 15). To the North, the limit between UI-3, DI-3 and UI-2,
DI-2 is necessary in order to distinguish the LA subduction from the more sustained seismic
activity of the Puerto Rico subduction. In the central region, active structures between the
Barracuda and Tiburon ridges define a diffuse boundary between the North and South American
Plates (Patriat et al., 2011b). They correspond to the limit between the Central and Equatorial
Atlantic crusts associated with a different level of fracturing (Figure 1a). This deformation
limit UI-2, DI-2 from UI-1, DI-1 is accompanied by a change in thrust events activity, more
active in the north than in the south (Figure 15) and a change in convergence direction. The
issue of lateral earthquake propagation across these lateral limits is unresolved.
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Figure 17: Proposed seismogenic behavior for the Lesser Antilles subduction based on Ye et al., (2016) work. Top: bathymetry
along the AB cross-section reported in the inset with corresponding domain (dom.: domain; mod.: moderate; FH: High
Frequency; LFEs: Low Frequency Events; EQ: Earthquakes). Green surface indicates the water level. Bottom: cross-section
of the seismicity from the ISCU-cat (white dotes) and CDSA-cat (grey dotes) along AB. Thick black lines are slab and Moho

from Paulatto et al., (2017). Focal mechanisms are from the FMAnt-2021 catalog. Thin black lines and temperature are from
Ezenwaka et al., (2022) and marked the upper and downdip limits of the seismogenic interface.
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Figure 18: Interface seismotectonic model. Black thick lines highlight the main tectonic features as fractures, ridges and
subduction trenches from Figure 1.

** Characteristics of associated seismicity **

We defined, when possible, the magnitude-frequency distribution for each area source as
previously exposed (Annex 4, Foix et al., in prep). DI-3 is unusable because of the very low
number of useable earthquakes. DI-1 and DI-2 are usable and are characterized by a small GR
slope variation after Mw=4. This could be due to magnitude conversion or earthquake locations,
with events that actually do not belong to the interface. UI-1 and UI-2 present a robust GR
distribution but need to be improve or filtered for Mw=<4. UI-3 is usable for hazard modelling.
These differences between UI-* MFD could be induced by the distances from the seismic
network, explaining the limits in Mw<4 recording.

Beside the GR distributions, the seismogenic characteristics of the subduction interface remain
poorly understood. Since the instrumental period, over the last 100 years, no earthquake with
M=>6.5 has nucleated on the interface. We have no constrain on a Mmax and on the frequency
of large earthquakes. The earthquakes of 1839 (intensity of 8 to 9) and 1843 (destruction of the
city of Pointe-a-Pitre, ~1500 deaths) are sometimes interpreted as located at the interface
(Feuillet et al., 2001), but this cannot be asserted and the question remains open. From the
marine sedimentary deposits of the Guadeloupe area basins, the 1843 event was not detected
(Feuillet pers. comm.) and only a moderate tsunami was reported (Le Roy et al., 2017). This
could be explained by a destruction of the first sedimentary records during the coring (Seibert
pers. comm.). Several works are in progress, in particular on the analysis of sedimentary cores
around Guadeloupe (Seibert et al., 2022). Preliminary results could indicate an earthquake at
about 2500 years ago (Feuillet pers. comm.). The possibility of a M=9 event with a very long
recurrence time may be used in the PSHA calculation, but it remains a major source of epistemic
uncertainty.
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2f-Slab seismotectonic zoning

In the case slab seismic observation, FMs are only used to observe spatial variations
deformation style, without considering the slab dip. The seismogenic model is presented in
Figure 19.

** Slab seismogenic sources/areas **
SS-1, SS-2, SS-3 and SS-4 (SS - near Surface Slab): from 0 to 30 km depths, with constant
slab dip of 10 to 15°. Seismicity is distributed in clusters, heterogeneously along the arc (Figure
19a) and includes the 2015 (south of the L-2 boundary) and 1969 (north of Tiburon ridge)
seismic clusters. The near surface slab seismogenic areas are limited by the L-2, L-3 and L-4
limits:
e L-2 (north of Saint-Lucie and Barbados): limit the seismic resurgence of SS-2,
compared to the quiet seismic activity of SS-1 (Figure 20a).
e L-3 (north of Barbuda): boundary between SS-2 and SS-3 with a change in deformation
styles from FMs (Figure 20b), possibly due to subduction obliquity.
e L-4 (west of the British Virgin Islands): major increase of seismicity rate and change in
in deformation style according to the subduction of Puerto Rico of SS-4 (Figures 20a
and b).

SB-1, SB-2, SB-3, SB-4 and SB-5 (SB — Slab Bending): from 30 to 80 km depths, with a
progressive increase of the slab dipping. The seismogenic areas are divided by L-1 to L-4 limits.
A change in deformation style is observed in front of Martinique (Figure 20b), however, it is
based on only five FMs of very different orientations. We therefore do not distinguish any
additional sub-zones here.
e L-1 (north of Grenada and Tobago): resurgence of seismicity in the south, probably due
to the interaction of the subduction end with the South American strike-slip fault system
El Pilar (Figure 20a).
e [-2, L-3 and L-4, cf above.

SI-1, SI-2, SI-3, SI-4 and SI-5 (SB — Slab Intermediate depth): from 80 to 155-190 km
depths, with a constant dip of about 55° in the north and 40° in the south (Bie et al., 2020). The
slab intermediate depth seismogenic areas are divided by L-1 to L-4 limits. L-3 and L-4 limits
extend S-3 down to 190 km depth, where the seismic activity is more intense and deeper
(Figure 18a). The slab geometry could induce a stress concentration in this area, and therefore,
an increase in the seismic rate.

SD (Slab Detachment): from 155 to 190 km depths. Zone of slab presence uncertainty, based
on Braszus et al. (2021) passive tomography study.

** Characteristics of associated seismicity **

We defined, when it was possible, the magnitude-frequency distribution for each area source
as previously exposed (Annexes 5 to 7, Foix et al., in prep). Only SD is unusable because of
the low numbers of useable earthquakes. SB-1, SB-5 and SS-4 are usable. SI-5 could also be
used but the catalog covers part of the Puerto Rico system and is incomplete. Most of the zones
have to be filtered or improved for Mw<3.5 to 4 (SB-2, SB-3, SB-4, SI-1, SI-2, SI-3, SI-4, SS-
1, SS-2 and SS-3). A common slope step is observed around Mw=3.8-4, which could be due to
magnitude conversions (SB-2, SB-4, SI-1, SI-2, SI-3, SI-4, SS-1, SS-2, SS-3 and SS-4). Finally,
a small change in the slope is observed around Mw=4.5, which could be due to magnitude
conversion or completeness (SB-2, SB-3, SB-5, SI-1, SI-3, SS-2 and SS-4).
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From instrumental records, the SS-* area sources were struck by a Max=6.5 in 2014, the SI-*
area sources by a Mmax=7.4 in 2007 whereas the SB-* area sources do not seem to experience
events with M>6 yet. The December 25 1969, Ms=7.2, could be related to SB-3, but location
and depth are highly debated and a tsunami was recorded from Antigua to Barbados (Lander et
al., 2002).
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Figure 19: Slab seismotectonic model. Black thick lines highlight the main tectonic features as fractures, ridges and subduction
trenches from Figure 1.

68°0 64°0 60°0 56°0

20°N

16°N

[ 6
30 40 500 60 70 [
depth (km)
ISCU-cat
© 4<Mw<4.68
N O 468<Mw<536

12°N 5

z 050.25

Q 025 <6< 05

| O 536<Mw<6.04 = - o 6>05
| O 604 <Mw<672 R §
o 1 -05 0 0.5 1
O MW > 6.72 1N normal _strike-slip _reverse
T T T T

Figure 20: Slab seismotectonic model and overlapped seismotectonic data overview. Black thick lines highlight the main
tectonic features as fractures, ridges and subduction trenches from Figure 1. A: ISCU-cat for magnitude greater than or equal
to 4 (circles). B: grid-average faulting style with symbol sizes inversely proportional to the standard deviation (pentagon).
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3-Brief conclusion on the new seismotectonic zoning model

We propose a new seismotectonic zoning model for the Lesser Antilles system based on the
major increase of scientific knowledge over the past 20 years. This model reflects the current
knowledge and consensual analyses of the community within the RESIF-EPOS Seismicity
Transverse Action framework. The model is composed of 20 area sources for the upper plate
crust, 6 area sources for the subduction plate interface, 15 area sources for the subducting plate,
and 4 area sources for the upper plate mantle. The model could directly be used for seismic
hazard assessment and should be updated in the light of future scientific results. It best
characterizes current knowledge on the dynamics of the Lesser Antilles. Adaptations might be
necessary in order to simplify the model for the PSHA calculation, to be consistent with seismic
catalogs limits.

Compared to previous studies, our model presents:

e a better depth resolution, owing to updated slab and upper crust Moho geometries;

e a better definition of accretionary wedge area source, resulting from the update of the
upper plate backstop limits;

e a full update to the Marie-Galante and nearby area sources, owing to new constraints on
local tectonics from geology, geomorphology, seismology and geodesy data;

e new propositions for mantle wedge and volcanic zoning;

¢ a full update of the subduction interface based on the integration of geodetic and coral-
based data in a combined seismotectonic model;

e new oceanic slab sources based on improved seismicity catalogs.
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4-Future needs and recommendations

The seismotectonic models proposed in this report can be used for seismic hazard modeling
and should be updated in the light of new knowledge. A certain amount of work is in progress
and will help in the future to better understand the global and local deformation of the LA.
Unfortunately, some area remains poorly resolved and need for further explorations.

The southern segment of the LA and specific regions, as south of Sainte-Lucie island, need
multibeam bathymetric sonar exploration to help in the understanding of the rapid increase
observed in GNSS velocities between Sainte-Lucie and Saint-Vincent-and-the-Grenadines.
This would also highlight potential extension on arc-perpendicular normal faults in this region.
The oceanographic campaign GARANTI (Lebrun & Lallemand, 2017) is still under
exploitation. Indeed, some seismic lines in the northern part of the Grenada Basin have been
the subject of master works but have not been published yet. A GARANTI 2 campaign project
(same PIs), classified as priority 1 for the last 3 years by the National Fleet Committee, and
waiting to be scheduled, plans to map the northern backarc domain that is insufficiently
surveyed.

To better constrain the seismic hazard assessment, the construction of an active fault catalog,
with corresponding geometries and slip rates, should be a priority, at minima for the
Guadeloupe and Martinique islands. GNSS data could potentially be used to estimate an
extension rate on a regional scale and possibly across some specific faults. Unfortunately, the
low expected slip rates make this possibility rather low. The Table 1 should be generalized for
each active fault of the arc, and available online for the scientific community. Several
bathymetric data, and cores, remain unexploited right now and might give information on slip
rate and last activity, as well as recurrence time (Leclerc pers. comm.).

We proposed a simple volcanic source model. An adequate integration of the seismic hazard
linked to volcanic activity and in particular the influence of eruptive phases on the triggering
of volcano tectonic earthquakes needs to be carried out. Some of these data can be obtained
from the IPGP. Moderate and shallow volcanic earthquakes might represent an important
contribution to the hazard.

At a larger scale, a better understanding of vertical motions and velocities is important for
addressing the issue of subduction interface coupling. As an example, on-land denudation
rates and geomorphology analyses on coastal terraces may provide useful constraints.

The seismic hazard induced by the mantle wedge seismicity, currently ignored in the hazard
calculation chain, should be addressed. A dedicated project will aim to answer the following
two questions:
* Impact for the seismic hazard estimation of the Lesser Antilles to drown out this
seismicity in upper crust and intraslab zones
+ Can this seismicity be specifically considered in ground motion estimations and seismic
hazard calculation?

In the future, the ATLAS (AnTiLes Aléa Sismique) project aims to develop a community PSHA
model, built by the RESIF-EPOS ATS group, for the Lesser Antilles, by 2026. Three main work
packages are proposed:
- WP-1: homogenizing of seismic catalog (Mw) integrating instrumental data (ISC,
CDSA, IPGP, neighboring networks) and historical data (macroseismic SisFrance-
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Antilles), leading by the BRGM (Anne Lemoine, Roser Hoste Colomer, Didier Bertil,
Agathe Roulle) and IPGP (Claudio Satriano, Jean-Marie Saurel)

WP-2: finalization of the seismotectonic zoning model and PSHA tests (activity by
zone, integration of geodetic data, targeted tests on Guadeloupe), leading by
Geosciences Montpellier and IRSN (Océane Foix, Hervé Jomard, Stéphane Mazzotti)
WP-3: PSHA models (construction of the earthquake recurrence model and associated
uncertainties, selection of ground motion prediction models, PSHA calculations),
leading by ISTerre (Céline Beauval, Emeline Maufroy).
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Annexes

Crustal area sources - first part

Zone | Structural region Significant earthquake from Deformation | Mmax cat ISCU (Mw) - Short description of source area boundaries (map
ID catalogs and advices (M>5 or regime CDSA (MI) / Mmax view)
1E>7) structure / Mmax proxy (Mw)
AW-1 | Accretionary prism + 1728, 1890 and 1922, EI=7 * Reverse + Mmaxcat 5.7 - 5.2 - East: subduction trench
- 1910, Mw=6.5 " + Mmax structure - - West: backstop
+ Mmax proxy - » North: Tiburon ridge, that stoppes sediments
progression to the north from Orinoco river
- South: progressive disappearance of the prism
AW-2 | Accretionary prism - 1900 with EI=8 * Reverse + Mmax cat 4.9 - 4.2 - East: subduction trench
- Mmax structure - - West: backstop
+ Mmax proxy - - North: Barracuda ridge. North to it, the obliquity is
responsible for the change of deformation regime at
the trench from sediment accretion to the south of the
ridge and erosion to the north of it
- South: Tiburon ridge that stoppes sediments
progression in this area
AW-3 | Accretionary prism Strike-slip + Mmax.cat 4.6 - 4.2 + North East: subduction trench
+ Mmax.struct - - South West: 10 km south west of the Bunce fault,
+ Mmax proxy - that marks the backstop
- - West: transition to the Puerto-Rico subduction
system
- South: Barracuda ridge, limit with sediment accretion
(south) to erosion (north) trench regime
FAA Forearc bassin and - 1834, 1886 and 1905 with EI=8 * | Normal - Mmax.cat 5.7 - 4.5 - East: backstop
active volcanic arc - 1865 with EI=8.5 + Mmax.struct - - West: the end of the volcanic arc
+ 1946, Mw=5.7 + Mmax proxy - « North: GNSS velocity gradient between Sainte-Lucia
and Saint-Vincent-and-Genardines
- South: El-Pilar strike-slip fault system and its high
earthquake density
FA-1 Forearc bassin - 1839 with EI=8 * Normal + Mmax.cat 5.2 -5.3 - East: backstop
+ 1702 with EI=8.5* + Mmax.struct 7.0-7.3 - West: beginning of the active volcanic arc
- 2014, Mw=5.2 + Mmax.proxy - « North: Marie-Galante fault system
- South: GNSS velocity gradient between Sainte-Lucia
and Saint-Vincent-and-Genardines and change in
earthquake density between FAA and FA-1
FA-2a | Marie-Galante rift - 1851 with EI=7 * Normal + Mmax.cat5.7 - 4.8 - East: end of the Marie-Galante system
+ 1897 with EI=8 * + Mmax.struct 7.0-7.3 - West: end of the Marie-Galante system
- 1950, Mw=5.7 *** + Mmax.proxy - « North: change in GNSS vector directions and the end
of the Marie-Galante system, north of Gosier and
Roche-de-May faults
« South: end of the Marie-Galante system, south of the
Morne-Piton fault
A-1 Active volcanic arc + 1870 and 1906 EI=7.5* Normal + Mmax.cat 6.3 - East: forearc bassin of the FA-1 source area
+ 2004, M=6.3 * Mmax.struct 7.0-7.3 -+ West: end of the volcanic arc
+ Mmax.proxy - -+ North: Marie-Galante fault system
- South: GNSS velocity gradient between Sainte-Lucia
and Saint-Vincent-and-Genardines
A-2 Active volcanic arc + 1690 El=IX (Feuillet et al. 2011 Normal and + Mmax.cat 6.3 - North-East: Kallinago Trough
and references therein) sinistral strike- | -+ Mmax.struct 7.0-7.3 - West: Anegada passage
- 1833 and 1848, EI=7.5* slip + Mmax.proxy - - South: end of the volcanic arc
- 1935, Mw=6.2 - South-east: UL diffuse limit and its decrease in
- 1985, Mw=6.3 earthquake density
DP-1 | Outer-rise - 2016, M=5.6 (USGS) Normal and + Mmax.cat 4.5 - East: 200 km from the trench
strike-slip + Mmax.struct - « West: trench
+ Mmax.proxy 8.0-8.6 (Meng |- South: end of the subduction system
et al., 2012) - North: change in crust properties
DP-2 | Outer-rise - 2003, M=6.7 (USGS) Normal and + Mmax.cat 6.0 - East: 200 km from the trench
strike-slip + Mmax.struct - - West: trench
- Mmax.proxy 8.0-8.6 (Meng | - North: end of the subduction system
et al., 2012) - South: change in crust properties
* Historical seismicity, with macro-seismic data currently ** Doubt about the source location, which *** No information in literature.
being processed. differs according to the references.
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Crustal area sources - second part

Zone | Structural region Significant earthquake from Deformation | Mmax cat ISCU (Mw) - Short description of source area boundaries (map
ID catalogs and advices (M>5 or regime CDSA (Ml) / Mmax view)
IE>7) structure / Mmax proxy (Mw)
FA-2b | Forearc bassin Normal + Mmax.cat 4.9 « East: backstop
. 1914, Mw=7.0 + Mmax.struc - « West: beginning of the Marie-Galante system
’ - « Mmax.proxy - » North: east extension of the FA-2a north limit
+ South: east extension of the FA-2a south limit
FA-3 | V-shaped bassinand |+ 1843, EI=9.5" Normal + Mmax.cat 6.4 « East: backstop
inactive volcanic arc + 1690, 1842, 1735 and 1895, * Mmax.struct 7.0-7.3 + West: active volcanic arc
El=75" + Mmax proxy - « North: FA-4 source area and its decrease in
+ 1967, Mw=6.4 earthquake density, where faults are almost inactives
+ 1974, EI=8, Mw=6.5t0 7.5 ** + South: FA-2 source area and its decrease in
earthquake density
FA-4 Anegada faults and + 1835, EI=7.5* Normal + Mmax.cat 6.2 « South-East: FA-3 source area and its increase in
bassins + 1925, Mmax=6.2 ** + Mmax.struct 7.0-7.5 earthquake density
+ Mmax.proxy - « West: end of the Anegada Passage fault system west
extension
« North: backstop marks by the Bunce fault and the
north of the Sombrero inactive bassin
+ South-west: active volcanic arc (A-2) and strike slip
to normal Anegada Passage section (AP)
AP South Anegada + 1867, M=7.2 (Reid and Taber, Strike slip to + Mmax.cat 3.9 + East: active volcanic arc
Passage 1920) normal * Mmax.struct 7.0-7.5 + West: end of Anegada passage fault and bassin
* Mmax.proxy - system
» North: Puerto-Rico crustal fault system
+ South: Muertos fault system
BA Backarc region + Model limit: catalog does not include all the
- - * Mmax.cat 5.6 o o
seismicity specific to the system
MF Eastern end of the Reverse » Model limit: catalog does not include all the
- * Mmax.cat 4.7 il »
Muertos fault seismicity specific to the system
NB Eastern end of the Reverse — .
subduction P 4
SB Eastern end of the El Strike-slip + Model limit: catalog does not include all the
" - + Mmax.cat 6.9 hutigte .
Pilar fault system seismicity specific to the system
AW-4 | Eastern end Reverse
accretionary prism of _ . + Model limit: catalog does not include all the
the Puerto-Rico Mmax.cat 4.9 seismicity specific to the system
subduction
AWD | Accretionary wedge Reverse « Model limit: catalog does not include all the
. - + Mmax.cat 6.1 i o
progressive death seismicity specific to the system
* Historical seismicity, with macro-seismic data currently ** Doubt about the source location, which *** No information in literature.
being processed. differs according to the references.
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Interface
Zone | Structural region Significant earthquake from Deformation | Mmax cat ISCU (Mw) - Short description of source area boundaries (map
D catalogs and advices (M>5 or regime CDSA (Ml) / Mmax view)
IE>7) structure / Mmax proxy (Mw)
DI-1 Moderate slip * 1946, Ms 6-7 (Russo & Okal, Reverse * Mmax.cat 5.8 « East: limit between moderate slip to large slip
earthquake domain, 1992) * Mmax.struct >9 domains
high high-frequency * 1999, Mw=5.8 * Mmax.proxy 7-8 * West: end of seismogenic zone domain, limit of the
content, supposed to |+ 2017, Mw=5.8 deepest reverse focal mechanism
be coupled * North: Tiburon ridge, marks the diffuse limit between
the north and south American plates, and the change
35-65 km in subduction obliquity with an increase of the slab
lateral curvature
* South: end on known slab interface
Ul-1 Large slip earthquake |+ 1839, M=7.5-8 (Bernard & Reverse * Mmax.cat 6.5  East: subduction trench
domain, moderate Lambert, 1988) ** * Mmax.struct >9 * West: limit between moderate slip to large slip
high-frequency + 1919, Mw=6.06 *** * Mmax.proxy 8.5-9 domains
content, supposed to |+ 2015, Mw=6.5 *** * North: Tiburon ridge, marks the diffuse limit between
be uncoupled the north and south American plates, and the change
in subduction obliquity with an increase of the slab
0-35 km lateral curvature
* South: end of known slab interface
DI-2 Moderate slip * 1969, Mw=6 *** Reverse * Mmax.cat 6 * West: Puerto-Rico subduction
earthquake domain, * 1982, Mw=6 *** * Mmax.struct >9 « South-west: end of seismogenic zone domain, limit
high high-frequency * Mmax.proxy 7-8 of the deepest reverse focal mechanism
content, supposed to * North-east: limit between moderate slip to large slip
be coupled domains
= South: Tiburon ridge, marks the diffuse limit between
35-65 km the north and south American plates, and the change
in subduction obliquity with an increase of the slab
lateral curvature
uUl-2 Large slip earthquake |+ 1843, M=8-8.5 (Bernard & Reverse * Mmax.cat 6.3 * West: Puerto-Rico subduction
domain, moderate Lambert, 1988) ** * Mmax.struct >9 * South-west: limit between moderate slip to large slip
high-frequency * 1906, M=6.3 ** * Mmax.proxy 8.5-9 domains
content, supposed to |+ 2016, Mw=6 *** * North-east: subduction trench
be uncoupled + South: Tiburon ridge, marks the diffuse limit between
the north and south American plates, and the change
0-35 km in subduction obliquity with an increase of the slab
lateral curvature
DI-3 Puerto-Rico . Reverse . Mmax.cat 4.6 + Model limit: catalog does not include all the
subduction : . seismicity specific to the system
uUI-3 Puerto-Rico Reverse M + Model limit: catalog does not include all the
. - * Mmax.cat 6.1 nferiniye o
subduction seismicity specific to the system
* Historical seismicity, with macro-seismic data currently ** Doubt about the source location, which *** No information in literature.
being processed. differs according to the references.
Annex table 3: Interface area sources and corresponding characteristics resume.
Intraslab
Zone | Structural region Significant earthquake from Deformation Mmax cat ISCU (Mw) - Short description of source area boundaries (map
ID catalogs and advices (M>5 or regime CDSA (Ml) / Mmax view)
IE>7) structure / Mmax proxy (Mw)
SD Slab detachment area * Mmax.cat 4.9 « East: presence of slab
- - * Mmax.struct - * West: end of known slab
* Mmax.proxy - + South: end of known slab
SlI-2 Slab intermediate + 1953, Mw=7.3 (Russo et al. Reverse to * Mmax.cat 5.2 + East: change in the slab bending
depth area with 1992) strike-slip * Mmax.struct - * West: presence of slab detachment
constant high dipping |+ 1976, Mw=5.2 *** + Mmax.proxy 8.0-8.3 * North: change in seismicity density
(Tarazona et al. 2023, and + South: change in seismicity density
references therein)
SI-3 Slab intermediate * 1914, Mw=7 ** Normal to * Mmax.cat 7.4 « East: change in slab bending
depth area with + 2007, Mw=7.4 strike-slip * Mmax.struct - « West: presence of slab detachment
constant high dipping + Mmax.proxy 8.0-8.3 * North-West: diffuse limit with change in stress
(Tarazona et al. 2023, and deformation
references therein) « South: change in seismicity density
Sl-4 Slab intermediate + 1987, Mw=5 *** * Mmax.cat 5 « South-East: diffuse limit with change in stress
depth area with * Mmax.struct - deformation
constant high dipping - + Mmax.proxy 8.0-8.3 * West: Puerto-Rico subduction
(Tarazona et al. 2023, and « North: change in slab bending
references therein) « South: presence of slab detachment
SB-2 | Slab bending area * 1984, Mw=5.7 *** * Mmax.cat 5.7 « East: change in the slab bending
* Mmax.struct - « West: change in the slab bending
- + Mmax.proxy 8.0-8.3 « North: change in seismicity density
(Tarazona et al. 2023, and + South: change in seismicity density
references therein)
SB-3 | Slab bending area + 1969, Mw=5.9 *** Normal-strike- |+ Mmax.cat 5.9 « South-East: diffuse limit with change in stress
* 1914, Mw=7 ** slip to reverse- | ©+ Mmax.struct - deformation
strike-slip + Mmax.proxy 8.0-8.3 « West: Puerto-Rico subduction
(from north to (Tarazona et al. 2023, and + North: subduction trench
south) references therein) + South: change in slab bending
SB-4 | Slab bending area + 1988, Mw=5.4 *** * Mmax.cat 5.4 * South-East: diffuse limit with change in stress
* Mmax.struct - deformation
- * Mmax.proxy 8.0-8.3 + West: Puerto-Rico subduction
(Tarazona et al. 2023, and * North: change in slab bending
references therein) * South: change in slab bending
* Historical seismicity, with macro-seismic data currently ** Doubt about the source location, which *** No information in literature.
being processed. differs according to the references.
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Intraslab
Zone | Structural region Significant earthquake from Deformation Mmax cat ISCU (Mw) - Short description of source area boundaries (map
ID catalogs and advices (M>5 or regime CDSA (Ml) / Mmax view)
IE>7) structure / Mmax proxy (Mw)
SS-1 Slab near surface area [+ 1986, Mw=5.2 *** + Mmax.cat 5.2 « East: subduction trench
with constant low * Mmax.struct - « West: change in the slab bending and corresponding
dipping - + Mmax.proxy 8.0-8.3 stress deformation
(Tarazona et al. 2023, and « North: change in seismicity density
references therein)  South: end of known slab
SS-2 Slab near surface area | + 1997, Mw=6.1 Normal to + Mmax.cat 6.5 « East: subduction trench
with constant low + 1969, Mw=7.2 ** (Dorel, 1981) strike-slip * Mmax.struct - « West: change in the slab bending and corresponding
dipping + 2014, Mw6.5 ** + Mmax.proxy 8.0-8.3 stress deformation
(Tarazona et al. 2023, and « North: diffuse limit with change in stress deformation
references therein) * South: change in seismicity density
SS-3 Slab near surface area [+ 1986, Mw=5.5 *** * Mmax.cat 5.5 * South-East: diffuse limit with change in stress
with constant low * Mmax.struct - deformation
dipping - + Mmax.proxy 8.0-8.3 * West: Puerto-Rico subduction
(Tarazona et al. 2023, and « North: subduction trench
references therein) « South: change in slab bending
Si-1 Slab mtermec_ilate " Mmaxcat 6.5 « Model limit: catalog does not include all the
depth area with - h seismicity specific to the system
constant high dipping Y sp Y
SB-1 | Slab bending area - Normal to + Mmax.cat 6 « Model limit: catalog does not include all the
strike-slip seismicity specific to the system
SI-5 Slab mtermec_ilate * Mmax.cat 6.1 « Model limit: catalog does not include all the
depth area with = : seismicity specific to the system
constant high dipping Y sp Y
SB-5 | Slab bending area - Reverse to * Mmax.cat 5.2 « Model limit: catalog does not include all the
strike-slip seismicity specific to the system
b Sl_ab st Re_verse_ to * Mmax.cat 5.9 *+ Model limit: catalog does not include all the
with constant low - strike-slip s )
i seismicity specific to the system
dipping
* Historical seismicity, with macro-seismic data currently ** Doubt about the source location, which *** No information in literature.
being processed. differs according to the references.
Annex table 5: Intraslab area sources and corresponding characteristics resume part 2.
Mantle Wedge
Zone | Structural region Significant earthquake from Deformation Mmax cat ISCU (Mw) - Short description of source area boundaries (map
ID catalogs and advices (M>5 or regime CDSA (Ml) / Mmax view)
IE>7) structure / Mmax proxy (Mw)
PRM | Puerto Rico Ma’?“e * Mmaxcat 5.2 « Model limit: catalog does not include all the
Wedge Subduction - - e o
seismicity specific to the system
Zone
NMS | North Lesser Antilles * Mmax.cat 4.7 * North: Puerto Rico subduction system
Mantle Wedge _ . * Mmax.struct - + South: Increase in seismic activity
* Mmax.proxy 4.5 (Davey & + East: Subducting slab and crust Moho physical limit
Ristau, 2011) * West: Loss of seismic activity
MS Central Lesser Antilles | + 1974, Ms=7.1-7.6 (McCann et Normal to * Mmax.cat 6.3 * North: Decrease in seismic activity
Mantle Wedge al., 1982) ** strike-slip * Mmax.struct - * South: Decrease in seismic activity
* Mmax.proxy 4.5 (Davey & « East: Subducting slab and crust Moho physical limit
Ristau, 2011) » West: Loss of seismic activity
SMS | South Lesser Antilles N - * Mmax.cat 5.9 « Model limit: catalog does not include all the
Mantle Wedge seismicity specific to the system
* Historical seismicity, with macro-seismic data currently ** Doubt about the source location, which *** No information in literature.
being processed. differs according to the references.
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Annex 1: MDF and GR distributions for each seismogenic zone (inset).
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Annex 2: MDF and GR distributions for each seismogenic zone (inset).
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Annex 3: MDF and GR distributions for each seismogenic zone (inset).
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Annex 4: MDF and GR distributions for each seismogenic zone (inset).

2023



Foix et al | New Seismotectonic Models for Seismic Hazard Assessment of the Lesser Antilles

[
I
I

incremental freq. (yr'1)

0.1

0.001

1000

100 ===

e

cummulative freq. (yr1)
)

o
o

0.01

0.001 — :
2 3 4 5 6 7
magnitude

Annex 5: MDF and GR distributions for each seismogenic zone (inset).
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Annex 6: MDF and GR distributions for each seismogenic zone (inset).
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Annex 7: MDF and GR distributions for each seismogenic zone (inset).
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