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Abstract. Subduction zones pose a considerable challenge within the realm of seismotectonics, owing to their faults and
structures interactions. The Lesser Antilles arc is a good example of how these complexities impact seismic hazard studies
with a strong along-strike variations in tectonic, seismic, and volcanic activities. While they have generated significant
damages, the 1839 and 1843 event characteristics (locations, depths, mechanisms, magnitudes) remain a subject of debate
along with their potential implications in the megathrust seismicity, in particular in the frame of low interseismic coupling.
This study is grounded in the compilation of instrumental and historical seismicity, and fault catalogs, completed by analyses
of focal mechanisms and rupture types as well as geodetic velocities and strain rates. The seismotectonic model and zoning
of the Lesser Antilles encompass the upper plate, subducting oceanic plate, subduction interface, mantle wedge, and
volcanoes. We propose a better depth resolution, resulting from recent studies on slab top and upper plate bottom
geometries, a specific area source for the Marie-Galante graben, new propositions for mantle wedge and volcanic zoning,
and fully revised area sources for the subduction interface. Our study highlights specific needs for a better seismic hazard

assessment in this region.
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1 Introduction

Subduction zones are among the most complex tectonic systems due to their intricate geodynamics and the multiple
interacting faults and structures affecting the subducting plate, the megathrust, and the upper plate and volcanic arc.
Subduction zones are also the locus of the great M~8+ megathrust earthquakes and their disastrous effects. Because of their
extraordinary nature, these megathrust earthquakes are the main focus of subduction seismicity and seismic hazard studies
(e.g., Graham et al., 2021; Wirth et al., 2022). Yet, seismic hazard in subduction zones results from several different sources,
whose contributions depend strongly on the considered locations and hazard spectral period (e.g., Frankel et al., 2015), thus

requiring specific hazard modeling techniques (Pagani et al., 2020a).

The Lesser Antilles are a good example of the difficulties associated with subduction zone seismicity and seismic hazard
studies, with additional issues due to the slow deformation rate of the arc, the limited land instrumentation coverage, and the
multi-country situation. The characteristics of large damaging earthquakes, such as the 1839 (Mw=7.5-8) and 1843 (Mw=8-
8.5), remain debated in terms of locations, depths, mechanism, or magnitudes (Bernard and Lambert, 1988; Feuillet et al.,
2011a; Hough, 2013; van Rijsingen et al., 2021). Seismic hazard models are few (e.g., Bozzoni et al., 2011), generally at the
scale of the whole Caribbean region with a focus on the Greater Antilles (Pagani et al., 2020b; Zimmerman et al., 2022).
Previous probabilistic seismic hazard assessments were conducted in 2002 for the Lesser Antilles (Geoter, 2002). Yet, recent
studies provide important new constraints on the Lesser Antilles seismotectonics and highlight key issues for seismic hazard
in subduction zones, such as the very low present-day interseismic coupling of the megathrust (van Rijsingen et al., 2021), in

disagreement with Philibosian et al. (2022) hypothesis, and its implications for seismic hazard.

In this study, we present an updated seismotectonic model of the Lesser Antilles that serves as the basis for a new
seismotectonic zoning model providing the characteristics of seismogenic sources for seismic hazard assessment. The
seismotectonic model and zoning comprise the Lesser Antilles upper plate, subducting oceanic plate, subduction interface,
mantle wedge, and volcanoes, based on a compilation and reanalysis of seismicity and fault catalogs, earthquake focal
mechanisms, and geodetic data. The zoning model provides earthquake rates and maximum magnitudes, including
uncertainties and multiple options associated with the current state of knowledge. We also provide recommendations on

improvements necessary for future seismotectonic and seismic hazard studies.

2 Lesser Antilles geodynamics

The Lesser Antilles is the result of the subduction of the North and South American Plates beneath the Caribbean Plate at a
present-day convergence rate of ~20 mm/yr (DeMets et al., 2010) (Fig. 1A, 1B). Due to the trench convex shape, the
convergence direction is almost arc-perpendicular south of Guadeloupe and becomes more oblique to the north. The Lesser

Antilles subduction is bounded its northern end by the E-W en-échelon strike-slip Anegada Passage system (Laurencin et al.,
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2017) and at its southern end by the strike-slip El-Pilar fault (Mann et al., 1991). Its western limit is marked by the Grenada

Basin separating the active volcanic arc from the Aves Ridge.

The subducting plate seafloor is marked by numerous fracture zones and ridges affecting the accretionary wedge, the upper
plate tectonics, and the megathrust seismogenic behavior (Pichot et al., 2012; Ezenwaka et al., 2022 and references therein).
The Barracuda and Tiburon Ridges (Fig. 1B) mark the limit between the South and North American Plates, with
convergence at the Barracuda ridge (Patriat et al., 2011), and a N-S difference in the oceanic crust thickness (Kopp et al.,
2011; Laurencin et al., 2018) and fracturing (Fig. 1B). The Wadati-Benioff seismicity is also impacted by the presence of the

subducted fractures and ridges, as well as a possible slab tear (Harris and al., 2018).
68°0 64°0 60°0 64°0

15 = 725
depth (km)
O 40=Mw<45
O 45sMw<50
Os50sMw<ss

Os.s <Mw<6.0

Elevation (m)

-8495 2218

Figure 1: Seismotectonic framework of the Lesser Antilles. A: Regional tectonic, black arrows: plate motions; red lines: main
faults from the Global Earthquake Model; dashed square: B map extent. B: Lesser Antilles structural features; white area:
accretionary prism; red triangles: active volcanoes; thick blue solid and dashed lines: active and inactive volcanic arc; black lines:
fracture zones; black dashed lines: subducted fracture zone extensions; white lines: known crustal faults; red lines: aseismic
ridges; red dashed lines: subducted aseismic ridge extensions; PR: Puerto Rico, BVI: British Virgin Islands, USVI: United States
Virgin Islands, 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, Gr: Grenade. Fracture zones are
extracted from Global Seafloor Fabric (soest.hawaii.edu) and bathymetry from Global Multi-Resolution Topography (gmrt.org).
C: Instrumental seismicity 1906-2021 of the upper plate crust from the ISCU-cat (M>4).

The upper plate tectonics are marked by a strong N-S asymmetry. South of ~15° of latitude, the upper plate is characterized
by the large Barbados accretionary wedge (e.g., Speed and Larue, 1982; Gomez et al., 2018; Deville, 2023), the Tobago
forearc basin, and a single volcanic arc with few major active faults and structures (Fig. 1B). In contrast, the northern region

is associated with a thin sedimentary wedge, long-term subduction erosion. The forearc basins are affected by trench-
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perpendicular normal faults, and the active volcanic arc (coupled with an old inactive arc in forearc position) is affected by
trench-parallel normal and strike-slip faults (Boucard et al., 2021; Feuillet et al., 2002, 2011b). The N-S asymmetry is also
present in the arc crustal thickness increasing from 20-25 km in the south to reach ~35 km in the north beneath St Kitts
(Schlaphorst et al., 2018). Across the arc, geodetic velocities indicate very small motions relative to the Caribbean Plate and
<1 mm/yr of N-S intra-arc extension (Symithe et al., 2015; van Rijsingen et al., 2021), generally consistent with earthquake

focal mechanisms and forearc basin structures (Allen et al., 2019; Lindner et al., 2023).

The overall N-S asymmetry of the Lesser Antilles subduction system also appears in the instrumental seismicity, with higher
activity north of ~15° of latitude compared to the southern region (Hayes et al., 2014; McCann et al., 1984; Fig. 1C).
However, this pattern does not appear in the historical catalog (Lambert et al., 2009; Bertil et al., 2023; Lambert and
Samarcq, 2024 ; Fig. 2A). This discrepancy highlights the difficulty and limits of the seismicity catalogs. Recent damaging
earthquakes are associated with magnitudes M=7-7.5 (e.g., 1953 Mw=7.3 south of Martinique, 1969 Mw=7.2 near Barbados,
1974 Mw=7.5 between Barbuda and Antigua, 2007 Mw=7.4 north of Martinique, Fig. 2C). All are attributed to normal
faulting either within the subducting plate (1953, 1969, and 2007, Russo et al., 1992; Dorel, 1981; Régnier et al., 2013) or
within the upper plate or mantle wedge (1974, McCann et al., 1982; Feuillet et al., 2002, 2011b). One of the outstanding
characteristics of the Lesser Antilles subduction is the lack of instrumental large (M>6.5) thrust earthquake associated with

the subduction interface.
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Figure 2: Lesser Antilles historical seismicity and major earthquakes. Thick black solid line: Lesser-Antilles, Puerto-Rico and
Muertos trenches. A: SisFrance historical seismicity. B: SARA pre-1964 historical seismicity C: major instrumental and historical
earthquakes from ISCU-cat, SARA and SisFrance catalogs.
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3 Seismotectonic zoning model
3.1 Method and data

The seismotectonic zoning model comprises area sources and fault sources, with the former defining domains of uniform
tectonic and seismicity characteristics. Area source boundaries are constructed following three principles, considering
existing knowledge and uncertainties: 1) Boundaries are defined in priority by (a) the seismicity distribution, (b) faults and
local tectonics, (c) geodetic data, (d) local geology. 2) A single large zone is preferred to several small zones, unless data
clearly shows different tectonic and seismicity characteristics that require zone divisions. 3) Area sources are chosen to

prevent seismicity dilution within too large a zone.

The primary seismicity catalog is a homogenized Mw instrumental catalog (hereafter ISCU-cat) composed of seismicity
extracted from the International Seismological Center (ISC, 2023) catalog and regional catalogs from 1906 to 2021 (Bertil et
al., 2023). The Mw homogenization was done using reference magnitudes given by the Global Centroid Moment Tensor
(GCMT, Dziewonski et al., 1981; Ekstrom et al., 2012) project and the National Earthquake Information Center (NEIC, Guy
et al., 2015). This catalog is considered complete since 1964 for Mw>4.3. Completeness for Mw>4 is not reached until 1985.
Taking Mw>4.0 for the whole catalog limits bias in regional completeness, even if few data exist before 1985 (6%). No
hypocenter relocations were conducted but a first order quality score is supplied based on phase number (pn) from A (pn >
1000) to E (pn < 3) instead of location uncertainties. The ISCU-cat comprises 0.2% A, 5.3% B, 18.6% C, 75.7% D and 0.2%
E.

The ISCU-Cat is completed for local analysis around Guadeloupe and Martinique with the catalogs IPGP (Saurel et al.,
2022) and CDSA (Massin et al., 2021) and regionally by the historical catalogs SisFrance Antilles (Vermeersch et al., 2002;
Lambert et al., 2009; Lambert and Samarcq, 2024) and SARA (Gomez-Capera et al., 2017) (Fig. 2A, 2B). SisFrance
comprises 19% of quality B (corresponding to ~10 km location uncertainty) and 81% of quality C (10-20 km uncertainty).
For the SARA pre-1964 catalog, no uncertainties or quality are available. A composite catalog of earthquake focal
mechanism comprising 572 events is constructed from the GMCT, ISC and IPGP databases as well as Corbeau et al. (2019,
2021), Gonzalez et al. (2017), and Ruiz et al. (2013), hereafter named as FMAnt2021 (Focal Mechanisms Antilles 2021).
From these, we compute average faulting types and P and T axis orientations on a regular grid using Mazzotti et al. (2021)

method (smoothing distance of 40 km, minimum of 3 mechanisms within a radius of 50 km).

The oceanic subducted plate surface is based on a unification of the slab models of Bie et al., (2020) and Laurencin et al.,
(2018) (Fig. 3B). No unified database of crustal faults exists for the Lesser Antilles, and knowledge is heterogeneous along
the arc. We use crustal faults from the Global Earthquake Model of the Caribbean region (Styron et al., 2020) completed
with local studies of Boucard et al. (2021), Feuillet et al. (2001, 2002, 2004, 2011a, 2011b), Garrocq et al. (2021), Laurencin
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et al. (2017, 2019), and Leclerc et al. (2016) (Fig. 1B). Finally, we use the geodetic velocities from van Rijsingen et al.
(2021) to calculate geodetic strain rates (Fig. 4) and, completed by micro-atoll subsidence data (Philibosian et al., 2022), to
test models of megathrust interseismic coupling on 2D cross-sections. We also use the geodetic velocities to calculate

extension rate for some specific regions and determined an associated standard uncertainty (¢ / \/N; o: standard deviation, N:

measurements).

Details of the area source limits and geometries are given in the supplementary material (S1) and in the Risk Prevention

Department report (Foix et al., 2023a) with information on the Gutenberg-Richter distribution for each area source (S2).

Supplementary Material for this article includes also minimum magnitude sensitivity analysis impact for the Marie-Galante

graben (S3) and geodetic subduction interface coupling modelling (S4).
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Figure 3: Crustal faults and slab geometry. A: crustal faults (black solid lines) and relative motions (blue and green arrows), cf.
sect. 3.1; red question mark: lack of knowledge on possible normal faults along the arc; (1) Bunce Fault, (2) Tintamarre Faults
crosscutting a V-shaped basin, (3) Marie-Galante graben, (4) Bouillante-Montserrat Fault, (5) Anegada Passage Fault system, (6)
El Pilar Fault system, (7) Lateral Ramp. B: Bie-Lau-Slab unified slab top geometry, cf. sect. 3.1.

3.2 Upper plate seismotectonics, area sources and faults
3.2.1 Upper plate seismotectonics

At its northern end, the Lesser Antilles subduction is limited by the Anegada Passage (Fig. 3A), an E-W en-échelon strike-
slip system (Laurencin et al., 2017) with low relative motion based on geodetic data (Symithe et al., 2015), terminating

eastward in the pull-apart Sombrero Basin (Laurencin et al., 2019). The Bunce - Bowin fault sinistral strike-slip system

6
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marks the limit between the thin accretionary wedge and the upper plate backstop (Fig. 3A). Its maximum slip rate is ~16
mm/year (Laurencin et al., 2019), with no known large earthquake on this fault. Its small depth extent (~5 km) suggests that
only moderate earthquakes can be expected (ten Brink and Lin, 2004).

The northern half of the Lesser Antilles arc, from Antigua to Guadeloupe, is characterized by Paleogene V-shaped basins
(Fig. 3A), inferred to be related to the collision of the Caribbean Plate with the Bahamas Bank and partly overlapped by
normal faults (e.g., Tintamarre Fault, Fig. 3A) attributed to Mid-Miocene margin erosion (Boucard et al., 2021). The V-
shaped structures are interpreted to be inactive in the north (Symithe et al., 2015; Boucard et al., 2021) and active east of
Guadeloupe (Feuillet et al., 2001). Present-day tectonics is characterized by trench-perpendicular normal faults bounding
grabens and spur in the forearc region, such as the Marie-Galante graben (Fig. 3A) or the Bertrand-Falmouth spur,
associated with N-S to NNW-SSE extension (Feuillet et al., 2001, 2002). Along the active volcanic arc, trench-parallel en-
échelon faults accommodate sinistral motion, such as the Bouillante-Montserrat fault system (Fig. 3A), or normal motion,
such as the Roseau Fault (Feuillet et al., 2001, 201 1a; Leclerc and Feuillet, 2019). Shallow seismicity attests of normal and
strike-slip faulting on these trench-parallel and -perpendicular structures (Linder et al., 2023), e.g., the 2004 Mw=6.3 Les
Saintes earthquake on the Roseau Fault (Bazin et al., 2010; Feuillet et al., 2011b; Escartin et al., 2016; Fig. 2C). These

recent fault systems inferred to be related to strain partitioning of the oblique plate convergence (Feuillet et al., 2001, 2011a).

The transition with the southern Lesser Antilles region is marked by lateral ramps following the Barracuda and Tiburon
ridges (Brown and Westbrook, 1987; Fig. 3A). South of Saint-Lucia, the fault system knowledge is sparse and a possible
extension of the northern trench-parallel en-échelon normal faults remains unknown. Large normal faults have been
interpreted along both sides of the volcanic arc from south of Martinique to Grenade (Christeson et al., 2008; Aitken et al.,
2011; Fig. 3A question mark). However, recent seismic reflection data show no clear evidence of such large faults (Garrocq
et al., 2021). They only indicate normal faults along the west flank of the arc, between Saint-Vincent-and-the-Grenadines

and Saint-Lucia, possibly similar to those north of Martinique.

3.2.2 Upper plate area sources

The primary area source division is trench-parallel, to take into account the differences in structure, tectonics, and seismicity
between the accretionary wedge (AW), forearc (FA), arc (A), and back-arc (BA) regions of the upper plate (Fig. 4A). We
also include in the upper-plate area sources seismicity in the outer rise of the downgoing plate (DP). The secondary division
is trench-perpendicular based on structures, fault types, and seismic activity in the different regions. The bottom limits of
these area sources are based on the seismicity characteristics in each zone or on the structural limits. We fix the bottom limit
of the crustal upper-plate area sources either at the Moho (set at 28 km, Kopp et al., 2011; Bie et al., 2020) or at the
downgoing plate surface depth (minus 5 km, to avoid interface seismicity). The diffuse distribution of the crustal seismicity,

due to the network geometry, does not allow a more specific definition. An alternative for the crustal source areas is to set

7
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their bottom limit at an assumed seismogenic depth of 15-20 km, similar to that observed for active faults. The bottom limit

of crustal downgoing-plate area sources is fixed at 10-15 km depth. Due to low seismicity records and high distance of these

sources to the islands, the choice of this depth has no impact on hazard calculations. In the following, we highlight the main

points of interest and sources of uncertainties:

DP (downgoing plate) sources: The seismotectonics of these zones are poorly constrained, with very limited seismicity
and only two moderate instrumental events (2003 M=6.6 and 2016 M=5.6). Large potentially seismogenic structures are
observed down to 10-15 km depth on the oceanic plate outer rise (Marcaillou et al., 2021; Allen et al., 2022), that could
generate large normal or strike-slip earthquakes. Based on global analogs, outer rise seismicity may reach magnitudes

M~8-8.5 (e.g., Sumatra, Japan, Meng et al., 2012; Kanamori, 1971).
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Figure 4: Lesser Antilles upper-plate crust seismotectonic model. A: crustal area sources; SB: South Boundary, AW: Accretionary
Wedge, AWD: AW Death, FA: Forearc, A: Arc, BA: Backarc, MF: Muertos Fault, NB: North Boundary, AP: Anegada Passage,
UL: Undefined Limit, DP: Downgoing Plate. B: crustal seismicity from ISCU-cat (M> 4). C: crustal focal mechanisms from
FMAnt-2021.

AW (accretionary wedge) sources: These zones are divided along strike to account for the evolution from the large
Barbados prism in the south (AW-1) to the narrow prism under erosion in the north (AW-3 and 4). The transition (AW-
2) is defined by the Tiburon and Barracuda Ridge extensions beneath the wedge (Fig. 1B). The southern end
corresponds to a zone of progressive termination (AWD). The seismogenic potential of these sources is poorly
constrained due to the low precisions of earthquake locations. A few moderate events may be associated with these
zones without certainty (e.g., 1922 M=6.1, Russo et al., 1992), 2015 M=5.7 clusters, 1767 and 1816 historic
earthquakes, Fig. 2C, Le Roy et al., 2017). Ocean Bottom Seismometer (OBS) recordings show no seismicity over a
six-month period in the wedge off Guadeloupe (Laigle et al., 2007, 2013; Ruiz et al., 2013). Worldwide, accretionary
prisms are associated with high fluid content, unconsolidated sediment, and low-frequency earthquakes or tremors (Ito
and Obara, 2006; Obana and Kodaira, 2009). They are not associated with really well-known earthquakes but very few
standard events occurred (e.g., 2023 M=5.5 Panama, Bradley and Hubbard, 2023).
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210 e Forearc (FA) and arc (A) sources: South of Saint-Lucia, the forearc and arc are grouped in a common area source (FAA)
due to the low level of instrumental seismicity and lack of identified major fault. The northern limit corresponds to a
smooth northward increase of seismicity. The geodetic velocity increase between Saint-Lucia and Saint-Vincent-and-
the-Grenadines is equal to 0.6 + 0.3 mm/yr and 1.4 + 0.4 mm/yr toward the south, for the eastern and northern
components, in the Caribbean Plate reference frame (Fig. 5). This is not associated with focal mechanisms marking

215 extension (Fig. 4C). The central and northern regions are characterized by a distinction between arc (A) zones,
associated with arc-parallel normal and strike-slip faults, and forearc (FA) zones, associated with NW-SE en-échelon
faults (Fig. 1B, 3A). The lateral divisions correspond to changes in instrumental seismicity rates or to independent
seismotectonic features such as the Marie-Galante graben (FA-2). The westward extension of the Marie-Galante graben
is uncertain, with two alternative sources (FA-2a or FA-2b). Similarly, the transition between Al (normal faulting) and

220 A2 (normal to sinistral faulting) is uncertain and associated with the alternative limits UL. The seismogenic potential of
the forearc and arc is characterized by seismicity clusters with a more sustained activity north of Saint-Lucia (Fig. 4B).
Large events associated with arc tectonics are the 2004 Mw=6.3 Les Saintes and the 1867 Mw =7.2 Virgin Islands
earthquakes, whereas the 1967 Mw =6.4 earthquake struck the forearc (Fig. 2C). Larger historical events may have
occurred in the arc and forearc (1690 Ms=7-8 near Barbuda, 1839 (Mw=7.5-8) and 1843 (Mw=8-8.5) offshore

225 Martinique and Guadeloupe, 1867 Ms=7.2 near the Virgin Islands), but their exact locations and associated structures
are unknown. The 1843 moderate tsunami intensity (Lambert and Terrier, 2011) and the possible 1839 sea disturbance

(Clouard et al., 2017) favor intraslab or deep interface locations for these two earthquakes.
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Figure 5: Geodetic velocities of the Lesser Antilles arc in the Caribbean Plate reference frame (van Rijsingen et al., 2021). Black
230 arrows: velocity vectors; black dashed circles: error ellipses with 95% confidence. A: Lesser Antilles arc. B: zoom on Guadeloupe;
Grey arrows: velocity vectors related to La Soufriére volcano.

e Boundary zones are defined at the northern (NB), southern (SB), and western back-arc (BA) limits of the model to
capture diffuse seismicity without specific information. Two smaller zones are defined along the southern Anegada

Passage (AP) and the Muertos Fault (MF). The AP zone is associated with few M>4 instrumental earthquakes (Fig. 4B),

235 the historical 1867 Mw=7.2 Virgin Island earthquake (Fig. 2C), and a geodetic velocity gradient of 1.8 + 0.4 mm/yr and
-0.55 + 0.2 mm/yr for the eastern and northern components (Fig. 5), highlighting the uncertainty on local active

tectonics.

3.2.3 Upper plate fault sources

Fault geometries and slip rates are required to integrate fault sources in seismic hazard models. Only few Lesser Antilles
240 faults meet these criterions: the Roseau, Morne Piton, and Bouillante-Montserrat Faults near Guadeloupe, the Redonda Fault
between Saint-Kitts-and-Nevis and Montserrat, and the Anegada Passage and Muertos Trough at the northern end (Fig. 6A).
Slip rates and maximum structural magnitudes based on Wells and Coppersmith (1994) scaling law are given in (Table 1).
Additional faults and structures have been studied on land and offshore, such as the May Fault (Sedan and Terrier, 2001) or
the North Lamentin and Schoelcher Faults (Terrier, 1996), but the available data are not considered robust enough to be

245 included in a seismic hazard model at this time.
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Figure 6: Lesser Antilles volcanic (purple circles) and fault (orange solid lines) seismogenic sources. A: Geographical repartition of
active volcanoes and source faults; black triangles: active volcanoes; StC: Sainte Catherine, KeJ: Kick’em Jenny, So: Soufriére of
Saint Vincent, Q: Qualibou, MP: Mount Pelée, MPP: Morne Plat Pays, MW: Morne Watt, SG: Soufriére of Guadeloupe, SH:
250 Soufriére Hills, N: Nevis, L: Liamuiga, TQ: The Quill, Sa: Saba; 1: Muertos Trench, 2: Anegada Fault system, 3: Redonda Fault,
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4: Bouillante-Montserrat Faults, 5: Roseau Fault, 6: Morne-Piton Fault. B, C, D, E: Zoom on volcanic area sources, corresponding
to a 10 km radius around the volcanic edifices.

Faults Length (km) Seismogenic Slip Rate Mmax.struct. Mmax.obs References
Depth (km) (mm/yr)
Roseau 35 15 0.15t00.4 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
0.5+0.2 review);
Feuillet et al. (2004)

Redonda ~30 15? ~0.2 7.0 Ms=6.2 (1985, Carey etal., (2019): 0.3
7z=94+2km) mm/yr of regional
subsidence with 0.16
mm/yr, 60° of fault dip is
assuming. Feuillet et al.,
(2010) fig. 2.

Bouillante- 10 to 20 km 152 ~0.3 7.3 ? Beck et al., (2012): 10 m in
Montserrat segments (~60) 0.15-0.20 3500 year; Philippon et al.
(under review); Feuillet et
al., (2010)

Anegada 220 ? 1.0* 6.8-8.0 Ms=7.5 (1867) Symithe et al., (2015);
1.254+0.15 ** Zimmerman et al., (2022)

Muertos 641 - 1.7 (East 7.6 (East Ms=6.7 (1984) Heuret et al., (2011);

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

Zimmerman et al., (2022)

Table 1: Seismogenic fault sources characteristics of the fault's seismogenic source. * Slip rate modeled after Zimmerman et al.
(2022). ** GNSS block motion modeled after Symithe et al. (2015).

3.2.4 Marie-Galante Graben

The Marie-Galante graben corresponds to the FA-2a seismotectonic zone (Fig. 4A). Guadeloupe is defined as a key
transition area between the northern and southern Lesser Antilles arc in terms of geodetic velocities, seismicity rates, fault
orientations and tectonic style. Arc-parallel (Roseau, Bouillante-Montserrat) and arc-perpendicular (Marie-Galante graben)
faults intersect near the Soufriére volcano. The northern part of Guadeloupe is marked by northward GNSS velocities, while
the southern part is characterized by southward velocities (Fig. 5). The graben may have generated three historical
earthquakes in the last 150 years, with intensities from VII to VIII, including the destructive April 29, 1897, M=5.5-6
earthquake located closed to Pointe-a-Pitre (Fig. 2C) and linked with the Gosier Fault (Bernard and Lambert, 1988). The
Morne Piton Fault (Fig. 6A, number 6) may be responsible for the 1851 earthquake (EI=VII) (Feuillet et al. 2011b). The
structural characteristics of the Morne Piton Fault are compatible with potential M=6.5 earthquakes every 1400 to 3300
years, or M=5.5 every 400 to 1000 years (Feuillet et al., 2004). The Morne Piton Fault slip rate is estimated between 0.2 +
0.05 mm/yr and 0.5 + 0.2 mm/yr (Philippon et al., under review; Feuillet et al., 2004).
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We estimate the graben overall extension rate from the ISCU-cat and geodetic data. From the difference in geodetic
velocities between northern and southern Guadeloupe, the extension rate is ~1.1 + 0.2 mm/yr for the northern component. A
formal strain rate inversion of these velocities yields an extension rate of ~0.6 mm/yr integrated over a distance of 28 km.
For the seismicity data (ISCU-Cat), we use the 743 events in FA-2a to estimate a Gutenberg-Richter magnitude/frequency
distribution and its associated seismic moment and deformation rate (S2, Mazzotti and Adams, 2005). Using minimum and
maximum magnitudes of 3.0 and 7.3 (based on fault geometry), a seismogenic thickness between 15 and 20 km and a normal
fault geometry (length=135 km, with=75 km, dip=60° and rake=90°), we estimate an extension rate from 0.5 to 1 mm/yr
(with a b-value of 1.2-1.5 — S3). These estimated graben extension rates of 0.5-1.1 mm/yr are compatible with the Morne
Piton Fault slip rate (0.2-0.5 mm/yr). The slip rates of other graben faults have not been estimated yet and may accommodate

a part of the deformation.

3.3 Subduction interface seismotectonics and area sources
3.3.1 Subduction interface seismotectonics

The seismogenic potential of the Lesser Antilles megathrust is a major conundrum. No large megathrust earthquake has been
recorded in the instrumental period, while the historical 1839 (Mw=7.5-8) and 1843 (Mw=8-8.5) earthquakes may be
associated with the interface, the subducted slab, or the upper plate with higher probabilities for deep interface or intraslab
(Bernard and Lambert, 1988; Feuillet et al., 2011a; Hough, 2023). North of Guadeloupe, the interface seismicity is
highlighted by moderate M=4.5-6.5 reverse-faulting earthquakes down to 60—65 km depth (Lindner et al., 2023), whereas
very few similar events occur to the south (Fig. 7B, 7C). In contrast, no interface earthquakes were recorded below 20 km
depth during a 6-month OBS deployment offshore Guadeloupe and Martinique (Laigle et al., 2013a). The 60—65 km
downdip extent is consistent with thermal modeling of the subduction system, which shows that the seismic-aseismic
transition ~350 °C occurs ~65 km below Martinique and Saint-Martin (Ezenwaka et al., 2022), with its along strike

variations are compatible with the interface seismicity distribution (Gutscher et al., 2013).

Geodetic data indicate that the present-day interseismic coupling of the whole megathrust is very low (~10%) (Symithe et
al., 2015; van Rijsingen et al., 2021). Coral and micro-atoll subsidence rates are interpreted as indicative of strong
interseismic coupling on the megathrust ~40-80 km depth between Martinique and Barbuda (Weil-Accardo et al., 2016;
Philibosian et al., 2022). van Rijsingen et al. (2022) observed subsidence from geodetic vertical motions, in coherency with
coral and micro-atoll data and modelled that a locked or partially-locked interface would produce uplift. Results from van
Rijsingen et al. (2021, 2022) as well as simple 2D cross-section models (S4) show that the shallow 0-40 km-depth section of
the megathrust must be associated with very low coupling to be compatible with horizontal geodetic velocities. Vertical
velocities indicate a general subsidence rate that could, in part, be associated with strong deep (40-70 km) interseismic

coupling, although details of this conclusion are debated (Philibosian et al., 2022; van Rijsingen et al., 2022).

12



300

305

310

https://doi.org/10.5194/nhess-2024-53 Natural Hazards ¢
Preprint. Discussion started: 18 April 2024 and Earth System 3 EG U
(© Author(s) 2024. CC BY 4.0 License. Sciences é
Discussions )

64°0 60°0 56°0

.
30 30 O 40=<Mw<45

depth (km) O 45<Mw<50
o O50<Mw<55

122N s ¥ . ( EenioRcE -

slow slip, LFEs * mod. slip EQ : large slip EQ : tsunami EQ
Lay et al. (2012) ‘seismic tremors v high HF | mod. ;?IF ' low HF
Seismotectonic ( \ DI-* UL-* .
" o o |
Bl T '
. ~Zmax interface EQ (FMant2021) ~ / o > o
1 350°C (Ezenwaka et al., 2022) L, -66° 620 580
~ 100l e T~ 100km | [
Z 100 & \ - ~ 100kn
< s . 180 !
= 1 . co s B o - \\
S 1 &s‘?@%a ¥ ) B o
|53 ° JFOOB S
A ; 9.5 7% \
150 / X 2 . A/ =
o Bge@eo e | 14° ! | |
| £ X {
] Yol o
B ° 1
< )
B ° /' -
200 = -y L -
T T T T R B 1 T 7 T T T 1 T 7
0 50 100 150 200 250 300 JSJO 400

Distance along A-B (km)

Figure 7: Lesser Antilles interface seismotectonic model. A: interface area sources; UI-*: Upper-Interface, DI-*: Deep Interface. B,
C: same as Fig. 5 but for the interface seismicity. D: interface conceptual model based on Lay et al. (2012) and adapted for the
Lesser Antilles; AB cross-section, reported in the inset with corresponding domain (mod.: moderate; HF: High Frequency; LFEs:
Low Frequency Events; EQ: Earthquakes); seismicity from the ISCU-cat (white dotes) and CDSA (grey dotes) along AB, thick
black solid lines: slab and Moho from Paulatto et al., (2017), focal mechanisms from FMAnt-2021, thin black dashed lines: domain
depth limits (cf. sect. 3.3), [U-* bottom limit is marked at 35 km depth and DI-* bottom limit at 65 km depth, pink zone: mantle
wedge seismicity.

3.3.1 Subduction interface area sources

In order to account for this conflicting information, we propose a seismotectonic model of the Lesser Antilles megathrust
based on the reference model of Lay et al. (2012), which divides the subduction interface into four downdip domains based
on seismic behavior and high-frequency radiations (HF): 0-15 km depth = tsunami earthquakes and low HF,15-35 km depth
= great earthquakes and moderate HF, 35-55 km depth = large earthquakes and strong HF, >55 km depth = stable slip, slow-
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slip events, very-low-frequency earthquakes. A previous division of the subduction interface for tsunami hazard was

proposed based on plane dipping (IOC-UNESCO, 2020). Our simplified version of this model adapted to seismic hazard

assessment for the Lesser Antilles corresponds to (Fig. 7A, 7D):

e An upper interface (UI) from 0 to 35 km depth capable of generating great M=8-9 megathrust earthquakes but
associated with very low interseismic coupling. Assuming an average slip per event of 5-10 m, an interseismic coupling
of 10%, and a convergence rate of 20 mm/yr, the great earthquake return period is ~2500-5000 years compatible with
sedimentary records (Seibert et al., 2024).

e A deep interface (DI) from 35 to 65 km depth that can generate large M=7-8 earthquakes and associated with either low
interseismic coupling (model 1, compatible with geodetic data) or high interseismic coupling (model 2, compatible with
coral data). We propose a lower weight on Model 2 because of the high variability and large uncertainties of the coral

data.

The depth limits between UI and DI are assumed constant. An along-strike division between area sources UI-1 / DI-1 and
Ul-2 / DI-2 is set near the Barracuda and Tiburon Ridges depth extensions (Fig. 1B, 7A) to reflect the North / South
American Plate boundary and the N-S differences in oceanic plate fracturing, megathrust seismicity, and convergence
direction. The issue of lateral earthquake propagation across this lateral limit is unresolved. In addition, minor area sources

UI-3 and DI-3 are defined at the eastern end of the Puerto Rico subduction zone.

3.4 Subducted slab seismotectonics and area sources

Seismotectonics of the subducted oceanic plate is characterized by high seismic activity down to ~150-200 km depth (Fig.
8B) associated with downdip extension, normal, and strike-slip faulting (Gonzalez et al., 2017; Linder et al., 2023; Fig. 8C).
Intraslab seismicity is particularly abundant below Martinique and Dominique, potentially in relation with the subduction of
fracture zones (Bie et al., 2020; Lindner et al., 2023). The 2007 Mw=7.4 earthquake occurred in this region and is among the
strongest instrumental earthquake recorded in the Lesser Antilles. Larger historical earthquakes, such as the 1839 or 1843

events, may be associated with intraslab seismicity (van Rijsingen et al., 2021).

Intraslab source areas are primarily based on a downdip division constrained by the slab geometry and the seismicity

mechanisms. Secondary along-strike divisions are defined to account for seismicity density and mechanism variations (Fig.

8A):

e Shallow slab (SS) sources, from 0 to 30 km depth, correspond to a constant 10-15° slab dip and heterogenous along-
strike seismicity distribution.

e Slab bending (SB) sources, from 30 to 80 km depth, correspond to the region of progressive increase in slab dip.

14
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e Slab intermediate (SI) sources, from 80 to 155—-190 km depth, are characterized by a constant slab dip ~55° in the north
and ~40° in the south. The deeper SI-3 limit (190 km vs. 155 km in other sources) correspond to the extent of high
seismic activity.

e The slab detachment (SD) source, from 155-190 to 280 km depth, covers the maximum possible slab extent based on

seismic tomography (Braszus et al., 2021).

The seismogenic characteristics of these sources is illustrated by instrumental and historical earthquakes. The 2014 Mw=6.4
earthquake is located in the shallow slab (SS-2), with a normal-faulting rupture under the accretionary prism ~11-15 km
depth. The 1969 Mw=7.2 normal-fault earthquake can be associated with either the SS-2 or SB-3 due to the uncertainty in its
focal depth (Stein et al., 1982). The 2007 Mw=7.4 earthquake (oblique normal-faulting, 152 km depth) is associated with the
deeper SI-3 source and caused moderate damages in Martinique (Schlupp et al., 2008; Régnier et al., 2013). Apart from the
poorly constrained 1969 Mw=7.2 event, SB sources do not include instrumental large M>6 earthquakes. Worldwide, the
largest intraslab earthquakes can exceeded M~8 (e.g., 1939 Ms=7.8 south central Chile, Beck et al. 1998; 2017 Mw=8.2
Mexico, Jiménez, 2018).
68°0 64°0 60°0
° 4<Mw<468 Q os025
depth (km) O 4.68<Mw<536 O 025 <6< 05
O 536<Mw<6.04 o 605
O 604 sMw<612
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Figure 8: Lesser Antilles intraslab seismotectonic model. A, and B: same as Fig. S but for intraslab seismicity; SS: Shallow Slab,
SB: Slab Bending, SI: Slab Intermediate, SD: Slab Detachment. C: grid-average faulting style based on instraslab FMAnt-2021
events, with symbol sizes inversely proportional to the standard deviation.

3.5 Mantle wedge seismotectonics and area sources

The Lesser Antilles subduction is characterized by a cold mantle wedge associated with normal-faulting seismicity (Bie et
al., 2020; Laigle et al., 2013b; Ruiz et al., 2013), as also observed in the Greek, New-Zealand, and Northern Japan
subductions (Davey and Ristau, 2011; Uchida et al., 2010). This peculiar “supra-slab” seismicity may be explained by the
presence of pyroxenitic material within peridotites (instead of aseismic serpentinized peridotite, Laigle et al., 2013b), or by

fluids transport expelled from the slab and resulting in a cold mantle wedge (Hicks et al., 2023).
15
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The mantle wedge seismicity is located ~50 km east from the volcanic arc and between 25 and 60 km depth (Fig. 7D). Using
the subducting slab and arc Moho geometries as limits, we identify over 3000 events associated with mantle wedge
seismicity (Fig. 9B), allowing us to define four area sources (bottom limit along the slab surface minus 5 km down to 70 km
depth, top limit along the crustal Moho at 28 km, Fig. 9A): A main mantle source (MS) from Saint-Lucia to Barbuda
characterized by high seismic activity, two southern and northern mantle sources (SMS, NMS) with lower seismic activity,
and a Puerto Rico mantle source (PRM).

64°0 60°0 ,

15 25
depth (km)

20°N

16°N

L
N o 0 40<Mw<45[
D O 45<Mw<5.0
O50<Mw<55
O55<Mw<6.0
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T

Figure 9: Lesser Antilles mantle wedge seismotectonic model. A, B and C: same as Fig. 5 but for the mantle wedge seismicity; MS:
Mantle Source, NMS: North Mantle Source, PRM: Puerto Rico Mantle. Focal mechanisms from Ruiz et al. (2013).

The seismogenic potential of the mantle wedge is poorly constrained due to the large earthquake location uncertainties and
the lack of dedicated studies (in the Lesser Antilles and worldwide). An OBS study offshore Guadeloupe and Martinique
recorded two M=3.1 and M=3.6 mantle wedge earthquakes, with different orientations and fault types, over a six-month
period (Ruiz et al., 2013; Fig. 9C). The October 8, 1974, Ms=7.1-7.6 earthquake location is estimated in the arc lower crust
by McCann et al., (1982) (Fig. 2C), along a NE-striking, SE-dipping normal fault, but its focal depth of 35 km suggests a
possible mantle wedge event, as the Moho depth beneath Antigua is imaged at 30 km depth (Schlaphorst et al.,
2021).Worldwide, the New-Zealand subduction shows the largest recorded mantle-wedge earthquake with a magnitude
M=4.5 (Davey and Ristau, 2011).
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3.6 Volcanic seismotectonics and area sources

Seismic hazard assessment for volcanic systems is challenging due to uncommon seismicity pattern laws, low earthquake
magnitudes and high volcanic edifice heterogeneity affecting seismic wave attenuations and strong motion laws (e.g.,
Peruzza et al., 2017). Worldwide, volcano-tectonic earthquakes are generally limited to M<5—6 (McNutt and Roman, 2015),
even though earthquakes up to M=6-7 have caused severe damages in Japan or Indonesia (Yokoyama, 2009) and have

reached M=7.5-8 (e.g., 1990, Mount Pinatubo, Philippines).

The Lesser Antilles subduction system is marked by numerous volcanic eruptions and volcano-tectonic earthquakes. Seismo-
volcanic crises were responsible for significant earthquakes and, in some cases, associated damages, such as the 1950-51
Nevis crisis (MW=4.3) (Willmore, 1952), the 1966—67 Montserrat crisis with 32 felt earthquakes, the Guadeloupe Soufriere
phreatic eruption in 1976-77 (M=4.6) or and unrest in 2017-2018 (ML=4.1) (Moretti et al., 2020). In order to account for
these events, we define specific circular source areas associated with the active volcanic edifices and seismicity using a

simple 10-km-radius definition and the crust thickness as depth limit (Fig. 6).

4 Discussion and recommendations

In this study, we propose an updated seismotectonic model and zoning model for seismic hazard assessment in the Lesser
Antilles which is enriched by numerous recent improvements in the understanding of the regional seismotectonic context.
The zoning comprises area and fault sources for the upper plate and area sources for the subduction interface, the subducting
plate, the mantle wedge, and volcanic centers. Major updates consist of: (*) better depth resolutions, owing to new slab and
upper plate geometries; (*) a specific area source for the Marie-Galante graben, based on combined new tectonic, seismic,
and geodetic data; (*) new propositions of mantle wedge and volcanic zoning; and (*) fully revised area sources for the

subduction interface based on the integration of geodetic and coral data in a combined seismotectonic model.

Our study also highlights major remaining uncertainties and unknowns that can impact seismic hazard assessment. Although
the overall seismotectonics of the upper plate is relatively well defined in the few areas studied with dedicated surveys, given
the very great structural heterogeneity observed. Specifics of most of the arc and forearc tectonics require further data
collection and analyses. For example, an apparent velocity gradient of ~0.6 + 0.3 and 1.4 + 0.4 mm/yr for the eastern and
northern components is observed in geodetic data between Saint-Lucia to Saint-Vincent-and-the-Grenadines, without an
associated pulse of earthquake activity or known active faults. This points out the need for a more complete active fault and
structural database of the whole Lesser Antilles arc and forearc. Similarly, homogeneous earthquake catalogs with improved

locations and magnitudes are an important need for both instrumental and historical seismicity.
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One of the major sources of uncertainty concerns the subduction interface with its lack of instrumental large earthquake and
its overall very low geodetic interseismic coupling. However, we faced to a lack of geodetic measurements of this area
which is mainly underwater, despite recent efforts. Worldwide, low interseismic coupling associated with limited large
earthquake activity is observed in the Hellenic, Calabria, South Sandwich, and Mariana subduction zones (e.g., Vanneste and
Larter, 2002; Vernant et al., 2014; Carafa et al., 2018). Yet, focal mechanisms indicate that the Lesser Antilles megathrust
can generate moderate M=5-6 earthquakes, at least in its northern half. Coral data is sometime interpreted as indicative of
deep (~40-65 km) high interseismic coupling (Philibosian et al., 2022) or interpreted as coherent with geodetic vertical
motions with observed subsidence (van Rijsingen et al., 2022). Issues of potential temporal variations of interseismic
coupling, as in Mexico or Sumatra (Villafuerte et al., 2021; Philibosian et al., 2022), and the relationship between

interseismic coupling and great earthquake potential (e.g., Kaneko et al., 2010) remain to be addressed.

Finally, the uncommon seismicity sources identified in the mantle wedge and the volcanic centers also require dedicated
studies before they can be fully integrated in seismic hazard assessments. In both cases, issues such as the earthquake
maximum magnitudes and mechanisms, or appropriate ground motion attenuation laws demand dedicated global and, if
possible, local studies. For the latter, the recognition that shallow moderate volcano-tectonic earthquakes can constitute a
significant source of hazard implies further studies of the influence of eruptive phases on the triggering of volcano-tectonic

earthquakes.
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