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Résumé

La zone de subduction des Petites Antilles est considérée comme étant trés hydratée et par
conséquent trés particuliere. Cette thése porte sur 1'é¢tude de l'impact des hétérogénéités
structurales en subduction et de la circulation associée des fluides sur la déformation tectonique
de la marge et l'activité¢ sismique. Pour ce faire, des données sismiques multitraces a haute
résolution, bathymétriques, de flux de chaleur et de sismicité acquises au cours des campagnes
Manta-Ray, Antithesis et Sismantilles ont été utilisées. Les données de flux thermique révélent
'advection de chaleur par des fluides liés a une circulation ventilée et isolée dans le nord et le
centre des Petites Antilles respectivement, et mettent en évidence un contréle thermique de la
localisation de la sismicité. Ainsi, au large de Saint-Martin, les faibles valeurs du flux de chaleur
dans la fosse et positives dans l'avant-arc, comparées aux valeurs conductrices globales, mettent
en évidence la percolation descendante de fluides froids dans la fosse et la migration ascendante
de fluides chauds dans I'avant-arc. A l'inverse, au large de la Martinique, un flux thermique
positif dans la fosse réveéle une migration ascendante de fluides chauds le long de l'interplaque
jusqu'a la fosse. Les données de sismicité offshore montrent que la distribution des séismes de
profondeurs intermédiaires est corrélée aux réactions de déshydratation profondes de la
lithosphére plongeante. Ainsi, la migration de ces fluides vers la surface pourrait expliquer le
faible couplage interplaque et la rareté des grandes ruptures cosismiques, favorisant des
comportements de glissement lents a asismiques et augmentant le temps de retour des grands
événements sismiques dans cette marge.

Les données sismiques et bathymétriques ont mis en évidence dans le nord des Petites Antilles
un segment de crolte océanique, appelé "Jacksonville Patch", qui est en partie constitué de
roches mantelliques exhumées et hydratées, formées le long de grandes failles de détachement.
Ces failles pourraient avoir été réactivées lors de la flexure avant-fosse de la plaque plongeante,
facilitant la percolation des fluides froids en profondeur et un nouvel épisode de
serpentinisation. La subduction de ce socle faill¢, hydraté et serpentinisé génére probablement
une variation des propriétés mécaniques sur 1’interplaque, pouvant également contribuer a
expliquer la faible sismicité du méga-chevauchement.

Au nord de la ride de Barracuda, cette ¢tude révele par ailleurs une marge globalement érosive,
avec des phases d'accrétion mineures qui diminuent vers le nord. L'érosion frontale est
documentée par une diminution de la largeur du prisme vers le nord, probablement liée a la
subduction des rides topographiques et un socle océanique rugueux dans une fosse dépourvue
de sédiments. Au niveau de l'avant-arc, la distribution de failles normales subparalleles a la ride
de Barracuda est cohérente avec 1’dge Quaternaire de formation de ce relief sous le domaine
avant-arc. Les failles imagées sont par ailleurs associées a des hauts de socle et sont
profondément enracinées, potentiellement sur l'interplaque, formant des voies possibles de
migration ascendante des fluides, potentiellement liés a la zone de fracture 15-20 en subduction.
Les anomalies de flux de chaleur, les polarités inverses des réflecteurs, les figures de cheminées
de fluides sur les profils, associés aux pockmarks et & des volcans de boue sur le plancher
océanique concourent a souligner la circulation de fluides au travers ce cette marge. Cette étude
documente également une subsidence généralisée de la marge et un amincissement du socle qui
est largement supérieure au déplacement le long des failles profondes. Ainsi, I'érosion
tectonique basale long-terme de cette marge profondément fracturée semble dominée par la
circulation de fluides libérés en profondeur par les portions de lithosphere océanique constituées



de manteau exhumé et par les zones de fracture, et aurait été récemment amplifiée par la
déformation récente induite pas la ride de Barracuda formée depuis 2,3 millions d'années.

Mots clés : Zone de subduction, tectonique, sismogenese, flux de chaleur, modélisation
thermique, Petites Antilles.



Abstract

At subduction zones, the nature of the subducting plate, fluid circulation, and temperature
contribute significantly to the tectonic pattern and seismogenic potential. The Lesser Antilles
is an end-member subduction zone, which undergoes the subduction of trans-oceanic fracture
zones (FZ) bounded by topographic ridges, and large-scale patches of tectonically dominated
oceanic crust that is prone to produce high water budget. This thesis focuses on investigating
the impact of subducting heterogeneities and related fluid circulation on the margin tectonic
deformation and seismic activity. For this purpose, newly and previously acquired multichannel
(MCS) and high-resolution seismic, bathymetric, heat-flow, and seismicity data during the
Manta-Ray, Antithesis, and Sismantilles campaigns were employed. The heat-flow data reveal
heat advection by fluids related to a ventilated and an insulated circulation in the northern and
central Lesser Antilles respectively, and further highlight the thermal control of seismicity
location. Along Saint Martin, low heat-flow values in the trench and high values in the forearc
compared to global conductive values highlight downward percolation of cold fluids in the
trench and upward migration of warm fluids at the forearc. Contrastingly, along Martinique,
high heat-flow values in the trench reveals warm fluid updip migration along the plate interface
from subduction depths up to the trench. There, the offshore seismicity data shows that the
locations of the interplate, intraslab, and supraslab earthquakes have a close relationship with
temperature dehydration reactions. Thus, the presence of fluids likely explains the low
interplate coupling and the scarce large co-seismic ruptures, favouring aseismic slip behaviours,
and increasing time return of large seismic events in this margin.

In addition, the MCS and bathymetric data in the northern Lesser Antilles imaged an oceanic
tectonic fabric named the Jacksonville Patch, which is partly made of exhumed and hydrated
mantle rocks, formed along pervasive detachment faults. During plate bending, the faults could
be reactivated and allow deep fluid circulation and further serpentinization. The subduction of
this faulted, hydrated and serpentinized basement likely generates interplate patchiness of
contrasting frictional properties, which contributes to the megathrust weakness and low
interplate seismicity.

North of the Barracuda ridge, this study further reveals a globally erosive margin, with minor
accretion phases that decrease northwards. Evidence of frontal erosion is recorded by a
northward decrease in the width of the prism favoured by the subduction of topographic ridges
and a rough oceanic basement within a sediment-starved trench. At the forearc, normal faults
subparallel to the southward sweeping Barracuda ridge, a Quaternary oceanic basement high,
highlight its possible earliest onset beneath the forearc, at the eastern flank of the Antigua
Valley. Some of the imaged faults are associated with basement highs and are deeply rooted,
potentially down to the interplate, forming pathways for fluid upward migrations. Reverse
polarity reflectors and fluid pipes, both collocated with pockmarks and mud-volcanoes on the
seafloor, and with the 15-20 FZ at depth, highlight the potential of fluid flow occurrence at this
margin forearc, in agreement with heat-flow observations. This study also documents
widespread margin subsidence and basement thinning consistent with previous estimates north
of the study area, which cannot be accounted for by the displacement along the deep-rooted
faults. Thus, long-term basal tectonic erosion of this deeply fractured margin has been
dominated by circulating fluids from subducted exhumed mantle patches and FZs as the

iv



Fifteen-twenty, and has been recently increased by the uplift and southward sweeping of the ~
2.3 Ma old Barracuda Ridge.

Keywords: Subduction zone, tectonics, seismogenesis, heat-flow, thermal modelling, Lesser
Antilles.
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Chapter 1

Introduction

1.0 Thesis background

Subduction zones host most of the tectonic deformation and seismic activity in the world,
making them excellent sites to investigate tectonic evolutions of our planet and telluric risks
that threaten numerous populated coastal areas. At convergent margins, the forearc amongst
other subduction zone morphologies reflects most of the subduction dynamics, and may be
impacted by various geometrical and structural characteristics such as the slab dip (e.g.
Hyndman & Wang, 1995; Lallemand et al., 2005; Gutscher et al., 2000; McCaffrey, 2009), the
subduction obliquity (Chemenda et al., 2000; Laurencin et al., 2019), the nature and roughness
of the subducting plate (e.g. Cloos, 1992; Ranero & Von Huene, 2000; Graindorge et al., 2008),
the subducting sediment thickness (e.g. Tsuru et al., 2002; Clift & Hartley, 2007), and the pore
or bound water content of the slab material (e.g. Calahorrano et al., 2008; Moreno et al., 2014;
Hacker et al., 2003). For the latter, the thermal structure of the margin forms a key parameter,
as thermally controlled metamorphic reactions of the oceanic plate (e.g. Peacock, 2001; Hacker
et al., 2003) and mantle wedge materials (e.g. Ulmer & Trommsdorft, 1995; Ferrand, 2019)
generate fluids, which may trigger upper plate deformation while percolating upwards.
Depending on the impact of these features, tectonic deformation may be localized, generating
phenomena such as accretion or tectonic erosion of the seaward edge of the forearc domain
(e.g. Clift & Vannucchi, 2004). They may also be extensive, occurring over a large area, for
instance, leading to the opening of back-arc basins such as the Lau Basin in New Zealand
(Zellmer & Taylor, 2001). On the other hand, they may result in large megathrust seismic events
and tsunamogenic hazards like the Mw 9.0 Tohoku event in 2011 (Hirose et al., 2011).

Most destructive seismic events that occur along subduction zones nucleate at the interface
between the down-going and overriding plate. These events originate in a part of the megathrust
known as the seismogenic zone, located at depths beneath the forearc. The magnitude of these
events depends on the coseismic amount of slip and on the size of the rupture area, which in-
turn depends on the frictional properties of the interplate contact (e.g. McGarr & Fletcher,
2003). Amongst the parameters that controls the interplate seismic behaviours, temperature and
fluids play a predominant role. The distribution of temperature along the plate interface may
control the extent of the seismogenic limit of the megathrust (e.g. Hyndman et al., 1997), as the

transition from stable sliding (aseismic) to stick-slip (seismic) behaviour could depend on



temperature (e.g. Moore & Saffer, 2001; Tse & Rice, 1986). Moreover, fluid circulation may
affect the thermal and mechanical evolution of the interplate sliding behaviour, generating
patchiness of contrasting frictional properties (e.g. Moreno et al., 2014), promoting moderate-
sized-Mw, slow-slip and/or very low frequency earthquakes (Saffer & Wallace, 2015), and

reducing the time return of large co-seismic ruptures.

In addition to fluids impacting the seismogenic behaviour along the megathrust, studies have
shown that fluid circulation along the interplate can increase pore-fluid pressure (Moreno et al.,
2014) and induce hydrofracturing of the upper plate (e.g. von Huene et al., 2004). Together
with other subducting heterogeneities like seamount, ridges, horst and graben structures, fluids
can dislodge upper plate materials, causing subduction erosion, and inducing subsidence of the
forearc (e.g. Hilde, 1983; Von Huene & Culotta, 1989; Von Huene & Lallemand, 1990; Von
Huene et al., 2004).

Thus, fluid play a significant role in impacting subduction dynamics. It is therefore important
to investigate the processes by which fluids enter the subduction zone, and their role in seismic

activities and tectonic deformation along subduction zones.

The Lesser Antilles subduction zone is one of the few areas in the world where oceanic crust
formed at a slow-spreading Mid-Oceanic Ridge, hosting several fracture zones, and topographic
ridges, is actively subducting. This endmember subduction zone is therefore a good site to make
this kind of study. At the Lesser Antilles subduction zone, the North America Plate underthrusts
the Caribbean Plate at a convergence rate of 20 mm/yr in a S74°W direction (DeMets et al.,
2010). The convex shape of the Caribbean margin results in plate convergence obliquity that
increases northwards from 0° offshore of the Central Lesser Antilles Islands to > 70° to the
North of the Virgin Islands (Figure 1.0.1). To the West of Hispaniola, the subduction changes
to a suture and strike-slip deformation. This convex shape of the margin results in a northward
decrease in slab dip angle at shallow depths, from Barbuda to the Virgin Islands (Laurencin et
al., 2018). The trench sediments thickness decreases drastically northwards from ~2 km in the
Central Antilles (Pichot et al., 2012) to less than 0.5 km in the Northern Antilles (Laurencin et
al., 2019). These features are likely to impact tectonic deformation patterns and seismicity at

least in the Northern Lesser Antilles.

In addition, two topographic Barracuda and Tiburon Ridges, probably originated as flanking
transforms at the Mid-Atlantic Ridge, and likely related to the North and South American plate

boundary (Patriat et al., 2011) are obliquely oriented with respect to the convergence direction.



Their subducted portions are thus, sweeping southwards along the margin and impinging its
whole structure at crustal scale. Subduction of these ridges likely impact tectonic deformation
and seismic activities. The ridge imprint onto the forearc basins and spur has been investigated
in the Central Antilles (De Min et al., 2015) and imaged at depth (Laigle et al., 2013) but
remains widely unknown in the Northern margin segment. Thus, the evolution of the Barracuda
Ridge beneath the forearc and its tectonic impact on the Northern Lesser Antilles margin needs

to be investigated.

Bathymetry (m)
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Figure 1.0.1: Bathymetric map of the eastern Caribbean plate and the Lesser Antilles
subduction zone. The map shows the trench and major tectonic boundaries, the different
fracture zones and the ridges of the oceanic lithosphere of the North and South American plates,
the active internal arc and the inactive external arcs of the Caribbean Upper plate. CAP:
Caribbean Plate, NAP: North American Plate, SAP: South American Plate, BR: Barracuda
Ridge, TR: Tiburon Ridge, JFZ: Jacksonville Fracture zone, MAFZ: Marathon Fracture zone,
MEFZ: Mercurius Fracture zone, VFZ: Vema Fracture zone, DFZ: Doldrums Fracture zone
(after Cooper et al., 2020),; Faults after (Feuillet et al., 2010, Gomez et al., 2018) ; Boucard et
al., 2021); AP: Anegada Passage. Bathymetry and topography from GEBCO 2014 dataset.
Map made with GMT.



The subducting oceanic basement formed at slow-spreading Mid-Atlantic Ridge, where
episodic low magma production favours the formation of tectonically-dominated crust patches
(e.g. Escartin et al., 2008). In these patches, the basement consists of discrete gabbro bodies
hosted by hydrated mantle peridotite (Cannat, 1996), exhumed along detachment faults (Smith
et al., 2006), and oceanic core complexes (e.g. [ldefonse et al., 2007). Moreover, trans-oceanic
fracture zones, possibly highly hydrated, subduct below the forearc down to great depths (e.g.
Copper et al., 2020; Paulatto et al., 2017; Schlarphorst et al., 2016; Bie et al., 2020). These
features of the subducting crust signal a highly hydrated oceanic crust. At great depths in the
subduction, increased temperature and pressure will become favourable for the release of fluids
from the subducted crust through metamorphic dehydration (e.g. Hacker et al., 2003) and
deserpentinization reactions (e.g. Wunder & Schreyer, 1997). This scenario will likely
introduce an increased volume of fluids into the subduction system. The presence of these fluids
in constant circulation will impact the thermal structure of the margin, and in-turn have an effect

on the tectonic and seismogenic behaviour of this subduction zone.

Seismic activities recorded during the instrumental period in the Lesser Antilles subduction
zone to date show very few interplate thrust earthquakes with magnitude greater than 5. Most
of these events are aggregated in two nests; in the central Antilles and at the Virgin Island
Platform, very few of them in the Saint Martin segment in between, raising the question of
seismic gaps (Hayes et al., 2013). A study based on coral micro-atolls over the 20th century
(Philibosian et al., 2022) propose that the Lesser Antilles subduction interface maybe coupled
at large depths (30-70 km). Other studies based on geodetic data over the past 25 years reveal
low interplate coupling, but suggest that a high interplate slip deficit may be the sign of a high
seismogenic potential (Manaker et al., 2008), or strong interplate decoupling possibly leading
to a very long interseismic phase (Symithe et al., 2015). However, recent geodetic studies (van
Rijsingen et al., 2021; van Rijsingen et al., 2022) suggest a very low interplate coupling for the
Lesser Antilles subduction zone. These uncertainties raise questions to the seismic potential of

this margin especially in the Northern Lesser Antilles.

Indeed, fluids and temperature play a significant role in the seismogenic behaviour of the
megathrust along subduction zones (e.g. Hyndman et al., 1993; Bangs et al., 2015). Moreover,
the subduction of an oceanic basement at least partly made of serpentinite affects the crustal
strength (e.g. Escartin et al., 1997; Escartin et al., 2001) and thus likely, the seismic behaviour
of the megathrust. Therefore, it is necessary to investigate the thermal impact of circulating

fluids along this subduction margin, its tectonic and seismic consequences, as well as those of



the subducting patches of tectonically-dominated crust and potentially weak and fluid-rich

fracture zones.

1.1 Thesis questions and objectives

The complex nature of the incoming oceanic plate along this obliquely subducting margin, and
the different geodynamic characteristics that abound the Northern Lesser Antilles raise several

questions addressed in this thesis.

1. How does fluid circulation occur in this subduction zone at;
a. The trench and oceanic domain
b. The forearc margin and the plate interface
2. What is the impact of fluid circulation on;
a. The thermal structure of the margin and seismogenesis
b. The margin’s tectonic deformation
3. What are the tectonic consequences of the Barracuda Ridge on the margin’s

deformation?
To answer these questions, we have developed these specific objectives;

1. To investigate the nature and structures of the subducting oceanic crust at the Northern
Lesser Antilles subduction zone.
2. Model the thermal state of the margin using heat-flow data as constraints. This will
enable us to:
a. Identify the effects of the fluids on the thermal anomaly and locate areas with
fluid circulation.
b. Estimate the temperatures along the plate interface and define the possible limits
of the seismogenic zone.
c. Identify the depths of metamorphic dehydration and deserpentinization in the
subduction zone.
d. Establish relationships between fluids, temperature, and seismicity in the
subduction zone.
3. To assess the impact of circulating fluids and subducting Barracuda Ridge on the
margin’s tectonic deformations. This will be achieved by;
a. Mapping the fault-related structures on the seismic and bathymetric data.

b. Interpreting forearc stratigraphy and other subduction environments.



c. Highlighting the tectonic imprints of the Barracuda Ridge from the seismic and
bathymetric data.

d. Describing the fluid migration pathways on the seismic data and fluid-related
features on the seafloor.

e. Drawing regional tectono-morpho-structural map and 3D models of the

subduction zone.

In order to achieve these objectives, I have used multichannel seismic (MCS), bathymetric,
heat-flow, and seismicity data acquired during 3 different oceanographic campaigns. The MCS
and bathymetric data were acquired during the Antithesis 1 and 3 (Marcaillou & Klingelhoefer,
2013a; Marcaillou & Klingelhoefer, 2013b; Marcaillou & Klingelhoefer, 2016), Sismantilles 2
(Laigle et al., 2007), and Manta-Ray projects (Klingelhoefer & Marcaillou, 2022). They cover
the central and northern Lesser Antilles from Martinique to Puerto Rico, and extend from the
trench to the inner forearc. The seismicity data were obtained by a 5.5-year-long OBS
deployment as part of the Sismantilles project (Laigle et al., 2007; Laigle et al., 2013; Ruiz et
al., 2013). The heat-flow data was acquired during the Antithesis 3 campaign along two
transects in the northern and central Antilles, that are perpendicular to the trench. More details

about the datasets are provided in chapter 2.

1.2 Thesis plan

To discuss effectively the different challenges and questions that we have raised, we structure

this thesis into 5 chapters as follows:

The first chapter introduces the rationale behind this thesis and the main objectives that I adopt
to answer the questions raised in the study area. This is followed by an overview of the recent
knowledge of subduction zones, their geometries and the dominant characteristics that may
impact their deformations and seismicity. I then review the geodynamics, tectonics, and seismic
characteristics of the Lesser Antilles subduction zone in order to understand its evolution

through time.

The second chapter describes the different datasets I have used for the study and their locations.
This is followed by the MCS processing steps carried out to improve the overall quality of the
imaged structures from sea-bottom to crustal depths, and the effects of the processing shown
using data examples before and after the application of the procedures. The structural and

stratigraphic interpretation workflow adopted for the MCS data is also provided. I conclude this



chapter with the method of the heat-flow data acquisition, and the process of 2D finite element

method that we used for the thermal modelling.

Chapter three has two sections. The first section discusses the nature of the subducting oceanic
crust and its impact on the megathrust seismogenic zone in the Northern Lesser Antilles. It is
presented in the form of a paper published in Nature Communications Earth and Environment
in 2021 and to which I participated (Marcaillou et al., 2021). The second section focuses on the
modelling of the thermal structure of the margin I have carried out with heat-flow data. The
results reveal the temperature along the plate interface, and the depths of metamorphic
dehydrations reactions. This is followed by describing interpreted fluid migrations within the
subduction zone. I then conclude the chapter by establishing the relationship between fluids,
temperature, and seismic activities in this subduction zone. This part of the work is also

presented in the form a paper that is published on EPSL in 2022 (Ezenwaka et al., 2022).

After establishing the presence of fluids and their circulation, I proceed in the fourth chapter to
investigate the impact of the circulating fluids on the tectonic deformations of the Lesser
Antilles subduction zone. I show the tectonic deformation pattern based on interpretations from
the MCS, High-resolution, and bathymetric data. In addition, the imprints of the subducting
Barracuda Ridge and the extent of its impact on the margin deformation are also shown. With
all this evidence, I document a dominant process of tectonic erosion in the Northern Lesser

Antilles, and proposed a mechanism for the subduction erosion.

In the final chapter, I describe the most important outcomes of the studies carried out, highlight
the contributions of this PhD research to the body of knowledge, and make propositions for

future work.

1.3 Subduction zones

At convergent plate boundaries, subduction zones are areas where lithospheric plates subduct
beneath each other into the mantle (Figure 1.3.1). The subduction process is responsible for the
recycling of oceanic lithospheres at depth, the creation of continental lithosphere by arc
magmatism, and in maintaining convection processes in the mantle (Hofmann, 1997; Stern,
2010). During subduction, increasing temperature and pressure trigger dehydration reactions of
the downgoing slab and subsequent release of fluids into the upper plate’s mantle to cause
partial melting. The generated magma rises vertically to the surface to form volcanic arcs along

which new continental crusts form (e.g. Stern, 2002).
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Figure 1.3.1: Cross-section of a subduction zone (Stern, 2002), showing the incoming oceanic
crust subducting beneath the overlying plate. It also shows the different morphologies that
forms along a convergent margin, which includes the trench, accretionary prism, forearc,

volcanic arc, and the backarc domains.

A typical subduction zone model involves the sliding of a denser oceanic lithosphere beneath a
less dense continental lithosphere at the trench (e.g. the subduction of the Nazca plate under the
South America). This scenario accounts for 67% of subduction cases. Other types of subduction
zone models include oceanic to oceanic convergence (e.g. subduction of the Pacific plate
beneath the Philippine plate), which account for 15% of subduction type, and continent-to-
continent subduction (e.g. the Indian and Eurasian plate subduction), that make up 17% of
subduction zone. Altogether, subduction zones are located along 55,000 km of convergent plate
boundaries (Lallemand, 1999) (Figure 1.3.2), which is almost equal in length to the mid-oceanic

ridge with cumulative 60,000 km (Kearey et al., 2009).

Different structural units and morphologies make up the subduction zone, and they include; the
plunging oceanic plate, the outer rise, the trench, the subduction channel, the accretionary
prism, the forearc basin, the volcanic arc, and the backarc basin and the mantle wedge (Figure
1.3.1). The slab is the lithospheric plate that subducts at the point of convergence and is formed
at a mid-oceanic ridge. Before reaching the trench, the slab flexes at the outer rise and is
characterised by normal faults that develop between the outer rise and the trench due to plate

bending (Ranero et al., 2003).
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Figure 1.3.2: Plate tectonic boundaries around the world showing areas where the plates are
subducting (subduction zone — thick yellow lines), and the Mid-oceanic ridges where rifting

and creation of new oceanic crusts occur (thick black lines offset by thin black lines)

(Lallemand, 1999).

The trench is a long, steep depression at the ocean floor that results from the flexing of the slab
(with few exceptions, e.g. Greece, Makran, and southern Lesser Antilles subduction zones).
They may exceed 6 km in depth and can reach up to 11 km e.g. the Mariana trench (Gardner et
al., 2014). Sediment accumulation occur in the trench and some of the sediments subduct within

the subduction channel.

The subduction channel is a relatively thin and weak layer with coherent kinematics that exists
between the overlying plate and subducting plate. This layer is filled with sediments carried
into the subduction by the downgoing plate (Cloos & Shreve, 1988), and/or fragments of the
upper-plate materials scrapped off by the subduction process (Von Huene et al., 2004). The
sediments of the subduction channel are separated from the upper plate by the decollement
fault. In seismic lines, this fault has been imaged more than 4 decades ago as high amplitude
reflector showing sometimes reverse polarity relative to the seafloor (e.g. Lesser Antilles,
Westbrook & Smith, 1983; Moore et al., 1995; Bangs & Westbrook, 1991) and has been used

since then in few 3D acquisitions to examine fault zone properties (e.g. Bangs et al., 2015).

The forearc is the region between the oceanic trench and the corresponding volcanic arc.

Forearc region comprises the accretionary prism, the forearc basins, and the outer-arc high. The



accretionary prism forms immediately after the trench from sediments scrapped off the
downgoing plate. The accretion occurs by offscraping of sediments and rocks at the front of the
prism, and/or by underplating. Deformations occurring in the accretionary prism are large and
fast, thus, rocks in this region are usually disrupted and mixed, forming melanges (Moore,
2001). Between the accretionary prism and the volcanic arc are the inner and outer forearc
regions. They are usually dominated by forearc basins which can accumulate thick sediment
deposits (Fuller et al., 2006; Mannu et al., 2017; Noda, 2016). The forearc basins architecture
reflect subduction dynamics, making them suitable for studying the tectonic evolutions and

seismic activities across subduction zones.

Volcanic arcs are lines of volcanoes formed above the upper plate in a subduction zone. They
are usually aligned parallel to the trench. These volcanic arcs are formed by the partial melting
of the overlying mantle caused by the dehydration of hydrous minerals in the downgoing plate,
and release of fluids into the upper plate mantle. Behind the volcanic arcs is the back-arc region

within which back-arc basins may form.
1.4 Subduction zone geometry and tectonic deformations

Subduction zones worldwide exhibit different subduction geometry, tectonic framework,
seismicity, and erosional or accretionary behaviour. These features and processes are primarily
controlled by slab’s temperature, age, dip and dynamics, the plate convergence rate, sediment
thickness, and the nature and structure of both the lower and upper plate lithospheres. For
instance, old, cold and thick oceanic crust are usually denser and have steeper dipping interplate
interface, and deeper trenches (Hu & Gurnis, 2020; Lallemand et al., 2005b). They have
intraslab seismicity that occur to the depth of up to 600 km (e.g. Frohlich, 2006; Houston, 2007)
and are characterized by extensional back-arc crust due to slab roll-back such as in the Mariana
subduction zone (e.g. Deschamps & Fujiwara, 2003; Dasgupta et al., 2021). On the other hand,
subduction zones of young, hot, and thinner oceanic crusts usually have shallow trenches and
shallow dipping plate interface. They also exhibit shallow intraslab seismicity and a

compressional back-arc region (e.g. Stern, 2002).
1.4.1 Nature and structure of the oceanic crust

Oceanic crusts are formed at mid-oceanic ridges. Their nature depends on the kind of spreading
ridges where they form, i.e. either fast spreading, with spreading rate of more than 40 - 90
mm/yr, or slow spreading, with spreading rates of less than 40 mm/yr (Macdonald, 2019). Based

on the Penrose type (Penrose Conference Participants, 1972), the oceanic crust is divided into
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3 layers (Figure 1.4.1). Layer 1 consist of unconsolidated or semi-consolidated sediments, about
0.4 km thick, with velocity of approximately 2 km/s. Layer 2 is made up of pillow basalt and
sheeted dikes with an average thickness of 2 km and velocity of approximately 5 km/s. Layer
3 consist of isotropic and layered gabbro, with ultramafic rocks. They have a thickness of up to
5 km and an approximate velocity of 6.7 km/s (Boudier & Nicolas, 1985; White et al., 1992;
Dick et al., 2006; Christeson et al., 2019).

serpentinite

6 - 7 km of oceanic crust

““Wioho B

Mantle

Figure 1.4.1: Schematic diagram showing the two models of oceanic crust. (A) The Penrose
type showing crust with defined layers generated at fast spreading ridge. (B) The Cannat model,
representing crust formed at slow-spreading ridge, consisting of poorly developed gabbros and
dykes, mostly hydrated serpentinite rock. The diagram is adopted from (Kendrick, 2018), as
modified after Dick et al., 2006.

The Penrose model is usually consistent at fast spreading ridges, however, at slow spreading
ridges like the Mid-Atlantic-Ridge with spreading rate of ~2.5 cm/yr (Fleischer et al., 1968), in
situ studies has shown a more heterogenous nature in the formation of the crust (e.g. Juteau et
al., 1990). Instead of the typical layer 2/3 structure, gabbro and peridotite expose directly to the
surface to form large bodies of exhumed, hydrated and serpentinized upper mantle rocks
(Cannat et al., 2006). This model is known as the “plum-pudding” model (Figure 1.4.1). The

heterogenous crust formation is linked to the tectonically-dominated segment of the slow-
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spreading ridge where the crust is stretched and thinned, e.g. at oceanic core complexes and
detachment faults (Escartin et al., 2008) (Figure 1.4.2). Where oceanic crusts of this type
subducts along convergent margins, they are likely to contribute to reduced interplate seismicity
by weakening the megathrust due to low-temperature serpentinite minerals that make up the

composition (e.g. Hirauchi et al., 2010).
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Figure 1.4.2: Schematic diagram showing oceanic core complex dominated by detachment

faulting formed along slow-spread mid oceanic ridge (Escartin & Canales, 2011).

Oceanic crusts are also affected by numerous structural heterogeneities (seamounts, ridges, and
faults). These heterogeneities, which end up in the subduction system will potentially impact
the frictional properties on the megathrust fault, and consequently seismicity and long-term
margin tectonic deformations. The fracture zones, when deep, pervasive and outcropping at
sea-floor, may allow for fluid percolation, rock alteration, and serpentinization reactions. At
depths in the subduction, they might therefore release high volume of fluid through dehydration

process.

Subduction of seamounts, aseismic ridges, and volcanic plateaus significantly deform the
overriding plate during subduction (Von Huene et al.,, 1995; Moore & Sender, 1995;
Dominguez et al., 1998 and Dominguez et al., 2000). For instance, seamount subduction in
active margins such as Costa Rica Trench (Fisher et al., 1998; Ranero & Von Huene, 2000)

appears to be responsible for a significant tectonic erosion across this margin. They may
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influence seismicity and magmatic activity across the subduction zone and the volcanic arc
respectively (Thatcher, 1989). They have also been found to favour the initiation of strong
earthquakes by modifying seismic coupling (Scholz & Campos, 2012; Cloos, 1992), and could
sometimes fracture the surrounding oceanic crusts, or produce landslide (Ruh, 2016) when large
seamounts are subducted. During seamount subduction, the inner and outer accretionary wedge
undergo significant deformation including frontal margin erosion, removal and underplating of
large volumes of sediment, indentation, and basal erosion of the cohesive part of the margin
(Dominguez et al., 2000). There may also be fluid expulsion due to intense fracturing of the
margin, which may lead to a possible change in the mechanical coupling (Dominguez et al.,
2000). In contrast, seamounts and ridges can also be a barrier to propagation of the rupture
during earthquakes and participate in the segmentation of subduction zone large earthquakes
(e.g. van Rijsingen et al., 2018; Wang & Bilek, 2011; Kodaira et al., 2000; Kelleher & McCann,
1976).

1.4.2 Tectonic accretion and erosion

Plate convergence velocity and the subducting sediments thickness control frontal and basal
tectonic accretion and erosion (Clift & Vannucchi, 2004) (Figure 1.4.3). According to Clift &
Vannucchi, (2004), long-term accretion usually occurs when the relative convergences rate is
low (<5 cm/yr) and the incoming sediment thickness is large (>1 km). Accretion involves the
transfer of materials by offscraping of the lower plate at the deformation front, as observed in
the southern Antilles — Barbados Ridge Complex (Westbrook et al., 1988), or underplating at
depth as proposed for Central Japan by (Kimura et al., 2010). Accretionary convergent margins
around the world are often associated with forearc growth and widening over time (e.g.
Cascadia and Aleutians). On the other hand, high convergence rates, exceeding 6 cm/yr, thin
incoming sediment volume (< 1 km), and a rough seafloor frequently generate margin tectonic
erosion. This erosion occurs by frontal prism removal, for example observed in the Middle
America convergent margin (Ranero & Von Huene, 2000) and/or removal of upper plate
material at depth by basal erosion, as proposed by (von Huene et al., 2004). Erosive margins
constitute about 75% of convergent margins (Stern, 201 1), thus, making it an important process

in the evolution of subduction zones.
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Figure 1.4.3: Schematic diagram showing (4) Accretionary margin and (B) Erosive margin
(Clift & Vannucchi, 2004). The accretionary type margin allows the offscrapping of materials
to form an accretionary prism at the margin front, and underplating of material at the toe of
the prism. Erosive margins have very short prisms with erosion occurring in the front of the

margin and/or at the base of the overriding plate.

1.5 Seismic activities at subduction zones
At subduction zones, the sliding between the down-going and overriding plates causes the
accumulation of elastic strain over time due to coupling. When the amount of accumulated
strain exceeds the frictional forces that are preventing slip, the fault ruptures. This process
generates most of the large and destructive earthquakes and tsunamis that occur around the
world. Earthquake occurrence at subduction zones is characterised in phases known as seismic

cycle.
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1.5.1 Seismic cycle

The seismic cycle is divided into three periods, namely inter-seismic, co-seismic, and post-
seismic (Scholz, 2002) (Figure 1.5.1). The interseismic phase is the period of slow
accumulation of elastic strain along the locked portion of a fault since its last rupture (Kanamori
& Brodsky, 2004). During this phase along the megathrust fault-plane, rocks closer to the
locked zone accumulate a slip deficit with respect to the plate convergence. The elastic strain
accumulation occurs over a long period until the elastic strain build-up exceeds the ability of
the frictional forces that lock the fault to prevent slip. The coseismic phase is the period when
the locked patch of the fault ruptures and slips causing an earthquake. At this phase, the strain
built-up is released, and all the plate movement is concentrated along the fault. The post-seismic
phase corresponds to a period of days or months after the earthquake when the adjacent portions
to the fault’s patch that suddenly slept adapt to catch up with the slip, as well as to the modified
state of stress (Scholz, 2002).

Coseismic

Streds

Coseismic

Postseismic

Postseismic

Time
Figure 1.5.1: Seismic cycle showing strain accumulation and release with time during the

interseimic, coseismic, and post seismic periods. (Modified from Wright, 2013)
1.5.2 The seismogenic zone

Destructive earthquakes nucleate from a part of the megathrust known as the seismogenic zone.
Interseismic coupling (ISC) quantify the amount of sliding deficit between two plates,
comparted to the convergence rate. The fault’s frictional sliding behaviour can be either stable,
conditionally stable, or unstable (Scholz, 1998; Pacheco et al., 1993) (Figure 1.5.2). When a
region undergoes stable sliding, it slips freely and no elastic energy is accumulated.

Contrastingly, when a region experiences unstable sliding, it accumulates elastic energy.
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However, between these two ends, the subduction zone is partially unstable. Earthquakes
nucleate in the unstable regions and may propagate also into the conditionally stable regions,
for instance, the 2011 My, 9.0 Tohoku earthquake (e.g. Ito et al., 2011). The unstable and
conditionally stable zone defines the extent of the seismogenic zone, which is the area that slips
co-seismically during subduction earthquake rupture. However, since the large interplate events
of the previous decade (Sumatra, Maule, Tohoku), improved observations by densified geodetic
and seismological networks revealed that the spatio-temporal occurrences of events with
contrasted slip behaviour may show that a distribution of these frictional properties are more
complex than between an updip and downdip limit. Since the early 90s, the limits of this
seismogenic zone have been considered to be controlled by many parameters of the subduction
zone such as temperature, which correspond to phase changes of mineral (Hyndman et al.,
1997), rheology, sediment properties, fluids, and the subducting plate fabric (e.g. Saffer &
Marone, 2003; Byrne et al., 1988; Bilek et al., 2003; Hyndman & Wang, 1995; Oleskevich et
al., 1999).

Plate interface temperature:
LFE, EpiSOdiC 100 - 150 °C
Tremor and Slip 150 - 350 °C
350-450°C
Megathrust

Tremor and Slip

~70 km depth

-

Moderate overpressure

Hydrostatic

Fluid pressure

200-300 km >

Figure 1.5.2: Sketch diagram of a subduction zone showing the shallow plate interface,
highlighting the locked seismic portion sandwiched between the transitional zones (Saffer &
Tobin, 2011). The limits of the different zones correspond to certain temperature limits
signifying the updip and downdip limits of the potential seismogenic portions as stated in

Hyndman et al., (1997).
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1.5.3 Slab temperature and fluids

Amongst the physical properties of the plate interface that control the seismogenic behaviour
of the megathrust, temperature-fluid interaction plays a predominant role. Studies have shown
that the transition from shallow stable (aseismic) to a stick-slip (seismogenic) behaviour along
the plate interface occur at 60°-150°C, linked to the chemical and mechanical changes
associated with clay mineral transition from smectite to illite (Moore & Saffer, 2001; Vrolijjk,
1990). Downdip, the onset of stable sliding at greater depth occurs at temperatures of 350°-
450°C, loosely described as brittle-ductile transition (Blanpied et al., 1995; Tse & Rice, 1986).
The deeper stable sliding zone or isolated patches may also occur at the interaction of the
interplate with the serpentinized mantle wedge of the upper plate if it occurs before the 350°C
temperature (Hyndman et al., 1997) (Figure 1.4.4).

In addition, slab dehydration and fluid release related to metamorphic reactions especially
during crustal eclogitisation and mantle deserpentinisation occur at depths in the subduction
zone due to increasing temperature and pressure (Kirby et al., 1996; Hacker et al., 2003);
(Ferrand, 2019). These temperature-related dehydration reactions have been linked to the
locations of intraslab, supraslab and interplate seismicity occurring at subduction zones (e.g.
Peacock & Wang, 1999; Ulmer & Trommsdorff, 1995). Moreover, fluid circulations at depth
affect thermally and mechanically the evolution of the interplate sliding behaviour, as pore fluid
overpressure has been correlated with patches of low interseismic coupling or with repeating
slow slip earthquakes (SSEs) (e.g. Moreno et al., 2014). Thus, studying the temperature and
fluid interactions at subduction zones has become key to understanding the mechanical

behaviour of the megathrust seismogenic zone.
1.5.4 The interplate patchiness

The subduction zone is a very complex zone with numerous heterogeneities such as the
subduction of seamounts, ridges, varying trench sediment thickness, volume of fluids, etc.
occurring at different locations. Thus, the mechanical behaviour and interplate frictional
properties significantly vary laterally in a subduction zone. This variation may result in
patchiness along the interplate contact (Figure 1.5.3), and lead to heterogenous (high and low)
interseismic coupling. As a result, coseismic slips along the plate interface occur
heterogeneously in patches as either stable sliding slip (aseismic), episodic slow-slip, or stick-
slip with various rupture size behaviour. This interplate patchiness, depending on the relative

proportion of the locked and unlocked zones may impede large-scale zones of full interplate
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coupling (Hirauchi et al., 2010), and promote slow-slips and/or very-low frequency earthquakes

(Saffer & Wallace, 2015).
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Figure 1.5.3: Schematic diagram characterizing the mechanical and frictional variations along
the interplate (Lay & Nishenko, 2022). The diagram shows regions of unstable sliding (seismic),

stable (aseismic) sliding, episodic slow-slips, and conditionally stable regions.

1.6 Geodynamic context of the Lesser Antilles subduction zone

The Lesser Antilles subduction zone forms at the eastern part of the Caribbean where the North
and South American plates subduct beneath the Caribbean plate. The plates converge at a
velocity of 20 mmyr™! in a S74°W direction (DeMets et al., 2010). Subduction along this margin
is traced back to the Late Cretaceous (approximately 75-80 Ma) during the subduction polarity
reversal, when the Caribbean Oceanic plateau failed to subduct beneath the eastward-dipping
slab of the Great Arc of the Caribbean (Burke, 1988). The subduction reversal that resulted in
a change in the subduction to a westward-dipping slab led to the Greater Arc of the Caribbean
entering the Caribbean region. Subsequently, the oceanic crust of the Proto-Caribbean and the
Atlantic subducted beneath the Caribbean plate (Burke, 1988), and the North and South

American plate subducts to present (Figure 1.6.1).
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Figure 1.6.1: Plate tectonic reconstruction of the eastern Caribbean from the Early
Creataceous — Recent (Gomez, 2018) as modified from Sanchez et al., (2016). NAP: North
American Plate, CA: Central America, GAC: Great Arc of the Caribbean, SAP: South
American Plate, GOM: Gulf of Mexico, AV: Aves Ridge, CLIP: Caribbean Large Igneous
Province, YB: Yucatan Block, CH: Chortis Block, ST: Siuna Terrane, SM: Siuna Melange, ZT:
Zihuatanejo Terrane, LIP: Large Igneous Province, LA: Lesser Antilles Island arc, TT:

Teloloapan terrane. TBS represents the area that is to be subducted.

During the Paleocene, the Bahamas Bank collision with the Northern Caribbean margin has
blocked the subduction of the Atlantic lithosphere to the north and has resulted in a major plate
boundary reorganization (e.g. Pindell & Barrett, 1991). The Caribbean margin has bended in
an eastward convex shape (Mann, 1999), and since the late Eocene, the Puerto Rico to Northern
Lesser Antilles block has recorded a counterclockwise rotation of 40° to 45° (Reid et al., 1991;
Van Fossen et al., 1989; Mann et al., 2005; Philippon et al., 2020; Montheil et al., 2023). In the
Greater Antilles, the plate boundary relocated along the left lateral Cayman Trough that
propagated from west to east, to transpressive fault zones across Hispaniola and possibly to the
left-lateral strike-slip Anegada Passage (e.g. Leroy et al., 2000; Pindell & Barrett, 1991;

Laurencin et al., 2017). At the Lesser Antilles, due to the convex shape of the margin,
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convergence obliquity increases northwards from 0° - subduction normal to the margin offshore
Central Antilles - to greater than 75° north of the Virgin Islands. A trench-parallel left-lateral
strike-slip Bunce Fault that extends over approximately 850 km in the Northern Lesser Antilles,
highlights an increase in plate obliquity and accommodates strain partitioning associated to the
left-lateral component of the plate convergence (Laurencin et al., 2017). Since the Eocene-
Miocene, the Northern Lesser Antilles margin has undergone two successive tectonic phases
(Laurencin et al., 2017, Boucard et al, 2021; Legendre et al., 2018; Philippon et al., 2020;
Montheil et al., 2023)). During the Miocene, a N-S to NW-SE extensive phase, accommodated
by trench-parallel extension along N40°- N90° trending normal faults, has resulted in the
opening of V-shaped basins. This event was accompanied by tectonic uplift, which ended up in
a regional emersion phase (Philippon et al., 2020; Cornée et al., 2021). From the latest Miocene
to present, SW-NE extension, perpendicular to the margin, has generated the major normal

Tintamarre Fracture zone, margin basal erosion and subsidence (Boucard et al., 2021).

In the Lesser Antilles, based on magnetic anomaly C34 of the North American Plate, the age of
the incoming oceanic plate at the trench is calculated to range from 83 Ma east of Barbuda to
98 Ma east of southern Martinique (Carpentier et al., 2008). The oceanic crust, formed at the
slow-spreading Mid-Atlantic Ridge (MAR), shows occurrences of tectonically-dominated
basement patches. Evidence of stretched and thinned crust hosting large bodies of exhumed,
hydrated mantle rocks has been observed near the MAR as Oceanic Core-Complexes (e.g.
(Ildefonse et al., 2007; Szitkar et al., 2019) and between the MAR and the Lesser Antilles trench
(Davy etal., 2020). During my PhD, we observed a tectonically-dominated patch that we named
the Jacksonville patch, in the trench (Cf Chapter 3) (Marcaillou et al., 2021). In addition, the
oceanic basement is incised by several fracture zones, namely; the Vema, Marathon, Mercurius,
and Doldrums Fracture Zones in the south, and the 15-20, and Jacksonville Fracture Zones in

the north (see Figure 1.0.1).

Numerous seamounts and topographic ridges exist eastward of the trench on the oceanic crust
especially within the Northern Lesser Antilles. The two most prominent ridges, Tiburon Rise
and Barracuda Ridge, lie parallel to each other between latitudes 15° and 17° and have been
described and studied by (Birch, 1970; Roest & Collette, 1986; Muller & Smith, 1993). This
is only a decade ago that more detailed geophysical studies constrained their formation and
evolution (e.g. Patriat et al., 2011b; Pichot et al., 2012). These ridges were uplifted as a result

of the convergence between the North and South American Plates during the Mid-Late Miocene
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and Pleistocene respectively (Pichot et al., 2012b), and are identified on the bathymetry beyond
the trench, beneath the accretionary prism (Laigle, et al., 2013) and the forearc.

At the trench, sediment thickness decreases northwards from ~3 km in the south offshore
Martinique (Pichot et al., 2012) to less than 0.5 km in the north of the Barracuda Ridge
(Laurencin et al., 2019). The sediments consist of terrigenous materials that are transported
from the South American river sources since the Eocene (e.g. Wright, 1984; Xie et al., 2010).
Thus, the uplift of the oceanic ridges has been proposed to form barrier to the northward
propagation of these sediments (Westbrook, 1982). The margin has one of the largest
accretionary prisms in the world known as the Barbados prism, which is located in the southern
Lesser Antilles, measuring up-to ~300-400 km wide and ~12 — 18 km thick (Westbrook et al.,
1988). This prism volume decreases progressively northward to become less than 30 km wide

to the north of the Barracuda Ridge (Laurencin et al., 2019).

The Lesser Antilles forearc consist of upper plate igneous basement up to ~24 km thick (e.g.
(Kopp et al., 2011; Evain, 2011; Paulatto et al., 2017), covered with sedimentary basins. The
forearc crust is characterised by three layers based on wide angle seismic profile analysed across
southern Guadeloupe (Kopp et al., 2011). The uppermost layer has variable velocities (3 - 5.5
kms™) and thickness of few kilometres, the middle layer consists of felsic to intermediate crust,
with an average velocity of 6.4 + 0.2 kms™ and thickness up-to 10 km, while the lower layer
consists of plutonic rocks, with velocity up-to 7.3 kms™!' and thickness reaching 12 km (Kopp
etal., 2011). Similar observations of crustal thickness and structures were also observed further
south (e.g. Christeson et al., 2008) and in the Northern Lesser Antilles (Laurencin et al., 2018;
Padron et al., 2021). The upper plate crust is thought to be of oceanic origin and formed due to
crustal thickening by flood basalts, magmatic intrusions, and crustal underplating during its
drift over the Galapagos hotspot in the Mesozoic (Evain, 2011; Kopp et al., 2011; Christenson
et al., 2008). In the outer forearc, this upper plate basement transitions to a damaged or
imbricated and underplated igneous basement, and are covered with deep forearc sedimentary
basins (Evain et al., 2013; Laigle et al., 2013; Bangs et al., 2003; Christeson et al., 2003).
Landward, north-south sequences of basins and spurs characterize the inner forearc from the
Anegada Passage to Karukera Spur (Boucard et al., 2021). The sedimentary units are best
preserved within these forearc basins, and consist of two deep and two shallow units (Boucard
et al., 2021), separated by a regional late Eocene unconformity (Philippon et al., 2020; Cornée
etal., 2021).
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Volcanic activity in this margin dates as far back as the Eocene when the active volcanic arc of
the Great arc of the Caribbean migrated eastwards to form the volcanic arc of the Lesser Antilles
(Bouysse, 1983; Bouysse et al., 1988; Neill et al., 2011). This volcanic arc was active during
the Eocene to Oligocene time before its migration westward to the present-day active arc in the
Northern Lesser Antilles (Bouysse & Westercamp, 1990; Carpentier et al., 2008) from
Guadeloupe to the Anegada Passage. The inactive arcs in the east lie parallel to the active arcs
in the west, until the two arcs meet in the south of Guadeloupe to form a single active arc up-to

Venezuela (see Figure 1.0.1).

1.7 Seismic activity in the Lesser Antilles

1.7.1 Geodetic coupling

Different studies based on geodetic data (Manaker et al., 2008; Symithe et al., 2015) has
evaluated the Caribbean plate velocity field and proposed a heterogeneous seismic coupling
along the Caribbean margin from the north of Hispaniola to Martinique. These studies proposed
a strong coupling along the subduction interface north of Hispaniola and a weak interplate
coupling north of Puerto Rico. Between the north of Puerto Rico to the Central Antilles,
Symithe et al., (2015) propose a weak seismic coupling along the plate interface (Figure 1.7.1a).
Contrastingly, Manaker et al., (2008) show a different coupling result for this segment of the
margin. They proposed a partial interplate coupling between the Virgin Islands and Barbuda,
then no coupling between Barbuda and northern Guadeloupe, and again a partial coupling to
the south of Guadeloupe (Figure 1.7.1b). However, a recent study using GPS measurements in
the Caribbean has re-evaluated the plate velocity field and proposed a very low interplate
coupling along the Puerto-Rico and Lesser Antilles subduction zone (van Rijsingen et al.,
2021). In a different study based on some coral micro-atolls along the island arcs (Philibosian
et al., 2022), the authors suggest a local increase in interseismic coupling at great depth and
argue that models based on GPS may be limited in its time scale measurements. However, in a
more recent study using geodetic data, (van Rijsingen et al., 2022) concludes that a locked or
partially locked interplate would produce uplift of the island arcs (Figure 1.7.1c). In contrast,
their study shows subsidence of the arcs at the same rate consistent with the ~100-yr trend
derived from coral micro-atolls, suggesting a low interplate coupling for the Lesser Antilles

subduction zone.
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Figure 1.7.1: Estimated seismic coupling of the plate interface based on geodetic measurement
along the Lesser Antilles. (A) Symithe et al., 2015, and (B) Manaker et al., 2008. The model in
(C) are predicted vertical motions of interseismic coupling based on different downdip locking
limits from van Rijsingen et al., (2022). Models show uplift of the islands in contrast to
subsidence recorded by GNSS and Coral Microatolls, indicating a poorly coupled margin.

1.7.2  Seismicity

Seismicity in the Lesser Antilles subduction zone is generally low, and few great historical
earthquakes have been recorded since the settlement of these islands before the 16™ century.
Among those interpreted as subduction earthquakes, there are two significant events of 1839
and 1843 that occurred to the east of Martinique and Antigua respectively (Dorel, 1981; Bernard
& Lambert, 1988). The 1839 earthquake that destroyed Fort-de-France in Martinique island had
a magnitude estimated to be greater than 8.0 (Feuillet et al., 2011), while that of the 1843 ranges
between 7.0 (Bernard & Lambert., 1988) and 8.4 (Feuillet et al., 2011; Ten Brink et al., 2011).
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Other historical earthquakes located along normal and strike-slip faults with magnitudes
between 7 — 7.5 has also occurred. They include those of 1690 which occurred off Nevis
(Feuillet et al., 2010), and the 1867 earthquake that was located at shallow depth close to St
Kitts & Nevis, and on the northern edge of the Virgin Island basin respectively (Figure 1.7.2).
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Figure 1.7.2: Earthquake map of the eastern Caribbean showing seismicity distribution. The
black focal mechanism are thrust-type earthquakes with Mw > 5 from gCMT catalogue (1976
— 2023). Coloured circles are earthquakes from USGS catalogue with Mw >3.5 from 1900 —
2023. The size of the circles is consistent with the magnitude of the events, while the colours
represent the depth. The white stars are locations of historical events. Abbreviations are the

same as in Figure 1.0.1.
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Seismicity distribution of the instrumental period based on CMT catalogue (Dziewonski et al.,
1981; (Ekstrom et al., 2012) includes only a few interplate thrust events in the area. Since 1973
to date, only about 70 earthquakes with Mw < 6 and focal mechanisms that represents flat thrust
event occurring along the plate interface has been recorded (Figure 1.7.2). In the northern
Lesser Antilles, these earthquakes are aggregated in two clusters and display a possible seismic
gap between Barbuda and the Anegada Passage (Figure 1.7.2). In all, the Lesser Antilles
subduction interface has long been considered as slipping aseismically due to the lack of
interplate earthquakes at least greater than Mw 7.0 (Stein et al., 1982), compared to other
subduction zones (e.g. Chile, Cascadia or around Japan) where earthquakes of Mw > 9.0 have
been observed. However, the presence of patches of low magnitude interplate earthquakes, and
the historical 1839 and 1843 events that possibly ruptured the interplate raises question to the
possibility of future greater magnitude events along the megathrust, especially since the 2004

Sumatra event (Hough, 2013).
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Chapter 2

Methods of data acquisition and analysis

2.1 Dataset

The dataset used in this work includes Multichannel seismic (MCS), bathymetric data, heat-
flow data, and seismicity recordings. These data were acquired during the Antithesis 1 & 3
(Marcaillou & Klingelhoefer, 2013, 2013b, 2016), Sismantilles 2 (Laigle et al., 2007), and
Manta-Ray (Klingelhoefer & Marcaillou, 2022) oceanographic campaigns. The MCS data
consist of 105 lines, with 18 lines acquired during the Antithesis 1, 36 lines acquired during the
Antithesis 3, and 51 lines acquired during the Manta-Ray campaign. They include both strike
and dip lines that extends from the oceanic domain to the inner forearc in the Northern Lesser
Antilles subduction margin (Figure 2.1.1). The heat-flow data consist of 39 measurements. 11
of them were acquired in the Northern Lesser Antilles at the latitude of Saint Martin, while 28
were acquired in the central Lesser Antilles offshore Martinique. The seismicity recordings are
from a 5.5-year-long OBS deployments in the Central Lesser Antilles from South of
Guadeloupe to Martinique, during the Sismantilles project (Laigle et al., 2013), while the

bathymetric data were acquired during all the surveys.

In this chapter, we will focus on discussing the processing and interpretation methods that we
applied to the MCS lines used in this study. We will then discuss the acquisition method of the

heat-flow data, and the methods used in modelling the thermal structure of the margin.

2.2 MCS data processing

The MCS data that I processed and used during my PhD were acquired during the Antithesis 3
and Manta-Ray missions. They consist of six low frequency dip lines (Ant 47, 43, 54, 45, 52,
and 49), one strike line (Ant 48), and three trench-normal high-resolution (HR) seismic lines
(MTYHR 38, 39, 40) (Figure 2.1.1). The acquisition parameters and the processing workflow
for these lines are presented in Table 2.2.1 and Figure 2.2.1 respectively. The data processing
was done using the CGG-Geovation software, and was used to produce the final processed

images of the subsurface.
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Figure 2.1.1: Survey area covered during Antithesis 1 & 3 oceanographic cruises showing the
MCS lines. The black lines are MCS data acquired during Antithesis 1, while the red lines are
MCS data acquired during Antithesis 3 cruise. The Yellow line are three Manta-Ray HR line
integrated in this work. AP — Anegada Passage, DF — Deformation front. The heat-flow

acquisition locations are shown in a separate figure in section 2.4

Survey Antithesis 1 Antithesis 3 Manta-Ray (HR)
Source volume (in3) 7699 6500 320

Shot spacing 154 m 150 m 10s

Rate of shot (s) 1 shot/min 1 shot/min 6 shots/min
Acquisition speed (Kn) | 5 5 5

Traces number 300/288 720 480

Traces spacing (m) 12.5 6.25 6.25

Record time (s) 25 20 9-13

Data sampling (ms) 2 2 2

Table 2.2.1: Acquisition parameters of the seismic reflection during the Antithesis 1 & 3, and

Mantay-Ray cruises
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Figure 2.2.1: The workflow adopted in the image processing of the multichannel seismic data.
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2.2.1 Resampling

We began the processing by resampling the seismic data that was acquired at a 2 ms sampling
rate to a 4 ms sampling rate. This increase in the sampling rate of the seismic data reduced the
data size by half, and the maximum signal frequency from 250 Hz to 125 Hz (Figure 2.2.2) in
line with the Nyquist frequency criterion (e.g. Yilmaz, 1987). Our dataset is designed to image
deep crustal structures, with an airgun source dedicated to generate a low-frequency content (5-
30 Hz) for efficient intracrustal propagation, higher frequencies being absorbed rapidly at
shallow depths; hence, this frequency range is acceptable since the usable part of the signal is
below 60 Hz. Resampling of the data decreased the storage space and shortened the processing

time without degrading the processing result.

bl 20 40 5] ) 100 120 140

Arnplitude (dB)

Frequency (Hz)

Figure 2.2.2: Amplitude spectrum of shot gather with 2 ms sampling rate (blue) before
resampling, and 4 ms sampling rate (red) after resampling. The usable part of the recorded
signal is in the frequency rqnge of 3 to 60 Hz.

2.2.2 Spherical divergence correction

To compensate for amplitude loss with increasing depth due to spherical divergence of the
wavefront, we applied an additional gain function of time. Seismic energy emitted by an
acoustic source will diverge on a spherical wavefront as it propagates through the subsurface.
As the sphere continually spreads out, the energy density decreases. In a homogenous and
isotropic medium, the energy density of the wavefront decreases proportionally with the inverse
of the square of the radius, and the amplitude is proportional to the square root of the energy
density and decays with an inverse of the radius. Since the subsurface is not homogenous and
seismic velocities increases with depth, there is an increase in divergence of the wavefront,

which causes a rapid decay in amplitude with depth.
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In the first phase of the processing, we do not have an accurate subsurface velocity information,
thus, we applied a standard exponential, offset-dependent function to account for the amplitude
loss using the SDICO module. However, this module was re-applied after the velocity analysis,
and the correction for the spherical divergence was done using the stacking velocity. This
correction increased the amplitude of the reflectors at depth. An example of a shot gather with

and without spherical divergence correction is shown in Figure 2.2.3.

441 441 441 441 441 41 441 441 441 441
SP NB L L L . L K \ '

Figure 2.2.3: Shot gather (SP 441) of Ant 54 without gain correction (left) and after applying
spherical divergence correction (right). There is an increase in the amplitude of the deep
reflectors after applying the corrections. For instance the reflector at 10.5s which represents

the interplate.

2.2.3 Noise Attenuation

In order to remove noise on the seismic data and increase the signal to noise ratio, we applied
high amplitude and low frequency noise attenuation. The high amplitude noise blasts were
scaled down using the Geovation module BLAST. By obtaining the average amplitude in noisy

traces using the median absolute value of all the trace samples, the excessively high amplitude
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envelope on each trace is detected. The noisy zones are then scaled down to match the amplitude
of the other traces. To filter out the very low frequency noise, we apply a band-pass filter (high-
pass) using the module FILTR. A shot gather before and after noise attenuation is shown in

Figure 2.2.4.

TWT (s)

Figure 2.2.4: Shot point 211 from Ant 45 before (left) and after (right) noise attenuations. High
amplitude noise blasts were scaled down, and very low frequencies noise were filtered using a

band-pass filter.

2.2.4 Surface related multiple and adaptive model subtraction

This processing involves the modelling of the surface related multiples, and adaptive
subtraction of the multiple from the data as described in Verschuur et al., (1992). The surface
related multiple elimination (SRME) process predicts the multiple without any prior knowledge
of the subsurface, and does not require the input of the source and the surface reflectivity
properties. The multiples were predicted using the SMMOD module on geovation, and
subtracted adaptively by estimating an adaptation filter using the ADAPT module to attenuate
the multiples. For improved performance, the SRME was applied twice during the processing.

An example of a shot gather before and after SRME application is shown in figure 2.2.5.
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Figure 2.2.5: Shot gathers (Shot point 500) from Ant 54 showing before (left) and after (right)
the application of surface related multiple elimination, and adaptive subtraction. Observe the

surface multiples in the left image beyond 13 stwt that has been eliminated in the right image.

2.2.5 Deconvolution

To remove repeating signals such as reverberation from the seismic trace, we applied
deconvolution. This process is an inverse filtering method that helps to improve the vertical
resolution of the seismic data. Predictive deconvolution was applied using the module MCDEC
in Geovation. In order to identify the signature of the wavelet and choose the accurate operators
for the deconvolution, autocorrelation of the seismic trace was done. For the operator
calculation, 2 windows were defined from a mute library (water bottom reflection picked on
CMP gather): from Os — 2s with a lag of 32-ms, and 8s — 10s with a lag of 54-ms. An operator
length of 252- ms gives the best result. The autocorrelation of the seismic trace before and after
the deconvolution process shows good reduction of the wavelet (Figure 2.2.6). The result of the

deconvolution produced thinning of the reflectors and better vertical resolution (Figure 2.2.7).
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Figure 2.2.6: Autocorrelogram of the seismic trace before (red) and after (blue) deconvolution.

The autocorrelogram after applying deconvolution shows a good reduction of the wavelet.
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Figure 2.2.7: Shot point gather (SP 204) from Ant 54 showing before (left) and after (right)

deconvolution. The deconvolution resulted to the thinning of the reflectors and improved

vertical resolution.
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2.2.6 Velocity Analysis

The purpose of the velocity analysis was to estimate CDP stacking velocities at regular spacing
along each seismic line. This is in order to perform Normal Move Out (NMO) correction which
flattens each reflection within each CMP gather before stacking the seismic traces to produce a
seismic section (see following sub-section). The velocity spectra analysis was performed on
super-CMP (3 CMP) collections, which produces better-resolved velocity spectra that
facilitates the determination of the velocity functions. The real events that appear as high
semblance values in the velocity spectrum (Figure 2.2.8) were manually picked in 3 phases to
produce the final velocity function (Figure 2.2.9) by taking into consideration the geologic
structures in the study area. The last of the velocity analysis was done after the elimination of
surface related multiples. High semblance values that occur at unrealistic low velocities in the
velocity spectrum before the sea-bottom multiple, represent internal multiples or ringing, and

were avoided during the manual picking (Figure 2.2.8).
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Figure 2.2.8: Example of velocity spectrum of a CDP gather (CDP 1501) from Ant45 line
showing the picked velocities. High semblance corresponds to real events on the data. The
dotted spheres are high semblance with unrealistic velocity values that occur as internal

multiples (sea-bottom multiple expected at 18s).
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Figure 2.2.9: Velocity model developed from the final picked velocities in the velocity spectrum. The geologic structures of the study area were
taken into consideration to arrive at the final velocities. Note the low velocities measured within the oceanic crust of the seaward portion (CDP 0-

4700). Vin: — Interval velocity, AP — Accretionary prism, DF — Deformation front.
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2.2.7 Normal Move Out correction (NMO)

To flatten each recorded reflection hyperbola of each CMP gather before stacking the traces,
we apply NMO correction by using the picked stacking velocities obtained from the velocity
analysis (Figure 2.2.10). The procedure helps to increase the signal to noise ratio; thus, the
quality of the final seismic section depends on the precision of this correction, which depends
on the accuracy of the picked stacking velocities. For CMP gathers located in areas of shallow
sea-bottom, we manually picked an external mute to remove the low-frequency stretched

signals, when necessary, on the far offset traces.

2.2.8 Dip Move Out correction (DMO) and Stacking

After the NMO correction, we apply DMO correction to account for the effect of dipping
reflection events. Since seismic layers are usually not horizontal, source-receiver pairs imaging
the same mid-point do not occur at the same position, but vary depending on the dip of the
layer, and the source-receiver distance. The DMO correction was performed on NMO corrected
unstacked traces using KIDMO module in geovation, and sums traces belonging to a particular
bin. This correction attempts to position the conflicting dips in the correct zero offset location
such that after CMP stacking, the crossing events are preserved and not attenuated. A portion
of the stacked section with improved reflector amplitudes after DMO correction is shown in
Figure 2.2.11. After the DMO correction, all the traces were stacked to produce the seismic

section for a given MCS line (Figure 2.2.12).
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Figure 2.2.10: CMP gather before and after NMO correction. (A) Selected CMP gathers from Ant45 line before NMO correction. (B) Selected
CMP gathers after NMO correction. (C) NMO correction for all the CMP gathers for MCS line Ant45. The dotted rectangle represents the region
enlarged in A and B. The corrected CMPs has horizontally flattened reflectors where velocities were picked. The unflatten reflections at 11 to 17

stwt are sea bottom multiples.
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Figure 2.2.11: A portion of the stacked section of Ant45 before (above) and after (below) DMO

correction. The complete section is shown in Figure 2.2.12

2.2.9 Post-stack (f,k) time migration

The final phase of the seismic processing involved migrating the stacked section in order to
reposition the reflections in the seismic data to their true subsurface geologic positions, correct
for the dip and length of the reflectors, and increase both the continuity of the reflectors and the
sharpness of their lateral termination. In the processing, we used the time migration in fk field
at constant water velocity (1500 ms) at early stages, and with the velocity derived from
structural velocity analysis at the late stages of the workflow. The impact of the used migration
velocities is shown in Figure 2.2.13. Constant water velocities migration is very easy to set up
and remove all the strong diffractions from rough sea-bottom topography, without prerequisite
knowledge of the medium velocity. However, migration with structural velocity model
produced a much better result especially with dipping reflectors and the reflectors at depths.
This requires however, an accurate velocity model since any error in the velocity used for this
kind of migration (especially over estimated values) results to migration artefact, e.g. smiles

and loss of reflectors.
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Figure 2.2.12: Stacked section of MCS line Ant45. The dotted box indicates the section shown in Figure 2.2.11 above
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Figure 2.2.13: MCS line Ant45 after the post-stack migration. In (A), the section on top was
migrated using a constant velocity at 1500 ms, while the section under was migrated using
velocities derived from NMO velocity analysis. The dotted box shows the location of the blow-
up in B. Both the interplate and sediment reflectors appear better and well migrated using the

velocities from NMO velocity analysis.
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2.3 Seismic interpretation methods

The seismic reflection data was interpreted to infer subsurface geologic and tectonic features.
Our methods of interpretations include both structural and stratigraphic seismic interpretations,

and was geared towards providing a model of the subsurface.

2.3.1 Structural Interpretations

The structural interpretations involve the identification of faults, lineament, antiforms and
synforms. The faults were identified as breaks in reflection events or abrupt termination of
reflectors represented on the seismic data as discontinuous lines along a preferred orientation
of reflectors. We follow these identified faults to the seafloor and correlate them to the
bathymetric data where they occur either as displacements or lineaments. The antiforms and
synforms were identified on the seismic data as upwelling and depression features on the

seafloor respectively.

2.3.2 Stratigraphic Interpretations

To interpret the seismic stratigraphy, we determine the seismic facies based on criteria
described by Roksandic, (1978) and Mitchum & Vail, (1977). The criteria include reflection
geometries, amplitude, frequency, polarity, and the continuity of reflections (Figure 2.3.1).
Each of the parameters used in describing the facies provides considerable information on the
geology of the subsurface. The reflection geometric configuration reveals the gross
stratigraphic pattern to interpret depositional processes, erosion and paleotopography (Mitchum
& Vail, 1977). Continuity of the reflections highlight widespread, uniformly stratified deposits,
while the reflection amplitude contains information on the velocity and density contrast of
individual interface and their spacing. The frequency of the reflection shows the nature of the
seismic pulse, and is also related to geologic factors such as reflector thickness or lateral
changes in interval velocities (Vail et al., 1977), while the reflection continuity reveals the
continuity of the strata. Hence, the seismic facies are linked to stratigraphic bodies, which can

be used to make qualitative interpretation of environmental settings.

Using this approach for our seismic dataset, we distinguished between the basement reflectors
and sedimentary reflectors. We identify different boundaries in the sedimentary units and

separated them into seismic layers based on their different seismic characteristics.
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Figure 2.3.1: Seismic reflection configurations, relationships, and termination boundaries used

in defining the seismic facies (Mitchum & Vail, 1977).

2.3.3 Seismic Attribute Analysis

Seismic attribute analysis involves analysis of subtle changes in proportion of particular
reflections to determine rock properties, including fluid content (Taner, 2001). They present the
possibility of creating different geological models in a faster and reliable way. Attribute analysis
provides added values for identifying and delineating textural, structural and stratigraphic
features associated with fluid-rich areas especially within the oil and gas industry (Taner, 2001;

(Barnes, 2001; Chopra & Marfurt, 2005).

For our dataset, we applied the Root Mean Square (RMS) amplitude seismic attribute. The

amplitude content within the seismic data effectively provides physical parameters about the
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subsurface such as acoustic impedance, reflection coefficient, velocities, and absorption effect
(Taner, 2001; Barnes, 2001). Thus, the RMS amplitude attribute which is related to the
variations in acoustic impedance is well suited for fluid identifications. The RMS is calculated
as the square root of the sum of squared amplitude values divided by the number of samples
over a selected time window. We performed the RMS attribute analysis on the datasets as a
volume attribute on the 2D lines using the Schlumberger-Petrel software. The results were used

in identifying acoustic anomalies relating to fluid contents in the dataset (see chapter 4).

2.4 Heat-flow data acquisition and thermal modelling

This section is presented as the supplementary material of the article ‘Thermally-constrained
fluid circulation and seismicity in the Lesser Antilles Subduction zone’ published in EPSL in
October 2022, that constitute a chapter in this manuscript. It describes in detail the methods of
acquisition of the heat-flow data, and the locations of the acquired data. It further explains the

2D finite element method that was used in modelling the thermal structure of the margin.
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Supplementary material:
Thermally-constrained hydrothermal circulation and seismicity

in the Lesser Antilles Subduction Zone

Ezenwaka, K., Marcaillou, B., Laigle, M., Klingelhoefer, F., Lebrun, J.-F., Paulatto, M., Biari,
Y., Rolandone, F., Lucazeau, F., Heuret, A., Pichot, T., Bouquerel H.

1 Methods

1.1 Data acquisition and processing

We acquired 39 heat-flow data (Figure 1 & Table 1). 35 using a microprocessor-controlled heat-
flow (MCHEF) instrument (ANQ XX XX) and 4, using autonomous thermal probes attached to
a 5 m long sediment corer (ANQC XX XX). The MCHF includes a 5-meter pogo stick, which
penetrates the sediment at the seafloor. In the pogo stick, seven sensors (thermistors) extrapolate
stationary temperatures at various depth, from the thermal decay that follows the frictional
heating. This temperature measurements result in a thermal gradient (V T). Penetration of
sensor in the sediment is adjusted so that the extrapolation of the gradient at the surface is equal
to the water temperature. The MCHF also includes a heating wire to measure in situ the thermal
conductivity (Von Herzen & Maxwel, 1959). The wire generates a 3-min-long heat pulse in the
sediment and the thermistors measure the temperature decay, which depends on the thermal
conductivity (A). The thermal conductivity is thus determined by the slope of the linear
regression in temperature variation / logarithm of time. With the sediment corer, we use five
high-precision probes (THP from NKE®) that measure temperature with a precision of 0.005
°C. Then we measured thermal conductivity onboard the ship on recovered sediment cores
using a needle probe instrument (THERMCONO95). The heat flow (Q) is then determined using
Fourier’s law with steady state condition as the product of the temperature gradient and the

average thermal conductivity.

Q=—-AVT (1)

The locations of the heat flow measurements are consistent with the locations of seismic lines
Ant06 published in Laurencin et al., (2019), for the Saint Martin profile, and line D of Laigle
et al., (2013) for the margin in the Martinique profile. A close seismic profile to the Martinique

measurements seaward of the trench is published in Pichot et al., (2012). The shallowest heat
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flow measurement is located at 2400 m water depth, and 90% of our measurements are at depth
greater than 3500m. Every measurement is below Antarctic Bottom Water, known for its very

stable temperature over time.

-64" —62° —60° —58°

Heat-flow memﬂ

50 100

14°

Figure 1: Location map of the heat-flow measurements

1.2 Conductive thermal modeling

We develop thermal models along two profiles across the Lesser Antilles subduction zone using
a 2-D steady-state method to solve the heat conduction equation for the margin (Wang et al.,
1995), and 1D modelling of a cooling lithosphere with the effect of sediment deposition and
compaction for the oceanic domain (Hutchison, 1985; Marcaillou et al., 2008). 400-km-long
finite element grids represent the subduction zone from 40km seaward of the deformation front
to 360km arc-ward. The primary input parameters to the model are the overlying and
downgoing plate geometry, the age of the subducting slab, the boundary thermal conditions,

the subduction velocity, as well as the nature and thermal parameters for every layer.
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Numerous multichannel seismic lines, wide-angle seismic and tomography models provide
solid constrains for the structure and the geometry of the mesh (Figure 2) as detailed in section
§2.1 in the text. The grid consists in six units including the sediment, the upper and lower crust,
the mantle wedge, the subduction channel, and the oceanic lithosphere. Table 2 synthesizes the
layers thermal parameters, which are consistent with numerous previous studies (Harris et al.,
2010 & 2020, Gutscher et al., 2013, Marcaillou et al., 2008 & 2012). Offshore of Saint Martin,
the slab geometry is constrain using wide angle and seismic reflection lines at shallow depth
(Laurencin et al., 2019; Boucard et al., 2021), and wide angle data at greater depth
(Klingelhoefer et al., 2018). The 2D model offshore of Martinique is based on seismic reflection
and wide angle data at shallow depths (Laigle et al., 2013; Kopp et al., 2011), and 3D
tomography model at greater depths (Paulatto et al., 2017).

The slab dip angle at depth shallower than 40 km is slightly steeper in the northern model than
in the southern (Laurencin et al., 2019, Kopp et al., 2011) and is similar along both lines at
greater depth (Paulatto et al., 2017). The along-strike variation in slab dip angle at shallow
depth, when observed as a function of the distance from the trench (Figure 2), is only apparent
and related to the reduced size of the accretionary prism offshore of Saint-Martin compared to

that offshore of Martinique.

The modelled relative plate convergence is 2cm/yr (DeMets et al., 2000) and the subducting
plate is set to 80 Myr-old (Roest & Collette, 1986).

The geotherm at the seaward boundary is calculated using a model of a conductive half space
cooling lithosphere based on an originally 1-D approach (Hutchison, 1985) and detailed by
(Marcaillou et al., 2008) (see section 3.3). The temperature at the upper boundary - the seafloor,
is set to 0°C, consistently with in situ temperature measurements. At the lower boundary - the
base of the lithosphere, the temperature is set to 1450°C. The arc-ward calculated backarc
geotherm is located sufficiently far from the seismogenic zone to avoid edge effects, and to

have negligible influence on the modeled thermal structure in the area of interest.
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Station Penetration | Tilt | Te gradient G Conductivity Heat Flow
ANQ Longitude | Latitude (m) © | o nT (mK.m) oG ni 3 (W k) oA Q (mw.m?) cQ
Saint Martin Profile

C03-01 | -61.0900 19.2224 5.00 00 (194 |5 43.7 0.9 10 |0.937 0.043 | 40.9 53
03-02 -60.8625 19.2846 4.36 1.8 [2.00 |6 58.7 1.7 5 0.940 0.012 | 55.2 1.8
02-08 -61.5186 18.8660 4.32 24 1201 |5 36.4 1.1 4 0.964 0.024 | 35.0 1.4
02-07 -61.5760 18.8360 4.34 56 (203 |5 33.1 4.7 4 0.878 0.039 | 29.1 4.4
02-06 -61.4942 18.7362 4.36 20 200 |5 36.2 1.2 4 0.939 0.038 | 34.0 1.8
02-05 -61.7025 18.4781 4.36 1.7 {201 |6 38.7 66.8 |5 0.892 0.022 | 34.5 59.6
02-04 -61.8766 18.2568 4.35 54 226 |6 43.4 34 5 0.929 0.023 | 40.3 33
02-03 -61.8899 18.2391 4.36 26 259 |6 343 3.8 5 1.051 0.018 | 36.0 4.1
02-02 -61.9038 18.2204 4.36 30 {229 |6 30.3 3.9 5 0.977 0.019 | 29.6 3.8
02-01 -61.9141 18.2093 4.36 29 1230 |6 32.7 5 0.976 0.019 | 32.0 3.6
01-04 -62.0111 18.0823 3.69 5.1 5 23.7 7.7 4 0.949 0.036 | 22.5 7.3
Martinique Profile

03-04 -58.6265 16.7633 3.59 33 4 85.1 3.0 3 0.877 0.019 | 74.4 3.1
03-05 -58.6019 16.7553 3.51 2.0 4 76.5 4.5 3 0.896 0.020 | 68.5 4.3
04-01 -58.5815 16.4414 0.93 0.8 2 100.1 102 |1 0.815 0.008 | 81.6 8.3
04-02 -58.5796 16.3732 3.71 1.0 5 57.7 8.0 4 0.806 0.008 | 46.5 6.5
C04-04 | -57.9488 16.0729 5.00 19 [ 188 |5 68.7 0.2 7 0.810 0.027 | 55.6 2.0
04-05 -58.3030 15.8422 3.71 0.2 5 77.7 189 |4 0.813 0.037 | 63.1 15.7
04-06 -58.4832 15.9404 3.71 0.9 5 117.8 1.5 4 1.018 0.027 | 119.9 3.5
C04-09 | -58.6683 15.4155 5.00 20 |224 |5 111.0 0.2 5 0.84 0.010 | 93.2 1.2
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04-08 -58.4993 15.3221 3.55 2.2 5 84.3 4.2 4 0.89 0.019 | 75.0 4.1
C04-10 | -58.6814 15.7299 5.00 1.3 194 |5 103.9 0.3 6 0.747 0.019 | 77.6 2.2
05-01 -58.8524 15.6882 3.42 1.4 5 80.2 34 4 0.792 0.038 | 63.5 4.1
05-02 -58.8958 15.6710 3.39 1.7 5 78.3 54 4 0.85 0.024 | 66.6 5.0
05-04 -58.9668 15.6359 3.69 3.0 5 54.7 128 |4 0.879 0.018 | 48.1 11.3
05-03 -58.9931 15.6318 2.83 05 221 |5 59.5 1.5 4 0.956 0.025 | 56.9 2.1
05-06 -59.1022 15.5979 2.64 1.2 | 258 |5 50.7 2.2 4 0.896 0.016 | 454 2.2
05-05 -59.2257 15.5544 3.70 2.0 5 44.7 7.5 4 0.945 0.027 | 42.2 7.2
05-07 -59.3454 15.5066 2.11 1.8 3 55.8 3.7 2 0.967 0.008 | 54.0 3.6
05-08 -59.4971 15.4456 3.70 58 | 482 |4 53.5 2.7 3 0.863 0.046 | 46.2 34
05-09 -59.6188 15.4311 3.70 23 1233 |4 49.6 1.6 3 0.924 0.024 | 45.8 1.9
06-01 -59.9823 15.4100 4.04 22 1239 |5 335 5.0 4 0.944 0.059 | 31.6 5.1
06-13 -59.9940 15.2933 4.34 24 232 |5 36.2 1.5 5 0.902 0.031 | 32.7 1.8
06-12 -60.0244 15.1419 1.43 27 1233 |3 60.1 379 |3 0.916 0.193 | 55.0 36.6
06-05 -60.2200 15.0523 1.31 39 | 251 |3 57.0 3.0 3 1.04 0.422 | 59.3 243
06-11 -60.2611 15.0420 3.29 53 263 |5 473 4.9 4 1.126 0.136 | 53.3 8.5
06-07 -60.3511 15.0072 4.36 30 |279 |5 41.2 2.6 5 1.249 0.204 | 51.4 9.0
06-08 -60.4372 14.9797 3.27 7.1 5 52.6 9.1 5 1.103 0.075 | 58.0 10.8

Table 1: Heat flow measured with “microprocessor-controlled heat-flow instrument“ (ANQ XX XX) and autonomous thermal probes on sediment
corer (ANQC XX XX) at every station with location (longitude and latitude), depth of penetration (in m), tilt recorded by the instrument (in degree
from the vertical), Te: temperature at the seafloor, nT: number of temperature determinations, G and oG: thermal gradient and associated
standard error (in mK.m™), ni : number of thermal conductivity determinations, ). and ol.: thermal conductivity and associated standard error (in

W.m' K1), O and 6Q: estimated heat flow and associated standard error (in mW.m™).
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Figure 2 : Geometry of the finite element mesh used for the 2D Steady-state thermal modelling.
1D geotherm was calculated for an ~ 80 Ma old incoming oceanic plate in the trench (Red
line). [O.D — Oceanic domain, A.P — Accretionary prism, O.F — QOuter forearc, LN — Inner
forearc, B.A — Backarc]
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Layer (Units) Thermal Heat generation Thermal capacity
conductivity (uW.m) (MJ.K1.m3)
(W.mL.K?)

Sediments 1.8+£0.2 0.8+0.2 2.5

Upper continental | 3.0 £ 0.5 0.05+0.05 2.75

crust

Lower continental | 3.5+ 0.5 0.05+0.05 2.75

crust

Continental mantle 3.1 0.02 33

Subduction channel 3.0 1.0 33

Oceanic lithosphere 2.9 0.02 33

Table 2: Thermal parameters of the various units used in the modelling

1.3 Fluid-driven heat advective thermal modelling

Within a subducting crust, fluid flow is usually confined in the upper 600m of the oceanic
lithosphere known as the crustal aquifer (Spinelli et al., 2018). This upper unit of the crust have
high permeability relative to the underlying lower crust with very low permeability (Fisher et
al., 1998), and an overlying seafloor sediments with permeabilities of ~ 3 — 10 order of
magnitudes lower (Spinelli et al., 2018). Moreover, high permeability sand bodies and fault
zones within the sediment compared to the entire seafloor sediment body can also focus fluid

flow (Saffer & Screaton, 2003, and Saffer, 2010).

Since subduction zone temperatures are influenced by the thermal state of the incoming
lithosphere entering the subduction zone (Dumitru, 1991 and Harris et al., 2010), we vary the
initial geotherm of the incoming plates. For the oceanic geotherm in the insulated model, we
assume an equal thermal gradient for the crustal aquifer and the base of the sediment layer.
Below the aquifer, we allow a conductive cooling model with a net reduction in heat that reflects
an increased heat transfer into the aquifer (Figure 3). In the ventilated fluid circulation system,
we impose a low thermal gradient (10 °C/km) through the sediment and the subduction channel,
but allows a conductive half space cooling model appropriate for the age of the crust for the

lower slab.
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Figure 3: Seaward boundary temperatures showing incoming plate geotherm. Black line is the
conductive model for a half space cooling lithosphere. Blue line represent an insulated model

having the same gradient through the base of the sediment and the crustal aquifer. Green line

represents initial geotherm for a ventilated model with an imposed low thermal gradient

(10°C/km) through the sediment.

To model vigorous fluid circulation along the subduction system we use a high thermal
conductivity proxy (e.g., (Davis et al., 1997). The vigorous circulation is described by the
Nusselt number (Nu) as discussed by several authors (Spinelli & Wang, 2008, 2018, Harris et
al., 2017 & 2020). The Nusselt No represents the ratio of the total heat that is transported in a
convecting layer to the amount that would be transported by conduction alone (Spinelli et al.,

2018). Nu quantifies the effect of vigourous circulation (Davis et al., 1997), and is given as;
Nu= -+ Q)

Where q is the total heat transport, AI' are thermal conductivity and thermal gradient
respectively. In order to simulate the effect of very vigorous circulation, a high thermal
conductivity proxy is used. This relationship between the thermal conductivity and vigor of
hydrothermal circulation is expressed using the Rayleigh number, Ra.

_ agkL’pfq
Ra = e 3)
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Where o represents thermal expansivity, g is the acceleration due to gravity, k is depth
dependent permeability, and follows the trend as in (Spinelli & Wang, (2008), L is the layer
thickness, pf is temperature dependent values of the fluid density, and Auk represents thermal

conductivity, viscousity, and thermal diffusivity.

The Nusselt No is then calculated from an empirical relationship that relates it to the Rayleigh

no as;
Nu = 0.08Ra®° (4)

To simulate heat transport by vigourous fluid circulation, we then multiply the intrinsic thermal

conductivity of the layer by the Nusselt No.
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Chapter 3

Nature of the Oceanic crust, Fluid circulation, and thermal
structure of the Margin

Amongst the features that impact subduction zone dynamics, the nature of the subducting plate,
fluids and temperature contribute significantly to its seismogenic potentials. Therefore in this
chapter, we investigate these parameters in order to understand their relationships, and
seismogenic impacts in the Lesser Antilles subduction zone, where seismological

heterogeneities and low seismic activities has been recorded over a long period of time.

3.1 The nature of the subducting oceanic crust

In this section of the thesis, we discuss the complex nature of the subducting oceanic crust
below the Northern Lesser Antilles margin, and its implication on seismicity. This study is
published in Communications Earth and Environment in 2021 titled “Pervasive detachment
faults within the slow spreading oceanic crust at the poorly coupled Antilles subduction zone”.
I participated to this publication by processing seismic data and discussing the results with co-

authors.

The study presents a newly detected along-strike variations in the subducting oceanic fabric,
that constitute patches of highly-hydrated mantle rocks hosted along deep and pervasive
detachment faults, which were formed in the basement during its formation. MCS and
bathymetric data image seafloor features and deep crustal structures within the Jacksonville
Patch that differ significantly from that of the oceanic plate in neighbouring zones. These
features were described as Ridgeward-Dipping oceanic-basement Reflectors (RDRs) due to
their angle and direction of dips. They are closely spaced, and root from the top of the oceanic

basement, although most of them do not fracture the oceanic basement and the sediment.

Based on the analysis of these reflectors and the velocity field, we proposed that the oceanic
basement in the Jacksonville Patch consists of hydrated and serpentinized mantle rocks,
possibly including gabbroic bodies, exhumed along detachment faults. We conclude that the
RDRs represent wide-spread detachment faults that formed at the slow-spreading Mid-Atlantic
Ridge. Close to the trench, these faults are reactivated due to plate bending, and favour fluid

percolation, as well as rock alteration.

Lastly, we discussed the implications of the subduction of these patches of hydrated,

serpentinized mantle rocks on the interplate seismicity, and conclude that based on their nature,
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they will contribute to the megathrust weakness and reduced seismicity recorded in the Saint-

Martin margin segment, located between Barbuda and the Virgin Islands.
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Oceanic crust formed at slow-spreading ridges is currently subducted in only a few places on
Earth and the tectonic and seismogenic imprint of the slow-spreading process is poorly
understood. Here we present seismic and bathymetric data from the Northeastern Lesser
Antilles Subduction Zone where thick sediments enable seismic imaging to greater depths
than in the ocean basins. This dataset highlights a pervasive tectonic fabric characterized by
closely spaced sequences of convex-up Ridgeward-Dipping Reflectors, which extend down to
about 15 km depth with a 15-t0-40° angle. We interpret these reflectors as discrete shear
planes formed during the early stages of exhumation of magma-poor mantle rocks at an
inside corner of a Mid-Atlantic Ridge fracture zone. Closer to the trench, plate bending could
have reactivated this tectonic fabric and enabled deep fluid circulation and serpentinization of
the basement rocks. This weak serpentinized basement likely explains the very low interplate
seismic activity associated with the Barbuda-Anegada margin segment above.
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ridges (MORs), exhibits remarkable variations in crustal

thickness, seismic velocity and tectonic fabric, as pre-
viously inferred from bathymetric datal-3, paleomagnetic
studies®> sampling and drilling of outcrops of deep-seated
rocks®’ and numerical modelling®®. In contrast, few seismic
data image this fabric variability at depth!0-13, Poorly sedimented
seafloor near MORs causes severe scattering of seismic waves
during mapping expeditions, which impedes accurate intra-
crustal imaging at depth!4. As a result, deciphering the complex
variability of oceanic tectonic fabric in seismic images remains
challenging.

This variability, from magmatically robust to tectonically
dominated segments, depends on the spreading rate and the rela-
tive contribution of tectonic extension and magmatic diking to
oceanic spreading®®. At magmatically robust segments, oceanic
spreading is mainly taken up by vigorous melt delivery, which leads
to typical velocity-depth “Penrose” structure of extrusive basalts
overlying intrusive gabbros!®. In contrast, tectonically dominated
spreading favors stretched and thinned crust possibly hosting
widely spaced, long-lived, low-angle, ridgeward-dipping detach-
ment faults!®, exhuming serpentinized peridotites with a varying
amount of gabbro bodies. This heterogeneous crustal composition
is referred to as the “plum-pudding model”!7-18, The velocity-depth
structure then usually consists of one layer with a rather constant
velocity gradient!®-2! depending on a decreasing serpentinization
degree with depth?2. Reston et al.!! argue that more closely spaced
faulting may result from a tectonic sequence where a detachment
fault forms, slips, flexes and becomes inactive when a new
detachment fault develops nearby. However, in the absence of
convincing deep seismic images for such tectonic sequences, the
model of widely spaced detachment faults frequently prevails.

New bathymetric and multichannel seismic (MCS) data, col-
lected in the NLA trench during cruises ANTITHESIS 1 and 32324
call into question this generic model for the first time. The sedi-
mentary layer reduces the scattering, allowing up-to-6-s-two-way-
traveltime (stwt) deep seismic imaging, which is unprecedented
for slow-spreading oceanic basement. These data reveal impressive
along-strike variations in oceanic fabric, showing an unexpected
deep and pervasive tectonic pattern within the basement created at
a segment end of the Mid-Atlantic Ridge. These images challenge
the long-lived detachment model, highlight that the tectonic
imprint of slow-spreading onto the oceanic basement has possibly
been underestimated, and raise questions about the seismic con-
sequences of subduction of tectonically dominated, hydrated,
serpentinized, and weak oceanic basement patches.

Oceanic basement formed at slow-spreading mid-ocean

Results and discussion

Oceanic tectonic pattern near the Jacksonville Fracture zone.
The ~N120°-trending Jacksonville Fracture Zone extends from
the Northwestern Atlantic to the NLA Subduction Zone?’
(Fig. 1). To the south, the 15-20 Fracture Zone subducts beneath
the margin at a convergence rate of 20 mm/yr in the N254°E
direction?®. Between these fracture zones, the Cretaceous oceanic
basement in the trench (Fig. 1A) ages westward?’. Based on the
300-330km distance between chron C34 (83 Ma) and C32
(71.6 Ma)?8, the mean half-spreading rate was low, 26-29 mm/yr,
at the spreading center.

The Jacksonville Patch, originated from the ridge segment end
close to the Jacksonville Fracture Zone, is currently located in the
trench between 18 and 19°N. The bathymetry and deep structure
within this patch drastically differs from that of the incoming
oceanic plate in neighboring zones.

To the southeast and the northwest of this patch, the oceanic
fabric of the incoming plate corresponds to ~N20°-trending

elongated topographic highs sub-parallel to the magnetic
anomalies (Fig. 1B, Supplementary Fig. 1). In addition, in every
seismic line perpendicular to the trench (Ant01 07, 10, 11, 12, 14,
and 50) reflectors of the seafloor, oceanic sediments, and the
basement top step down westward along steep fault planes that
dominantly dip toward the margin (Fig. 2A). These normal faults
penetrate the basement down to gently southwestward-dipping
discontinuous reflections M, 1.9 to 2.2 stwt beneath the top of the
basement, interpreted as the Moho. These faults crop out at
bathymetric scarps, directed N100-120°E, sub-parallel or slightly
oblique to the deformation front.

This margin sub-parallel faulting in the outer trench wall has
long been described as the result of the incoming plate bending
into the subduction zone2*30, According to these studies, plate
bending mainly reactivates inherited tectonic structures of the
oceanic fabric when favorably oriented (sub-parallel to the
trench) and produces new faults when the fabric is highly
oblique with respect to the trench. Offshore of the NLA, the
oceanic fabric trends at more than 70° angle to the trench. The
southwestward-dipping faults, sub-parallel to the deformation
front, are thus likely to be newly formed plate bending faults.

Within the Jacksonville Patch, the bathymetric map and
associated dip and strike seismic lines (Ant06, 43, 44, 45, 52, 53,
and 54) show a drastically different tectonic pattern in the trench
(Fig. 1B, Supplementary Fig. 1B). The smoother seafloor is
neither spiked with the N20°-trending ridges of the oceanic
fabric, nor deformed by the margin-subparallel scarps of plate-
bending normal faults. In contrast, short, shallow and steep faults
dipping toward east and west bound ~4-6 km wide grabens in the
oceanic basement. These grabens define ~N100-110°-directed
seafloor undulations trending at 40° angle to the margin front.
The seismic lines do not show organized reflections at typical
Moho depths. The most striking features are 5-10-km-spaced,
convex-up, high-amplitude reflector sequences, which dip from
the top of the oceanic basement down to 5 stwt below the seafloor
(Fig. 2B). The sequences are 0.1-0.2-stwt-thick (200 to 500 m)
and locally up-to-0.5-stwt-thick (1 to 1.5 km).

Ridgeward-Dipping oceanic-basement Reflectors (RDRs). In
order to estimate the true dip direction and geometry of these
reflector sequences, we performed depth-conversion of MCS lines
Ant45 and 53 interpretations (Fig. 3) as well as a pre-stack depth
migration of line Ant45. We used a combined MCS / wide-angle
seismic (WAS) velocity model based on nearby WAS line Ant063!
(Supplementary Fig. 3). In this model, the basement corresponds
to a 5.6-6.5-km-thick single layer with a 5.5-7.4km/s velocity
range from top to bottom and a constant velocity gradient of
0.27 s~L. Moreover, we used seismic attributes derived from
seismic data in order to confirm the reflector sequences geometry.
Computing RMS amplitude provides information about reflection
physical properties and particularly fluid content32. This analysis
suggests that the reflector sequences, compared to other intra-
crustal reflections, show physical properties consistent with fluid-
rich and/or serpentinized rocks within the upper 6 km of the
oceanic basement. At greater depths, the dimming of reflections
suggests a decreasing fluid content and/or serpentinization degree
(Supplementary Fig. 4). The mean apparent dip angle increases
from 17° to 25° in N125°E-trending line Ant53 and from 15° to
35° in N40°E-trending line Ant45 (Fig. 3A, Supplementary
Fig. 5). These lines intersect each other (Fig. 3B) and reveal that
the reflectors dip in a N60-90°E direction, towards the Mid-
Atlantic Ridge, with a dip angle that increases from 20-30° in the
upper 3 km, up to 45° between 3 and 8 km depth (Fig. 3C). We
refer to these sequences as Ridgeward-Dipping oceanic-basement
Reflectors (RDRs) (Fig. 4).
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Fig. 1 Maps of the study area. A Satellite free-air gravity map®2 showing fracture zones (solid lines), synthetic flow lines (colored lines), and the Mid-
Atlantic Ridge (dotted lines) in the Central Atlantic for chrons 5 (8.9 Ma), 6 (19.4 Ma), 13 (35.3 Ma), 20 (44.7 Ma), 24 (55 Ma) 32 (71.6 Ma), 330
(80.2 Ma), and 34 (84 Ma)®3. A stands for Anegada, B for Barbuda, BR for Barracuda Ridge, CAP for Caribbean Plate, FZ for Fracture Zone, G for
Guadeloupe, M for Montserrat, MAR for Mid-Atlantic Ridge, NAP for North American Plate, TR for Tiburon Ridge, PR for Puerto-Rico, SAP South American
Plate, and VI for Virgin Island. The black frame refers to Fig. 1B. B Bathymetric map showing location for multichannel seismic lines labeled AntXX and the
Jacksonville Fracture Zone (dashed black lines). Close-up on target zones are in Supplementary Fig. 1.

Previous seismic data depicted distant convex-up ridgeward- a tectonically dominated slow-spreading ridge segment with
dipping reflectors with similar dipping angle at segment ends of moderate magmatic activity can generate closely spaced
slow-spreading ridges, interpreted as large-offset long-lived detachment-type deformation zones during early stages of
detachment faults, for instance in the Cretaceous-aged Eastern basement exhumation.

Central Atlantic!l13 and at the South West Indian Ridge Based on this discussion, we propose that the Jacksonville
(SWIR)!0. At the SWIR, the faults are associated with similar  Patch lithosphere consists of serpentinized mantle rocks, possibly
~0.5-stwt-thick sub-parallel bright discontinuous reflectors inter-  hosting gabbro bodies exhumed along low-angle detachment
preted as damage zones. The RDRs are also partly consistent with ~ systems!® or by serpentine diapirism up high-angle faults*.
closely spaced, ~1-km-thick sequences of convex-up LCRs Although we cannot rule out serpentine diapirism, inside corners
(Lower-Crust ridgeward-dipping Reflectors) in the Northwestern  of fracture zones are known to be prone to detachment faulting*4,
Atlantic!?33 as well as in lower crust generated at the faster Mid-  the RDRs more readily image pervasive proto-detachment shear
Pacific spreading ridge offshore of the Middle America Trench34,  zones related to early tectonic extension at a magma-poor inside
Japan3>-37, Alaska3%, and Hawaii’®. These LCRs have been corner of the segmented MAR.. In this interpretation, the RDRs
interpreted as lithological layering resulting from magma flow in more readily image pervasive proto-detachment shear zones
the Atlantic®® and the Pacific*®4!. However, discrete spacing of related to early tectonic extension at a magma-poor inside corner
reflectors rather than pervasive layering more readily supports of the segmented MAR. Approaching the trench, the plate
ductile shear zones3”*> due to spreading-related deep tectonic bending, reactivates extensional strain along the RDRs, favoring
events!? and/or anomaly in melt delivery at the mid-ocean fluid percolation, rock alteration and serpentinization, increasing
ridge*2. acoustic impedance contrast and reflection amplitude. The RMS

The RDRs size and geometry partly differ from these analysis supports this interpretation showing high RMS ampli-
analogues. These reflectors extend from the top of the oceanic tude along the RDRs within the upper 6 km and at the top of the
basement to, at least, 6 km below (Fig. 3, Supplementary Fig. 5) oceanic crust above the RDRs (Supplementary Fig. 4).
while the LCRs are restricted to the lower crust and sole out
downward onto the Moho. Discretely spaced thin sequences of
subparallel RDRs are poorly consistent with pervasive and Seismogenic behavior of subducting serpentine-bearing rocks.
massive fan-shaped layering at Seaward Dipping Reflectors The NLA Subduction Zone has hosted only 39 thrust-faulting
(SDRs) and lava flows. At last, the RDRs are closely spaced and  earthquakes, detected teleseismically (Mw>5), with focal
most of them do not deform or fracture the top of the oceanic mechanisms compatible with interplate co-seismic slips since
basement and the sediment layer, contrasting with the classical 1973 (Fig. 5). Most of these subduction-type events occurred to
image of distant detachment faults!! with topographic the North of Guadeloupe where they are aggregated in two
expressions’, in the Northeastern Atlantic. However, this fault seismicity clusters: from Montserrat to Barbuda and from the
spacing at a slow to intermediate spreading axis depends on the =~ Anegada Passage to Virgin Island*. Very few of them occurred
fraction of the plate separation rate that is accommodated by along the ~110-km-wide margin segment in between and to the
magmatic ridge-axis dyke intrusion8. According to these authors, ~South of Guadeloupe.
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Fig. 2 3D seismic-bathymetry blocks at magmatically robust and tectonically dominated segments. Three-dimensional seismic-bathymetry views
illustrating typical oceanic basement (A line AntO1) and the spectacular, tectonically dominated, exhumed oceanic basement (B line Ant45) located
outside and inside the Jacksonville Patch, respectively. D, TC, and M stand for Decollement, Top of the oceanic Crust, and Moho, respectively. Black and
yellow dotted lines underline the Ridgeward-Dipping oceanic-basement Reflectors (RDRs) and the oceanic grabens direction, respectively. Vertical

Exaggeration 1:3.5. Additional 3D blocks are in Supplementary Fig. 2.

In the Southern and Central Lesser Antilles, numerous fracture
zones in the subducting South American Plate (Fig. 1A) likely
trigger deep crustal hydration and mantle serpentinization6-48,
This high water budget is prone to impede large interplate co-
seismic rupture, rather favoring alternate slip behavior (SSE,
VLEFE, EETS)* and/or numerous low-magnitude events*®-48. In
contrast, in the NLA, the only fracture zone (the 15-20 FZ) of the
subducting North American Plate to interact with the subduction
zone (Fig. 1) has not subducted deep enough to favor dehydration
of the subducting serpentinized mantle*’”. This fracture zone,
located at less than 30 km depth beneath the forearc3!, could
trigger shallow dewatering and margin tectonic deformation,
weakening the interplate contact, reducing the seismic coupling
and affecting the megathrust seismogenic behavior. However, the
fracture zone underthrusts similarly the two clusters of
subduction-type teleseisms (Mw >5), and the gap in between
(Fig. 5) suggesting a low influence onto the interplate seismicity
in the NLA.

We propose that the reduced strength of the subducting
plate basement at least partly made of serpentinized mantle
rocks strongly contributes to the megathrust weakness and the
interplate seismicity reduction. Low-temperature species of
serpentine minerals, chrysotile, and lizardite have a low
coefficient of internal friction, low fracture strength, and a
nominally non-dilatant mode of brittle deformation,
which favor localized slip on discrete surfaces, cataclastic

bearing rocks is not a linear function of the degree of
serpentinization but is similar in slightly hydrated peridotites
and pure serpentinites??2. The subduction of an heteroge-
neously faulted, hydrated and serpentinized basement is likely
to generate an interplate patchiness of contrasting frictional
properties, which may impede full interplate coupling®?,
instead favoring a mix of stable and unstable behaviors prone
to triggering small-Mw, slow-slip, and/or very-low frequency
earthquakes®*. Similar conditions are suspected in anomalous
non-seismic regions in locally hydrated forearc mantle within
Northeast Japan?3.

The Lesser Antilles is an end-member subduction zone, which
undergoes the subduction of highly hydrated fracture zones and
unsuspected large-scale tectonically dominated oceanic patches.
Our data depict for the first time pervasive and closely spaced
proto-detachment shear planes, reactivated by the plate bending
in the trench within the oceanic basement, at least partly made of
serpentinized mantle rocks exhumed at a former inside corner of
the MAR. The landward extent of this patch is unclear beyond
40 km from the deformation front, because of seismic amplitude
loss at great depth. However, downdip, tectonic interaction and
fluid circulation between the patch and the 15-20 Fracture Zone
possibly alter the forearc strength. Thus, the reduced strength and
fluid circulation related to the Jacksonville serpentinized base-
ment, its pervasive tectonic fabric, and the proximity of the
hydrated 15-20 Fracture Zone are likely to account for the

flow by shear microcracking®®->2, and plastic flow within heterogeneous distribution of subduction earthquakes in
individual grains®3. This substantial weakening of serpentine- the NLA.
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Fig. 3 Geometry and direction of Ridgeward Dipping Reflectors. Depth-converted interpretation for lines Ant45 and Ant53 (A), 3D view in time section
(B), and Schmidt diagram (C) reveal that the convex-up sequences of RDRs in the oceanic basement dip toward the Mid Atlantic Ridge. Lines location is in
Figs. 1B and 3D bathymetry-seismic view for lines Ant45 and Ant53 are in Fig. 2B and Supplementary Fig. 2, respectively. Figure 4 shows an interpreted

perspective view of the RDRs.
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Fig. 4 Interpreted 3D view of the tectonically dominated slow-spreading
basement subducting beneath the Northern Lesser Antilles Subduction
Zone. Perspective view showing the structural transition of the Atlantic
basement from the inside to the outside corner of the Jacksonville Fracture
Zone. The Jacksonville patch at the inside corner consists of serpentinized
mantle rock possibly mixed with gabbro bodies exhumed along proto-
detachment shear planes which formed at a tectonically dominated magma
poor ridge segment end. These detachments, reactivated while subducting
beneath the NLA draw Ridgward Dipping Reflectors (RDRs) in along-dip
vertical sections.

Methods

Data acquisition. Our results are based on recent multichannel seismic (MCS)
wide-angle (WAS) seismic and bathymetric data collected during cruises
ANTITHESIS 123 and ANTITHESIS 324. Multibeam swath bathymetry data were

recorded using a Kongsberg EM122 and a RESON Seabat7150 (432 - 880 beams
echosounders) during ANTITHESIS 1 and 3, respectively. We recorded MCS lines
Ant01, 10.2 and 12 during Antithesis 123, using a 7699 cu in 18-elements airgun
seismic source towed at 17-m-depth and a 3-km-long streamer composed of 288
channels spaced at 12.5 m and towed at 20-m-depth. We acquired lines Ant45, 50,
53, and 54 during Antithesis 324, using a 6500 cu in, 16-elements airgun seismic
source towed at 14-m-depth and a 4.5-km-long streamer composed of 720 chan-
nels spaced at 6.25 m and towed at 15-m-depth. Shots were fired every 75 m
providing a 30-fold coverage.

Data processing. Swath processing consists in spikes and excessive slopes removal
by automatic procedure and manual ping editing using Caraibes” and Globe®
softwares (IFREMER). Digital terrain models were produced with a grid spacing of
75 m. Vertical accuracy is between a few meters and tens of meters depending on
depth. Bathymetric and slope maps were calculated and processed using QGis.
Maps reveal reliefs in the order of tens of meters high and few hundred

meters apart.

MCS data processing includes quality control, binning, band-pass filtering, fK
filtering, external and internal mutes, noise attenuation, predictive deconvolution,
multiple suppression, velocity analysis, normal move out and dip move out
corrections, stacking and pre-stack time migration, using Solid- QC” (Ifremer) and
Geovation® (CGG-Veritas) Softwares>®. We performed iterative Prestack Kirchhoff
time migration (PSTM) to yield optimal migration velocities and form the final
prestack migrated images. PSTM results in focusing correctly seismic energy from
genuine basement reflections but not from out-of-planes arrivals from seafloor or
basement propagating through regions of lower root-mean-square velocity. Thus,
any intra-basement event observed on presented PSTM images can be interpreted
as true reflection.

Depth-converted interpretation and depth-migrated seismic data. Converting
and/or migrating to depth the seismic images is a mandatory condition to address
the questions of the geometry, dipping angle, and orientation of the RDRs. The
depth of investigation (11 to 18 km) is much larger than the streamer length (4 and
4.5 km for Antithesis 1 and 3, respectively). At great depth, this relative shortness of
the streamers results in high uncertainties in interval velocity model strictly
inferred from Normal-Move-Out (NMO) velocities. In order to reduce this
uncertainty, we build composite velocity models based on MCS lines Ant45 and 53
and WAS line Ant063! (Supplementary Fig. 3), located within the Jacksonville
Patch 70 km to the northwest. These models consists in: 1/ NMO velocities con-
verted to interval velocities using the Dix formula at shallow depth (i.e., from the
seafloor to the topmost hundreds of milliseconds in the subducting basement) and
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Fig. 5 Seismicity map. Map view of the seismic activity in the Northern
Lesser Antilles. The circles represent the earthquakes from the EHB
catalogue and the USGS PDE, sized by magnitude and colored by depth.
Black focal mechanisms are thrust earthquakes from the gCMT catalogue,
aggregated in two clusters separated by a 110-km large quiet zone (dashed
yellow lines). Dashed white lines indicate the 15-20 and Jacksonville
Fracture Zones.

2/ velocities inferred from first-arrival traveltime tomography for line Ant06 at
greater depth in the basement and the mantle. We then base our investigations on
two complementary methodological approaches. We convert to depth the inter-
pretation for seismic lines An45 and 53 (Fig. 3) using these combined MCS/WAS
velocity models. In order to confirm this conversion, MCS line Ant45 is migrated
to depth (Supplementary Fig. 5) with a preserved amplitude Pre-Stack Depth
Migration (PSDM) approach®6-¢0 performed in the angle domain. The velocity
macro-model is iteratively corrected during migration, using the “migration-
velocity-analysis” approach®! until Common Image Gathers (CIG) show flat
reflections. When this condition is satisfied, the CIG are stacked, providing an
increased accuracy for the migrated image. In this methodological approach, it is
noteworthy that parallel lines Ant45 and 06 are located 70 km from each other. As
a result, the PSDM of line Ant45 should be considered as an additional constraint
for the RDRs geometry complementing the rougher depth conversion, more than
as a robust image for the deep structure of the subduction zone. Despite this
uncertainty, both methods result in similar location, depth, geometry, and dipping
angles for the RDRs. These reflectors are slightly deeper and steeper in the depth-
converted image than in the interpreted PSDM MCS line.

RMS amplitude analysis. Seismic amplitude attributes analysis is commonly used
in basin and oil exploration in order to identify and delineate structural and
stratigraphic features associated with fluid-rich intervals32. The Root Mean Square
(RMS), based on reflection coefficient, independently from the reflection polarity, is
particularly suited for fluid content analysis. The RMS amplitude Agys is calcu-
lated from original signal amplitudes a;(f) over a time window of N samples
indexed with i, using the < Petrel > software (Schlumberger):

Apus = %Xi:(“i(f»z

As a result, this analysis estimates the signal overall amplitude and describes the
signal average amplitude within a time window.

Data availability

Every geophysical data of the ANTITHESIS cruises are available on the internet site of
the French Oceanographic Fleet (https://campagnes.flotteoceanographique.fr/search).
Interested readers write/select “Antithesis” in field “search campaign” and the desired
data set in field “Data Managed by SISMER.” Once every needed data set is selected, the
readers can download it from “My basket” page.

Code availability

Seismic data processing used softwares SolidQC (Ifremer) and Geovation (CGG),
bathymetric data were processed with softwares Globe and Claritas (Ifremer). We used
Kingdom Suite for the RMS analysis. Maps and 3D bathymetric views were drafted using
GMT, Qgis, and Adobe Illustrator. The ray-Born PSDM code derives from an original
private version by P. Thierry and G. Lambaré (Mines School of Paris) and the Migration-

velocity analysis code, from the original version by W. Agudelo and A. Ribodetti
(Geoazur).
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Supplementary Figure 1: Close-up on the bathymetric map.

(A)

Bathymetry (m)

The bathymetry shows the key-features of the oceanic seafloor at the Northern Lesser Antilles Subduction Zone,
outside (A) and inside (B) the Jacksonville Patch.
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Supplementary Figure 2: Three-dimensional seismic-bathymetry views.
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The 3D views illustrate typical oceanic basement in line Ant01 (A), Ant10 (B), Ant12 (C) and Ant50 (I) and the spectacular, tectonically-dominated, exhumed oceanic basement in line Ant43
(D), Ant54 (E), Ant45 (F), Ant53 (G) and Ant52 (H) located outside and inside the Jacksonville Patch respectively. D, TC and M stand for Decollement, Top of the oceanic Crust and Moho

respectively. Vertical Exaggeration 1:3.5.
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Supplementary Figure 3: Velocity model of wide-angle data along line Ant06.
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(A): Velocity model derived from forward modelling of wide-angle data along line Ant06 . Velocity contours
are shown every 0.25 km/s and shaded areas are constrained by rays. Red dots indicate the location of the
seafloor instruments along the model. (B) and (C): Velocity-depth profiles (black lines) extracted beneath the
basement top at km 10 and compared to typical Atlantic and Pacific crust blue polygons from white et al. (1992)
2 and to exhumed upper mantle basement light and dark green polygons from Dean et al. (2000) * and Van
Avendonk et al. (2006) .

Supplementary Figure 4: RMS amplitude analysis for line Ant45.
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(4) RMS amplitude analysis for line Ant45, (B) close-up views on seismic amplitude and (C) RMS amplitude
for sequences of Ridgeward Dipping Reflectors (RDRs). The RDRs show high RMS amplitudes (>20000) from
the top of the oceanic basement down to 2.4 stwt (6 km) below (black arrows in Supplementary Figure 34) and
dimmed RMS amplitudes at greater depths (red arrows in Supplementary Figure 3B). Moreover, RDRs high
seismic amplitudes correspond to high RMS amplitudes (black arrows in Supplementary Figure 3B, C) which
contrast with other intra-basement reflections (blue arrows in Supplementary Figure 3B). This RMS amplitude
analysis thus suggests that the RDRs show physical properties consistent with fluid-rich and/or serpentinized
rocks within the upper 6 km of the oceanic basement. At greater depths, the dimming of reflections suggests a
decreasing fluid content and/or serpentinization degree.
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Supplementary Figure S: Pre-Stack Depth Migration of line Ant45.
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(A) Pre-Stack Depth Migration (PSDM) of MCS line Ant45 with (B) the color-coded velocity model and the
interpreted RDRs in the oceanic basement (dotted lines). (C) Comparison between Depth-converted
interpretation of line Ant45 (plain lines) and interpreted RDRs from PSDM line Ant45 (dotted lines) overlying
the color-coded velocity model.
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3.2 Thermal structure and fluid circulation in the Lesser Antilles

subduction zone

This part of the thesis is presented in the form of a paper which is published in Earth and
Planetary Science Letters in October 2022 titled “Thermally-constrained fluid circulation and
seismicity in the Lesser Antilles subduction zone”. In the paper, we highlight for the first time
the thermal state and fluid circulation in the Lesser Antilles subduction margin using a recently

acquired robust heat-flow data.

The Lesser Antilles is an end-member subduction zone which undergoes the subduction of a
highly hydrated slow-spreading oceanic lithosphere (cf 3.1). Our work aims at using heat-flow
variations in order to investigate fluid circulation at depth. The drastic mismatch between
measurements and calculated values from conductive cooling modelling highlights the strong
influence of fluid-driven heat advection on the heat-flow at the surface. In the Lesser Antilles,
this variation relates to a ventilated and insulated hydrothermal circulation in the Northern and
Central Lesser Antilles respectively. Hence, to produce an accurate thermal model of the
margin, we incorporated heat advection due to circulating fluids. Using our final results, we
predict depths of crustal dehydrations, fluid generations and migration pathways within the
margin. We also predict temperatures along the plate interface and show the thermally-defined

seismogenic zone for the Lesser Antilles.

Based on our results, we highlight the variation in fluid circulation pattern between the North
and Central Lesser Antilles, and discuss its effect in the width and depth of the seismogenic
zone. We postulate that the constant fluid circulation along the plate interface may reduce the
interplate coupling, thus, favor aseismic slip, and increase return time of large seismic events.
This result is in agreement with existing work that highlights low coupling in the Lesser
Antilles. Finally, we showed that seismicity distribution has a close relationship to temperature-
related dehydration reactions. All these results and discussions are presented in more details in

the paper attached below.
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Abstract

At subduction zones, fluid circulation and elevated pore pressure are key factors controlling the
seismogenic behavior along the plate interface by reducing absolute fault strength, increasing the time
return of high magnitude co-seismic rupture and favoring aseismic slip. The Lesser Antilles is an end-
member subduction zone where the slow subduction of numerous trans-oceanic fracture zones and
patches of pervasively fractured, hydrated and serpentinized exhumed mantle rocks increase the water
input. Heat-flow variations measured in the trench and the forearc during the Antithesis 1 cruise reveal
heat advection by fluid circulation and shed a new light onto the thermal control of seismicity location

in the subduction zone.

In the Northern Lesser Antilles, heat-flow anomalies, negative in the trench and positive in the
forearc, reveal a ventilated fluid circulation with downward percolation of cold fluids at the sediment-
starved, pervasively fractured trench and upward discharge of warm fluids through the Tintamarre Fault
Zone in the forearc. In contrast, in the Central Lesser Antilles, a positive heat-flow anomaly at the trench
and the accretionary wedge is typical of an insulated fluid circulation where warm fluids invade the plate

interface flowing updip from the subduction depths up to the trench.

The investigated margin segments correspond with a very low number of interplate thrust
earthquakes, illustrating the frequent statement that fluids in subduction zones tend to reduce the
interplate coupling, favor slow to aseismic slip behavior, and increase the time return of large seismic
events. Moreover, the location of intraslab, and supraslab earthquakes at depth beneath the Central

Lesser Antilles suggest a close relation to temperature-related dehydration reactions.
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dehydration reaction

1. Introduction

In subduction zones, complex temperature-fluid interactions control predominantly the seismogenic
behavior of the megathrust, which hosts most of the large (Mw>7) to great (Mw>8) subduction
earthquakes in the world. The temperature increases with depth and the transition from shallow stable
(aseismic) to deeper stick-slip (seismogenic) behavior along the interplate contact depends on
mechanical and chemical processes promoting gouge consolidation at temperature of 60-150°C (Moore
& Saffer, 2001, Vrolijk, 1990). At greater depth, the onset of deep stable sliding for a “normal type”
oceanic crust is generally associated with temperatures of 350-450°C (Tse & Rice, 1986) and/or the
interaction of the interplate with the serpentinized mantle wedge of the upper plate (Hyndman et al.,
1997). However, subduction of exhumed ultramafic rocks of slow-spreading oceanic crust and deep
fluid circulation may affect thermally and mechanically this evolution of the interplate sliding behavior.
Pore fluid overpressure possibly correlates with patches of low interseismic coupling (e.g. Moreno et
al., 2014) and promotes aseismic creep, slow-slip and very-low frequency earthquakes (SSE and VLFE)
rather than large co-seismic ruptures (Saffer & Wallace, 2015, and Kodaira et al., 2004). Moreover, fluid
circulation at depth partly controls earthquake recurrence (Byerlee, 1993, Sibson, 2013, Saffer & Tobin,
2011).

Fluids enter subduction zones through different processes at work before the trench. These processes
includes fluids trapped in the subduction channel sediments (e.g. Calahorrano et al., 2008), or
hydrothermal flow in the oceanic upper crustal aquifer (e.g. Fisher & Becker, 2000), or trapped at greater
depth in hydrous minerals down to the lithospheric mantle through different types of structure such as
trans-oceanic fracture zones (Cooper et al., 2020), large-scale detachments at slow-spread oceanic ridges
(Marcaillou et al., 2021), crustal-scale folded ridge (Kodaira et al., 2004), or outer rise slab-bending
faults (e.g. Ranero et al., 2003). Circulating fluids advect heat which may drastically change the oceanic
plate geotherm prior to subduction, modulate temperatures along the plate interface and change the heat
flow at the surface and the margin thermal structure with respect to that estimated from the model of a
conductively cooling plate (Kummer & Spinelli, 2008; Harris et al., 2010; Harris et al., 2017; Harris et
al., 2020; Spinelli et al., 2018). The effect of hydrothermal fluids on thermal structure depends on the
mode of circulation. Thick, continuous and undeformed sediments in the trench prevent fluid exchange
between the ocean and the crust and favor insulated hydrothermal circulation (Harris et al., 2017). In
this context, warm fluids flowing from subduction depth updip along the basement aquifer may generate
heat-flow values higher than that predicted by conductive heat transfer models in the accretionary wedge

and at the trench (e.g., Nankai ; Spinelli & Wang, 2008). In contrast, fractured oceanic crust with a thin
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sediment cover in the trench, and/or a deeply fractured forearc crust favor fluid-driven heat advection to
and/or from the ocean, generating the so-called ventilated hydrothermal circulation (Harris et al., 2017).
As a result, downward percolation of cold fluids in the trench may generate significantly lower heat-
flow values than that predicted by conductive heat transfer models (e.g., Costa Rica; Harris & Wang,
2002). Moreover, in a deeply and pervasively fractured forearc, fluid upward migration along fault
planes and expulsion at the seafloor can generate elevated heat flow (Pecher et al., 2017). Hence,
measured heat-flow values significantly different from those expected for conductive heat transfer

provide indirect constraint on fluids circulation at depth.

The Lesser Antilles is an end-member subduction zone, which undergoes the subduction of a slow-
spreading oceanic lithosphere, partly made of exhumed, hydrated, serpentinized peridotite patches
within the slab crust (Paulatto et al., 2017), fractured with pervasive detachment faults (Marcaillou et
al., 2021) and/or highly hydrated trans-oceanic fracture zones (Cooper et al., 2020). Moreover, the
Lesser Antilles seismicity is heterogeneous, with along-strike variations in b-value (Schlaphorst et al.,
2016) and isolated nests of thrust-faulting earthquakes (Hayes et al., 2013). This subduction zone is thus
a promising study area to investigate the influence of along-strike variations in deep hydrothermal
circulation onto the interplate seismic activity. During cruises Antithesis 1 and 3, we acquired a grid of
multichannel seismic (MCS), four trench-normal Wide-Angle Seismic (WAS) profiles, and heat-flow
measurements along two trench-normal profiles at the Lesser Antilles Subduction zone (Marcaillou &
Klingelhoefer, 2013a, 2013b, 2016). These measurements offshore of Martinique and Saint Martin
islands respectively (Figure 1) aim at investigating heat-flow variations related to fluid circulation at
depth. Drastic mismatches between measurements of heat flow and predictions assuming conductive
cooling highlight the strong influence of fluid-driven heat advection on the heat-flow at the surface. We
analyze pathways for fluid charge and discharge, the impact of this hydrothermal circulation on the
regional heat-flow and the temperature along the interplate contact, and discuss the relation to the

seismicity location in the Lesser Antilles Subduction Zone (LASZ).
2. Regional setting

2.1 Geodynamical and structural background

The Caribbean plate overthrusts the North and South American Plates in a N76° direction with a 2
cm/yr convergence rate (DeMets et al, 2000). In the study area, the calculated age of the subducting
oceanic plate at the trench from the nearby magnetic anomaly C34 of the North American Plate ranges
from 83 Ma east of Barbuda island to 98 Ma east of southern Martinique island (Carpentier et al., 2008).
A dense geophysical dataset - including bathymetric, multichannel seismic and wide-angle seismic data
- constrain the along-strike variations in structure of the LASZ (Kopp et al., 2011, Pichot et al., 2012,
Laigle et al., 2013b, Evain et al., 2013, Paulatto et al., 2017, Laurencin et al., 2017, 2018, 2019, and
Boucard et al., 2021).
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The nature and structure of the Atlantic subducting crust is expected to vary both in the north-south
and east-west directions. At slow-spreading mid-ocean ridges, magmatically-robust segments promote
typical layer 2/3 “Penrose” structure (e.g. White et al., 1992), while tectonically-dominated segments
generate stretched and thinned crust frequently hosting large bodies of exhumed, hydrated and
serpentinized upper mantle peridotites (e.g. Cannat et al., 2006, Escartin et al., 2008). Numerous
occurrences of tectonically-dominated basement have been observed near the Mid-Atlantic Ridge,
where Oceanic Core-Complexes and Megamullions outcrop (e.g. Tucholke et al., 1998, Ildefonse et al.,
2007, Szitkar et al., 2019), between the Mid-Atlantic Ridge and the Lesser Antilles Subduction Zone
about 300 km from the trench (Davy et al., 2020), and at the Jacksonville Patch in the trench offshore
of Barbuda island (Marcaillou et al., 2021). Moreover, numerous trans-oceanic fracture zones deeply
hydrate the oceanic crust and mantle. The subducting Vema, Marathon, Mercurius and Doldrums
Fracture zones of the South American Plate generate vigorous dewatering beneath the Central Lesser
Antilles Arc (Cooper et al., 2020). The 15-20 Fracture Zone in the North American Plate (Braszus et al.,
2021) located beneath the Northern Lesser Antilles forearc is likely to favor fluids circulation at depth
(Marcaillou et al., 2021).
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Figure 1: Bathymetric map of the Northern Lesser Antilles based on data recorded during cruises Antithesis
1, Il (Marcaillou & Klingelhoefer, 2013a, 2013b, 2016), Sismantilles II (Laigle et al., 2013a, b). The map shows
the location for heat-flow measurements recorded during Antithesis cruise (plain stars), Multichannel and Wide-
Angle seismic lines (black and red lines respectively) Ant06 (Laurencin et al., 2017, Boucard et al., 2021), Thales
line (Kopp etal., 2011), D line (Laigle et al., 2013a, b). The black dotted line shows the projection onto the seafloor
of the 15-20 and Marathon Fracture Zones, which deeply incise the subducting oceanic plate, and the dotted frame
shows the 60-km-wide Tintamarre Fault Zone (TFZ) in the forearc. N A — North American, S A — South American,
PR — Puerto Rico, VI — Virgin Islands.
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The sediment thickness in the trench decreases northward from approximately ~3 km south of
Tiburon Rise (Pichot et al., 2012) offshore of Martinique, to ~0.5 km north of Barracuda Ridge offshore
of Saint Martin (Laurencin et al., 2019). The width of the accretionary prism also decreases from 110 to
30 km (Laurencin et al., 2019, Laigle et al., 2013b). Seismic lines in the Northern Lesser Antilles
(Laurencin et al., 2017, Boucard et al., 2021) and in the Central Lesser Antilles (De Min et al., 2015,
Laigle et al., 2013a, 2013b) show that the overall thickness of the forearc sedimentary layer and the
margin basement is similar along-strike. In the forearc domain offshore of Antigua-Barbuda, the >100-
km-long and 60-km-wide N120° trending Tintamarre Fault Zone deeply and pervasively fractures the
margin (Figure 1) (Boucard et al., 2021). The slab dip angle shows apparent along-strike variation at the
shallower part, when observed as a function of the distance from the trench. For instance, the slab dip is
~10° at 30 km and 110 km distance offshore of Saint Martin and Martinique islands respectively
(Laurencin et al., 2019, Boucard et al., 2021, Kopp et al., 2011, Laigle et al., 2013b). This difference
corresponds to the along-strike variation in accretionary wedge size. In contrast, the landward increase
in slab dip angle is similar on the two profiles when observed as a function of interplate depth. At large
depth, the slab dip angle is up to 51" at 280 km distance from the trench and shows no significant along-
strike variation up to Guadaloupe (Paulatto et al., 2017), and Saint Martin when projected from Wide
angle model of Klingelhoefer et al., (2018). The mantle wedge of the upper plate intersects the slab at
24 km and 28 km depth (~100 km and ~160 km from the deformation front) offshore of Saint Martin
and Martinique islands respectively (Laurencin et al., 2018, Kopp et al., 2011).

2.2 Seismicity and seismogenic zone

A recent re-interpretation of the available campaign and continuous GPS measurements in the
Caribbean resulted in a re-evaluated plate velocity field (van Rijsingen et al., 2021). These authors
propose that the plate coupling along the Puerto-Rico and Lesser Antilles subduction interface is very
low. Consistently, the seismicity catalogue record only a few hundred earthquakes per year in the Lesser
Antilles (Figure 2). However, investigations on some coral micro-atolls suggest that vertical
deformation are possibly related to a local increase in interseismic coupling at great depth (Philibosian
et al., 2022). A more recent study (van Rijsingen et al., 2022) has however, presented vertical velocities
for the Lesser Antilles Islands and examine the link between the short and long-term vertical motions
and their underlying processes. Based on their elastic dislocation models, they show that a locked or
partially locked interplate up to 60 km depth would produce uplift of the island arcs, which is opposite
to the observations of microatolls and GNSS data. Thus, suggesting low coupling for this subduction

zone.

During the historical period, only few earthquakes among damaging events occurred on the plate
interface, including the largest 1843 event with an intensity-based magnitude possibly ranging between
7.0 (Bernard & Lambert, 1988) and 8.4 (Feuillet et al., 2011; Hough, 2013). The CMT catalog
(Dziewonski et al., 1981; Ekstrom et al., 2012) indicate that only about 46 earthquakes along ~800-km-
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long segment, with Mw > 5 and focal mechanisms consistent with a co-seismic rupture along the
subduction interface, have been recorded teleseismically since 1973 (Figure 2). This scarce interplate
seismicity is mainly aggregated in two clusters: one from Montserrat to Barbuda and the other from the
Anegada Passage to the Virgin Islands. Between these regions and to the south of Guadeloupe,
subduction earthquakes are very rare in the instrumental period, and small earthquakes (Mw < 5)
dominate (Schlaphorst et al., 2016). The scarcity of subduction earthquakes raises the question of
seismic gaps in the Lesser Antilles, particularly between Barbuda and the Anegada Passage (Marcaillou

etal., 2021).
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Figure 2: Seismicity distribution along the Lesser Antilles margin. The colored circles are the earthquakes
from the USGS catalogue (Mw > 3.5 from 1900 to 2022), with size and color representing magnitude and
epicentral depth, respectively. The black star represents the epicenter of the 1843 earthquakes. Black focal
mechanisms are thrust-type earthquakes recorded teleseismically (from the gCMT catalogue 1976 — 2021). Red
focal mechanisms are relocated flat thrust earthquakes based on OBS deployment (Laigle et al., 2013a). Black
lines AA’ and BB’ show the location of the thermal models and the earthquake profiles shown in Figure 8.

2.3 Thermal regime

Prior to the Antithesis cruises, old, scarce and highly scattered heat-flow measurements existed in
the Lesser Antilles forearc and the trench. More recent data were acquired in the Grenada backarc basin
and Island arcs (Manga et al., 2012). Gutscher et al. (2013) proposed first thermal models at various
latitudes along the Lesser Antilles. In their study, lines AA’ and CC’ approximately correspond to the
Saint Martin and Martinique heat-flow profiles in the current study. However, along these two lines, the

modelling resulted in a poorly constrained thermal structure. Offshore of Antigua, only one heat-flow
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measurement (82 mW/m?) in the forearc constrain the model, and offshore of Martinique, old heat flow
measurements scattered between 30 and 90 mW/m?. Thus, the margin thermal structure needs to be re-

evaluated in the Northern and Central Lesser Antilles.

3 Methods

During the Antithesis 1 cruise (Dec 2013 - Jan 2014), we acquired 39 heat-flow measurements using
a microprocessor-controlled heat-flow (MCHF) instrument (see the Supplementary Material for
description). We model the thermal structure of the subduction zone along two trench-normal profiles,
one located between Barbuda and Saint Martin islands and crossing the volcanic arc at St Kitts island
(hereafter named ‘Saint Martin’ profile), and the other crossing Martinique island forearc and active
volcanic arc (hereafter named ‘Martinique’ profile) (Figure 1). The 2-D finite-element steady-state
modelling method (Wang et al., 1997), the mesh geometry (Figure 3), the input parameters and the

thermal boundary conditions are described in details in the supplementary material.

B.A AAr'c ILF O.F AP 0.D

Depth (km)

Figure 3 : Geometry of the finite element mesh used for the 2D steady-state thermal modelling. The green
frame indicates projected regions for (A) Martinique profile and (B) Saint Martin profile. The red line indicates
the location of the calculated oceanic geotherm. [O.D — Oceanic domain, A.P — Accretionary prism, O.F — Outer
forearc, I.N — Inner forearc, B.A — Backarc, Sd — Sediment, SI — Slab, Uc — Upper crust, Lc — Lower crust, Mw —
Mantle wedge]

For conductive models, the geotherm at the oceanic boundary is calculated using a model of a
conductive half-space cooling lithosphere based on a 1-D approach (Hutchison, 1985) and detailed by

Marcaillou et al., (2008). However, fluid circulation within the incoming oceanic crust can cause
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hydrothermal warming (e.g. Spinelli & Wang, 2008) or cooling (e.g. Harris & Wang, 2002) in the trench,
and modify the heat flow at the surface, the oceanic geotherm and the temperature along the subduction
interface. We use the methods by (Spinelli & Wang, 2008, Harris & Wang, 2002) to calculate the oceanic
geotherm where anomalous heat flow (i.e. heat-flow different from conductive value) indicate
significant heat advection. This approach requires the use of Nusselt number (Nu) as a proxy to model

heat advection due to hydrothermal circulation (See the Supplementary material).

4 Regional heat-flow and fluid-driven heat advection

In the following, we describe the measured and calculated heat-flow values based on conductively

cooling modelling and heat advection in order to discuss the influence of fluid circulation.

4.1 Measurements

We recorded 13 and 26 heat-flow measurements, at depth greater than 2400m, from 30-50 km before
the trench up to the inner forearc, at the latitude of Saint Martin and Martinique respectively (Figure 1).
Water depths for heat-flow measurements are indicated in Figure 4. Along the Martinique profile, the
heat flow decreases progressively from ~78mW/m? in the trench to 35-45mW/m? at 100-150 km from
the deformation front in the outer forearc and increases to ~60mW/m? towards the arc (Figure 4A). In
contrast, along the Saint Martin profile, the heat flow does not significantly vary from the trench,
~42mW/m?, to the forearc, where values range from 30 to 42mW/m? between 45 and 120 km from the
deformation front (Figure 4B). The two profiles differ in two key ways. First, the heat flow is 53%
higher in the trench offshore of Martinique than of Saint Martin. Moreover, the heat flow decreases from

the trench to the outer forearc along the former but remains constant along the latter.
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Figure 4: Measured and calculated heat-flow along Martinique profile (4) and Saint Martin profile (B). The

figures show the heat-flow measurements (black dots), the calculated heat-flow for conductive models (black line)

and for models including fluid thermal convection (red line) with 10% uncertainty (shaded area). In the oceanic
domain, the horizontal lines are 1D calculated values. The dash line represent model without fluid expulsion in
the forearc. The blue lines are the shapes of the bathymetry along the collected heat-flow data for the both profiles.
[O.D — Oceanic domain, A.P — Accretionary prism, O.F — Outer forearc, I.N — Inner forearc, B.A — Backarc]
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4.2 Calculated conductive heat flow

Conductive thermal modelling predicts a heat flow profile which decreases from the oceanic domain
to the forearc, from 56 to 26 mW/m? along the Martinique Profile and from 52 to 22 mW/m? along the
Saint Martin Profile (black lines in Figure 4A and Figure 4B). The calculated heat flow at the trench is
consistent with the expected value for an 80-Myr-old oceanic plate (Stein & Stein, 1994; Lucazeau,
2019). Along both profiles, the calculated conductive heat flow poorly fits the measurements. Offshore
of Martinique, the calculated heat flow is ~30% lower than the measurements in the trench and decreases
westward similarly as the measurements, thus remaining significantly lower along the outer forearc. In
other words, the heat-flow mismatch at the trench and the accretionary prism indicates a positive thermal
anomaly compared to the conductive model at the margin front. In contrast, on Saint Martin profile, the
calculated conductive heat-flow is ~23% higher than the measurement in the oceanic Jacksonville Patch
(Figure 1). Moreover, the calculated heat-flow decreases westward, along the forearc and is lower than
the measurements between 60 and 140 km from the deformation front. Thus, compared to the conductive
model, this result indicates contrasting thermal anomalies: one negative near the trench and at the

accretionary prism, the other positive at the forearc.

4.3 Sensitivity tests for the calculated conductive heat-flow

We performed sensitivity tests for the key-parameters of the conductively cooling model to check
whether heat conduction can possibly account for the measured heat-flow variations, or if these

variations are necessarily related to fluid-driven thermal advection.

In the frame of a conductively cooling oceanic lithosphere, the northward decrease in measured heat-
flow from 78 to 42mW/m? in the trench is possibly related to two parameters: the incoming plate age
and the oceanic sedimentation rate (Hyndman & Wang, 1993; Marcaillou et al., 2008). However, this
decrease would require an increase in the oceanic plate age from 40 Myr to >120 Myr, which is highly
unreasonable at the Lesser Antilles, where the age of the ~80-Myr-old American Plate does not vary
significantly along-strike (Miiller et al., 2019). Moreover, a sedimentation rate in the trench, offshore of
Saint Martin, high enough to reduce the heat-flow by 23% is inconsistent with the <500-m-thick trench
fill (Laurencin et al., 2019). Offshore of Martinique, the trench fill is up to 3 km thick (Pichot et al.,
2012), but even a theoretical model with zero sedimentation rate results in calculated heat-flow that
remains ~30% lower than the measurements. As a result, in the trench, heat conduction cannot generate
the high heat-flow along the Martinique profile and low heat-flow along the Saint Martin profile without

a key-contribution by heat advection.

Along the Saint Martin profile, measurements indicate an intriguingly stable heat-flow from the
trench to the inner forearc, while typically at subduction zone, the heat-flow decreases as the oceanic
plate deepens beneath the margin (Wang et al., 1995). In the conductively cooling model, the slab-

dipping angle and the upper plate thermal conductivity are the key parameters that control the landward
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decrease of the calculated heat-flow (Figure 4). Fitting the measurements by varying the slab-dipping
angle is obtained when involving flat slabs geometries in the models (slab dip angle < 2°). However,
offshore of Saint Martin, wide-angle models (Laurencin et al., 2018) and MCS data (Laurencin et al.,
2019) show that the slab dip is up to ~25° beneath the forearc. In addition, fitting the measurements by
varying the thermal conductivity in the upper-plate and the sediments would require values greater than

10 W.m"'.K™!, which is unrealistic for these lithologies (Beardsmore & Cull, 2010).

These tests thus indicate that conductively cooling models cannot satisfactorily account for 1) the
heat-flow in the trench, which is too high offshore of Martinique and too low offshore of Saint Martin
and 2) the high heat-flow at 60-140 km from the deformation front at the forearc of Saint Martin.

4.4 Calculated heat advection

Offshore of Martinique, anomalously high heat flow in the trench and at the deformation front is
typical of the hydrothermal warming related to insulated circulation: warm fluids flow updip along the
oceanic basement aquifer to the trench, where thick and poorly faulted sedimentary fill reduces
exchanges with seawater (Spinelli & Wang, 2008, Harris et al., 2010). A similar insulated system has
been observed and modelled in the Nankai subduction zone (Spinelli & Wang, 2008). We applied the
methodological approach used by these authors to model heat advection (See the Supplementary
material). In this approach, increasing the Nusselt Number (Nu) in a mesh layer that represent the crustal
aquifer simulates fluid flow along this region. Using Nu of 1000, consistent with previous modelling in
other subduction zones (e.g. Harris et al., 2020), results in higher calculated heat-flow of 76mW/m? in
the trench and at the deformation front, which is consistent with the measurements. The addition of fluid
advection results in a landward decreasing calculated heat-flow that fits the measurements from the

trench to the inner forearc (red line in Figure 4A).

Offshore of Saint Martin, anomalously low heat-flow in the poorly sedimented and pervasively
fractured trench is typical of ventilated hydrothermal systems where cold seawater percolates through
oceanic basement faults (e.g. Harris & Wang, 2002). In Costa-Rica, these authors successfully modelled
hydrothermal cooling by reducing the oceanic geotherm of the incoming plate. In our model, reducing
the oceanic geotherm at the seaward boundary results in lowering the calculated heat-flow to 45 mW/m?,
in the trench and at the margin deformation front (black dotted line in Figure 4B) which is consistent
with the measurements. Hydrothermal cooling in the trench reduces the calculated heat-flow along the
accretionary wedge where it fits the measurements, but does not significantly change the calculated
value beneath the forearc (60-140 km from the deformation front) where it remains much lower than the
measurements. This positive thermal anomaly in the forearc corresponds to the location of the
Tintamarre Fault Zone suggesting warm fluid upward migration to the seafloor as consistently proposed
by previous studies based on tectonic observations (Boucard et al., 2021), wide-angle derived velocity
anomaly (Klingelhoefer et al., 2018) and discussion from geochemical data (Cooper et al., 2020). We

model this heat migration, using a Nusselt Number of 3.5 at the forearc area where the Tintamarre Fault
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Zone (TFZ) deeply fracture the margin (Figure 5). The TFZ covers ~100 km wide and ~6km depth
(second layer in the close up in Figure 5B), and is in line with the extent of the faults zone as
imaged in seismic and bathymetric data (Boucard et al., 2021). This value of Nu accounts for the
thermal effects of heat transfer by fluid circulation in this unit. This modelling generates heat-flow of
34 mW/m? at the surface, which fits the measurements (Figure 4b) and thus approximate the upward

heat migration in the Tintamarre Fault Zone.
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Figure 5: Global view (4) and close up (B) of the modified 2D mesh grid for the Saint Martin. The mesh
includes a theoretical layer, which corresponds with the forearc area where the Tintamarre Fault Zone deeply
and pervasively fractures the margin. Increasing the Nusselt Number in this layer (see supplementary material)
accounts for the high heat-flow measured in surface, inconsistent with conductive modelling and thus likely related
with upward fluid-driven heat-flow along the Tintamarre Fault planes.

5 Hydrothermal circulation within the Lesser Antilles subduction zone

Measurements provide unexpected heat-flow values in the trench, at the deformation front and in the
forearc of the Lesser Antilles Subduction Zone. Conductively cooling modelling cannot predict heat-
flow values which satisfactorily fit the measurements indicating that fluid-driven heat advection strongly
influences the heat transfer in the margin segments. This result is consistent with an increasing number
of recent studies, which conclude that the LASZ is extremely hydrated (e.g. Schlaphorst et al., 2016,
Paulatto et al., 2017, Cooper et al., 2020, Marcaillou et al., 2021). Moreover, the measurements and

models indicate that the fluid circulation varies along-strike, as discussed below.
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Upward warm fluid migration
Q>>Qc

Insulated Hydrothermal circulation

Martinique Profile A

1) : Downward flowing cold fluids

2) : Fluid expulsion by compaction

3) : Fluid production by metamorphism
4): Fluid expulsion by deserpentinization
5) : Upward flowing fluids

DF: Detachment Faults

TF:Tintamarre Faults

FZ: Fracture zone

BR: Barracuda Ridge

Sc: Subduction channel

Q: heat-flow

Qc: Conductive heat-flow

Mw: Mantle Wedge

Caq: Crustal aquifer

Upward warm fluid migration Downward cold fluid percolation
.Q>>Qc Q<«<Qc

Ventilated Hydrothermal circulation

Saint Martin Profile B

Crustal aquifer Accretionary prism
Oceanic crust Sediments
Mantle I Basement
Exhumed & hydrated mantle rocks
330
331 Figure 6: Interpretative sketches of the fluid circulation in the subduction for (4) an insulated hydrothermal

332 system in the Central Lesser Antilles, offshore of Martinique and (B) a ventilated hydrothermal system in the
333 Northern Lesser Antilles, offshore of Saint Martin. The structures are based on MCS profiles and Wide Angle
334 interpretations of (Laigle et al., 2013b, Kopp et al., 2011) for the Martinique profile, and (Boucard et al., 2021,
335 Marcaillou et al., 2021, Laurencin et al., 2018) for the Saint Martin profile (See section 2 for details).
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5.1 Central Lesser Antilles, offshore of Martinique

Along the Martinique profile, the heat flow is significantly higher than the conductive value in the
trench, decreasing regularly landward beneath the forearc. This behavior is typical of shallow
hydrothermal warming related to insulated circulation, as described for instance in Nankai (Spinelli &
Wang, 2008, Harris et al., 2017). In the Central Lesser Antilles, Boron isotope ratio indicates excess
dehydration, i.e. high rate of water released from the slab, at great depth beneath the volcanic arc (Cooper
et al., 2020). These authors thus confirm previous geophysical studies, which highlighted the strong
hydration of this subduction segment (Schlaphorst et al., 2016, Paulatto et al., 2017). They indicate that
the subduction of numerous deep large-scale oceanic transform fault zones and potentially exhumed
mantle rocks related to the slow-spreading Mid-Atlantic Ridge have the potential to supply substantial
volumes of fluid to the subduction. We propose that warm fluids, released at shallow depths by sediment
compaction and at greater depths by metamorphic dehydration and/or deserpentinization of exhumed
mantle rocks along major fracture zones (e.g. Marathon F.Z.), collected within the oceanic basement
aquifer and the interplate fault zone, migrate updip along the subduction interface and the shallow crustal
aquifer toward the trench, as exemplified in Chile by Moreno et al. (2014) and in Nankai by Spinelli &
Wang, (2008). The 2-to-3-km thick poorly-faulted sedimentary trench fill to the South of the Barracuda
Ridge, impedes cold seawater downward percolation into the trench, insulating the downgoing oceanic
plate. As a result, fluids updip migration warms up the subduction interface beneath the shallow portion
of the accretionary prism, the deformation front and the trench, increasing the heat-flow at the seafloor

(Figure 6A).

5.2 Northern Lesser Antilles, offshore of Saint Martin

Along the Saint Martin profile, the measured heat flow is significantly lower than the conductive
value in the trench and at the accretionary wedge. This behavior is typical in the presence of shallow
hydrothermal cooling and ventilated circulation, as described for instance in Costa-Rica (Harris &
Wang, 2002, Harris et al., 2010). In the trench, the subducting oceanic basement within the Jacksonville
patch consists of exhumed and hydrated mantle rocks deeply and pervasively fractured by widespread
detachment faults overlain with a fractured <500-m-thin sedimentary layers (Marcaillou et al., 2021).
These detachment faults, likely reactivated by plate bending, and the thin fractured sedimentary layers
favor downward cold seawater percolation and hydrothermal cooling in the trench. Outside the
Jacksonville patch, within the oceanic domain, a second heat-flow measurement (55mW/m?) is
consistent with an expected conductive heat-flow value. However, this region shows no evidence of
highly faulted sediment and oceanic basement as observed in the patch (Marcaillou et al., 2021). Thus,
it is likely that hydrothermal cooling maybe restricted to the extent of the Jacksonville patch in the
oceanic domain. However, this is based only on the 2 heat-flow values acquired inside and outside of
the patch respectively. In the forearc, the Tintamarre Fault deeply fractures the basement, while the 15-

20 Fracture Zone deeply fractures the subducting oceanic plate at greater depth beneath the forearc. The
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slab dehydration at depth, by sediment compaction, metamorphic reactions and deserpentinization of
basement and/or mantle rocks probably releases large amount of fluids into the interplate fault damaged
zone. We propose that the >100-km-long and 60-km-wide Tintamarre Fault Zone associated to intense
basal erosion (Boucard et al., 2021) offers efficient pathways for fluid upward migration up to the
seafloor where they create numerous possible pockmarks (Klingelhoefer et al., 2018). As a result,
downward percolation of cold seawater through reactivated detachment faults in the trench, and warm
fluid upward migration through major fault zones in the forearc are consistent with heat-flow
measurements respectively lower and higher than conductive value in this ventilated hydrothermal

system (Figure 6B).

6 Thermal structure and potential seismogenesis

The thermal structures for the Saint Martin and Martinique profile models, with and without heat
advection, show small variations in the location of the 100, 150, 350 and 450°C isotherms often
interpreted to be associated with the updip and downdip limit of seismogenic zones when located at

shallower depth than hydrated mantle wedge (e.g. Hyndman et al., 1995) (Table 1 and Figure 7).

When comparing the effect of advection vs conduction, offshore of Martinique, fluid updip migration
warms up a shallow section of the interplate contact, from 190 km to the trench, shifting the 150°C
isotherms seaward by 15 km. In contrast, this heat advection has no effect on the thermal structure of
the deepest part of the interplate contact, which is mostly controlled by the mantle wedge. Along the
Saint Martin profile, cold fluid downward percolation in the Jacksonville Patch cools down the
temperature of the frontal segment of the interplate contact and this cooling effect rapidly decreases
landward. As a result, the 100 and 150°C isotherms are shifted by 10 km by this hydrothermal cooling,
which has no impact on the location of the 350 and 450°C isotherms. The moderate effect of this
hydrothermal circulation onto the thermal structure is likely related to the old age of the oceanic plate
and the slow convergence rate. The age and convergence rate of the oceanic plate in the LA typically
generate cold subduction zone and thus reduce the influence of hydrothermal circulation onto the

thermal structure.

What is noteworthy are the significant distances from the trench of the 150°C and 350°C
temperatures on the interplate fault : they are both located beneath the inner forearc for the Saint Martin
profile and beneath the outer forearc for the Martinique profile. The distance between the 150°C and
350°C, often referred to as the minimum width of the thermally defined seismogenic zone, varies from
80 to 94 km for the Martinique profile, and from 80 to 72 km for the Saint Martin profile from the

conductive to the advective models.
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Figure 7: Thermal structure of the Lesser Antilles Margin at the latitude of Saint Martin (A, B) and Martinique
(C, D) predicted by the conductive models and the advective models (preferred models). The location of the 100,

150, 350 and 450°C isotherms are marked with vertical lines.

(A) Martinique Conductive Model Insulated Model
model

Isotherm Distance from Depth (km) | Distance from Depth (km)
deformation front (km) deformation front (km)

100°C 80 12 75 10

150°C 140 22 124 20

350°C 220 60 220 60

450°C 250 85 250 85

(B) Saint Conductive Model Insulated Model
Martin model

Isotherm Distance from Depth (km) | Distance from Depth (km)
deformation front (km) deformation front (km)

100°C 50 12 60 15

150°C 100 23 110 25

350°C 180 62 180 65

450°C 205 80 205 80

Table 1: Calculated depth and distance from the deformation front for isotherms 100°C, 150°C, 350°C and
450°C for the Martinique (4) and Saint Martin (B) models. These isotherms are commonly associated with the
updip and downdip limits for the thermally-defined seismogenic zone.
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Along the Martinique profile, temperatures of 150°C and 350°C reach depths of 20 km and 60 km
respectively on the interplate fault. The forearc Moho located at a shallower depth (28 km) than 350°C
would thus become the downdip limit of the potential seismogenic portion (Hyndman et al., 1997), with
a sharp reduction of the width to 36 km. On the Saint Martin Profile, a greater depth of 25 km for the
150°C marking the updip limit, and a shallower moho (25 km) appear to further reduce the potential
width of the seismogenic portion, making it potentially almost non-existent. In case of subducting
exhumed mantle patches within the slab’s crust outcropping along the plate interface, seismogenic width
will be even more reduced due to their expected serpentinization at those low temperatures. However,
we can still not quantify the degree of serpentinization of these mantle materials (wedge and slab’s crust)
along the interplate contact, and these new measurements and models of thermal structure provide up-
to-date estimations of temperatures along the megathrust fault. Moreover, up to Mw ~5 flat-thrust events
have been recorded at the depth of 40-45 km (Laigle et al., 2013), and up to 51 km (Bie et al., 2019) in
the Central Lesser Antilles, offshore Martinique. These events highlight a deep seismogenic zone which
appears to extend (or resume) beyond the intersection between the forearc moho and the interplate, but

raises question as to the nature of the subducting crust and/or the forearc mantle materials.

7 Relationship between temperature, fluids, and seismicity

We investigate the relationship between the thermal structure of the margin, fluid release, and the
location of intraslab, supraslab, and interplate seismicity (Figure 8). We put a particular emphasis on the
Martinique profile (Figure 8A) where 5.5-years-long OBS deployments provide us with numerous and
accurately relocated earthquakes (Laigle et al., 2013a). In contrast, the seismicity in the vicinity of the

Saint Martin profile is sparse and poorly located (Figure §B).
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Figure 8: Thermal structure of the LASZ with cross-sections of the hypocenters for earthquakes located
within 25 km on each side of the Martinique (4) and Saint Martin (B) profiles (see figure 2). The gray circles are
relocated earthquakes from OBS deployment (Laigle et al., 2013a) for the Martinique profile, and earthquakes
from USGS catalogue for Saint Martin profile. The blue focal mechanisms are thrust faults, and the red is a
relocated flat thrust event, while the yellow represents other focal mechanism from CMT catalogue. The black
thick line represent the top of the subducting slab, while the black dotted lines represent the Moho. The green
contour line marks the 600 °C isotherm usually considered as an averaged temperature for antigorite dehydration.
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7.1 Intraslab seismicity

At depth in subduction zones, the location of intraslab seismicity is mainly controlled by the
combined influence of pressure, temperature, slab bending stresses, and fluid release related to
dehydration reactions, in particular, crust eclogitisation and mantle deserpentinization (Kirby et al.,
1996; Hacker et al., 2003; Ferrand, 2019). Intraslab seismicity in the LASZ is distributed both within
the crust and the mantle of the slab. At the LASZ, numerous fracture zones and detachment faults deeply
incise the basement of the incoming oceanic plate, down to the mantle, likely favoring deep hydration
and serpentinization of mantle rocks before the trench (Cooper et al., 2020; Marcaillou et al., 2021).
These hydrated rocks are more stable at shallow depths and transport volatiles to dehydrate at greater
depths during deserpentinization reaction at temperatures greater than 450°C (Ulmer & Trommsdorff,
1995 and Van Keken et al., 2011; Ferrand, 2019; Bie et al., 2022). Since the composition of the
subducting oceanic crust of the slow-spreading mid-Atlantic ridge can vary from mid-oceanic basalt up
to serpentinized exhumed mantle, we report the slab’s top and moho on a phase diagram for
metamorphosed mid-oceanic ridge basalt (MORB) (e.g. Hacker, et al., 2003) and for hydrated mantle
materials (e.g. Wunder & Schreyer, 1997; Ulmer & Trommsdorff, 1995) (Figure 9A & B). We also
report on the thermal structure and seimicity cross-section (Figure 8 A) the main metamorphic facies of
the MORB phase diagram, as well as the 600 °C isotherm which could be used as a proxy of the

maximum temperature for antigorite stability (650°C).

Slab’s intracrustal seismicity in the LASZ is distributed between 35 and 165 km depth, which
corresponds to calculated temperature’s range of 240-625°C (Figure 8A). According to the PT path of
the slab’s top and moho, slab’s intracrustal seismicity at 70-80 km depth at 400-450°C could result from
dehydration reaction at the Blueschist-Eclogite transition. This depth is consistent with the downdip
extent of the low-Vp anomaly in the slab crust and the transition towards higher Vp interpreted to be the
result of crustal eclogitization (Paulatto et al., 2017). Fluids generated by dehydration reactions could
migrate upward into the mantle wedge and updip through the slab, driven by gradients in tectonic
stresses related to slab bending/unbending and densification (Faccenda et al., 2012; Paulatto et al.,
2017), induce hydrofracturing, and trigger earthquakes within the shallow slab crust at 35-70 km depth.
The oceanic crustal portions made of exhumed serpentinized peridotites is expected to dehydrate at
depths >130 km above 550°C, and also be responsible for fluids upward migration and associated
seismicity by dehydration embrittlement at these depths.

Within the slab mantle, the seismicity is aggregated in two main zones within a ~25-km-thick band
beneath the slab top, at 35-80 km and 140—-165 km depths, which correspond to calculated intraslab
temperature’s range of 250-450°C and 550-800°C respectively (Figure 8A). According to PT path of
the slab’s moho reported on the hydrated mantle phase diagram (Figure 9B), antigorite is expected to be
unstable from 140 km at 520°C and up to ~620°C within the slab mantle along the depth of 160 km.
Thus, we propose that the deeper intraslab seismicity zone located at 140—165 km depth, within the
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antigorite destabilization zone, is related to dehydration of serpentinized peridotite. This is consistent
with elevated Vp/Vs ratio observed at similar depth which is interpreted to correspond to peak water
release (Bie et al., 2022). For the shallower active zone within the slab mantle at 35-80 km depth, the
deepest events below the slab top close to the isotherms of >450-520°C could be associated to antigorite
destabilization process-related temperatures as proposed by Laigle et al., (2013a). The shallower events
within the 20 km thick mantle band below the slab top may be linked to other processes similar to the
reactivated faults of this slow-spreading oceanic lithosphere. The origin of the seismic activity located
in the footwall of the deep-rooted detachments faults at the Mid-Atlantic ridge down to ~10 km depth
(e.g. Parnell-Turner et al., 2017) is not yet really understood. However, their seismogenic potential might
persist even at those depths of 50 km, thanks to the still preserved thermal structure of the lithospheric

mantle.

7.2 Supraslab seismicity

Supraslab earthquakes, offshore of Martinique are aggregated in a cluster located at 30-60 km depth
in the mantle wedge, and extending up to 80 km arcward of the contact between the interplate and the
upper plate moho (Figure 1Figure 8A). The seismicity occurring above the slab at depths greater than
100 km may be interplate or slab crust/mantle events, and could be related to uncertainties of seismicity
location/ or slab geometry. The supraslab seismicity zone is distributed over isotherms between 200°C
and 800°C. At temperature below 450°C, antigorite is expected to be stable, and mantle rocks to undergo
serpentinization in the presence of fluid. Existing hypothesis for supraslab seismicity in the LASZ
suggests heterogeneous mantle wedge and upward fluid migration (Laigle et al., 2013a; Paulatto et al.,
2017). Our predicted temperature and depth of crustal eclogitization and fluid production at 70-80 km
supports this hypothesis for the earthquakes occurring at least ~50 km arcward of the mantle wedge
corner, at temperatures lower than 500°C. Beyond the 50 km distance, and between 500-800°C, we
propose that supraslab seismicity in this subduction zone could 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).

7.3 Interplate seismicity

Interplate seismicity is located at depth greater than 25 km, and distance greater than 160 km from
the deformation front (Figure 8A), and includes deep moderate size flat-thrust earthquakes between 40-
50 km depth and 190-200 km distance from the deformation front. This seismicity corresponds to
calculated temperatures ranging from 200°C and 450°C at the slab top, while the upper-plate Moho
intersects the subduction interface at ~28 km depth and temperature of ~210°C. The interplate
seismogenic zone thus extends downdip of the upper-plate Moho, consistently with other cold
subduction zones, e.g. Tohoku, where flat-thrust earthquakes are observed at similar depth in the Mantle

(Uchida & Matsuzawa, 2011). Thermal models predict a cold forearc mantle above the location of the
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Mw 5 flat-thrust event (Figure 8A), and downdip slab dehydration, with updip fluid migration into the
mantle wedge, favourable for serpentinization reaction to occur. This result suggests that dry peridotite
in the mantle is unlikely, rather, tilts towards existing hypothesis of chemical heterogeneity of the mantle
corner (Laigle et al., 2013a) as mechanism for this “deep flat-thrust” earthquakes. The interplate contact
beneath the forearc, from the trench to 110-125 km distance westward (Table 1), corresponds to
temperatures lower than 150°C, frequently considered as poorly, or conditionally favorable to stick-slip
behavior. Hence, temperatures lower than 100°C below the accretionary prism make seismic rupture up
to the trench very unlikely. Thus, the thermal models highlight a deep “thermally-defined seismogenic
zone” (i.e. 150° - 350°C temperature range), typical of cold subduction zones, associated with intense

fluid circulation from the subduction depth to the trench.

These features shed light on the mechanical conditions and the sliding behavior along the interplate
contact at the Lesser Antilles. Geodetic modelling predict very low interplate coupling (van Rijsingen
et al., 2021) consistent with scarce interplate thrust earthquakes mostly aggregated in two local clusters
(Hayes et al., 2013) (see details in §2.2). Intense fluid circulation, as suggested by the thermal models,
is able to increase the pore-fluid pressure, reducing the effective stress along the interplate contact
(Moreno et al., 2014). A heterogeneous reduction of this effective stress may generate an interplate
patchiness of contrasting frictional properties. Moreover, the rheology of low-temperature species of
serpentine minerals results in substantial weakening of serpentine-bearing faults and crustal rocks
formed and altered at tectonically-dominated slow-spreading segments ridges (eg. Escartin et al., 1997).
The ongoing subduction of tectonically-dominated oceanic patches, such as the Jacksonville patch
identified at the trench (Marcaillou et al., 2021), may also favor this heterogeneity in interplate frictional
properties. In subduction zones, the patchiness of contrasting frictional properties may impede large-
scale zones of full interplate coupling (Hirauchi et al., 2010), instead favoring a mix of stable and
unstable behaviors prone to triggering moderate-sized-Mw, slow-slip and/or very-low frequency

earthquakes (Saffer & Wallace, 2015), and increasing time return of large co-seismic rupture.
Conclusion

Thermal models of the Lesser Antilles Subduction Zone, based on heat-flow data recorded during
Antithesis 1 cruise (2013), show that fluid-driven heat advection strongly influences the heat transfer
across the margin. Moreover, variations in heat-flow anomalies, compared to the regional conductive

heat-flow, highlight the varying fluid flow pattern from ventilated to insulated circulation systems.

In the Central Lesser Antilles, offshore of Martinique, warm fluids released at depths in the
subduction zone migrate updip along the subduction interface generating hydrothermal warming in the
trench and at the margin front. The low level of fluid exchange with the water column is typical of
insulated systems. Contrastingly, in the Northern Lesser Antilles, offshore of Saint Martin, downward
percolation of cold fluids through crustal detachment faults in the trench triggers hydrothermal cooling

at the margin front, while warm fluid upward migration through major fault zones in the forearc
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generates hydrothermal warming in the margin. These interpreted vigorous fluid exchanges with the

water column are typical of ventilated systems.

Based on the model offshore Martinique, we show that intraslab, supraslab, and interplate seismicity
distribution has a close relationship with temperature-related dehydration reactions at depth in the
subduction. It is noteworthy that typical temperature and depth of eclogitisation and deserpentinisation
reactions correspond to intraslab and supraslab seismicity clusters. Consistently with previous tectonic
investigations, these thermal models confirm that the Northern Lesser Antilles is an end member
subduction zone where the subduction of oceanic transform fault zones and oceanic patches partly made
of exhumed and serpentinised mantle rocks deeply hydrate the subduction zone at depth. This “hyper-
hydration” likely explains the very low interplate coupling and the scarce large co-seismic ruptures,
possibly favoring alternate mode of sliding behavior, such as low velocity earthquakes, which are yet to
be investigated.
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Chapter 4

The tectonic impact of fluids and subducting ridges on the
Northern Lesser Antilles margin

In the previous chapter, we show the distinct nature of the oceanic crust that is entering the
subduction zone especially within the Northern Lesser Antilles. The crust, formed at slow-
spreading Mid-Atlantic Ridge likely possess patches of exhumed and hydrated mantle rocks.
As we discussed, the highly pervasive fractured oceanic basement that we imaged in the
Jacksonville Patch favours fluid percolation and serpentinization. Moreover, the 15-20 fracture
zone, which deeply incise the oceanic crust and favour mantle rock serpentinisation before
subduction, is located at depth beneath the inner forearc in this region. All these features are

likely to introduce a high volume of fluid into the subduction system.

Consistently, measured heat-flow values in the forearc off St Martin segment are too high to be
resolved with a thermal conductive model. These high values are most likely to be related to
fluids that invade the forearc and migrates through deep-rooted faults up to the seafloor, where
they percolate at numerous pockmarks and mud volcanoes. In addition, the topographic
Barracuda Ridge has been interacting with the northern margin and sweeping south since its

uplift.

Bearing all these tectonic features in mind for the northern Lesser Antilles margin, in this
chapter, we investigate the respective impacts of fluid upward migration and Barracuda Ridge
subduction onto the margin tectonic deformation. We use integrated MCS, high-resolution
seismic data and bathymetric data to interpret the tectonic evolution of this margin segment.
The results highlight a globally erosive margin segment, which has undergone minor and

temporary accretion phases that decrease northwards.

In the forearc, normal faults subparallel to the ridge characterize the southward sweeping
Barracuda Ridge, and highlights its possible initiation point beneath the forearc. Most of the
faults are deeply-rooted and fracture the basement, forming pathways for fluid migration up-to
the seafloor. Typical features in seismic lines, such as, deep penetrating fluid pipes and reverse
polarities attest for fluid accumulation and circulation. The fluid pipes rise up to the seafloor
where they coincide with locations of pockmarks and volcanoes observed on the bathymetry,
highlighting again, massive fluid occurrence in the NLA forearc margin. In addition, the fluid-

related features on the seafloor correspond with deeply fractured, eroded and subsiding forearc
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area. At last, we record widespread margin subsidence and basement thinning, which cannot be
accounted for by the displacements along the deeply-rooted faults. The rate of subsidence is

consistent with previous estimate to the north of our study area.

Following these observations, we propose that the Northern Lesser Antilles margin has
undergone long-term frontal and basal tectonic erosion dominated by the tectonic impact of
circulating fluids and more recently increased by the southward sweeping of the subducting

Barracuda Ridge.

Our results and the discussions in this chapter are presented in the form of a paper that is in

preparation and which will be submitted for publication shortly.
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Mechanism of tectonic erosion at the Northern Lesser
Antilles margin

1.0 Introduction

Subduction erosion occur at varying degrees in more than 55% of subduction zones along active
convergent margins worldwide (Stern, 2011; von Huene & Scholl, 1991; Clift & Vannucchi,
2004; Lallemand et al., 1994). This erosion could result from material removal at the margin
front (e.g. Ranero & Von Huene, 2000) and/or abrasion and hydrofracturing at the base of the
upper plate (e.g. Stern, 2011). The processes and rate of basal erosion cannot be observed
directly but can be inferred from geophysical and geological observations such as large-scale
forearc subsidence and associated basement thinning, and inland migration of the volcanic arc
(von Huene & Scholl, 1991; Scholl & Von Huene, 2009; Stern, 2011; Stern & Scholl, 2010;
Lallemand et al., 1994). At erosional margins, various features are likely to control the rate of
subduction erosion; 1/ high plate convergence rate (Clift & Vannucchi, 2004), 2/ subducting
plate rugosity, particularly when spiked with seamounts, ridges, and oceanic plateaus
(Dominguez et al., 2000) and/or covered with very thin sediment layer (Ranero and VonHuene,
2000), and 3/ Hydrofracturing by overpressured fluids (von Huene et al., 2004). These
overpressured fluids are present within the subduction interface. They penetrate the upper plate
fractures, causes hydrofracturing of the upper plate and separates fragments, which are
dislodged into the subduction channel (e.g. von Huene et al., 2004). This process leads to
erosion, subsidence, and upper plate thinning and faulting in response to elastic strain.
However, imaging the role of fluids in basal tectonic erosion remains challenging because of
the depth of subduction channels below the seafloor; as a result, seismic images of this erosion

remain scarce.

The Northern Lesser Antilles (NLA) forearc has undergone a complex tectonic history during
Cenozoic times (e.g. Laurencin et al., 2017 and reference herein). This evolution includes a
polyphased history of vertical motions (Philippon et al., 2020; Cornée et al., 2021), whose last
phase is a long-term subsidence possibly related to subduction erosion at the margin toe (De
Min et al., 2015; Boucard et al, 2021). Thus, the Northern Lesser Antilles Subduction Zone
(Figure 1) is a relevant region to study the causes and processes for margin erosion. The
subduction and southward sweeping of a sediment-starved and rough oceanic plate (Laurencin
et al., 2017) spiked with topographic ridges (Mccann & Sykes, 1984), incised with oceanic
Fractures Zones, locally consisting in serpentinized mantle rocks exhumed along detachment

fault lately reactivated in the trench (Marcaillou et al., 2022; Davy et al., 2020) favour hydration
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at subduction depths (Cooper et al., 2020), fluid upward circulation through the margin
(Ezenwaka et al., 2022) and basal hydrofracturing (Von Huene et al., 2004). Thus, the nature
and the pervasive fracturing of the subducting oceanic basement, the fluid circulations, the thin
sediment layer and the plate roughness provide favourable conditions for margin tectonic

erosion.

However, global compilations of subduction zones classified the entire Lesser Antilles margin
as accretionary (e.g. Clift & Vannucchi, 2004; Noda, 2016). These classifications were based
on geometry, tectonics and sedimentary features in the south of the Lesser Antilles margin
without considering the geodynamic processes that shape the margin from north to south. Here,
we use joint interpretation of recently collected high-resolution bathymetry and multi-channel
seismic profiles (MCS) north of the subducted Barracuda ridge to show that the Lesser Antilles

Margin is there erosive, and propose a mechanism for this tectonic erosion.
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Figure 1: Bathymetric map of the Northern Lesser Antilles subduction zone based on data
recorded during cruises Antithesis I, Il (Marcaillou & Klingelhoefer, 2013a, 2013b, 2016),
Sismantilles Il (Laigle et al., 2007), Manta-Ray (Klingelhoefer & Marcaillou, 2022), and
GEBCO 2014 dataset. The map shows the locations of the Multichannel Seismic as interpreted
in Laurencin et al., (2017) — Green lines, Boucard et al., (2021) — Blue lines, Laigle et al.,
(2013) — Black lines, and present study — Red lines. The locations of the Bunce Fault, the
Fifteen-Twenty and Jacksonville fracture zone (black dotted lines) are also shown on the map.
The yellow dotted ellipse is the location of the Jacksonville Patch. NAP: North American Plate;
SB: Sombrero Basin; MB: Malliwana Basin, BV: Barthelemy Valley, AV: Antigua Valley,
MAFZ: Marathon Fracture Zone. The black dots on the inset map are locations of identified
patches of tectonically-dominated oceanic fabrics (North - Marcaillou et al., (2021), Central —
Davy et al., 2020).
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2.0 Geological Settings

2.1 Geodynamic context of the Northern Lesser Antilles Margin
In the Lesser Antilles Subduction Zone (LASZ), the North and South American plates subduct
beneath the Caribbean plate at ~20mm/year in a ~S74°W direction (DeMets et al., 2010). The
margin has been bending in an eastward convex shape during the Bahamas Bank collision with
the Puerto-Rico trench since the Paleocene (Mann, 1999) (Figure 1). Since the end of the
Oligocene, the margin has recorded a counterclockwise rotation of 40° - 45° in the Puerto-Rico
to Northern Lesser Antilles block (Calais et al., 2016; Mann et al., 2005; Reid et al., 1991; Van
Fossen et al., 1989; Philippon et al., 2020 ; Montheil et al., 2023). This margin convex shape
results in an increasing convergence obliquity ranging from 0° - subduction normal to the
margin - offshore of Central Antilles to greater than 75° to the North of Virgin Islands. Farther
westward, from Hispaniola to Cuba, the subduction turns to collision and strike-slip
deformation (Mann & Burke, 1984). The convex shape result in a slab dip angle lower beneath
the Virgin Island Platform than beneath the central Antilles at distance from the trench lower
than 75 km (Laurencin et al., 2018), and likely impact tectonic deformation pattern and seismic

activity.

The Atlantic basement consists in patches of magmatic robust and tectonically dominated
oceanic crust related to the slow spreading Mid-Atlantic Ridge (Davy et al., 2020). The
subducting tectonically dominated Jacksonville patch, for instance, is partly made of hydrated
and serpentinised mantle rocks, exhumed along pervasive deep rooting detachment fault
reactivated in the trench (Marcaillou et al., 2021). Moreover, the oceanic basement is deeply
incised by numerous fracture zones, among which, the Fifteen-Twenty and Marathon Fracture
zones have been subducting and sweeping south underneath the margin for up to 10 and 30 Myr
respectively (Braszus et al., 2021, Mccann & Sykes, 1984), while the Jacksonville fracture zone
is located in the trench offshore the latitude of Barbuda in the NLA.

Convergence between the North and South American Plates successively resulted in the uplifts
of the Tiburon and the Barracuda Ridges (Muller & Smith, 1993; Muller et al., 1999). In the
trench, these uplifts likely occurred during the middle-Late Miocene and the Pleistocene
respectively (Pichot et al., 2012). Ongoing forearc crustal deformation imaged by MCS profiles
and topographic deformation in the Central Lesser Antilles margin indicate that the ridges have
subducted underneath the margin (Laigle et al., 2013b). These elongated topographic highs
impede the northward transport of sediments from the South American River sources to the

trench (Westbrook, 1982), resulting in a drastic decrease of oceanic sediment thickness
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(Laurencin et al., 2017). As a result, north of Barracuda Ridge, a rough seafloor spiked with

seamounts and N20°-trending elongated ridges related to the oceanic fabric subducts beneath

the margin, except within parts of the Jacksonville patch (Figure 1).
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Figure 2: Structural map of the Northern Lesser Antilles margin generated from the combined
interpretations of Laurencin et al., (2017; 2019), Boucard et al., (2021), Laigle et al., (2013),
and the present study. The blue lines show the trench perpendicular normal faults that bound
the V-shaped basins. The yellow lines are the en-echelon fault system that bound the Sombrero
and Malliwana basins within the Anegada Passage. The pink and orange lines that runs from
the north to latitude 18°N in the forearc are the Tintamarre faults that trends at N100°E and
NI20°E respectively. Black and Purple lines show the NI60°E - N110°E trending faults
respectively that rotates with the trend of the Barracuda ridge. The red stars represent the
extent of the imbricated backstop constrained by the MCS data. The blue ellipse show area with
basement highs, and fluid escape features on the seafloor.

The accretionary prism decreases from >150 km in the Central Antilles (Laigle et al., 2013b)
to ~30 km in the NLA (Laurencin et al., 2019). In the NLA, the landward extent of the prism
northwest of -61°W corresponds to the location of the Bunce Fault which extends over ~850
km from Puerto Rico up to north of the Anegada passage, highlighting the increase in plate
obliquity and strain partitioning (Laurencin et al., 2019). The outer forearc consists in ~4.5 km

deep flat Sombrero and Malliwana basins bounded by en-echelon fault systems in the Anegada
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passage (Laurencin et al., 2017), and N140°E — N170°E trending lineaments in a more elevated
seafloor southeast of the basins (Dark green lines in Fig 2) (Boucard et al., 2021). Further south,
the outer forearc is a transition zone towards the accretionary prism made of imbricated and
underplated materials or damaged upper plate igneous basement covered with thinner forearc
sedimentary deposits (Bangs et al., 2003; Laigle et al., 2013; Evain et al., 2013). From the
Anegada passage to the Karukera Spur, the inner forearc domain is dominated by V-shaped
basins and spurs bounded by trench perpendicular linear faults (Boucard et al., 2021) (blue lines
in Figure 2). The opening of these V-shaped basins and the Sombrero and Malliwana basins are
interpreted to be due to an N-S to NW-SW extension at Oligocene to Mid-Miocene (Boucard
et al., 2021; Laurencin et al., 2017; Legendre et al., 2018), related to the margin convex bending
and counterclockwise block rotations (Jany et al., 1990; Masson & Scanlon, 1991; Philippon et
al., 2020; Montheil et al., 2023). The V-shaped basins in the NLA forearc is fractured by trench-
normal, deeply-rooted Tintamarre Faults associated with a major basement thinning and forearc

extension and subsidence in the Mid-Miocene (Boucard et al., 2021).

2.2 Stratigraphic and faulting context of the NLA Margin
Previous stratigraphic studies located to the northwest of the Antigua Valley (Figure 1) indicate
that the forearc sedimentary layer consists of four main sedimentary units lying unconformably
above the basement (Laurencin et al., 2017; Boucard et al., 2021). The complete series are best
preserved within the forearc basins where they are the thickest. The deepest two units are faulted
by the deeply rooted trench perpendicular faults that bound the V-shaped basins, and are
separated from the overlying two shallow units (Boucard et al., 2021) by a regional late Eocene
unconformity (Philippon et al., 2020; Cornée et al., 2021). Above the unconformity, the shallow
units are less deformed by the trench perpendicular faults, and hence seal off these faults.
However, the deep trench parallel Tintamarre Faults offset the seafloor and the trench
perpendicular faults (Boucard et al., 2021). The stratigraphic succession in the NLA forearc has
led to the interpretation of two tectonic extensional phases (Oligocene — earliest Middle
Miocene and Middle Miocene — Recent respectively), separated by a regional emersion during

the earliest middle Miocene (e.g. Cornée et al., 2021; Boucard et al., 2021).

3.0 Data Acquisition and Analysis

The multichannel seismic (MCS) includes low frequency and high-resolution reflection lines
acquired during the ANTITHESIS 3, and MANTA-RAY oceanographic cruises. The MCS
acquisition parameters are shown in the supplementary material. In this study, we present ten

of the MCS lines acquired along the Antigua Valley to north of the Barracuda ridge, which
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complete the uninterpreted portion of the forearc domain in the Northern Lesser Antilles. Six
of the MCS lines are low frequency dip lines (Ant 43, 47, 54, 45, 52, 49), three are high-
resolution dip lines (MTYHR38, 39, 40), while one is a strike line (Ant 48) that intersects six
of the dip lines (Figure 1). The MCS data quality control and processing were performed on-
board and post-cruise using the Ifremer SolidQC and CGG GEOVATION software

respectively. The data processing workflow is shown in the supplementary material.

In addition, we combined other structural interpretations from low frequency MCS line (Laigle
et al., 2013b — black lines in Figure 1, Laurencin et al., 2017; 2019 — green lines, and Boucard
et al., 2021 — blue lines), acquired during the SISMANTILLES 2, and ANTITHESIS 1 & 3

surveys respectively.

The multibeam bathymetric data were also acquired during the Antithesis and Sismantilles
projects, and complemented with recent data from the Manta-Ray campaign. We calculate
digital elevation models at 100 and 50-m grid, and process the data using Caraibes and Globe
software. Further processing was done using QGIS software to produce high-resolution maps
that aided the interpretation of seafloor outcropping structures, which we correlate to the

seismic interpretations.

4.0 Results

Our descriptions are based on along-dip and along-strike seismic lines, and the newly completed

bathymetric data that extends from the latitude of Antigua to the Barracuda ridge.

4.1 Seismic stratigraphic units
In the study area, four units U1 to U4, separated by three unconformities, UB1 to UB3 (Figure
3 and supplementary material), show amplitude, frequency, continuity and geometric features
closely consistent with those observed farther north along St Barthelemy Valley (see description

in Boucard et al., 2021, § 4.3.3). In the following, we synthesize this description.

Ul lies unconformably above UBO, the top of the forearc basement, and covers the entire
basement unit. Along strike, from the northern flank of the Barracuda Ridge to the north of
Antigua valley, U1 thickness is ~ 0.9-1.1 stwt in the inner forearc and at least halfway through
the outer forearc (MTYHR38 CDP 5500-7000 in Figure 6), and then decreases to ~ 0.5 stwt
close to the accretionary prism (Ant43 CDP 2500-4000 in figure 3). However, U1 is thinner (~
0.2 stwt) where upper plate basement highs are present (Ant54 CDP 7800-8500 in the

supplementary material).
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Figure 3: Stratigraphic and structural interpretation
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in the supplementary material. D — Decollement, Sf —
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show the location of the MCS lines (thick red line).

See Fig 2 for map legends.
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U2 overlies Ul unconformably, both units being separated by the discontinuity UB1. At the top
of Unit U2, discontinuity UB2 truncates the uppermost reflectors of U2. UB2 appears as a high
amplitude reflector that occurs regionally through the study area. U2 has a subunit U2a and is
thickest in the Antigua Valley with up to 0.8 stwt thickness (Ant 45 CDP 12600 — 13000). It

decreases drastically to ~ 0.4 stwt elsewhere.

Unit U3 shows high frequency and average amplitude reflectors downlapping onto the UB2
boundary. The youngest unit U4 conformably overlies this unit, with the UB3 boundary
separating them. Reflectors of U4 units are rectilinear, sub-parallel and poorly deformed,
especially within the Antigua valley where they are less faulted. In the forearc, unit U3 and U4
show similar structural patterns where they are cut by normal faults and graben structures
(Figure 3 and 5). The two units are consistent throughout the study zone, but vary slightly in

thickness from one place to another.

4.2 Tectonic features of NLA margin
We describe the tectonic features of the NLA from the trench to the inner forearc based on MCS
lines and bathymetric data acquired from the Jacksonville patch to the subducting Barracuda
ridge. We correlate these descriptions to the published lines in Boucard et al., (2021) and

(Laurencin et al., 2019) to discuss the mechanism of subduction erosion in the NLA.

4.2.1 The Downgoing Plate
The top of the dowgoing oceanic crust show low frequency, and strong amplitude reflectors
truncated by normal faults to form horst and graben structures (Figure 4). These reflectors are
consistently visible beneath the prism and gradually fades away beneath the outer forearc.
Within the oceanic Jacksonville patch, southeast of longitude — 61°E, seismic reflections on dip
lines show high amplitude reflector sequences that dip from the top of the crust to ~5 stwt below
the seafloor (Figure 4 and other lines in supplementary materials). These reflectors, described
as widespread ridgeward dipping detachment faults, formed at the Mid Atlantic Ridge, and
reactivated during the plate bending (Marcaillou et al., 2021) extend beneath the margin at least
to ~10 km distance from the deformation front and likely farther. To the North and the South
of the Jacksonville patch, the bathymetric map shows the oceanic fabric: elongated ~N20°-
trending topographic ridges and broad topograghic highs up-to ~1500m higher than
surrounding seafloor bathymetry. Seafloor morphology west of longitude -61°E also reveals
typical parallel margin plate bending faults that are locally associated to the Jacksonville

fracture zone, that lie almost parallel to the trench at this location. In contrast, the oceanic fabric
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disappears after the western boundary of the Jacksonville Patch where the seafloor is relatively

smooth and even (Figure 1).

At the trench, the oceanic crust is covered by medium to high amplitude, sub parallel reflectors
that represent thin sediment units, with a thickness that varies from ~0.3 km in AntO1
(Laurencin et al., 2019) where they are thinnest, to ~0.5 km in Ant45 where they are thickest.
They are cut across by east and west dipping faults that penetrate the basement. In the
Jacksonville patch, these faults slightly offset the seafloor and the trench-sediment reflectors.
However, northwest of the Jacksonville patch, the trench sediment-fill reflectors appear to be
deformed and terminate against oceanic crust reliefs that correspond to graben structures,

creating a rough seafloor (see Ant01 in Laurencin et al., 2019).

The high-amplitude reflectors for the Decollement level and the Top of the Oceanic Crust
encompass deformed stratified reflector sequences of the subduction channel (Figure 3 and
supplementary material). These reflectors extend from the trench to beneath the outer forearc
and are poorly resolved at greater depth. Normal faults locally offset these decollement
reflectors and form grabens. The reflector of the decollement level shows reversed polarity
compared to seafloor reflector as described in section 4.3. At the deformation front, and beneath
the prism, the separation between the reflector of the interplate thrust and the top of the oceanic
crust (subduction channel) maintain an almost equal twt thickness except inside the grabens
where they are thickest. However, northwest of longitude - 61°E, these reflectors appear
variable and disorganized especially due to the topography of the subducting crust at this

location.

4.2.2 The Frontal prism
In the prism, MCS lines show low amplitude landward-dipping reflectors that correspond with
bathymetric lineaments sub-parallel to the trench (Light green lines in Figure 2), representing
thrusts typical of frontal accretionary systems. Along every MCS line from Ant01 to Ant43, the
prism extends from the trench to the Bunce fault (see lines in (Laurencin et al., (2019), Boucard
et al., (2021) and Figure 04). To the South of line Ant43, the Bunce fault progressively
anastomoses in a diffuse strike-slip fault zone in the prism (Ant54 in Figure 4). Further south,
the margin backstop separates the frontal accretionary prism from the margin basement and
forearc basin imaged by typical reflection, such as prominent unconformity UBO for instance

(Ant45, 52, and 49 in Figure 3 and 4, and other lines in the supplementary material).

The seismic and bathymetric data consistently image a southward growing prism from line

Ant01 where it is the narrowest (17 km between CDP 3800 — 5400) to line Ant06 (~30 km
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between CDP 700 — 3300) (See lines in Laurencin et al., 2019). Immediately north of the
Barracuda ridge, the prism is ~21 km at line Ant49 (CDP 6000 — 7800) (Figure 4), however,

south of the ridge, the width of the prism increases steadily to more than a factor of three.

[__F | [ [oP] T Jod [ F | IP | op | T oD |
sw NE sw NE

Figure 4: Three-dimensional seismic bathymetry view of
the prism for lines Ant43, 54, 52 and 49 from North to
South of the study area. OD: Oceanic domain, T:
Trench, OP: Outer prism, IP: Inner prism, F: Forearc,
And RDR: Ridgeward dipping reflectors interpreted as
widespread detachment faults formed at the slow-
spreading mid-Atlantic ridge (Marcaillou et al., 2021).
The location of the MCS lines is shown in the inset map
as thick red lines.

Southeast of longitude -61°W, both the seismic reflections and bathymetric features separate
the NLA prism into an inner and outer zone (Figure 4). Northwest of this longitude, only the
inner zone appears to be visible (see Ant01 and 06 in Laurencin et al., 2019). The outer part

consists of small sets of subparallel reflections separated by planes of closely spaced landward
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dipping reflectors that drape from the seafloor to the decollement. This zone varies in distance
from few kilometres to ~10 km. The inner part is relatively less reflective but also consist of
planes of landward dipping reflectors that are largely spaced. They vary in distance from few
kilometres to ~20 km. The thickness of the landward boundary of the prism varies from ~2.5 —
3.0 stwt in all the seismic lines. On the seafloor, the topography of the prism nearly follows the
horst and graben structures of the downgoing plate. The decollement level that bounds the base
of the prism appears almost at the top of the sediment pile on the oceanic plate up to the trench,
and less than half of the sediments in the trench appears to be accreted to the margin. Thus, the
prism shows very narrow thrusts in the frontal part, and small imbricate stacks of sediment

scrapped off the incoming trench sequence that decreases progressively northwards.

4.2.3 The Inner and Outer Forearc structures
Joint interpretation of MCS lines and high-resolution bathymetry of the NLA forearc within
our study area capture series of sea-bottom scalps, and faults identified on the seismic section.
They include sea-bottom lineaments, deep-rooted extensional faults, series of basement highs

and mound-like seafloor morphologies (Figure 5 and 6).

Trenchward, from 18.2°N to the Barracuda Ridge, the outer forearc is characterized by a set of
N140° - 170°E trending sigmoid seafloor lineament series, that rotates to a N — S trending series
to the south of the Barracuda Ridge (Ant52 at CDP 4500-6200 in Figure 5 and dark green lines
in Figure 2). Between the inner and outer forearc, the N120°E Tintamarre Faults (orange lines
in Figure 2) described in Boucard et al., (2021), terminates into a set of N160°E normal faults
(black lines in Figure 2). South of the Tintamarre Faults (orange lines), the N160°E faults rotate
to a N110°E faults (purple lines in Figure 2) subparallel to parallel to the Barracuda ridge
through the outer forearc and the prism. These N110°E faults intersect the N — S lineament
series in the outer forearc, separating a less rough seafloor morphology north of the Barracuda
ridge with a very rough seafloor south of the ridge (Figure 1 & 2). On the seismic sections,
these normal faults dip in both seaward and landward directions, and cuts through the seafloor,
forming series of closely spaced grabens and half grabens (Figure 5 and line MTYHRA4O0 in the
supplementary materials). Displacement of seismic reflectors along these normal faults where
they are largest reach ~0.18 stwt, for instance at CDP 7000 in MTYHR40 (supplementary

material).
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Figure 5: 3-D seismic bathymetric view of the
forearc along dip lines Ant47, 45, 52, 54, and
MTYHR38. The NI60°E - NI1I0°E normal
extensional faults show collapse of the seafloor,
and form graben and half graben structures.
The black arrow on MTYHR3S8 show fluid
escape pathway to the seafloor. All the MCS
profiles are located in a NE — SW direction from
the trench. The inset map shows the exact
segment of the shown profiles (thick red). See fig
2 for map legends.
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The high amplitude and low frequency reflector of the top of the margin basement divides the
sedimentary units from the low frequency, low amplitude, and chaotic reflections of the margin
basement. The basement topography dips trench-wards, with the basement crust thinning in
this same direction. The basement shows prominent topographic highs. In line 45, moderate
basement high apexes are located at CDP 8600, 10000 and 11500 (Figure 5). In line Ant54
(Figure 5) and Ant48, the basement culminates at 3,750 m dominating the inner forearc close
to the Antigua Valley (Figure 2 and Ant54 CDP 7700-8600 in Figure 5). These uplifts could be
a part of the Antigua spur separated by the trench perpendicular extensions. The N160°-110°E
normal faults fracture this basement high, where we observe mud volcanoes and pockmark at
the seafloor (Figure 6 and line MTYHR38 in Figure 5). The top of the basement is at 9.5 stwt
(for instance CDP 8000-8500 in Ant45) at the deepest and 5.3 stwt (CDP 1-100 in Ant47) at
the shallowest. Seaward, the upper plate basement terminates at the backstop’s seaward edge,
and the contact between the backstop and the prism is detectable by the sharp downward
deflection of reflectors from the top of the upper plate basement, the abrupt change in stacking

velocity, or the strike slip Bunce fault (Figure 3 and supplementary material).

4.3 Fluid Indicators from Acoustic Anomalies
We present in this section, series of acoustic anomalies from the seismic data that show
evidence of fluid occurrence up to the seafloor (Figure 6). These includes low amplitude

transparent zones, discontinuous reflections, and high amplitude-reverse polarity reflections.

MCS lines in the study zone show striking features of low amplitude transparent and
discontinuous reflections that form acoustic pipe structures (fluid pipes). At least three of these
fluid pipes were observed between the inner and outer forearc, with acoustic masking zones at
the base (Figure 6a and b). The fluid pipes extend from 9 — 9.5 stwt depth in the margin
basement up to the seafloor (Figure 6a and Figure 5 at CDP 4800 in line MTYHR38). They
thus have a vertical length of 2.7 — 3.5 stwt, ~3.3 — ~4.3 km considering our velocity model. On
the seafloor, the upper limits of these fluid pipes correspond with pockmarks and volcano-shape
domes that we observe on the bathymetric map, which dominate this region of the forearc

(brown arrows in Figure 6c¢).
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Figure 6: Acoustic anomalies observed on MCS data as indicators of fluid occurrence. (a) Fluid
pipes rising up to the seafloor to form pockmarks and mud volcanoes. The red arrows show
tilted bright amplitude reflectors with reversed polarity and high RMS amplitude close to deep-
rooted faults. (b) Acoustic masking zones below the fluid pipes. The black zig-zag arrows
represent fluid migration pathways. (c) Slope map of the bathymetry showing areas with domes
and V-shape depression on the seafloor consistent with the MCS data (circular shapes pointed

by the brown arrows). Similar features are also observed in the surrounding area on the
bathymetric map.
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Figure 7: Bright amplitude reversed polarity reflectors
observed along (a) the decollement reflector and (b) at
shallow layers along N160° - N110° normal faults that '_"':::' ; i
form grabens and half grabens (indicated by the white ellipses). The black bxes in A represent
the positions of the closed-up views shown in I, II, III, and IV. (I) show the polarity of the
seafloor, while (II, III, and IV) show the polarity at several positions along the interplate, which
is different from the observed seafloor polarity. The inset map indicates the position of the

shown portions on line Ant45.

Another striking feature observed in the seismic data is the presence of high amplitude
anomalous reflections, which may not be related to stratigraphic layers. These reflectors have
reversed polarity compared to the seafloor. They are present in the decollement at shallow
depths below the accretionary prism, as well as at greater depth close to the top of the oceanic

crust (Figure 7a). It was difficult there to locate the decollement reflection, but this reverse
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polarity clearly indicates the negative impedance contrast associated to subducting sediments
that have lower velocities and densities than the overlying crustal material of the forearc crust.
Fluid-rich sediments of the decollement have particularly low-impedance values responsible
for this clear negative reflection polarity (e.g. Bangs et al., 2015). We also observe such reverse
polarity reflections within the forearc sedimentary units at deep stratigraphic layers, and at
depth close to the planes of deep-rooted faults as tilted reflectors (red arrows in Figure 6a).
They also occur close to normal faults that form graben and half graben structures within the
shallow units (white ellipses in Figure 7b). The tilted reflectors with reversed polarity at depth
close to planes of deep-rooted faults sometimes occur directly below the pockmarks and
volcanic-shape domes on the seafloor (Figure 6), while the reverse polarity reflectors in the
shallow units (Figure 7b) also occur closely below the location of the decollement reflectors at

depth with reversed polarity.

5.0 Discussions

5.1 The NLA trench and the Frontal prism deformations
In the NLA, the dominant tectonic regime at the margin front varies from South to North. Along
the trench segment running from the Barracuda Ridge northern flank up-to the Jacksonville
patch north-western end, a moderate thickness of trench sediment and a relatively smooth
oceanic basement favour accretion of thin sediment layers along closely-spaced en-serie thrusts
(OP in Figure 4). This short frontal accretion is visible from dip-line K in Laigle et al., (2013)
to line Ant43. Farther north, the decreasing sediment thickness and the rougher seafloor spiked
with seamounts and elongated ridges generate an irregular tectonic regime with numerous
evidences of frontal erosion. Locally, small-scale accumulation of sediment in the trench
triggers an accretion phase, which is likely to be transient. As a result, to the North of the
Barracuda Ridge, the prism records decreasing frontal accretion and increasingly dominating

erosion that is controlled by variation in the dominant tectonic regime.

In contrast, to the Central and Southern Lesser Antilles, where long-term accretion has resulted
in voluminous accretionary prism, ~150 km-wide and up to 10-km-thick between the Barracuda
and Tiburon Ridges (Laigle et al., 2013; Bangs et al., 1990) and up-to ~300-400-km-wide and
~12-18-km-thick to the South of the Tiburon Rise (Westbrook et al., 1988). This variation in
the LA prism is largely attributed to the effect of the topographic ridges (Barracuda and Tiburon
ridges) that developed during the Miocene and Pleistocene respectively (Pichot et al., 2012),
and the uneven supply of sediments from south to north, which also has an influence on the

topographic reliefs that is exposed on the subducting oceanic crust. The variation may also be
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related to the collision of the Bahamas Bank from the Eocene (Mann, 1999; Legendre et al.,
2018), since rocks of the accretionary prism, dated to the Cretaceous has been found in the
Dominican Republic (Goncalves et al., 2015) and in Cuba (Hinsbergen et al., 2009). It is likely
that this collision destroyed the prism north of Cuba and Hispaniola, and possibly impacted the
prism size farther east in the NLA.

Thus, we propose that the accretionary prism north of the Barracuda Ridge in the LASZ is likely
eroding diachronously since the Eocene. The collision of the Bahamas Bank on the northern
Caribbean margin in the Eocene (Mann, 1999) led to frontal erosion of the accretionary prism
in the Greater Antilles and frontal erosion in the NLA. Prior to this time, sediment supply
sources were likely from the Venezuela and Guyana Plateau in the south (e.g. (Wright, 1984;
Xie et al., 2010), and the supply of terrigenous sediments, precisely through the Orinoco and
Amazonian Rivers has remained consistent. As at Miocene, the Tiburon Rise, followed by the
Barracuda Ridge in Early Pleistocene uplifted, and has been sweeping south beneath the margin
(Pichot et al., 2012). These two topographic highs may have been eroding the deformation front
since their subduction. Evidence of topographic highs locally causing frontal erosion has been
documented along the Middle American convergent margin (e.g. Ranero & Von Huene, 2000),
and in Costa Rica (e.g. von Huene et al., 2004). Moreover, the relief of these ridges forms
barrier to the propagation of sediments (Westbrook, 1982), giving rise to the deflection of
bottom currents (Deville et al., 2015), and reducing the rate of sediment supply northwards.
This uneven distribution of sediments from south to north is consistent with the current oceanic
and trench sediment fill in the LASZ. Thus, in the southern LA, thick sediment-fill in the trench
up-to 10km smooths the rough topography of the subducting oceanic lithosphere and favours
development of wide and thick accretionary prism (Westbrook, 1982), while thin to very thin
trench-fill-sediments < 0.3km in the north is not enough to smooth the subducting lithosphere

and favours erosion.
5.2 The forearc slope and taper angle

The study of forearc geometries has been used to infer tectonic erosion in other subduction
zones (e.g. Clift & Vannucchi, 2004; Noda, 2016; Kopp et al., 2006). These studies have shown
that at subduction zones undergoing tectonic erosion, the outer wedge slope and taper angles

are high, usually >3° and >10° respectively.

Using the method described in Noda, (2016), we calculate the outer wedge slope angle based

on bathymetric tracks along our trench-normal MCS lines (Figure 8). The calculated slope angle
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for each line is an average value of the inner and middle prism, which constitute the outer
wedge. We record values of the slope angles that vary with an increasing slope trend from south
to north of the study area from an average of 3.25° in B consisting of the inner and outer prism
to 4.04° in A consisting of only the inner prism (Figure 8). However, we estimate an average
value of slope angle of 3.65° to represent an overall trend of the outer wedge slope in the NLA.
Thus, with an average dip of ~ 8° for the oceanic crust beneath the prism at less than 50 km
distance from the trench (Laurencin et al., 2018), we calculate a taper of ~ 11.65° for the NLA

wedge.

These calculated values for the forearc slope angle and the taper are rather low, but lie within
estimated ranges for erosive margins (e.g. Clift & Vannucchi, 2004; Noda, 2016). The values
differ from those measured along the southern LA where the trench sediment-fill is thicker and
the accretionary wedge longer (e.g. Clift and Vannucchi, 2004) indicating that the entire margin
cannot be considered accretionary anymore. In contrast our data shows that there is a variation

from north to south of the LA margin, and the margin is dominantly erosive in the NLA.
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Figure 8: Display of bathymetric tracks in the NLA margin across dip MCS profiles from the
oceanic domain to 50 km distance from the deformation front. The forearc slope angle
calculated here is the average value of slope angles of the frontal and middle prism. The dots
on the bathymetric tracks are points used in the calculation. DF- Deformation front. See the
location of the MCS lines in Figure 1.
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5.3 Margin subsidence and forearc crustal thinning

As shown in previous studies (e.g. Boucard et al., 2021; Cornée et al., 2021), the rate of forearc
subsidence have been estimated to be up to 0.34 mm/yr since the middle Miocene ~16Ma. This
estimation is based on the current depth of the earliest Mid-Miocene sub-aerial unconformity
UB2, which occurs at up to 7stwt in dip seismic reflection lines located west of Longitude —
61°W. To the south of this longitude and as far south as the Barracuda Ridge, we observe similar
unconformity UB2 surface on trench-normal seismic lines (Figure 3 and supplementary
material). This surface occurs even at greater depth of up to 7.5stwt, and increases progressively
to 8stwt along the trenchward tilted segment of the margin (From CDP 3000 to 4000 in line
Ant43 for instance - Figure 3 and supplementary material). The unconformity can be traced
from the inner forearc to the backstop. Considering P wave velocity Vp of 1.7 to 2.5 km/s in
the sedimentary column, we can estimate a maximum forearc subsidence of 0.44 mm/yr where
UB2 is the deepest (8 stwt), close to the Barracuda Ridge trailing flank. We propose that the
southward sweeping of the barracuda topographic high locally increases the regional margin
basal erosion along the N110°E normal faults segments (Ant45 in Figure 5 and MTYHRA40 in
the supplementary material). Therefore, this local increase in subsidence maybe associated to
the subducting impact of the Ridge at this location. These observations therefore suggests
increasing widespread margin subsidence that affects thousands of square kilometres of the
NLA margin, similar to those observed in the central (De Min et al., 2015; Leclerc et al., 2014;
Leclerc & Feuillet, 2019), and PRVI margins (Grindlay et al., 2005).

At convergent margins, forearc subsidence can result from several phenomena, such as, crustal
thinning by forearc extension, basal erosion, or changes in slab dip (Noda, 2016; Karig et al.,
1979). The extensional faults including the Tintamarre Faults (Boucard et al., 2021), and the
NI110°E - N160°E faults that cuts through the margin forearc likely accommodates extension
due to subsidence of the margin. The Tintamarre Faults are oriented parallel to the trench and
are generated by trench perpendicular extensions (Boucard et al., 2021). On the other hand, the
NI110°E - N160°E faults rotate southward from nearly parallel to the trench (N160°E) in the
Barbuda Valley to oblique to the trench, and sub-parallel to the Barracuda Ridge (N110°E)
along its trailing flank. These faults thus likely rotated to accommodate the oblique subduction
and southward sweeping of the Barracuda ridge (Figure 2 & 6). Like the Tintamarre Faults,
they offset the seafloor, cutting through the recent sedimentary units. Moreover, they form
series of grabens and half grabens with tilted fault walls, likely generated in the wake of the

subduction of the topographic ridge bounded by the 15-20 fracture zone. A significant feature
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of these forearc extensional faults in the NLA margin is that they are associated with a major
crustal thinning (Figure 6 and supplementary material). North of longitude -61°W, basement
thinning along the Tintamarre fault zone is estimated to be up to 50% locally (Boucard et al.,
2021). We estimate similar values (~48 — 50%), for instance in Ant45 between CDP 7800 -
9800, and Ant52 between CDP 1 — 2800, along the zones of the N110°E - N160°E faults.
Displacement along these major faults is calculated to vary between ~ 0.15 to ~ 0.68 km where
they are highest (for instance at CDP 7000 - 8000 in MTYHR40), while the unconformity UB2
surface, deposited in Mid-Miocence ~ 16Ma (Bourcard et al., 2021) is currently at the depth of
~ 7 km. Thus, the displacement along these faults is not enough to account for the degree of

subsidence and basement thinning that occur throughout the NLA forearc margin.

In subduction margins where the finite displacement of normal, extensional faults and
associated crustal thinning cannot account for the measured forearc subsidence, it is likened to
an erosive margin, for example, in the Japan outer forearc (Von Huene & Lallemand, 1990;
Boston et al., 2017). Studies on the processes that result to the large-scale, long-term margin
subsidence in the LASZ suggests tectonic erosion (e.g. De Min et al., 2015; Boucard et al.,
2021) and slab rollback on the basis of GNSS data (e.g. van Rijsingen et al., 2022). As a result,
at a regional scale, several mechanisms may be responsible for the LA margin subsidence,

which is likely increased in the NLA because of subduction basal erosion.

5.4 Fluid migration
Both the seismic and bathymetric data within the study zone show evidence of fluid presence
at different structural levels and active faults from the plate interface, through the overriding
plate up-to the seafloor (Figure 6). The upward flow of fluids in seismic data is characterized
by the presence of shallow outcropping conduits, which are imaged as sub-vertical, circular,
and narrow acoustic masking zones occurring as acoustic-pipe-structures (e.g. Saritas et al.,
2018; Andreassen et al., 2007; Hustoft et al., 2007). These fluid pipes have a direct relationship
with the formation of mud volcanoes/ or pockmarks on the seafloor. While pockmarks occur as
V-shaped depression structures (e.g. Judd & Hovland, 2007), mud volcanoes appear in the form
of positive domed structures due to the upward migration of low-density materials (e.g. Saritas
et al., 2018). In addition, the high amplitude, reversed polarity reflectors observed close to the
normal faults that dominate this margin (Figure 7b) likely show presence of fluids along the
fault planes. Moreover, previous studies based on wide-angle derived velocity anomaly

(Klingelhoefer et al., 2018), and positive thermal anomaly (Ezenwaka et al., 2022) within the
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forearc ~70 km northwest of this zone also suggested warm fluid upward migration through

these faults, up-to the seafloor.

The reflector of the decollement level has high amplitude and reverse polarity (Figure 7a)
indicative of fluids from sediments accumulated within the subduction channel (Bangs et al.,
2015). Studies has shown that high porosity and high fluid content can be maintained along the
fault if there is delayed consolidation of the fault zone, and subducting sediments beneath the

fault zone (e.g. Bangs et al., 2014; 2010; Tobin & Saffer, 2009; Sage et al., 2006).

The reverse polarity for the decollement reflector discontinuously extends beneath the outer
forearc ~70 km from the trench possibly due to subducting sediment compaction and decreasing
fluid content. It is unlikely that the subducting sediment compaction is the only source of fluids,
which migrate through the margin pathways system. Moreover, the structures observed in the
seismic and bathymetric data that support upward fluid migration occur in the outer forearc, at
least > 100 km from the deformation front. Based on thermal models of the NLA subduction
margin, Ezenwaka et al., (2022) predicts that the subducted sediments will reach 150°C,
consistent with the thermal limit for driving clay mineral dehydration (Moore & Saffer, 2001),
at the depth of 25 km and distance of 110 km from the deformation front. They also predicted
the dehydration of the slab at 70 - 80 km depth for metamorphosed Mid-oceanic ridge basalt,
and 140 — 160 km for seperntinized-exhumed mantle. It is thus likely that a combination of
fluids released at several depths by deserpentination, eclogitization, and clay mineral
compaction and dehydration collectively contribute to the hydration of the margin depth and

fluid upward percolation system.
5.5 Link between the fluids and forearc tectonic deformations

Various seismic lines show basement highs covered by thin and deformed sediments (Ant48,
54 and MTYHR38 in Figure 6) and separated by prominent normal faults consisting of the
southward end of the N120°E Tintamarre Fault, and the N160°E - N110°E faults. Some of these
faults fracture the sediment down to the upper plate basement, indicating that they are deeply
rooted. The location of mud volcanoes and pockmarks above fault structured basement high
strikingly indicates that the deformation pattern favours the collection of fluids and its migration

up to the seafloor.

The Lesser Antilles subduction margin is a region that is dominated by massive circulating
fluids originating from depths (e.g. Marcaillou et al., 2021; Bie et al., 2022; Ezenwaka et al.,
2022). We propose that the deeply rooted faults collect deep fluids possibly provided by the
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plate interface and act as major fluid pathways through the interplate. Some of these faults
segment structure the basement topographic high and likely drives fluids toward the pockmark
and mud volcanoes preferentially located on top of these basement bulges. As a result, the over-
pressured fluids penetrate the thin sediment units to form mound-like structures on the seafloor.
Where a decrease in the shear strength of the overlying sediment and static instability occurs
(e.g. Hovland & Judd, 1988), they result to blowout and slumps on the seafloor, forming the
pockmarks.

Numerous indications of fluid pathways and storage in the vertical dimension that we record in
this study suggest a potential widespread fluid circulation, which is in agreement with
observations from heat flow data (Ezenwaka et al., 2022) and Wide-Angle velocity models
(Klingelhoefer et al., 2018) at less than 70 km north of this study location. If we extrapolate the
idea that the entire NLA forearc is widely invaded by fluids, flowing upward up-to the seafloor,
this widespread pervasive fluid circulation may be playing a significant role in its long-term
tectonic deformation. In other subduction zones, like the Chilean margin (VonHuene et al.,
2004), over-pressured fluids expelled from depth has been interpreted to favour hydrofracturing
and basal erosion. Following the characteristic evidence of subsidence and erosions that we
have recorded in the NLA margin, in addition to its tectonic deformation patterns and
widespread fluid circulations, we propose a mechanism for subduction erosion in this margin

that would favour basal hydrofracturing by fluids.

5.6 Mechanism of subduction erosion in the NLA margin
Our model for the process of subduction erosion in the NLA margin is based on the nature of
the subducting oceanic lithosphere, the extent of fluid circulation within the subduction zone,
the volume of trench-fill sediment that subducts within the subduction channel, the subducting

Barracuda ridge bounded by the 15-20 fracture zone, and the Jacksonville FZ at the trench.

The oceanic basement that subducts beneath the NLA margin was formed at a slow-spreading
ridge, and consist of dispersed patches of exhumed and highly hydrated mantle rocks that can
be deeply and pervasively fractured by widespread detachment faults (e.g. in the Jacksonville
patch, Marcaillou et al., 2021). As the plate approaches the trench and subducts, these
detachment faults might be reactivated by plate bending and allows downward fluid
percolations (Ezenwaka et al., 2022). In addition, the orientation of the Jacksonville FZ almost
parallel to the trench immediately northwest of the patch likely favour its reactivation at plate
bending, allowing further fluid percolations and creating rough seafloor morphology. In the

trench, the decollement level is located at the top of the thin trench-fill-sediments and allows
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sediment subduction with little or no frontal accretion. As the oceanic lithosphere subducts,
pore pressure within the slab increases due to metamorphic reactions and increasing lithostatic
pressure. Moreover, at greater depth in the subduction, the highly hydrated oceanic crust and
the 15-20 crustal scale Fracture zone may release additional amount of fluid by dehydration
into the plate interplate damaged zone (Ezenwaka et al., 2022). These fluids possibly migrate
updip through the interplate damaged zone, increase the local pore fluid pressure and reduce
effective stress (Moreno et al., 2014). Overpressure fluids are likely to triggers margin
hydrofracturing before being collected by deep-rooted upper plate forearc faults. The fluids
then migrate upwards (in a continuous or transient way) up to the seafloor. Evidence of fluids
released by high-temperature venting along normal faults are present in the outer forearc in the
NLA subduction margin. Presence of these fluids have been inferred to indicate elevated fluid
pressure in subduction zones (e.g. Hensen et al., 2004). The consistent hydrofracturing of the
upper plate and its abrasion by the subducted rough oceanic crust may dislodge basement
materials into the subduction channel, and produce subsidence and thinning of the upper plate’s
forearc crust (Figure 9). The eroded fragments of the upper plate may be accommodated by the
subducted grabens within the subduction channel, and the active interface thrust will constantly

migrate upwards as proposed by VonHuene et al., (2004).
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1. Rough Oceanic seafloor and thin sediment subduction with little or no frontal accretion

2. Increase in pore fluid pressure by fluids released by (2a) sediment compaction and (2b)
dehydration reactions at depth

3. Upward migration of fluids forming mud-volcanoes and pockmarks on the seafloor
4. Hydrofracturing of the upper plate and abbrasion by subducted rough oceanic crust
5. Erosion of the upper plate (5a) and subsidence of the margin (5b)

Figure 9: Sketch of the proposed mechanism of subduction erosion within the northern Lesser

Antilles subduction zone.
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This mechanism may have been acting long before the initiation and interaction of the
Barracuda ridge with the NLA subduction margin, and we have explored several scenarios to
arrive at this conclusion. First, forearc margin subsidence in the NLA began from the Mid-
Miocene ~ 15 Ma (Boucard et al., 2021), while the Barracuda ridge uplift is dated Early
Pleistocene ~ 2.3 Ma according to Pichot et al., (2012). The Barracuda Ridge cannot therefore
be responsible for the onset of this margin subsidence that began more than 12 Ma before its
emplacement. If we consider a plate convergence motion of 20 mmyr! towards S74°W
(DeMets et al., 2010), and the Barracuda ridge trending WNW-ESE at ~ N110°E, then the
ridge-normal sweeping rate will be ~ 11.7 km/myr. The covered trench-normal displacement
of the BR since its emplacement is ~27 km. In other words, BR ridge has migrated over a
distance equivalent to its width since its creation at 2.3 Ma. One would need to triple its age to
have an ending interaction with the imbricated backstop and to quadruple it for starting it, at ~9

Ma.

Secondly, in the forearc, at the eastern flank of the Antigua Valley, the N160°E - N110°E faults
(black — purple lines in Figure 2) show typical attributes of rotated faults, and forearc collapsing
that follow the southward sweeping ridge. Imprints of these faults on the bathymetry are
observed up-to the ridge but terminate just before the southern flank of the ridge, indicating
their association with the subducting topographic high. They are furthermore located at the
distance range closely consistent with the ridge emplacement 2.3 Ma, with their northern extent
at about a ridge-width distance from the present ridge’s northern flank. These faults are not
present farther NW beyond the western wall of Antigua valley, possibly because of the Barbuda
spur hampering to observe any evidence of the ridge interaction with the margin in the inner
forearc. However, in the outer forearc, they are completely non-existent. Hence, at a vertical
distance of ~40 km from the northern flank of the ridge to the northernmost extent of these

faults at lat. 18°N, it will require ~ 3.4Ma for the ridge to cover this distance.

According to plate reconstruction models (Muller & Smith, 1993; Muller et al., 1999), the
Barracuda Ridge uplift was due to convergence between the North and South American plates.
The ridge has been linked to the western continuation of the 15-20 fracture zone (Roest &
Collette, 1986), which subducts and sweeps south beneath the margin since 10 Myr (Mccann
& Sykes, 1984). Based on the age of the ridge uplift at the trench ~ 2.3 Ma (Pichot et al., 2012),
and the extent of its structural imprint on the forearc, we propose that the concentration of strain
and displacement to accommodate the North and South American plate motion likely affected

the forearc domain earlier than at the eastern flank where the ridge is located in the oceanic
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domain. At last, we infer that the Barracuda ridge interacted only with a portion of the margin
below lat. 18°N and does not contribute to the erosion occurring earlier than ~3.4 Ma. Recent
observations of subsidence from micro-atolls (Philibosian et al., 2022) and GNSS data
(VanRijsingin et al., 2022) collected over the past ~100 yrs has estimated an increased rate of
subsidence up to 1-2 mm/yr. Moreover, geological records (Cornée et al., 2021) has also

observed variations in long-term subsidence rates in the LA.

However, the Marathon FZ has been subducting beneath the LA margin since 30Ma (Braszus
et al., 2021), while the Tiburon Rise began uplifting since Mid-Late Miocene (Pichot et al.,
2012). Although we cannot predict the location of the Tiburon Ridge at its initiation, it is very
likely that this ridge has been partly impacting the margin and contributing to its erosion in the
NLA since Mid-Miocene. The ridge act as barrier to sediment supply to the north, thus, giving
rise to the rough oceanic seafloor that subduct at that location, which favours both frontal and

basal erosions.

6.0 Conclusions
Fluid flow processes such as fluid pipes and deep-rooted faults on the MCS and high-resolution
seismic, with direct links to mud volcanoes and pockmarks on seafloor bathymetry dominate
our study location in the NLA margin. The massive occurrence of fluids as imaged here,
consistently with previous investigations confirms a forearc margin that is invaded by fluids,

likely originating from depths.

In addition, we have also observed similar to other tectonic investigations northwest of our
study area, large-scale forearc subsidence and basement thinning along normal extensional
faults, rough oceanic seafloor, low trench sediment fill, and a narrow accretionary prism
characterised by slope and taper angles with values within the limits of global erosive margins.
Our data show the imprint of the southward sweeping Barracuda Ridge beneath the forearc, and
highlight its possible northernmost interaction with the forearc margin, which cannot account

for the entire margin-wide extent and age of erosion and subsidence.

We propose a mechanism for subduction erosion in this margin related to the subduction of a
rough oceanic basement, and vigorous fluid circulation along the plate interface that causes
elevated pore fluid pressure and hydrofracturing of the upper plate. Fluids are introduced into
the subduction zone through sediments in the subduction channel, and crust dehydration at

depths. These fluids migrate updip, penetrating extensional fractures in the upper plate and
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dislodging its materials into the subduction channel grabens. This activity results to the thinning

of the upper plate’s crust and causes subsidence of the margin.

Based on our proposed mechanism, fluid impacted features dominated the basal erosion long
before the interaction of the Barracuda ridge with the margin. We conclude that the effects of
the ridge formation began beneath the forearc at the latitude of Antigua Valley earlier than at
the trench, and the ridge interaction likely affected only a portion of the margin below this

latitude at a recent time.
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Supplementary Material.:

Mechanism of tectonic erosion at the Northern Lesser Antilles margin
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Survey Antithesis 3 Manta-Ray (HR)
Source volume (in?) 6500 320

Shot spacing 150 m 10s

Rate of shot (s) 1 shot/min 6 shots/min
Acquisition speed (Kn) 5 5

Traces number 720 480

Traces spacing (m) 6.25 6.25

Record time (s) 20 9-13

Data sampling (ms) 2 2

Table 1: Acquisition parameters of the seismic reflection during the Antithesis I and 3, and Manta-Ray

cruises. See § 2.3.1 of Laigle et al., (2013) for the acquisition parameters of Sismantilles 2 survey.
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Figure 6: 3D seismic bathymetric view of the forearc
along strike line Ant48 and dip High-resolution line
MTYHR40. Notice how the N160° - N110° normal faults
cut through the uplifted basement and the collapse of the
forearc forming graben and half grabens. The black
arrows in Ant48 show fluid pathways to the seafloor
where they form mud volcanoes and pockmarks. The inset

map shows the exact segment of the shown profiles (thick
red)
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Chapter 5

5.0 Summary and Conclusions

The Lesser Antilles is an end-member subduction zone, which undergoes the subduction of a
complex oceanic lithosphere. The oceanic crust, which formed at slow-spreading Mid-Atlantic
Ridge where poor magma production favours tectonically dominated crusts (e.g. Cannat et al.,
2006; Escartin et al., 2008), consist of patches of exhumed, serpentinized peridotites, with
varying amount of gabbro bodies (Ildefonse et al., 2007; Zitkar et al., 2019; Davy et al., 2020;
Marcaillou et al., 2021). Before the trench, numerous sub-parallel trans-oceanic fracture zones
may deeply fracture and hydrate the oceanic crust and mantle (Hensen et al., 2019). Some of
them are sub-parallel to the Barracuda and the Tiburon Ridges, which originate from ongoing
deformation of the North and South American diffuse plate boundary, 2.3 and 10 Myr ago
respectively (Patriat et al., 2011). In the Central Lesser Antilles, the subduction of those oceanic
basement ridges oblique to the margin deeply fractures the forearc (Laigle et al, 2013), while
the subducting fracture zones have been considered to generate vigorous dewatering and fluid

circulations at depth (Cooper et al., 2020, Marcaillou et al., 2021).

In the Northern Lesser Antilles, the subducted portions of sub-parallel-to-the-trench “ridge-
and-fracture” systems are expected to drastically impact there the tectonic pattern, the thermal
structure and the seismic activity. This segment is therefore an excellent environment to study
the effects of subducting patches of tectonically-dominated crust, and vigorous fluid circulation

on the thermal structure, tectonic deformation, and seismicity along subduction zones.

Using MCS, bathymetry, heat-flow, and improved local offshore earthquake locations, acquired
during 3 oceanographic campaigns (Marcaillou & Klingelhoefer, 2013a; Marcaillou &
Klingelhoefer, 2013b; Marcaillou & Klingelhoefer, 2016; Laigle et al., 2007; Klingelhoefer &
Marcaillou, 2022), we characterized the nature of the crust, the margin temperature, circulating
fluid pathways, and the geometry of the main structural interfaces and faults of both the forearc
and prism domains. The new constraints obtained on these different elements has helped to
answer the questions that was raised in this study. We propose that fluids associated to structural
heterogeneities (ridges and faults) strongly impact 1/ the subduction thermal structure,
generating thermal anomalies compared to the conductive heat transfer, 2/ the seismogenic
behaviour by locally decreasing the interplate coupling, and 3/ the margins tectonic
deformation, inducing subsidence and erosion of the margin. The results are summarized in the

following sections.
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5.0.1 Tectonically-dominated oceanic crust in the Northern Lesser Antilles

MCS and bathymetric data highlight strong heterogeneities between the oceanic crust of the
Jacksonville patch, and those located northwest and southeast of this patch. The oceanic crust
at the trench, northwest and southeast of the patch present structural and morphological
characteristics, which are similar to a typical layer 2/3 magmatic crust found in oceanic crust at
other subduction zones worldwide. Contrastingly, in the patch, we observe distinct reflection
patterns in the oceanic crust, which occur as Ridgeward-Dipping-Reflectors (RDRs) based on
estimations of their true dip directions (N60° - 90°E). Wide-Angle Seismic velocity model
reveals that the basement in this patch show a single layer velocity from top to bottom with a
constant velocity gradient. This crust is interpreted to correspond to exhumed and serpentinized
rocks, formed at the tectonically dominated portion of the slow-spreading Mid-Atlantic Ridge.
Based on the RMS amplitude analysis, we show that the RDRs represent widespread pervasive
detachment faults, which formed at the ridge axis and might be reactivated during plate bending
to favour fluid percolation, rock alterations, and serpentinization reactions. These pervasive
detachment faults have a different orientation than the so-called plate-bending faults of the outer
rise, which has similar orientation with the Jacksonville and 15-20 FZ lying almost parallel to
the trench at that location. We envisage that the Jacksonville FZ is reactivated at the trench by
plate bending, and so does the 15-20 FZ ~20-25 Ma ago (Braszus et al., 2021) due to their sub-
parallel orientations to the trench. Serpentinized exhumed mantle rocks have been identified in
the Puerto Rico trench by petrological analysis (Klein et al., 2017) and in the oceanic crust
between Barracuda and Tiburon Ridges from Wide-Angle seismic imaging (Davy et al., 2020)
Our study highlights for the first time, the presence of a tectonically dominated crust at the

trench and beneath the margin front of a subduction zone.
5.0.2 Thermal structure of the margin

The thermal modelling of the Lesser Antilles subduction zone is constrained with heat-flow
data collected along two trench-normal profiles, at latitudes of 15-16°N and 18-19°N. This
modelling shows that heat transfer anomalies across the margin is influenced by heat advection
due to circulating fluids in a contrasted way between the two locations. At the Central Lesser
Antilles (15-16°N), an insulated hydrothermal circulation dominates in the trench and the
margin front, with warm fluid up-dip migration up to the trench, where thick and continuous
trench sediments do not favour cold fluid percolation. In contrast, at the Northern Lesser
Antilles (18-19°N), a ventilated hydrothermal circulation is active at two complementary sites:

first, downward cold fluid percolation is possible along two plate-bending reactivated major
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oceanic structures: first, the trench-parallel fracture zones such as the Jacksonville FZ, which
presently deeply marks the sea-bottom morphology, or the Fifteen-Twenty FZ, 20-25 Myr ago
(see movie of Braszus et al., 2021); second, the detachment faults in the trench promoting
hydrothermal cooling in the margin front, and warm fluid upward migration at the forearc along

deep-rooted faults causing hydrothermal warming in the forearc.

Compared to previous conductive models (Gutscher et al., 2013), modelling hydrothermal
circulation results in an updip limit of the thermally-defined seismogenic zone located 10 km
farther landward in the Northern Lesser Antilles, and 15 km seaward in the Central Lesser
Antilles. Based on the depth of the forearc Moho which intersects the interplate fault at similar
depths with the updip limits of the seismogenic zone (Hyndman et al., 1997), the crustal—crustal
contact of the seismogenic portion in the north becomes almost non-existent. However, this
estimation is only based on temperature in relation to chemical and mechanical changes
associated with clay mineral transitions (Moore & Saffer, 2001). Considering the rough oceanic
seafloor and low trench fill sediment subducting in the northern Lesser Antilles, we cannot rule

out the possibility of a crustal-crustal contact.
5.0.3 Impact of subducting heterogeneities and associated fluids on seismogenesis

At the northern Lesser Antilles margin, uneven spatial distribution and low seismic activities
are recorded over a long period of time, with a seismic gap which likely exist between Barbuda
and the Virgin Islands. Moreover, seismic coupling is still unresolved with diverging views of
a coupled (e.g. Philibosian et al., 2022), to partially coupled (Manaker et al., 2008), and
decoupled or low coupling plate interface (Symithe et al., 2015; van Rijsingen et al., 2021; van

Rijsingen et al., 2022).

Based on the thermal model interpretations, the absence of thrust earthquakes at the interplate
crustal part in this northern margin segment is likely due to the location of the updip limit
(150°C) of the seismogenic zone that almost intersect with the forearc moho at depth. In
addition, evidence of fluid circulation from heat-flow anomalies has established that at the
Northern Lesser Antilles, the subduction of exhumed, serpentinized mantle rocks and the 15-
20 Fracture Zone hydrates the subduction zone at depth. Upward fluid circulation suggested by
the thermal model will also contribute to unclamp the plate interface, favouring low interplate

coupling.

Downdip of the subduction, the serpentinized forearc mantle will favour stable sliding and

aseismic slip (e.g. Hydman et al., 1997). Although this hypothesis has been complicated by up
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to Mw ~5 thrust earthquakes occurring at greater depths in the subduction zones, for instance
in the Central Lesser Antilles (Laigle et al., 2013), the subduction of exhumed, serpentinized
mantle portions at the top of the subducting plate will impede rupture nucleation or propagation
(Scholz, 1998). Our study shows that with respect to the plate convergence direction, the
location of the Jacksonville Patch is consistent with the portion of the margin where few seismic
activities has been recorded and low interplate coupling (Manaker et al., 2008; Symithe et al.,
2015; Van Rijsingen et al., 2021; 2022) have been estimated in the Northern Lesser Antilles.
Subduction of oceanic fabrics similar to the Jacksonville patch at depth likely favours stable
sliding and contribute significantly to the megathrust weakness and low seismic activities of

this region.

Thus, the interpretation developed in this thesis therefore suggests that, the combined influence
of temperature, fluids and subducting heterogeneities strongly contribute to the low interplate
seismicity and seismic gap of the Barbuda to Virgin Island segment, leading to seismological

heterogeneities in the Northern Lesser Antilles.

At last, we identified depths of metamorphic dehydrations for composition of subducting
oceanic crust that can vary from mid-oceanic basalts (Kirby et al., 1996; Hacker et al., 2003) to
serpentinized exhumed mantle (Wunder & Schreyer, 1997; Ulmer & Trommsdorff, 1995;
Ferrand, 2019). Within the slab at this cold subduction zone they are expected to occur at 70 —
80 km and 140 — 160 km respectively. Using seismicity distributions and models offshore
Martinique in the Central Lesser Antilles, we show that these dehydration reactions within the
slab and upper plate mantle correspond to the locations of intraslab and supraslab seismicity

clusters, establishing the link between temperature, fluids, and seismicity.
5.0.4 Tectonic impact of structural heterogeneities and associated fluids

The data, modelling and interpretations included in this thesis suggest that the subduction of a
heterogeneous basement, partly consisting of hydrated mantle rocks along detachment planes,
plate-bending reactivated fracture zones, and topographic reliefs would trigger vigorous fluids
circulation which invade the damaged forearc crust of the Northern Lesser Antilles subduction
zone. Using MCS and bathymetric data, we analysed the structural features to understand the

tectonic impacts of these subducting structural heterogeneities and associated fluid circulation.

At the trench, sediment thickness decreases from the north of the Barracuda Ridge to the
Anegada Passage. We imaged a short frontal prism that decreases in width northwards, showing

evidence of very short accretion that disappears northwest of the Jacksonville Patch. Thin
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trench-fill sediments and rough oceanic seafloor creates frontal erosion of the margin that
increases northwards. The low trench sedimentation rate is, at least partly, due to the uplift of
the Barracuda and Tiburon Ridges that reduces northward migration of sediments from the
South American Rivers (Westbrook, 1982). As a result, the trench fill is much thicker and
seafloor smoother to the south of the Barracuda ridge (Pichot et al., 2012) than to the North.
Forearc slope and taper angles that we calculated for the Northern Lesser Antilles lies within
the values estimated for erosive margins (e.g. Clift & Vannucchi, 2004; Noda, 2016). We thus
conclude that the margin north of the Barracuda Ridge in the Northern Lesser Antilles is erosive
and differ from its counterpart in the south of Tiburon Rise, which is widely considered as an

end-member accretionary margin.

MCS and bathymetric data along the forearc highlights several seafloor lineaments, with
shallow and deep-rooted faults within the inner and outer forearc domains. The most significant
being the N160° - N110° normal faults that form grabens and half grabens, with minor rotational
blocks and collapsing. These faults follow the trend of the Barracuda Ridge, and their northward
extent that disappears just northeast of the Antigua Valley likely marks the initiation of the
Barracuda uplift beneath the forearc, 2.3 Myr ago (Pichot et al 2012). Consistently with the
observations of fluid circulations from the heat-flow data, we imaged fluid related features on
the MCS and bathymetry, such as fluid pipes, volcanoes and pockmarks on the seafloor, and
reverse polarity along the decollement and deep structures. We established that the structural
patterns in the forearc consisting of basement highs and deep-rooted faults favour the movement
of fluids along pathways up to the seafloor, suggesting that the fluids originate from depths. At
last, we record widespread margin subsidence similar to those of other studies (De Min et al.,
2015; Boucard et al., 2021; Leclerc & Feuillet, 2019), which cannot be explained by the

displacement along the normal faults only.

Following these observations, we conclude that the margin north of the Barracuda Ridge is
undergoing subduction erosion, in which fluid hydrofracturing is likely to play a significant
role. Although the Barracuda Ridge interacts with the margin north of the Lesser Antilles, our
estimations based on the time of uplift according to (Pichot et al., 2012) suggests that it cannot
be the cause of the erosion that began long before its initiation. However, the Tiburon Rise
likely impacts with the margin and contributes to its erosion since Mid-Miocene. It acts as a
barrier to northward sediment transport, allowing the development of rough seafloor. This
roughness is enhanced northward by the sea-bottom morphology of the plate-blending

reactivated, trench sub-parallel fracture zones, and favours both frontal and basal erosion.
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5.1 Future work

The interpretations presented in this thesis focusses on describing the impact of subducting
heterogeneities and fluid on the Northern Lesser Antilles margin tectonic deformation and
seismogenesis. The results suggest that the combined influence of subducted oceanic fracture
zones, patches of tectonically-dominated crust consisting of exhumed and hydrated mantle
rocks, and fluid flow contribute significantly to low interplate coupling and low thrust
earthquakes in this region. It further highlights that the subduction of ridges, rough oceanic
basement, and vigorous fluid circulation favour frontal and basal erosion in this margin
segment. Based on the results, one subduction feature that significantly impacts this margin
seismicity and tectonic deformation are fluids brought in by the incoming plate. The RDRs and
possibly the plate-bending reactivated oceanic Jacksonville FZ at the trench are sites for
downward fluid percolations. Therefore, a possible future study target is to map their full
outcropping extent at the basement top, and quantify their potential scarp (not impacting the
seafloor morphology). In addition, the fluid content of these reactivated faults needs to be

characterized.

Secondly, upward fluid migration along deeply-rooted faults are recorded within the overriding
plate, and fluid-related features such as pockmarks and mud-volcanoes are present on the
seafloor. Therefore, the nature and fluid contents of the overriding plate need to be investigated

in order to estimate the fluid budget within this end member subduction zone.

The Manta-Ray campaign dataset which contains new dip MCS lines across the margin, high-
resolution seismic lines in the forearc, and 3D ocean-bottom seismometer array before the

trench at the oceanic domain will be useful for the purpose of these new investigations.
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