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Volatiles play a pivotal role in subduction zone evolution, yet their pathways remain poorly constrained. 
Studying the Lesser Antilles subduction zone can yield new constraints, where old oceanic lithosphere 
formed by slow-spreading subducts slowly. Here we use local earthquakes recorded by the temporary 
VoiLA (Volatile recycling in the Lesser Antilles) deployment of ocean-bottom seismometers in the fore-
and back-arc to characterize the 3-D seismic structure of the north-central Lesser Antilles subduction 
zone. Along the slab top, mapped based on seismicity, we find low Vp extending to 130–150 km depth, 
deeper than expected for magmatic oceanic crust. The slab’s most prominent, elevated Vp/Vs anomalies 
are beneath the fore- and back-arc offshore Guadeloupe and Dominica, where two subducted fracture 
zones lie with the obliquely subducting boundary between Proto-Caribbean and Equatorial Atlantic 
lithosphere. These structures, therefore, enhance hydration of the oceanic lithosphere as it forms and 
evolves and the subsequent dehydration of mantle serpentinite when subducted. Above the slab, we 
image the asthenosphere wedge as a high Vp/Vs and moderate Vp feature, indicating slab-dehydrated 
fluids rising through the overlying cold boundary layer that might induce melting further to the west. 
Our results provide new evidence for the impact of spatially-variable oceanic plate formation processes 
on slab dehydration and mantle wedge volatile transfer that ultimately impact volcanic processes at the 
surface, such as the relatively high magmatic output observed on the north-central islands in the Lesser 
Antilles.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The subduction of oceanic plates transports water deep into the 
Earth mantle. On the way down, approximately half of sediment-
carried fluids are expelled at depths of <50 km due to compaction 
(Rüpke et al., 2004). However, significant volumes of water re-
main bounded in the descending oceanic crust and mantle in the 
form of hydrous minerals (e.g., Schmidt and Poli, 1998; van Keken 
et al., 2011; Garth and Rietbrock, 2014). Particularly, pre-existing 
fault structures in oceanic lithosphere, such as outer rise normal 
faults, fracture zones (FZs), and core complex-related detachment 
faults, may allow deep infiltration of volatiles into the oceanic 
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mantle (e.g., Manea et al., 2014). When subducted, these hydrous 
phases break down and release their fluids with increasing pres-
sure and temperature. The first main volatile release pulse comes 
from the dehydration of oceanic crust, when the slab top reaches 
the warmer mantle wedge (van Keken et al., 2011). If deep hy-
dration leads to the formation of serpentinite in the slab mantle, 
its dehydration would generate a second notable volatile release 
pulse (van Keken et al., 2011), leading to dehydration embrittle-
ment that causes intermediate depth intraslab seismicity (Peacock, 
2001; Abers et al., 2006).

Slab dehydration drives the generation of arc and back-arc mag-
matism through the melting of the overlying mantle wedge. Vari-
ous fluid migration models are proposed based on seismic imaging, 
such as vertical, buoyant ascent of fluids (e.g., Harmon and Black-
man, 2010), and downward transportation just above the slab (e.g., 
Tsuji et al., 2008). In the latter model, water expelled from the 
slab is either bound in a thin layer of hydrous minerals, such as 
serpentinite/chlorite, or as free fluids in cool, high viscosity and 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Map of the north-central section of the Lesser Antilles subduction zone. The inset map shows the location of the study region. VoiLA OBS and onshore seismic stations 
used in this study are marked by yellow triangles and white diamonds, respectively. Red dots mark earthquakes from Bie et al. (2020) that are used in the tomographic 
inversions. White crosses show the horizontal grid nodes used in 3-D inversions and white lines are the locations of cross-sections shown in later figures. The area studied 
by Paulatto et al. (2017) is depicted by dashed white rectangle. Green solid lines indicate the oceanic fractures zones and the continuing dashed lines mark the inferred 
projection of subducted FZs (Cooper et al., 2020). Red dashed line marks the domain boundary between proto-Caribbean lithosphere and Equatorial Atlantic lithosphere 
(Braszus et al., 2021). GB, Grenada Basin; AR, Aves Ridge; BR, Barracuda Ridge; TR, Tiburon Rise; LDV, La Désirade Valley; An, Anguilla; AnBa, Antigua & Barbuda; stKN, St. 
Kitts & Nevis; Mo, Montserrat; Gu, Guadeloupe; Do, Dominica; Ma, Martinique; stL, St. Lucia; stV, St. Vincent; Ba, Barbados. (For interpretation of the colours in the figure(s), 
the reader is referred to the web version of this article.)
low permeability mantle wedge material just above the subducting 
plate (Cerpa et al., 2017). Yet, our understanding of water recy-
cling, including volatile delivery and release pathways, amount of 
water release at various depths, and melt generation in the back-
arc wedge, remains incomplete (e.g., Hasegawa, 2018).

By imaging seismic velocities, local earthquake travel-time to-
mography (LET) is a geophysical tool that can shed light on slab 
hydration, dehydration, and mantle wedge dynamics. Previous LET 
studies have primarily centred on fast Pacific subduction zones, 
such as in Tonga (Zhao et al., 1997), the southern Hikurangi 
(Eberhart-Phillips et al., 2005), Alaska (Rossi et al., 2006), cen-
tral America (Syracuse et al., 2008), South America (Hicks et al., 
2014), and Mariana (Barklage et al., 2015). They have success-
fully imaged key domains, such as the subducting slab and man-
tle wedge, allowing inferences about volatile recycling at various 
depths. At shallow depths beneath the fore-arc, the slab top is 
usually imaged as high Vp/Vs, interpreted as over-pressured sed-
iments at the top of hydrated crust and accretionary structures 
above the slab (e.g., Eberhart-Phillips and Bannister, 2015). In the 
mantle wedge, hydrous minerals leave a low Vp, high Vp/Vs and 
high-attenuation signature, consistent with fluid release into the 
overlying wedge from hydrated oceanic slab (e.g., Wiens et al., 
2008; Hasegawa, 2018). If small-volume fluids present in cold, 
low-permeability mantle immediately above the subducting plate 
(Cerpa et al., 2017), the mantle wedge may show high Vp/Vs with-
out significantly lowering Vp (Takei, 2002).

A global picture of fluid pathways at subduction zones re-
quires detailed knowledge of Atlantic subduction zones, such as 
the Lesser Antilles, where old Atlantic lithosphere, formed at a 
slow-spreading ridge, subducts slowly beneath the Caribbean plate. 
The Lesser Antilles subduction zone consists of a present-day ac-
tive arc and an inactive outer arc to the east. Magmatic produc-
tivity varies greatly along the arc. Particularly, the central segment 
(∼14◦–16◦ N), including the islands of Guadeloupe, Dominica and 
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Martinique, has had the highest volume of erupted magma over 
the last 100,000 years (Wadge, 1984).

Recent seismic and geochemical studies have already revealed 
a new understanding of volatile recycling, and therefore magmatic 
productivity variations, for the Lesser Antilles subduction zone. 
Active source images across the incoming Atlantic lithosphere re-
veal a highly segmented plate of interspersed magmatically-robust 
and tectonically-dominated crust prior to subduction (Davy et al., 
2020). A thin crust with reduced Vp is observed over a 20–30 km 
wide zone across the FZ axis. The Marathon FZ shows a lower 
velocity gradient in the crust than crust at non-transform off-
sets, and a sharp increase to mantle velocity at 5.5–6.5 km depth. 
This strong velocity gradient implies increased fracturing and ser-
pentinization due to larger offset and longer strike-slip faulting 
activities at the ridge axis. Close to FZs, infiltrated fluids, which fa-
cilitate hydrothermal alteration (Hacker et al., 2003), are stored as 
serpentinized peridotite. It is hypothesised that when subducted, 
the variations in hydration of the incoming oceanic lithosphere re-
sult in along-arc variability in dehydration processes at depth, and 
hence magmatic output. This process has been recognised by geo-
dynamic numerical simulation (Manea et al., 2014), which revealed 
the role played by subducted FZs in enhancing production of slab-
derived fluids.

Cooper et al. (2020) offer a partial piece of evidence to support 
the role of subducted FZs by analysing Boron trace elements and 
isotopic fingerprints of melt inclusions from the Lesser Antilles, 
which are sensitive to serpentinite. With the seismicity distribution 
(Bie et al., 2020) and surface-wave derived shear-wave velocities, 
Cooper et al. (2020) proposed that serpentine-derived fluids from 
excess mantle hydration along the boundary between older Proto-
Caribbean and current Equatorial Atlantic domains, and its coinci-
dent FZs (Fig. 1), result in greater mantle wedge melting. The high-
est concentrations of fluids and melt is below Dominica, which has 
low Vs in the sub-arc lithosphere (Harmon et al., 2021; Schlaphorst 



L. Bie, S. Hicks, A. Rietbrock et al. Earth and Planetary Science Letters 586 (2022) 117535
et al., 2021), and the highest volume of erupted magma of the is-
land arc (Wadge, 1984).

Using local earthquakes recorded by amphibious stations in the 
fore-arc (Fig. 1), Paulatto et al. (2017) imaged a generally low Vp 
oceanic crust to depths of 80–100 km and a local low Vp anomaly 
(<7.5 km/s) at ∼50 km depth between Martinique and Montser-
rat. They proposed that a greater water flux is transported to ∼50 
km depth by the Marathon FZ compared with other parts of the 
arc. This study, however, had a maximum imaging depth of 120 
km, and therefore lacked resolution west of the arc, and was thus 
unable to image deeper variations in slab dehydration and the as-
thenosphere wedge. Teleseismic Rayleigh wave tomography (Har-
mon et al., 2021) observed low Vs extending 200 km west into the 
back-arc, which was associated with partial melt or fluids. How-
ever, the broad sensitivity of surface waves with 50–100 km lateral 
resolution cannot resolve deep fluid pathways from the slab to the 
arc.

The above-mentioned seismic studies and geochemical analysis 
revealed partially the effect of inherited structures, such as FZs and 
domain boundary, in delivering fluid. However, the hydration state 
of the slab and subsequent dehydration processes remain poorly 
constrained. To what depth does the subducting oceanic crust and 
mantle transport water? Where does slab mantle dehydration of 
serpentine occur? Do large-scale oceanic structures facilitate de-
hydration at greater depth? How do expelled fluids from the slab 
migrate into the mantle wedge, which could facilitate partial melt-
ing? In this study, we use higher resolution seismic velocity imag-
ing with local body waves to probe these questions. We use seis-
mic data from an extensive OBS network covering the fore- and 
back-arcs (Collier, 2017; Goes et al., 2019) to image the subducting 
slab and mantle wedge to ∼170 km depth. We then use geody-
namic models to examine the physical properties of the slab and 
mantle wedge, and predict where dehydration would occur to in-
terpret the seismic observations. Our results offer new important 
constraints on deep mantle dehydration, fluid transport and man-
tle wedge geodynamics for this slow subduction zone.

2. Tectonic background and seismicity

The Lesser Antilles subduction zone in the eastern Caribbean 
is one of two locations where the Atlantic oceanic lithosphere 
subducts. The subducting slab consists of material formed at the 
modern-day Mid-Atlantic ridge (“Equatorial Atlantic” in Fig. 1), and 
earlier Proto-Caribbean ridge (Cooper et al., 2020). Both ridges 
were slow-spreading, at a rate of ∼20 mm/yr (Müller et al., 2019). 
The boundary between these two domains tracks obliquely across 
the study area, currently lying beneath Dominica on the island arc. 
The lithosphere formed at the proto-Caribbean ridge, up to 120 
Myr old, is now fully subducted beneath the southern Lesser An-
tilles arc. Along most of the arc now, Atlantic lithosphere converges 
at a rate of ∼19 mm/yr (DeMets et al., 2010), and the seafloor at 
the trench is 80–100 Myr old (Müller et al., 2019; Cooper et al., 
2020; Braszus et al., 2021).

The incoming plate displays several major bathymetric struc-
tures, including the Barracuda Ridge, Tiburon Rise and FZs (Fig. 1). 
Several major FZs entering the subduction zone are traceable from 
the interpretation of the vertical gravity gradient (Braszus et al., 
2021). Their projection onto the downgoing slab shows that the 
Marathon and Mercurius FZs are below the north of Dominica, 
close to the domain boundary (Harmon et al., 2019; Cooper et al., 
2020). To the west of the trench lies the ∼300 km wide forearc. 
A sequence of V-shaped basins is separated by elevated spurs in 
the northern Lesser Antilles (Boucard et al., 2021), such as the La 
Désirade Valley offshore Guadeloupe. Below the forearc offshore 
Dominica-Guadeloupe, Kopp et al. (2011) imaged an 8 km thick 
oceanic crust of the incoming Atlantic plate.
3

Seismicity rates are higher for the segment north of Martinique 
than for the southern arc (e.g., Bie et al., 2020). High b-values were 
found offshore Martinique (Schlaphorst et al., 2016). Pervasive seis-
micity beyond 120 km depth below the northern arc suggests deep 
dehydration of the subducting slab (e.g., Paulatto et al., 2017; Bie 
et al., 2020). Here, we take advantage of this deep seismicity and 
shallow earthquakes in the upper plate together with our VoiLA 
OBS coverage of the back-arc to generate new local Vp and Vp/Vs 
seismic velocity models. We then compare these models to the wa-
ter release predicted from thermal models to interpret the deep 
dehydration processes of the subducting lithosphere, fluid trans-
port, and melt generation in the back-arc.

3. Data and methods

3.1. Data

The VoiLA OBS network, comprising 34 stations, was deployed 
for 14 months in the fore- and back-arc of the Lesser Antilles 
subduction zone (Goes et al., 2019). Bie et al. (2020) used this 
dataset together with recordings from land stations to define a 
well-constrained 1-D velocity model and obtained 378 well-located 
events with depth errors less than 1 km, a significant improve-
ment in hypocentral locations compared to those achievable from 
land-based stations along the island arc alone. Here we use this 
1-D relocated earthquake catalogue to generate LET images for the 
Lesser Antilles subduction zone. Owing to the sparsity of seismic-
ity in the southern arc, along with the strong arc curvature, we 
limit our analysis to the northern-central part of the Lesser An-
tilles system, extending from the islands of Antigua in the north to 
Saint Lucia in the south (Fig. 1). The high-quality subset catalogue 
includes 235 events with 6,034 P- and 5,145 S-wave arrivals. See 
Bie et al. (2020) for more details on the travel-time dataset.

3.2. Local earthquake travel-time tomography

We use the tomographic inversion package SIMUL2000 (Thurber, 
1993; Eberhart-Phillips, 1986; Eberhart-Phillips and Michael, 1998) 
to determine the Vp and Vp/Vs models. More details on this ap-
proach are given in the above papers, along with recent regional-
specific studies of Haberland et al. (2009), Collings et al. (2012), 
Hicks et al. (2014) and León-Ríos et al. (2021). We test a wide 
range of damping values for the damped least-squares inversion 
and select the one at the knee of the trade-off curve between data 
and model variance (Fig. S1). Varying the damping value slightly 
does not change significantly the tomographic model.

To avoid velocity artefacts for regions with low resolution, we 
perform a series of inversions with increasing complexity–a “stag-
gered” inversion strategy (e.g., Haberland et al., 2009; Collings et 
al., 2012; Hicks et al., 2014; León-Ríos et al., 2021). We take the 
layered 1-D model from Bie et al. (2020) as the initial starting 
model and invert sequentially for 2-D, arc-perpendicular structure 
and finally, the 3-D models that allow for along-arc velocity vari-
ations. For each step, we first invert for Vp by fixing Vp/Vs, and 
then we invert for Vp/Vs by fixing the newly-obtained Vp. The pre-
viously obtained Vp and Vp/Vs models are used as starting models 
for the subsequent inversion steps with smaller grid resolution. 
This strategy ensures that the main 2-D arc perpendicular struc-
ture is determined first, and that any unresolved artefacts are not 
propagated through to the final 3-D model. Final station delays are 
shown in Fig. S2.

We set the grid spacing so that it is densest near the net-
work centre (Fig. 1) and to maintain roughly a uniform derivative 
weight sum (DWS) across the grid. We increase the grid spacing 
away from the arc in both trench-perpendicular, trench-parallel 
and vertical directions. For the inversions, we set the minimum 
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Fig. 2. Resolution estimate for 2-D Vp (a) and Vp/Vs (b) models based on the resolution matrix analysis. The blue-red colours at each node indicate spread function values, 
black circles represent diagonal elements of the resolution matrix and green lines correspond to the 70% contour of the resolution kernel. Thick black line bounds the regions 
with good resolution, and dashed grey line bounds less well resolved region. White curved line represents the slab surface defined by the top of the Wadati-Benioff zone 
seismicity (Bie et al., 2020). Inverted triangle marks the location of island arc. Small black crosses show the velocity inversion nodes.

Fig. 3. 2-D velocity models. (a) Vp model. (b) Vp/Vs model. Red dashed line (lab) at ∼60 km depth indicates a velocity decrease from S-to-P receiver functions (Chichester et 
al., 2019), and black dashed line (m) at ∼30 km depth marks the estimated Moho below the arc from Kopp et al. (2011). Areas with good resolution are bounded by white 
lines, and areas with reduced resolution are faded, as per Fig. 2. All earthquakes used in the inversion for the 2-D velocity model are projected to the profile. White curved 
line represents the slab surface across the reference point located at 15◦N, 61◦W. We note that the slab dip angle changes along the island arc (Bie et al., 2020). Triangles 
represent seismic stations. Red triangle marks the location of island arc. ma = mantle asthenosphere; fc = forearc corner.
horizontal arc-perpendicular grid spacing at 25 km near the is-
land arc (Fig. 1), and a non-uniform depth spacing based on our 
input 1-D model (Fig. 2 in Bie et al., 2020). In the 3-D inversion, 
an along-arc grid spacing of 25 km is used (Fig. 1). Our carefully 
designed grid spacing ensures a good ray path coverage of the ar-
eas where most seismicity and stations are located (Fig. S3). Fig. 2
shows the resolution estimate for 2-D Vp and Vp/Vs models based 
on the resolution matrix analysis, detailed in Appendix B with ad-
ditional model resolution tests.

4. Results and interpretation of main structural domains

We now outline the key features in the obtained velocity mod-
els, describing first the main 2-D structure, followed by along-arc 
variations imaged by the 3-D inversion. Fig. 3 shows our new 2-D 
model perpendicular to the arc. The 3-D model is shown in cross-
sections perpendicular to (Fig. 4), and along the arc (Fig. 5), and in 
map views at 20, 65, 95 and 120 km depth (Fig. S4).

4.1. 2-D velocity models

The 2-D velocity model illustrates the first-order features across 
the north-central Lesser Antilles subduction zone (Fig. 3). Beneath 
4

the arc, the 7 km/s contour extends to 30 km depth, compared to 
∼20 km depth in the back- and fore-arc regions. It likely reflects 
thicker sub-arc crust. There is also a markedly lower Vp/Vs in the 
arc crust (∼1.70) compared to the fore- and back-arc (>1.80).

At 30–60 km depth below the fore-arc, arc and back-arc, Vp is 
7.3–7.8 km/s, and the Vp/Vs is between 1.70 and 1.75 (Fig. 3). The 
7.75 km/s contour in Fig. 3 aligns well with a velocity decrease 
imaged by S-to-P receiver functions at ∼60 km depth (Chich-
ester et al., 2019). This boundary was interpreted as the transi-
tion from lithosphere to melt-bearing asthenosphere. We similarly 
interpret this ∼30 km thick layer as the lithospheric mantle of 
the Caribbean plate. The fore-arc corner (fc in Fig. 3) of the up-
per plate, which comprises seismic activity, has a low-to-moderate 
Vp/Vs (1.70–1.75) and moderate Vp (7.2–7.7 km/s).

The dipping velocity contours that coincide with seismicity de-
marcate the westerly-dipping slab (Fig. 3). The slab top has a lower 
Vp than the overlying mantle wedge and underlying subducting 
plate. This feature coincides with an elevated Vp/Vs (>1.80) down 
to ∼80 km depth. At 80–140 km depth, the Vp/Vs of the slab top 
is moderate (∼1.75), but increases again (>1.80) below 140 km 
depth.
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Fig. 4. Arc-perpendicular profiles through the final 3-D Vp (a) and Vp/Vs (b) models. Profile locations are in Fig. 1. White circles show seismicity within 25 km of each 
profile. Anomalies labelled “A”, “B”, “C” and “D” are discussed in the text. Red triangle marks the location of island arc; where two triangles are presented, the west one 
is present-day active arc and the other is inactive outer arc to the east. Mo-S, Montserrat-South; Gu, Guadeloupe; G-D, between Guadeloupe and Dominica; Do, Dominica; 
Ma-N, Martinique-North; Ma-S, Martinique-South.
In the back-arc, the most prominent feature shown in the 2-
D model is the high Vp/Vs (>1.78) mantle wedge beneath 80 km 
depth, in an area where Vp is moderate to high, increasing from 
7.8 km/s at 80 km depth to 8.7 km/s at 160 km depth. This high 
5

Vp/Vs extends into the slab, and the highest Vp/Vs value is above 
the slab at 120–130 km depth, and ∼15 km west of the arc.

Given the potential significance of the Vp/Vs features in the 
back-arc mantle, we devised a restoring resolution test to inves-
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Fig. 5. Cross section G–G’ along the arc. Profile locations are in Fig. 1. White dashed 
line shows the intersection of the cross section and the slab surface. Red bands on 
top of each figure show the lateral extent of individual islands as labelled. Anoma-
lies labelled “D”, “E”, “F” and “G” are discussed in the text.

tigate how well they are resolved. We generated a synthetic travel 
time dataset by designing velocity models that consider abstract 
features from the 2-D imaged velocity anomalies (Fig. 3b) and 
conducted forward modelling based on the given source-receiver 
geometry. Particularly, we designed an elevated Vp/Vs anomaly in 
the back-arc that penetrates through the slab surface (Fig. 6a). A 
low Vp/Vs is assigned to the lithospheric mantle with a sharp dif-
ference to the above and below regions (Fig. 6a). As shown in the 
recovered model (Fig. 6b), the input low and high Vp/Vs anomalies 
are well recovered. However, the low Vp/Vs feature representing 
the lithospheric mantle of the Caribbean plate smears vertically 
with the high Vp/Vs below in the wedge. Smearing is also observed 
in the NW and SE directions of this low Vp/Vs anomaly, consistent 
with that suggested by resolution matrix and checkerboard tests 
(Appendix B). The deep high Vp/Vs anomaly is reproduced at its 
input location, but with slightly reduced maximum amplitude from 
1.85 to 1.83. Two additional 2-D tests suggest that the high Vp/Vs 
features both above and within the slab beneath 80 km depth are 
required by the data and represent true physical features (Fig. S5).

4.2. 3-D velocity models

Overall, the 3-D velocity models (Figs. 4 and 5) show consistent 
large-scale features from the 2-D cross sections. The 3-D models 
also highlight important variations along the arc.

The shallowest velocity contours indicate crustal thickness vari-
ations in the region. For instance, the 7.25 km/s contour line 
extends to 45 km depth beneath Guadeloupe and 30 km depth 
beneath Martinique, likely reflecting thicker crust beneath Guade-
loupe (Fig. 4a and 5a). The back-arc has a ubiquitously high Vp/Vs 
at depths <30 km, and the high Vp/Vs forearc crust is particu-
larly pronounced ∼40 km east of Guadeloupe, corresponding to 
a reduced Vp of 7.2 km/s (anomaly “A” in profile B–B’ of Fig. 4a 
and b).

The velocity structure of the lithospheric mantle of the over-
lying Caribbean plate varies along the arc. Several profiles contain 
areas of higher Vp lithosphere below the forearc (in particular D–
D’, E–E’ and F–F’). In all profiles, the upper plate contains large 
areas of reduced Vp (7.5–7.75 km/s) and moderate to low Vp/Vs 
6

between 1.70 and 1.75 at 40–60 km depth, particularly below the 
back-arc.

All profiles suggest that the slab is lower in Vp than the overly-
ing plate/mantle and deeper part of the slab (Fig. 4a). The 7.5 km/s 
contour along the slab, often interpreted to demarcate the transi-
tion from the basaltic slab crust to eclogite, extends to 40–60 km 
depth. Most of the slab is characterised by relatively low Vp/Vs, but 
a high Vp/Vs region is present at the slab top in all cross-sections 
at 60–90 km depth, reaching 15 km into the slab. At this depth, 
the slab beneath Martinique has the highest Vp/Vs value (>1.85) 
(anomaly “B” in profile E–E’ of Fig. 4b), compared to lower Vp/Vs 
(1.80–1.85) further north.

Below 120 km depth, a high Vp/Vs anomaly (>1.80) is present 
in all cross-sections from Montserrat in the north to Martinique 
in the south (Fig. 4b), and the highest value is seen beneath 
Guadeloupe (anomaly “C” in profile B–B’ of Fig. 4b). In all cases, 
this anomaly extends into the mantle wedge. The highest Vp/Vs 
(>1.85) in the asthenospheric wedge lies ∼25 km west of Do-
minica (anomaly “D” in profile C–C’ of Fig. 4b).

To further illustrate the along-strike variations of the mantle 
wedge and subducting slab, Fig. 5 shows our 3D model on an 
along-arc section. As described above, the depths of the velocity 
contours at shallow depths vary beneath the four islands, likely re-
flecting variations in crustal thickness, consistent with those found 
by Melekhova et al. (2019). High Vp/Vs is present in the sub-arc 
crust with values of 1.78–1.85. At 40–60 km depth, the lowest 
Vp/Vs is found between Guadeloupe and Dominica in the litho-
spheric mantle. Beneath 60 km depth, high Vp/Vs (>1.78) dom-
inates, with several locally increased but disconnected areas as 
depicted by the Vp/Vs = 1.80 contour. The slab top aligns with 
the 8.25 km/s Vp contour, and there are punctuated regions of el-
evated Vp/Vs (>1.80) above and below the slab top.

5. Thermal and synthetic seismic velocity structure

To assist with interpreting the slab, wedge and upper plate 
mantle-lithosphere velocities, we ran a kinematic thermal model 
(Fig. 7a) to predict seismic velocities that would result from vari-
ations in temperature, pressure and mineralogy. Our model set-up 
is similar to Perrin et al. (2018) and Halpaap et al. (2019), and 
its specific application to the Lesser Antilles is described by Har-
mon et al. (2021). Additional details of thermal dynamic modelling 
setup are in Appendix B.

Our modelling predicts relatively low Vp and high Vp/Vs in 
the hydrated basaltic slab crust (Fig. 7b and c). The blueschist to 
eclogite transition occurs where the slab is first exposed to warm 
convecting mantle material at the coupling transition depth (CTD) 
at 80 km depth and is accompanied by dehydration and a substan-
tial increase in Vp and decrease in Vp/Vs. The hydrated layer of 
harzburgite contributes to the low velocities at the top of the slab 
and persists to at least 160 km depth. Fig. 8b shows where wa-
ter is released from a saturated mid-ocean ridge basalt (MORB), or 
depleted MORB-source mantle (DMM) composition at the slab top 
and slab Moho. Mafic crust would generate the most prominent 
fluid release signatures near the CTD. Serpentinised mantle in the 
upper part of the slab would also generate a signature around the 
CTD yet would yield additional deeper high Vp/Vs where antigorite 
and chlorite break down, around depths of 110 km (if at the slab 
top) and 150 km (if present 6 km into the slab). The depth extents 
of these Vp/Vs anomalies associated with slab fluids are visible in 
Fig. 8b. Our synthetic models do not include the signature of free 
fluids but do predict where dehydration of different mineralogies 
(hydrous magmatic crust or lithospheric mantle) would occur. Near 
the depths where peaks in dehydration occur, we would expect an 
additional reduced Vp and especially elevated Vp/Vs in the mantle 
wedge overlying the slab top.
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Fig. 6. Restoring resolution test for 2-D Vp/Vs. (a) Input Vp/Vs model including a high Vp/Vs mantle wedge in and above the slab from 110 to 170 km depth, and low Vp/Vs 
anomaly at 40–60 km depth in the back-arc. (b) Recovered Vp/Vs model showing that the deep anomaly in the back-arc is well-recovered, whereas the shallow low Vp/Vs 
anomaly is smeared between 80 km depth and the surface.
Fig. 7. 2-D synthetic thermal and seismic velocity structure along a cross section 
through Dominica in the direction of plate motion. Details of the modelling proce-
dure are described in Harmon et al. (2021). (a) Thermal structure from a kinemati-
cally driven model (plate geometry from Bie et al., 2020; subducting plate velocity 
of 2 cm/yr; upper plate cooling age of 60 Myr and coupling transition depth of 80 
km) superimposed by the main dehydration boundaries (basalt to eclogite (“bas-
ecl”) transition in MORB/gabbro, and antigorite-out (“atg-out”) and chlorite-out 
(“chl-out”) boundaries in DMM/harzburgite). (b) Vp (c) Vp/Vs computed assuming 
dry DMM composition for the mantle and most of the mantle lithosphere, MORB 
crust at the top 6 km of the subducting plate, hydrous harzburgite (2.5 wt% water) 
for 6 km below the MORB crust (base labelled as “base hyd.”). Red triangle marks 
the location of island arc. ma = mantle asthenosphere; fc = forearc corner.

Our synthetic model shows that the upper-plate lithosphere is 
expected to be relatively high in Vp and low in Vp/Vs. In contrast, 
7

Fig. 8. The comparison of slab Vp/Vs imaged in this study with water release pre-
dicted from thermal modelling. (a) Blue line shows the mean slab Vp/Vs with depth 
and standard deviation is computed from all Vp/Vs values at depth sampled every 5 
km. Elevated Vp/Vs is observed at depths of 50–90 km and >120 km, correspond-
ing to the water release peaks shown in (b). The red line shows the slab Vp/Vs 
sampled along the Mercurius FZ. Although showing similar trend as the blue line, 
the slab Vp/Vs along the FZs is larger than the background values at 60 km and 150 
km depths, highlighting the effectiveness of FZs and domain boundary in subduct-
ing water through serpentinized slab peridotite; (b) Based on the thermal model 
(Fig. 7a), this panel shows predictions of where water would be released from a 
saturated MORB, or DMM composition at the slab top (solid lines) and slab Moho 
taken at 6 km into the slab (dashed lines).

the convecting mantle wedge is expected to be low in Vp, with 
relatively high Vp/Vs. Note that the slowly subducting old Atlantic 
slab generates a fairly thick (30–40 km) cold boundary layer on top 
of the slab, which has the characteristics of slab lithosphere, i.e. 
high Vp and lower Vp/Vs than the hot core of the mantle wedge 
(Fig. 7b-c).

6. Implications for volatile cycling

6.1. Fore-arc fluids and melt in the sub-arc crust

One prominent feature in the overriding Caribbean crust is the 
reduced Vp (7.2 km/s) and high Vp/Vs reaching 1.88 in the inner 
fore-arc about 40 km to the east of the volcanic arc. This anomaly 
is largest and strongest offshore Guadeloupe (the anomaly “A” in 
profile B–B’ of Fig. 4). This feature extends to the slab interface 
(the anomaly “A” in Fig. 9). Paulatto et al. (2017) found a similar 
Vp/Vs anomaly in this location. They interpreted it as the result of 
thick sediment packages underthrust and transported on the slab 
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Fig. 9. Vp (a) and Vp/Vs (b) along the slab interface. The values within 5 km of the slab surface (Bie et al., 2020) are averaged and shown here. Green lines depict FZs and 
domain boundary as shown in Fig. 1. Depth to the top of the slab is shown by the grey contours.
top with the Tiburon Rise and Barracuda ridge. This high Vp/Vs and 
reduced Vp feature correlates at the seafloor with the La Désirade 
Valley, the largest of several V-shaped basins separated by elevated 
spurs in the northern Lesser Antilles (Boucard et al., 2021). We 
interpret the anomaly as an imprint of saturated sediments de-
posited in La Désirade Valley. Our resolution limits mean that we 
cannot rule out a contributing effect from thick subduction sedi-
ments along the plate interface that extends deeper than 40 km 
(Laigle et al., 2013).

In the forearc and back-arc upper crust, generally higher Vp/Vs 
values (>1.75) at crustal depths (<30 km) are suggestive of ex-
tensive fluid saturation. Fluid infiltration into crustal fractures and 
a substantial diffuse upward water flux (Paulatto et al., 2017) 
could generate a water-rich upper crust that can explain such high 
Vp/Vs. By contrast, much of the volcanic arc has a lower Vp/Vs 
(<1.73) in the upper crust and high Vp/Vs (>1.78) in the lower 
crust (Fig. 5b). This pattern of low Vp/Vs in the upper crust and 
high Vp/Vs in the lower crust, also imaged by Paulatto et al. (2017), 
is consistent with partial melt in the lower crust. Although the 
Vp/Vs is high (>1.78), it does not exceed 1.85, in agreement with 
previous receiver function results (Arnaiz-Rodríguez et al., 2016). 
Melekhova et al. (2019) estimated Vp/Vs under the condition that 
melts wet grain boundaries completely and thus are fully inter-
connected for anhydrous basaltic melt in an olivine matrix. They 
predicted high Vp/Vs of 2.01 for 5 vol% of fully interconnected 
melt. Our study reports a Vp/Vs range of 1.78–1.85 for the lower 
crust, much lower than the estimated high Vp/Vs for fully intercon-
nected melt. These high Vp/Vs anomalies in the upper and lower 
crust occur separately between Montserrat and Guadeloupe (the 
anomaly “E” in Fig. 5b), between Dominica and Martinique (the 
anomaly “F” in Fig. 5b), and beneath Martinique (the anomaly “G” 
in Fig. 5b). Therefore, our result favours the existence of isolated 
partial melt pockets instead of pervasively distributed partial melt 
that may supply the active volcanic arc. Another interesting feature 
in the crustal high Vp/Vs anomalies is two connected high Vp/Vs 
cores at different depths, such as the ones beneath Montserrat 
and Dominica. Whether this vertically-connected feature indicates 
connected magma storage zones, and how this reconciles with vol-
canic processes need to be further investigated with petrological 
constraints.

In the shallow forearc mantle corner (marked as fc in Fig. 3; 
Fig. 4), Vp is relatively low at 7.5–7.8 km/s, but faster than the 
overlying crust, and Vp/Vs is moderate at 1.75–1.78. These charac-
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teristics are consistent with localised and low-degree serpentiniza-
tion of the mantle peridotite. We estimate up to ∼10% serpenti-
nite content in the forearc mantle corner, and corresponding water 
contents of up to ∼2% (Carlson and Miller, 2003). Limited slab de-
hydration below the fore-arc is consistent with subduction of old 
and hence cold Atlantic lithosphere (Abers et al., 2017). The fore-
arc corner is also characterised by seismicity between ∼30–60 km 
depth above the slab (Figs. 3 and 4). Temperatures here are below 
those where serpentinite would break down (Fig. 7a). Thus, these 
events are likely due to shallow fluid release from the subducting 
slab/sediments, which may trigger earthquakes (e.g., Laigle et al., 
2013; Halpaap et al., 2019).

6.2. Subducting slab dehydration

The down-going oceanic crust is imaged with low Vp that fol-
lows the Wadati-Benioff seismicity down to ∼150 km (Fig. 3a), 
with its greatest depth beneath northern Martinique (Fig. 4a). We 
can identify localised anomalies with high Vp/Vs at the slab top 
along the down-going slab, one at ∼30–40 km depth and the other 
at ∼55–80 km depth (Fig. 3b and 4b). The one at shallow depth 
likely corresponds to the release of free fluids stored in the slab 
crust and overlying sediments, leading to high pore fluid pressure 
directly above the slab top. The feature at ∼55–80 km depth co-
incides with the high Vp/Vs in the crust predicted just above the 
basalt/eclogite transition (Fig. 7) and subsequent dehydration peak 
(Fig. 8b), releasing fluids in the overlying wedge corner, where the 
free fluids would lower Vp/Vs. In both cross-sections along the 
slab (Fig. 9b) and map view (Fig. S4b), an elongated arc-parallel 
region of high Vp/Vs is visible at ∼55–80 km depth, correspond-
ing to the peak of averaged Vp/Vs at this depth range (Fig. 8a). 
This observation suggests the accumulation of over-pressured pore 
fluids on the plate interface due to the main dehydration pulse of 
both hydrous crust and/or exhumed mantle-lithosphere near CDT 
(Fig. 7 and Fig. 8). We note that this elongated high Vp/Vs feature 
at ∼55–80 km depth varies along the arc; the lowest Vp and high-
est Vp/Vs of 1.86 lies offshore Dominica and Martinique (anomaly 
“B” in Fig. 9), much greater than the averaged along-arc Vp/Vs of 
∼1.80 at 65 km depth (Fig. 8a). The variability indicates a substan-
tial variation in the degree of hydration. Fig. 9 shows that the local 
anomaly “B” overlaps with the projection of the domain bound-
ary/Marathon and Mercurius FZs. The co-location indicates that 
increased fracturing near FZs allows deeper and more pervasive 
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Fig. 10. Schematic interpretation showing down-dip and along-arc variations in structures, fluid transport, and slab dehydrationin the Lesser Antilles subduction zone based 
on findings in this study. Shaded green areas represent the main zones of slab dehydration. Red circles approximately represent the main cluster of seismicity. Red lines mark 
the inferred projection of subducted FZs (Cooper et al., 2020), and the domain boundary between proto-Caribbean lithosphere and Equatorial Atlantic lithosphere (Braszus et 
al., 2021).
fluid infiltration into the slab mantle, probably leading to greater 
peridotite serpentinization that is particularly efficient at incorpo-
rating water (up to 14 wt% at saturation in a harzburgite compared 
to ∼6 wt% for a saturated MORB, Hacker, 2008).

Beyond ∼95 km depth, Vp increases gradually with depth along 
the slab top, from 7.9 km/s to 8.7 km/s at 170 km depth, where 
our resolution diminishes (Fig. 3a). Moderate Vp/Vs (1.75–1.78) is 
found between the depth of 90–120 km along the slab top and in-
creases to >1.80 beneath 120 km, where it extends into the slab 
mantle (Fig. 3b, 4b and 9b). At the top of the slab, the persis-
tence of a low-velocity layer, relative to the mantle above and slab 
mantle below, down to 150–170 km depth, and the high Vp/Vs 
below 120 km depth are consistent with dehydration of serpen-
tinized mantle (Fig. 4). Substantial serpentinisation is compatible 
with tectonized slab lithosphere, as imaged on the incoming At-
lantic lithosphere (Davy et al., 2020). At 130 km depth, the upper 
mantle of the slab has a temperature of over 500 ◦C (Fig. 7a; van 
Keken et al., 2011), allowing dehydration of serpentinite, leading to 
the second major water release peak from DMM at ∼140 km depth 
(Fig. 8). Abundant seismicity occurs within the slab (Fig. 3b), with 
a thick Wadati-Benioff zone of 40 km (Bie et al., 2020) extending to 
180 km depth beneath Dominica and Martinique. This seismicity is 
consistent with a mechanism of dehydration embrittlement. There 
is significant along-strike variability in the high Vp/Vs anomaly 
strength in the deep slab. The peak Vp/Vs of 1.84 in the deep 
slab (anomaly “C” in Fig. 9b) coincides with the subducted do-
main boundary/Marathon and Mercurius FZs west of Guadeloupe. 
Our finding highlights increased slab hydration along the domain 
boundary at even greater depths than the ∼65 km anomaly de-
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scribed above. Our interpretation of enhanced hydration via ser-
pentinized mantle peridotite is also consistent with boron isotope 
signatures in magmas from Guadeloupe and Dominica (Cooper et 
al., 2020).

6.3. Fluid flux in the asthenosphere mantle wedge beneath the back-arc

The slab crust and lithospheric mantle fluids released below the 
CTD will ascend and flux into the asthenospheric mantle wedge 
above the slab. At the top of the subducted slab, the back-arc man-
tle shows elevated Vp/Vs (>1.78) up to 60 km depth (Figs. 3b and 
4b). This feature extends at least 70 km west of the arc, where 
our resolution diminishes. Although the elevated Vp/Vs is found 
all along-strike in the back-arc mantle wedge, amplitudes of the 
Vp/Vs anomalies vary along the arc. The highest Vp/Vs (∼1.85) ap-
pears west of northern Dominica (the anomaly “D” in Figs. 4b and 
5b). In cross-section D–D’ through Dominica (Figs. 4b), this deep 
(80–160 km) back-arc high Vp/Vs connects on its up-dip side with 
the high Vp/Vs anomaly on top of the slab at 60–80 km depth, 
forming the spatially largest high Vp/Vs anomaly in our study. In 
addition, a series of high Vp/Vs pockets (as delineated by the Vp/Vs 
= 1.80 contour beneath 80 km depth below the arc) extend into 
the slab (Fig. 5b). These anomalies appear to repeat with a wave-
length of 70–120 km (Fig. 10). This along-arc heterogeneity, even 
just for the ∼300 km long north-central segment that this study 
covers, suggests substantial variations in the volume of water re-
leased from the subducting slab. This variation is consistent with 
Davy et al. (2020), who found heterogeneous hydration in the in-
coming plate. The most prominent high Vp/Vs anomaly beneath 
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Dominica may highlight a rich fluid source that once fluxed into 
the warmer parts of the wedge, that is consistent with the peak in 
magmatic output along the entire volcanic arc (Wadge, 1984) and 
geochemical signatures (Cooper et al., 2020). Therefore, our tomo-
graphic images support the notion that variable hydration of the 
incoming plate governs volcanic output.

A remaining question thus surrounds the generation of melt in 
the mantle wedge and how it is transported to the volcanic arc. 
Whether the high Vp/Vs in the back-arc mantle wedge represents 
fluids or partial melt depends on mantle temperature and whether 
it exceeds the solidus. As shown by the modelled thermal struc-
ture in this study, the temperature of the mantle wedge within 50 
km above the slab is <1350 ◦C (Fig. 7a). The slow subduction of 
old, and hence cold Atlantic lithosphere results in such a relatively 
thick and cool boundary layer on top of the subducting slab. Such 
a cold boundary layer (Fig. 10) could plausibly have low perme-
ability (Cerpa et al., 2017). The presence of fluids in this layer may 
lead to high Vp/Vs without significantly lowering Vp (Takei, 2002) 
as we have imaged. Further to the west in the back-arc, increasing 
temperatures may promote partial melt, as evidenced by low Vs 
extending up to 200 km west (Harmon et al., 2021), and a high at-
tenuation anomaly that is laterally offset west of the arc by 50–70 
km (Hicks et al., 2019).

High Vp/Vs should therefore be observed further to the west in 
the back-arc mantle wedge for partial melting. We note that Vp/Vs 
is reasonably high (>1.75) 70 km west of the arc. Our restoring 
test (Fig. 4) shows that the Vp/Vs below 65 km depth in the back-
arc is affected by the smearing effect from the above Caribbean 
lithospheric mantle which has Vp/Vs smaller than 1.75. So, the 
wedge Vp/Vs is likely high ubiquitously below the back-arc im-
aged here. Combining our inference of fluids in the cold layer 
directly above the slab, our tomographic results suggest a curved, 
instead of vertical, fluid migration pathway from slab to arc. Fluids 
are first dragged down to greater depth with the down-going slab 
before rising through the warmer back-arc asthenosphere wedge 
(Fig. 10). Such a model is supported by the geodynamic study of 
Cerpa et al. (2017). We speculate that the strongest partial melting 
of the hydrated asthenospheric mantle occurs further to the west 
in the back-arc. Further constraints on the melt and its pathways 
to surface beneath the Lesser Antilles arc will be offered by future 
studies of seismic attenuation (e.g., Hicks et al., 2019).

7. Conclusions

This paper presents a detailed 3-D Vp velocity and Vp/Vs model 
across the north-central Lesser Antilles island arc down to ∼170 
km depth. Fig. 10 summarises our key interpretations described as 
follows. The velocity model shows a west-dipping slab with de-
creased Vp to ∼150 km depth. On the slab top, there are three 
high Vp/Vs anomalies. The shallow one at ∼30–40 km depth rep-
resents hydrated slab crust and high pore fluid pressure, where 
the fluid source is likely related to subducted sediment. The sec-
ond anomaly at 55–80 km depth may indicate the presence of 
enhanced serpentinite dehydration in the slab crust along the sub-
ducted Marathon and Mercurius FZs and a boundary between the 
proto-Caribbean domain and the current Equatorial Atlantic do-
main. Thirdly, elevated Vp/Vs on the slab interface at ∼130 km 
depth west of Guadeloupe and Dominica coincides with the same 
domain boundary. This high Vp/Vs in the slab, together with a 
thick Wadati-Benioff zone >130 km depth, suggests deep dehy-
dration of the slab mantle. Our results highlight the role played by 
inherited oceanic tectonic structures in transporting fluids down 
into the mantle and their output along volcanic arcs. In the back-
arc, immediately above the slab, the mantle wedge is moderate 
in Vp and high in Vp/Vs, indicative of free fluids from slab man-
tle dehydration migrating into the overlying cold boundary layer. 
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The strongest partial melting of the hydrated asthenospheric man-
tle may occur further to the west, tentatively indicating a curved 
fluid migration pathway from slab to the volcanic arc at the sur-
face, where we infer isolated partial melt in the lower crust.
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