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Abstract :

Dating of submarine volcanic systems is key to understand the history of tectonic and volcanic interactions
within the Lesser Antilles volcanic arc. In this study, we investigate the radioisotopic dating of submarine
volcanic systems located between Les Saintes (Guadeloupe) and Dominica islands in an intra-arc graben
bounded to the west by the active Roseau fault. Submarine lava flows and domes have been sampled
with the remotely operated vehicle (ROV) Victor6000 controlled onboard the Ifremer's N/O L'Atalante
during the 2017 Subsaintes cruise. We sampled distinct volcanic edifices or sets of edifices in the area,
in the previously identified Agoucha and Roseau volcanic complexes, and the Coche and Crawen
seamounts, in addition to the basement exposed along the Roseau fault scarp. Pre-degassing of these
samples before K-Ar dating has been mandatory to strongly limit their atmospheric argon contamination.
Based on twelve new K-Ar ages, we find that the earliest volcanism in the area corresponds to the
Agoucha volcanic complex with coeval ages of 4.23 £ 0.06 and 4.17 £ 0.06 Ma. These are also the oldest
ages obtained for the recent Lesser Antilles arc to the north of Martinique Island. A lava flow sampled
along the Roseau fault scarp yielded an age of 4.12+0.06 Ma, further attesting that early phase of
submarine volcanism occurred in the area about 1 Ma earlier than the emergence of Les Saintes Islands,
which has been dated onland at ~3 Ma. The Roseau volcanic complex was constructed during a relatively
long duration of at least 600 kyr, between 3.13 £ 0.05 and 2.52 £ 0.04 Ma, while a much shorter duration
is observed for the smaller Coche and Crawen volcanoes, with ages at about 2.2 and 2.0 Ma, respectively.
Together with ages of subaerial lavas from Terre-de-Haut in Les Saintes archipelago, these ages suggest
that an intense volcanic activity occurred between 3 and 2 Ma in this part of the recent Lesser Antilles arc.
The much younger age of 0.274 + 0.009 Ma obtained here to the north of Colibri volcano, might be related
with the northward magmatism of Dominica Island which displays similar timing and geochemistry.
Overall, trace elements data show that Crawen, Coche, Agoucha, and, to a lesser extent, Roseau lavas
have strong similarities with Basse-Terre, while pyroclastic units, Colibri and some Roseau lavas, are
similar to those from Dominica and Les Saintes islands. Finally, this study shows that dating the


https://doi.org/10.1016/j.margeo.2022.106862
https://archimer.ifremer.fr/doc/00783/89448/
http://archimer.ifremer.fr/
mailto:xavier.quidelleur@universite-paris-saclay.fr

submarine volcanic activity, which remains mostly unknown and undated, is a key component to
understand the formation of volcanic arcs such as the Lesser Antilles arc.

Highlights

» ROV sampling of submarine in-situ volcanic units between Les Saintes and Dominica. » Groundmass
K-Ar dating with an adapted protocol applied to submarine lavas. » Submarine volcanism south of Les
Saintes ranges from 4.24 + 0.06 to 0.274 £ 0.009 Ma. » Volcanism on Agoucha volcanic complex is the
oldest in the recent Lesser Antilles arc. » Intense volcanic activity occurred between 3 and 2 Ma in this
part of the arc.

Keywords : Lesser Antilles, Les Saintes Guadeloupe, Roseau fault, K-Ar, Submarine volcanism,
Subsaintes



1. Introduction

The Lesser Antilles volcanic arc results from the subduction of the North American
and South American plates under the Caribbean plate, with a low convergence rate of about 2
cm/yr over the last 2.4 Ma (Macdonald Holocombe, 1978; Symithe et al., 2015; van Risjingen
et al., 2020). The present-day convergence direction changes along the subduction zone, with
a dominant strike slip component at the north and south ends, and a normal faulting motion in
the eastern part. The oldest arc formed the Aves Ridge up t2 the early Eocene when slab
rollback induced an eastward migration of the arc (Allen et 4., 2019). Then, two successive
active arcs developed since the early Eocene (Nagle et al., 1976). From Martinique
northwards, the arc splits into two chains of volcan’c 1'ands (Fig. 1a). The eastern line, or
outer arc, is older, presently covered by limestnncs and inactive since the early Miocene
(Westercamp and Tazieff, 1980). The wester.> line of arc, or inner arc, is much younger and
active (Macdonald et al., 2000). The weX*ward jump of volcanic activity induced by slab
shallowing has been explained by th~ incoming Tiburon and Barracuda aseismic ridges into
the subduction (Bouysse, 1984; "3o.'\/sse and Westercamp, 1988; Bouysse and Westercamp,
1990). The inner arc is belie'seu to have started forming around 5 Ma ago, with the Morne
Jacob volcanic complex ‘n | 1artinique (Germa et al., 2010). The next oldest ages in the inner
arc were measured on Te. re-de-Haut (Les Saintes, Guadeloupe) by Zami et al. (2014) at 2.98
+ 0.04 Ma. In this region between Guadeloupe and Dominica in Lesser Antilles, the inner
volcanic arc corresponds to the Basse Terre and Les Saintes, and the outer volcanic arc to

Grande Terre and Marie Galante (solid and dashed lines respectively in Fig. 1a).

South of Les Saintes plateau (Figure 1), five main underwater volcanic complexes and
volcanoes have been identified and are shown in Figure 2 (names in bold). They have
significant morphological differences and show interactions with intra-arc extensional

faulting (Feuillet et al., 2011b; Leclerc et al., 2016). Radioisotopic ages of these submarine



volcanic structures and associated deposits are required to understand the volcano-tectonic
history of this province and to investigate its possible link with the surrounding subaerial

volcanism and the magmatic activity of the inner arc and its construction.

We sampled different volcanic units in the area using deep-sea vehicles to constrain
the submarine volcanic history with K-Ar dating (Figure 2). To overcome the challenges of
K-Ar dating of underwater samples owing to seawater-lava interaction, we developed a
protocol to eliminate seawater argon contamination. Our rieochronological results were
associated with major and trace geochemistry to gain insights 11,"9 the magmatic behavior of
the different submarine volcanic complexes in the area o. stui'y, and their possible link with
nearby subaerial volcanic systems from Dominica, a 10 ‘rfom Les Saintes and Basse-Terre in

Guadeloupe.

2. Geochronological and geological s>tting

The central part of the Lecscv ~uitilles volcanic arc, from Basse-Terre (Guadeloupe) to
Martinique islands, is the mns. active section of the inner arc in terms of magma volumes
emitted (Wadge, 1984). \."2lcaiic products follow the calc-alcaline series, mostly dominated
by basalts and andesites .‘ith medium potassium (K) concentrations ranging from about 0.5 to

2.0 % (Macdonald et al., 2000).

Age constrains of volcanic units in the area are solely subaerial to date, with no
information on the ages of submarine structures that may represent a significant part to the
total magmatic production of the arc. Geochronological results on Basse-Terre show
decreasing K-Ar ages towards the south of the island, starting from the Basal Complex, which
was active between 2.8 and 2.7 Ma, to the Grande-Decouverte-Carmichaél-Soufriere (GDCS)

Complex which started at least 200 ka ago and most likely a significant time before and is still



ongoing at La Soufriére of Guadeloupe as well as in the Madeleine-Trois Riviéres volcanic
field (Komorowski et al., 2005; Boudon et al., 2008; Samper et al., 2007, 2009; Legendre,
2012; Ricci et al., 2017; Metcalfe et al., 2021). South of Basse-Terre, Les Saintes Islands host
several volcanic structures which have been dated between 2.98 + 0.04 and 2.00 + 0.03 Ma on
Terre-de-Haut, and between 916 + 32 and 882 + 13 ka on Terre-de-Bas (Zami et al., 2014).
Dominica is the most active island of the Lesser Antilles volcanic arc with 9 active volcanic
centers (Figure 1), spread from Morne aux Diables in the north to the Plat Pays Volcanic
Complex (PPVC) in the south (Lindsay et al., 2005b). According to recent (U-Th)/He ages,
the Morne Espagnol dome located in the north-west part ¢7 u.~ 1sland is dated at 744 + 46 ka,
while the youngest age of 3.8 + 0.3 ka was obtained for (he Southern Rouge dome, from the
PPVC (Howe et al., 2015a). It can be noted that Morne >ux Diables, at the northern tip of the
island, is dated at 170 + 14 ka (Howe et al., 2C1L ) Only rather recent volcanic products have

been dated in Dominica, and no reliable ¢ ae '3 currently available for older volcanic deposits.

Our study area is located sout> o1 '.es Saintes plateau and north of Dominica reaching
water depths of >1000 m (Fig. 1.} The AGUADOMAR cruise in 1998 (Deplus, 1998;
Deplus et al., 2001) the GW.AL,"SEIS cruise in 2009 (Feuillet, 2009) and the BathySaintes
cruise in 2010 (Deplus ara Feuillet, 2010; Leclerc et al.,, 2016) acquired multibeam
bathymetry with increas.ng horizontal resolution through time showing both dense fault
networks and several large volcanic structures in the area. Studies by Feuillet et al. (2011b)
and Leclerc et al. (2016) analyzed these fault systems that form a 30 km wide half graben
accommodating NW-SE extension in line with the Bouillante-Montserrat fault system
(Feuillet et al., 2010; Fig. 1b). These faults are associated with a number of seismic events
mostly of low magnitude (Bazin et al., 2010; Feuillet et al., 2011). The largest event recorded
in the area occurred in 2004 rupturing the Roseau fault, which borders our study area to the

west, with a magnitude of the 6.3 Mw (Feuillet et al., 2011; Escartin et al., 2016). Following



this event and in order to identify the corresponding surface rupture and study the interactions
between faulting and volcanism, the 2017 Subsaintes cruise (Escartin et al., 2017) onboard the
Ifremer’s N/O L’Atalante deployed the remotely operated vehicle (ROV) Victor6000 and
autonomous underwater vehicle (AUV) AsterX. These vehicles were used to study the
seafloor between Les Saintes plateau and Dominica, gathering high-resolution bathymetry

and acoustic reflectivity, seafloor imagery, and rock samples (Hughes et al., 2021).

3. Data and methods

3.1. Sampling

ROV Victor6000 was used to sample 201 rocks aicng 14 dive tracks carried out during
the Subsaintes cruise (Escartin et al., 2017; -uy:es et al., 2021). The samples are mostly
composed of volcanic deposits, in addio« to carbonaceous rocks and sediments. All the
collected volcanic samples showed a mc*e or less altered rind due to prolonged exposure to
seawater. Initial sample select’'u.> vur geochronological studies was based on visual
observation to identify those .‘th lower levels of alteration and the absence of calcite
recrystallization. A select.cn v 40 samples was used for geochemistry in this study (Fig. 2).
Except for three pumice-.ich pyroclastic deposits (SBS 666-198, SBS 666-199 and SBS 666-
200), the remaining samples have been collected from lava flows and domes. Examples of

ROV images of outcrops sampled and used in this study are shown in Figure 3.

Samples for K-Ar dating underwent a second selection at the GEOPS laboratory
(Orsay, France) based on thin section observations of the less altered samples. The final 13
samples selected for dating are located in Figure 2 and listed in Table 1. These comprise
samples from different volcanic units, including the lava flows from the volcanic complex of

Agoucha (SBS 656-042 and SBS 657-050), from basal (SBS 655-033, SBS 662-132) and



upper (SBS 662-142) lava flows of the Roseau volcano, and from the basal (SBS 664-180)
and inner part (SBS 664-186) of the Coche volcano, from the final dome (SBS 659-073) of
the Crawen tuff-cone-dome complex, as well as from the nearby Cassave dome (SBS 660-
082). In addition, we have also dated lava flows exposed along the Roseau fault scarp (SBS
654-014 and SBS 663-157), and from a lava flow along a smaller fault located between the
Roseau and Colibri volcanic complexes (SBS 662-125 and SBS 662-127). Samples from the
Colibri volcano were not deemed suitable for K-Ar dating due to their high level of alteration

and/or the presence of calcite.

3.2. Submarine rocks argon dating

The presence of excess radiogenic “°# ¢ icantified in rapidly cooled outer rim of
pillow-lavas has limited the use of *ie <-Ar technique for dating submarine basalts
(Funkhouser et al., 1968; Moore et ai., 1968). It has been shown that the excess “°Ar derived
from the magma could not diffuse oL ¢ ¢t the rock following eruption and was trapped in the
rapidly quenched part of it, white n. the inner part, it had time to diffuse out of the rock before
cooling (Dalrymple and N:~ore, 1968; Funkhouser et al., 1968). Furthermore, submarine
rocks may incorpor.. betassium from seawater, potentially yielding K-Ar ages that are
younger than the actual rock age (Seidemann, 1977; Ozima et al., 1970, 1977). Both
phenomena (K and excess “°Ar incorporation) can occur together and render the use of K-Ar
dating difficult for submarine basalts, especially for young MORB characterized by very low
K and radiogenic “°Ar contents (e.g., Guillou et al., 2017). However, when applied to fresh
groundmass of submarine flank of Hawaiian volcanoes (Yamasaki et al., 2011), for instance,

or to oceanic seamounts (Janin et al., 2011), reliable K-Ar ages can be obtained.



Early “°Ar/*Ar analyses of submarine rocks have suggested that this technique was
not successful to fully eliminate the excess radiogenic “°Ar contamination (Seidemann, 1978).
However, it helped to retrieve meaningful ages from submarine rocks (Clague et al., 2006),
although “°Ar/*°Ar ages can be significantly biased by **Ar recoil during irradiation (Walker
and McDougall, 1982). It was also successfully used for dating young MORB and Lesser
Antilles seamounts with an uncertainty of about 10% (Duncan and Hogan, 1994; Guillou et
al., 2017; Carey et al., 2020), and yielded high precision ages for old differentiated rocks

(e.g., Lietal., 2015).

In the Lesser Antilles subduction arc, most lavas « re adesites that can be difficult to
date with the “°Ar/*Ar technique. The plagioclas: phenocrysts can vyield relatively flat
plateaus (Hatter et al., 2018), but can correspond tn :nhericed xenocrysts not fully reset within
the magma chamber and thus biasing towards apparent ages older than the real ones (Harford
et al., 2002; Samper et al., 2008). In additic’«, the high Ca content of the groundmass produces
a large input of *Ar during irradiati~n, “vhich, together with **Ar recoil, can significantly
disturb the degassing patterns dutiny, “-Ar/*°Ar analyses (e.g., Harford et al., 2002). The K-Ar
technique applied to carelly separated groundmass has been successfully applied
extensively in the Lesser A *ines onland (e.g., Samper et al., 2007, 2008, 2009; Germa et al.,
2011; Ricci et al., 2017), vith its main advantage being to avoid the drawbacks of the sample
irradiation (recoil effect and interfering production of *®Ar). Consequently, we have applied
here this technique to carefully selected groundmass separated from the fresh inner part of
submarine samples to avoid K incorporation from seawater, and excess radiogenic “°Ar from

the outermost few cm of rapidly cooled rocks (e.g., Duncan and Hogan, 1994).

Another issue for accurate dating using K-Ar or “°Ar/*Ar is the presence of glass
within the matrix. Although glass can be used with success for K-Ar (Gillot et al., 2006) and

OArPAr (Morgan et al., 2009) dating, the mobility of K and/or Ar during weathering



(Cerling et al., 1985), as well as the effects of hydration and devitrification, might in some
cases led to anomalous results (Flude et al., 2010; Hildreth et al., 2017). Samples analyzed
here all present a crystallized groundmass with a relatively low glass content, which should

limit the problem inherent to K-Ar dating of glass.

3.3. K-Ar dating

At the GEOPS laboratory (Orsay, France), thin sections ~f 13 samples selected on-
board for dating were inspected to determine which K-rich sart (groundmass or specific
minerals) and fraction size would be the most suitable 1.~ analysis based on lack of alteration
and abundance of phenocrysts (Table 1). Samples we = then manually crushed and sieved,
and ultrasonically cleaned in a 10% HNO3 solu.iun. Selected fractions were isolated within a
narrow density interval by heavy liquid “epeation using diiodomethane or bromoform. Thin
sections of the 12 successively (see section 4.1.) dated samples (Supp. Mat. 1) are to be found

in supplementary materials (Supp. Mt 2).

Potassium and Ar mea. 'rements were acquired following the unspiked Cassignol-
Gillot method (Cassignol za Cillot, 1982; Gillot et al., 2006), with duplicated measurements.
The K content for each somple was measured via flame-absorption spectrometry with BCR-2
(Raczek et al., 2001; K = 1.481 %) and MDO-G (Gillot et al., 1992; K = 3.51 %) as reference
standards. Argon was measured using a multi-collector 180° sector mass spectrometer by
comparing the amount of *°Ar and “°Ar isotopes from the samples and atmospheric aliquots
(for details see Germa et al., 2010). The air pipette was calibrated by measuring the HD-B1
standard (Fuhrmann et al., 1987; Hess and Lippolt, 1994) with an age of 24.18 Ma (Schwarz
and Trieloff, 2007). “°K decay constants and K isotopic ratio of Steiger and Jager (1977) have

been used. Uncertainties reported here are quoted at the 1o level.



As submarine lavas are highly contaminated by gases present in seawater, before
samples were melted for total release of radiogenic “°Ar, they were pre-degassed during 15
min at low temperature to get rid of superficial contamination. This protocol was set after
multiple trials to make sure no radiogenic Ar was lost through the process (see section 4.1.).
Following this initial step and the high temperature melting of the sample, a three-step
procedure was applied to remove all gases released from the sample that would alter a good
mass-spectrometer measurement. First, gas clean-up was performed with a large amount (15
g) of pure Ti foam heated at 800°C for one hour, then cooled ta 1 2om temperature for about
20 min. Each batch of Ti foam was used for 10 samples a. most. Two successive clean-up
steps of 2 min long each were then performed using Al-Zr AP10GP SAES getters to further

purify gases prior to analysis.

3.4. Geochemistry

Forty samples were selected fo- geochemical analysis based on their location and
petrological features in order t«. ob.2in results over the whole study area (Fig. 2). Whole rock
trace and major elements i.>easurements were conducted at the SARM laboratory (Nancy,
France) via ICP-AE% ‘Ti.2wno Electron IRIS Advantage) and ICP-MS (Thermo Elemental
X7). Prior to analysis, samples were fused with LiBO, in Pt-Au crucibles before being
dissolved with HNOs. International standards used for calibration (AN-G, BR, DR-N, GH,

UB-N) underwent the same process as samples (Carignan et al., 2001).

Geochemical major and trace elements for samples from the surrounding islands of
Basse-Terre (Gunn et al., 1980; Touboul et al., 2007; Dufrane et al., 2009; Samper et al.,
2007; 2009; Boudon et al., 2008; Ricci et al., 2017), Les Saintes (Zami et al., 2014), and

Dominica (Brown et al., 1977; Lindsay et al., 2005a; 2005b; Howe et al., 2014; 2015b;



Halama et al., 2006; Boudon et al., 2017) were extracted from the GEOROC database for

comparison purposes with our new samples from the Subsaintes cruise.

4. Results
4.1. Pre-degassing protocol dedicated to K-Ar dating of underwater volcanic rocks

Due to their prolonged exposure to seawater, the samples were highly contaminated
with argon rendering the precise measurement of radiogenic a"y." nnpossible. Therefore, pre-
degassing was required prior to fusion. Optimal heatitig uiration and temperature were
obtained through a series of tests using the 250 ka \*DC-G standard (Gillot et al., 1992).
Figure 4a shows that for a 1 hr heating duration at a Jive:: temperature, furnace intensity over
0.03 A leads to a loss of the measured “°Ar* on..it and therefore an underestimation of the
age. Figure 4b (sample SBS 660-82) .~cws negligible variations with extended heating
durations from 15 min up to 60 min at o constant furnace intensity of 0.02 A, with possibly
only a minimal effect on the aye fu. duration longer than 30 min. As a result, optimal
parameters where set at a 0.0 A turnace intensity and 15 min heating duration. Note that
because we used an indurinn furnace, no precise control of the temperature was possible. By
extrapolating measuremcnts performed at higher temperature with an optical pyrometer, an
intensity of 0.02 A is estimated to correspond to ~200°C and 0.03 A to ~300°C.
Simultaneously and following this process, degassed products were pumped out of the
furnace until a vacuum level lower than 5x107 Torr was reached. This protocol allowed us to
remove up to 98 % of atmospheric Ar contamination (Figure 4c) for 12 samples, but it was

not successful for a 13" sample (SBS 662-127) which was thus discarded from this study.

4.2. K-Ar ages



Twelve K-Ar ages were obtained over the area on lava samples of various location and
compositions (Tables 1 and 2, Figures 2 and 6). These ages range from 4.23 + 0.06 to 0.274 +
0.009 Ma. Potassium contents on the groundmass analyzed range from 0.246 to 1.614 % and
radiogenic “°Ar contents between 3.3 and 64.9 %. Due to highly altered groundmass (Fig. 4
and Supp. Mat.1), sample SBS 659-073 was analyzed using amphibole crystals from size
fractions 250-500 um and 500-1000 pum, for which K contents were of 0.247 and 0.256 %,
respectively. The mean ages obtained are shown in Figure 5. The oldest samples were
gathered from the Agoucha volcanic complex in the south-east m *he area (Figures 2 and 6),
with sample SBS 657-050 dated at 4.23 £ 0.06 Ma and sumle SBS 656-042 at 4.17 £ 0.06
Ma. A coeval age of 4.12 + 0.06 Ma was obtained for scmple SBS 654-014, located on the
wall of the Roseau fault to the west of the Roseau vou.~ano, that exposes volcanic deposits
along its scarp. Samples SBS 655-033 dated at « 13 £ 0.05 Ma and SBS 662-132 at 3.02 +
0.04 Ma, were gathered from respective! / th2 western and southern outer parts of the Roseau
volcanic complex. They are contempo, 2ry to the age of 3.04 £ 0.04 Ma obtained for sample
SBS 663-157, which was sampler al.ny the Roseau fault south-west of Les Saintes plateau.
Another sample from the Rosec'1 voicanic complex, SBS 662-142 located close to the flat top,
has been dated at 2.52 + 0..* "Ma. Samples SBS 664-180 and SBS 664-186 from the south
and north flanks of tiie Jouiie complex are slightly younger, with ages of 2.31 + 0.04 and 2.11
+ 0.03 Ma, respectively. The Crawen and Cassave domes were found to be contemporary,
with ages of 2.08 + 0.03 and 2.05 £ 0.03 Ma obtained for SBS 660-082 (Cassave) and SBS
659-073 (Crawen central dome), respectively. Finally, the youngest age measured
corresponds to sample SBS 662-125 at 274 + 9 ka, located in a faulted area between Roseau

and Colibri volcanoes, which exposes volcanic basement along fault scarps.

4.3. Geochemistry and petrology



New whole rock geochemistry results obtained on 40 lava samples are given in Supp.
Mat. 3, complementing the age analyses. The samples analyzed are mostly of porphyric
textures with plagioclase and amphibole crystals of different sizes (mm to several cm) within
a glassy groundmass, and varied levels of alteration (Supp. Mat. 1, and thin sections shown in

Supp. Mat. 2).

The total alkali vs. silica (TAS; Le Bas et al.,, 1986) diagram (Fig. 6a) shows
predominantly basaltic and andesitic compositions. Apart from 3 samples (SBS 654-020, SBS
654-016 and SBS 659-070) falling into the higher alkaline f'ela. the remaining samples are
spread within the calc-alkaline volcanic series. SiO, ranes rom 47.5 to 65.6% and alkali
from 2.4 to 6.5%, except for one sample (SBS 654-Czu, au 8.5%. Figure 6b shows the major
element oxides variation diagrams as a function nf 5i0, used as a differentiation index. CaO
and MgO show an overall negative correlaticn reiative to SiO,, in agreement with an early
crystallization of Ca rich-plagioclase felas, i and pyroxene minerals in these lavas, while the
positive correlation of K,O and Na,C rei.tive to SiO; is consistent with crystallization of Na-
rich plagioclase in more differer.ta:2a magmas. Overall, these trends in the major element
data are comparable with suk=ei.~l lavas from Basse-Terre (Guadeloupe), Dominica and Les
Saintes (Guadeloupe), is'an's. 1t should be noted that for all non-pyroclastic rocks, we used a
LOI (loss of ignition) cuu off limit of 3% in order to remove those with significant alteration.
Such cut-off value is based on sub-aerial K-Ar dated lavas from Basse-Terre (n=83; Ricci et
al., 2017), which have a maximum L.O.l. of 3.1 %. We thus retained a total of 28 out of 40

samples, which were used in the TAS and Harker.

Rare Earth Elements (REE) and incompatible trace elements were normalized to
chondrite (Fig. 7) and to the primitive mantle composition, respectively (Fig. 8; Sun and
McDonough, 1989). The grey envelope on these graphs corresponds to the geochemical data

acquired over the area of study, i.e. the 40 samples, and its shape is typical for volcanic arcs,



with a slight enrichment in light REE compared to heavy REE (e.g., Macdonald et al., 2000).
Only Agoucha samples, as well as some Crawen samples, display a negative Eu anomaly
(Fig. 7), suggesting strong plagioclase fractionation. Spider diagrams of normalized
incompatible elements to the primitive mantle (Fig. 8; Sun and McDonough, 1989) show Nb
and Ta depletions, and U and Pb enrichments, which are typical of volcanic arcs. It can also
be noted that no important enrichment in K is observed, and that Coche volcano samples also
display a slight enrichment in Sr. The latter samples display a striking homogeneity, while
those from other volcanoes show more dispersion (Fig. 7 and R). Zamples SBS 659-067 and
SBS 659-070 from Crawen volcano are the most enrich~u .1 REE elements, while sample
SBS 657-048 is depleted in most trace elements relativ= to other samples from Agoucha
volcanic complex. Note that sample SBS 662-142 is shyhtly depleted in light REE compared

to other samples from the Roseau volcano.

Figure 9a shows that the La/Sn. ratios are quite homogenous for the Agoucha
(between 2.7 and 3) and Coche (bet:«e.: 2.6 and 3.1) volcanic complexes. In contrast, the
ratios from the Crawen-Cassave (1,»m 1.9 to 2.6) and Roseau (from 2.2 to 3.7) volcanic
complexes spread over wider “an2es. Coche samples show a relatively large variation in MgO
content (from 2.5 to 17.5:4), as well as Roseau samples (from 2.5 to 10.5%), whereas
Crawen-Cassave and Agoucha show more restricted ranges (from 2.6 to 6.2% and 2.1 to

4.1%, respectively).

5. Discussion

5.1. K-Ar ages

As there are no other ages of submarine volcanic units available in the studied area

allowing direct comparison to other submarine volcanic center, the quality of our new ages



can be assessed by comparing results obtained from a given volcanic center. For the Agoucha
complex, the two ages we obtained are undistinguishable, with values of 4.23 + 0.06 and 4.17
+ 0.06 Ma (samples SBS 657-050 and SBS 656-042), while their K contents of 1.422 and
1.176% (Table 2), respectively, are significantly different. A striking coherency is also
observed for both ages of 2.08 + 0.03 and 2.05 + 0.03 Ma, obtained from the inner crater
dome of Crawen volcano and the peripheral Cassave dome, respectively, while groundmass
and amphiboles, two different mineral phases with K contents differences of about 50%
(Table 1) have been analyzed. Similar ages are also obtained far Coche volcano with values
of 2.11 + 0.03 and 2.31 + 0.04 Ma. Finally, 2 out of the s «1es from Roseau volcano basal
lavas are very similar (3.13 £ 0.05 and 3.02 + 0.04 Ma), vhile the third one, sampled in the
more central and upper part of this volcano, is significatly younger at 2.52 £ 0.04 Ma (Fig.
5). Samples from several units showing iden®ic ! «r very similar ages within each of them
(e.g, Agoucha, Crawen and Cassave, Cc *he' suggest that the age results are reliable and that
our analytical protocole properly ren.~ved the effect of seawater contamination on rock

chemistry.

5.2. Magmatic evolution

The La/Sm ratios, shown as a function of MgO in Figure 9a, can be used to estimate
the degree of partial melting (Rollinson, 1993), and is also a quantitative proxy to trace the
influence of slab sediments incorporated into the subduction (Labanieh et al., 2012). Overall,
La/Sm ratios from this study spread in a relatively narrow range for Agoucha, Crawen and
Coche volcanoes, while slightly more dispersed values are obtained for Roseau volcano, in
agreement with patterns shown in Figures 8 and 9. This can be related to the duration of their

volcanic activity, as discussed previously, with a relatively short period for the former, and a



much longer of at least 600 kyr for the Roseau volcano, which is complex and spreads over a
much larger area than Agoucha, Crawen, and Coche (Fig. 2). Compared to published values
for nearby subaerial volcanic islands (Fig. 9a), samples from Coche, Crawen, Cassave and
Agoucha are similar to those from Basse-Terre, with Cassave samples displaying the lowest
La/Sm ratios, as observed for the Basal Complex and Piton de Bouillante volcano in Basse-
Terre (Ricci et al., 2017). The pyroclastic units (SBS 666-198, SBS 666-199 and SBS 666-
200), and lava samples SBS 663-156 and SBS 662-125, from the northern Roseau Fault and

north-west of Colibri, respectively, fall within the Les Saintes »~a Jominica fields.

Lavas from Basse-Terre and Dominica, and to a lesser extent from Les Saintes,
display significantly distinct behaviors in the Th/Nt v. 1n/Yb diagram (Fig. 9b). The two
trends observed in this bivariate ratio plot point tn cistincc magma sources (Rollinson, 1993).
Crawen, Coche and Agoucha lavas have strcg similarities with Basse-Terre, while Roseau
yields some samples that are similar to t.~ Basse-Terre field, and while others are closer to
the Les Saintes field. Note that the I~**er 'ie in between fields of Basse-Terre and Dominica,
with relatively high Th/Yb ratios and L_ow Th/Nb ratios. Only the three pyroclastic units (SBS
666-198, SBS 666-199 and SRS J66-200), sample SBS 663-156 from the northern segment of
the Roseau fault, one sarm.pic trom Colibri volcano (SBS 661-097), and to a lesser extent (SBS
602-125) from NW Coli.~i lava flow, geochemically correspond to the Dominica field (Fig.
9b). This points to the potential presence of at least two distinct mantle magma sources, but

isotopic data are required to constrain their origin.

From high La/Sm ratios and low Ba/La values, Zami et al. (2014) identified a
significant sedimentary input into the mantle wedge for most Terre-de-Bas lavas, while Terre-
de-Haut lavas fall between Basse-Terre and Dominica values suggesting a lower sediment

input. Figure 9c shows that most of our submarine samples also lie between Basse-Terre and



Dominica. Only the samples displaying the highest La/Sm ratios are above the Dominica

field, but none display a strong sedimentary signature based on this diagram (Kay, 1980).

Plotted as a function of sample age, the SiO, content is overall decreasing except for
the youngest sample from the NW of the Colibri volcanic complex (Fig. 10a), while the
scatter in Mg# shows no clear trend (Fig. 10b). This indicates that the SiO, decrease cannot be
related to long-term crystal fractionation processes. La/Sm ratios do not display any marked
evolution within the last 4 Myr (Fig. 10c) suggesting that the magma sources remain rather

identical throughout this period.

5.3. Temporal evolution of the volcanism between Les C=ntes and Dominica

Although our age dataset is rather limiteu i1 the number of samples, the twelve new
K-Ar ages acquired over the area (Fig. 5, srem to be distributed into four periods of volcanic
activity, at ~4 and ~3 Ma, between 2.5 >nd 2 Ma, and a younger one at about 0.3 Ma (Fig.
11). The first phase of volcanis'.. thuc we document consists of andesitic lava flows and
volcaniclastic breccias forminyg ~ones within the Agoucha volcanic complex, and from the
units exposed along the Ro<ewu fault scarp, 16 km to the west of Agoucha. The three dated
samples (samples SBS v~4-014, SBS 657-050 and SBS 656-042) have ages between 4.23 +
0.06 and 4.12 + 0.06 Ma supporting an onset of volcanism in the studied area slightly before 4

Ma.

A second apparent volcanic phase is dated between 3.13 + 0.05 and 3.04 + 0.04 Ma,
with andesitic prismatic lava flows on the southern and western outer parts of the Roseau
volcano, as well as brecciated andesitic lava flows on the Roseau fault west of Les Saintes
plateau (Fig. 5). This phase was coeval with the oldest on-land activity dated at 2.98 + 0.04

Ma (Zami et al., 2014) on Terre-de-Haut Island. It was followed by the construction of the



Basal Complex on Basse-Terre at 2.79 + 0.04 Ma (Samper et al., 2007), indicating a

widespread volcanism in this part of the Lesser Antilles arc around 3 Ma.

The third phase, which occurred between 2.52 + 0.04 and 2.05 + 0.03 Ma, corresponds
to the construction of the central part of the Roseau volcano, the formation of the Coche
volcano, and to the last construction stage of Crawen volcano (i.e., the central dome) and the
nearby Cassave dome. Note that the oldest sample from this third phase, as well as the oldest
age of Coche volcano dated at 2.31 + 0.04 Ma, are close to the ~ge of 2.40 £ 0.04 Ma obtained
on Terre-de-Haut (Zami et al., 2014). Slightly later, an intens : ey.'sode of volcanism seems to
have occurred between 2.11 £+ 0.03 and 2.00 £ 0.03 Ma, w ith t1e youngest stage of the Coche
volcano, the emplacement of the Crawen domes, ara our ages obtained on Terre-de-Haut
Island (Zami et al., 2014). Note that no age has beer, found in Basse-Terre within the interval
2.6-1.8 Ma (Ricci et al., 2017). Overall, the “trucwres belonging to this phase line up on a
direction parallel to the major faults anu “:xtensional structures of the area (Leclerc et al.,

2016), such as the Roseau and Souffl2 r ioults, and with Les Saintes Islands (Fig. 5).

The last volcanic phase u.ted nere at 274 + 9 ka is represented by a dacitic lava flow
(SBS 662-125) located on a fault scarp between Roseau and Colibri volcanoes. It is
contemporaneous with activity at the Grande-Découverte-Carmichaél-Soufriere Complex
dated around 200 ka (Tarlut et al., 2000) for a lava flow in upper part of the Grande
Découverte caldera as well as with the major quartz dacite Danois Pumice explosive eruption
of the Bouillante Chain in Basse-Terre (Komorowski et al., 2005) dated at 244 + 18 ka
(Blanc, 1983), and to the age of 170 + 14 ka (Howe et al., 2015a) available for the northern
volcano of Morne aux Diables in Dominica. Our age could reveal a potential magmatic
reactivation of volcanism in the area after a 1.7 Myr repose, or after a 0.6 Myr repose if the
ages obtained for subaerial volcanism of Terre de Bas are considered (Zami et al., 2004).

However, we note that our dated sample SBS 662-125, sample SBS 661-097 from the Colibri



volcano, and the single sample with geochemistry data available for Morne aux Diables
(samp. 33; Howe et al., 2015b) display similar REE and incompatible trace elements patterns
(Fig. 12). This proposed submarine volcanic sequence, and its links to the subaerial volcanic
history, should be considered with caution because of our limited submarine sampling and
associated dating, as well as sparse data available from Dominica. However, we tentatively
interpret the Colibri volcano, as well as the NW lava flow SBS 662-125, as a NW
prolongation of the northern Dominica volcanic system that has been active within the last
200 ka. Additional samples, isotopic data, and associated dau~g of these deposits and
volcanic units are thus needed to further constrain the reriu, a1 volcanic history, and that of

individual volcanic complexes to support such hypothesis.

REE and spider diagrams, shown in Finure 12 for each volcanic phase identified
above, reveal that the first phase of volcanic a:tivity in the area, around 4 Ma, may have had a
significant spatial extension. Indeed, the .-mples from Agoucha and the Roseau fault (SBS
653-014) are geochemically very simiar. This may imply that this phase of activity was not
restricted to a single volcanic ccmg'ex, but that magma reached the surface via a complex
plumbing system feeding sev~ra, ‘rents or volcanic structures over an area that spans along at
least 20 km (Fig. 5). T'as ~an also be observed between the contemporary samples from
Coche and Crawen volccn0es, and the Cassave dome, dated between about 2.5 and 2 Ma.
This may suggest that extensional tectonics in this part of the volcanic arc may have played,
at that time, a role in favoring magma ascent over a wide area and for an extended period of

time.

5.4. New temporal constraints of the inner arc



An apparent latitudinal decrease of the age for the onset of subaerial volcanism in the
inner recent arc has been observed from Martinique, where both inner and outer arc merge
(Fig. 1), to Montserrat (Zami et al., 2014) and even North to Saba, the last volcanic island of
the arc (Smith and Roobol, 2005a). Subaerial activity of the Lesser Antilles inner arc started
around 5.5 Ma ago with Morne Jacob in Martinique (Germa et al., 2010), following the
westward drift of the volcanic activity of the arc after 7 Ma ago (e.g., Germa et al., 2011). The
oldest subaerial ages then decrease towards the north of the arc with Terre-de-Haut (Les
Saintes) dated at 2.98 £ 0.04 Ma (Zami et al., 2014), the Ba<~l Crmplex on Basse-Terre at
2.79 £ 0.04 Ma (Samper et al., 2007), 2.58 + 0.06 Ma obtwun.oa 1or Silver Hills in Montserrat
(Harford et al., 2002). Note that, poorly reliable ages chta:ned from whole-rock analyses have
been reported for northern islands, with ages as old as 3.43 £ 0.17 Ma (Simpson, 2005) in
Nevis and 2.77 + 0.3 Ma (Baker, 1969; Robe:ts :n 2005) in St. Kitts, less than 1 Ma on St.
Eustatius (Smith and Roobol, 2005b) an:- 0.7.2 £ 0.07 Ma in Saba (Defant et al., 2001). In the
area studied here, we have obtained fo. Agoucha submarine cones an age of 4.23 + 0.06 Ma
which fits this latitudinal trend. No.~ that it is much older than the oldest subaerial age
obtained for the nearby Les Sa:ntes islands (Figure 11). This can be explained by the duration
required to build a subaeri.' island, from submarine to subaerial volcanism. This age is
therefore the oldest une ~ver measured in the recent inner arc north of Martinique, although it
should be noted that only recent formations have been dated in Dominica (e.g., Samper et al.,
2008; Howe et al., 2014, 2015a), and that no reliable age is available for the underlying older
units. Finally, these new ages show that dating underwater volcanic units at island arcs is
needed to better constrain the timing of volcanism in order to improve our understanding of

subduction processes, and the links to arc construction and evolution.

6. Conclusions



Twelve new K-Ar ages ranging from 4.23 + 0.06 to 0.274 = 0.009 Ma were obtained
on submarine lavas sampled between Les Saintes archipelago (Guadeloupe) and Dominica
Island, thus providing the first age constraints in submarine volcanism along this arc. The
coherency observed within the different underwater volcanoes present in the area supports the
accuracy of these new ages. They show that the earliest volcanism in the area started with
Agoucha volcanic complex at 4.23 + 0.06 Ma, the oldest age obtained for the recent arc to the
north of Martinique Island; this age is similar to that of a flow from the basement exposed
along the scarp of the Roseau fault. The Roseau volcanic comnle,” was constructed during a
relatively long period of time of at least 600 kyr, between s..2 £ 0.05 and 2.52 + 0.04 Ma. A
much shorter emplacement duration is inferred for Corhe 2nd Crawen volcanoes, which were
constructed at about 2.2 and 2.0 Ma, respectively. Vi 'canic activity in the area has been
ongoing until at least 0.274 + 0.009 Ma, as in. rr.d from an age obtained for a lava flow

located to the south of Roseau volcano, v ‘ith 4 possible gap between ~2 and 0.3 Ma.

Overall, together with ages ~'an.hle for subaerial lavas from Terre-de-Haut in Les
Saintes archipelago (Zami et al., zc'4), these ages suggest that an intense volcanic activity
occurred between 3 and 2 M.= . this part of the recent Lesser Antilles arc. Trace elements
data display features incica‘ing magmatic sources similar to those of Basse Terre and Les
Saintes lavas. However, « xcept for pyroclastic samples and a lava flow from NW of Colibri
volcano, they appear slightly different from those of Dominica and Terre-de-Haut islands, the
latter being significantly enriched in sediments inherited from the subduction. Finally, this
study shows that groundmass K-Ar dating can be successfully applied to submarine lavas

when careful sample selection and preparation is applied.
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Figure captions:

Figure 1: (Left) Sketch of the Lesser Antilles volcanic arc. The dashed black line follows the
older non-active part of the arc; the solid black line shows the currently active arc. (Right)
Regional geological setting showing the main volcanic centers and tectonic structures.
Regional bathymetry compilation from Seibert et al. (2020). The study area is indicated by the

dashed rectangle.

Figure 2: Overview of the study area and location of analyze” samples (see supplementary
Materials). Bathymetry is from the BathySaintes cruise (Depi 's a'id Feuillet, 2010, 2021) and
the Subsaintes cruise (Escartin et al., 2017). All dated sm>'2s were geochemically analyzed
(see Supplementary Materials). Faults and limits ¢: vo) :anic complexes and units (dashed
lines) modified from Leclerc et al. (2016). Sarp'2 names from outcrops shown in Figure 3

are indicated by names in bold characters.

Figure 3: Images of outcrops samp'ad during the Subsaintes cruise, captured by ROV
Victor6000. a) SBS 654-014 (Rosea | *ault), b) SBS 657-050 (Agoucha), c) SBS 659-073
(Crawen), d) SBS 660-082 (Cassa.€), €) SBS 662-125 (NW Colibri), and f) SBS 664-180

(Coche).

Figure 4: a) Effect of pi-degassing temperature variations on the age measured for a heating
duration of one hour for the standard MDO-G (Gillot et al., 1992); b) Effect of pre-degassing
duration variations at constant temperature on the age measured for sample SBS 660-082; c)
Effect of pre-degassing duration variations at constant temperature on “°Ar measured for

sample SBS 660-082.

Figure 5: Map of the study area showing the 5 submarine volcanic complexes (colored areas)
as identified by Leclerc et al. (2016), and measured K-Ar ages (in Ma) from the Subsaintes

samples (this study). Color in sample symbols corresponding to the type of rocks as



determined using the TAS diagram (Fig. 6). On-land ages on Terre-de-Haut and Terre-de-Bas
islands are from Zami et al. (2014). The dashed rectangle corresponds to the extent of Figure

2.

Figure 6: a) TAS diagram of the samples analyzed with LOI lower than 3%, except the
pyroclastic units (see text). The colors of the dots correspond to the volcanic complex the
sample was gathered from. Underlying envelopes are for the surrounding islands of Dominica
(1), Basse-Terre (2) and Les Saintes (3) from subaerial samp!2s. Data are respectively from
(1) Brown et al. (1977), Lindsay et al. (2005a, 2005b), Howe ct a' (2015b and 2014), Halama
et al. (2006), and Boudon et al. (2017); (2) Gunn et al. (1£80), Touboul et al. (2007), Dufrane
et al. (2009), Samper et al. (2009), Boudon et al. (2Cus, and Ricci et al. (2017); (3) Zami et
al. (2014). b) Harker diagrams showing the evolutioi of tiie major elements (CaO, MgO, K,0

and Na,0) as a function of the SiO, content fc - the same samples as a).

Figure 7: Rare Earth Elements spectra norn.zlized to chondrite (Sun and McDonough, 1989)
for the following four submarine \ ol..~ic complexes: blue: Agoucha, yellow: Coche, red:
Crawen, orange: Cassave, and y.een. Roseau. The underlying grey envelope represents the

field covered by the 40 samoles 2nalyzed for this study.

Figure 8: Spider dia>m. <¢ incompatible elements normalized to the primitive mantle (Sun
and McDonough. 1989) for the same submarine volcanic complexes as in Figure 7 (same

color code used).

Figure 9: a) La/Sm vs MgO diagram using the same data as in Figure 6a. b) Th/Nb vs Th/Yb
diagram using the same dataset as in Figure 6a. ¢) Ba/La vs La/Sm ratios normalized to
chondrite composition from Sun and McDonough (1989). The data for the islands of
Dominica (DQ, green field), Basse-Terre (BT, pink field), and Terre-de-Haut (TdH; blue

field) are from Zami et al. (2014).



Figure 10: a) SiO, content, b) Mg#, and ¢) La/Sm normalized to chondrite for dated samples
from this study (same color code as in Fig. 6 and 9). Chondrite values from Sun and

McDonough (1989).

Figure 11: Age probability distribution spectra (Deino and Potts, 1992) calculated for
submarine lavas from this study compared to ranges of ages measured for subaerial volcanism
from Guadeloupe (BC: Basal Complex; SC: Septentrional Chain; MC: Monts Caraibes;
GDCS: Grande Découverte Carmichaél Soufriere complex; Carlut et al., 2000; Ricci et al.,
2017; Samper et al., 2007, 2009) and from Les Saintes (Td"s: . erre de Bas; TdH: Terre de

Haut; Zami et al., 2014).

Figure 12: Spatio-temporal evolution of REE (omyositions. Left) Spider diagrams
normalized to chondrite for the four volcanic p'ia<es identified here (see text). Right) Spider
diagrams normalized to the primitive ma~.u > 1.~ the same samples. Chondrite and primitive
mantle values from Sun and McDoncugh (1289). Note that Colibri sample could not be dated
but is shown here within the < 0.3 Ma 4. ~up based on its geographic location between the two

other samples from this group.



Table 1. Lava samples from the Subsaintes cruise selected for K-Ar dating. *: sample that
could not be dated. Column headings indicate sample name (official reference), IGSN

reference number, geographic coordinates (lat.: north latitude; long.: east longitude), depth (in

m below sea surface), and volcanic unit.

Sample IGSN number Coordinates Depth Location
(lat./long.) (m)
SBS 654-014 CNRS0000000912  15.75100/ -61.58559 1059 Roseau fault
SBS 655-033 CNRS0000000932  15.73374/-61.55099 976 Base of Roseau volcano
SBS 656-042 CNRS0000000941  15.73278/-61.40911 771 Agoucha domes
SBS 657-050 CNRS0000000949  15.73306/-61.41464 1137 Agoucha domes
SBS 659-073 CNRS0000000972  15.75183/-61.47498 652 Inner crater dome of Crawen
volcano

SBS 660-082 CNRS0000000981  15.73911/-61.48865 859 Cassave dome
SBS 662-125 CNRS0000001023  15.70102/-61.48679 1214 NW of Colibri volcano
SBS 662- CNRS0000001025 15.69671/-61.49233 1236 NW of Colibri volcano
127* CNRS0000001030  15.69772/-61.50381 1229 Base of Roseau volcano
SBS 662-132
SBS 662-142 CNRS0000001040  15.71132/-61.51302 972 Roseau volcano
SBS 663-157 CNRS0000001054  15.80622 / -61.63604 354 Roseau fault
SBS 664-180 CNRS0000001077  15.76900 / -61.52827 1o Base of Coche volcano
SBS 664-186 CNRS0000001083  15.77696 / -61.53702 (37 Coche volcano




Table 2. New K-Ar ages performed on 125-250 um (a: 80-125 um) groundmass, or on
amphibole (b: 80-125 um; c: 80-125 um) separates of a selection of lava samples from the
Subsaintes cruise. Column headings indicate sample name, lava type from TAS results (An:
andesite. Ba: basalt. D: dacite), potassium (K) concentent in percent, concentration of
radiogenic **Ar (**Ar*) in percent, and x10'? in number of atoms per gram, age + 1-sigma
uncertainty of each measurement in Ma, and mean ages + 1-sigma uncertainty in Ma.

Sample  TASlavatype K  “Ar* OAr* Age = 1o Mean age

(% (%) (x10" at/g) (Ma) (Ma)
SBS 654-014 An 0.801 28.5 3.4675 414+0.06  4.12+0.06
29.1 3.4552 4.13+0.06
26.7 3.4225 4.09 +0.06
SBS 655-033 An 0.367 115 1.2142 3.16+0.05  3.13+0.05
19.5 1.19n3 3.10 £ 0.05
SBS 656-042 An 1.176 51.4 5111 418+0.06  4.17+0.06
64.9 1172 4.16 +0.06
SBS 657-050 An 1.422 38.3 6.2016 424+006  4.23+0.06
42.6 ~.2955 4.23+0.06
SBS 659-073 Ba 0.247° €5 0.5240 2.03+£0.04  2.05%0.03
0.256 ¢ 3. 0.5517 2.06 +0.03
SBS 660-082 Ba 0.381 16.. 0.8263 2.08+0.03  2.08+0.03
15.5 0.8259 2.08 £0.03
SBS 662-125 D 1.:23 3.3 0.3256 0.278 +0.009 0.274 +0.009
3.6 0.3167 0.270 +0.008
SBS 662-132 An L0114 32.3 5.1432 3.05+0.04  3.02+0.04
34.7 5.0599 3.00 + 0.04
SBS 662-142 Ba n.246 11.6 0.6463 251+0.04  252+0.04
13.4 0.6484 2.52 +0.04
SBS 663-157 An 1.369 48.3 4.3576 3.04+£0.04  3.04+0.04
47.8 4.3482 3.04 +0.04
SBS 664-180 2a 0.549 18.5 1.3327 2324004  231+0.04
0.529% 162 1.2744 2.31+0.04
SBS 664-186 Ba 0.775 275 1.7047 210+£0.03  2.11+0.03

17.8 1.7083 2.11+0.03
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Highlights :

- ROV sampling of submarine in-situ volcanic units between Les Saintes and Dominica

- Groundmass K-Ar dating with an adapted protocol applied to submarine lavas

- Submarine volcanism south of Les Saintes ranges from 4.24 + 0.06 to 0.274 + 0.009 Ma
- Volcanism on Agoucha volcanic complex is the oldest in the recent Lesser Antilles arc

- Intense volcanic activity occurred between 3 and 2 Ma in this part of the arc



