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ABSTRACT

We constrain, for the first time, the storage conditions beneath recent (<5 Ma) volcanic edifices in Martinique
Island, combining petrography, geochemistry, and thermobarometry. Specifically, we investigate Morne Jacob
volcano (5.2-1.5 Ma), Pitons du Carbet complex (998 ka — 322 ka), Trois ilets Volcanic field (2.35 Ma — 346 ka),
and Mt. Conil — Mt. Pelée system (<550 ka). Lava samples range in composition from basalt to dacite, and in age
from 4.1 Ma (Morne Jacob) to 1929 CE (Mount Pelée). For the last ~5 Ma, the volcanoes in Martinique were fed
by andesitic to dacitic magma stored in the upper 6 km of the crust, at temperatures between 900 and 1100 °C.
These shallow reservoirs were frequently replenished and remobilized by basaltic and basaltic-andesite magmas
originating from the lower crust with temperatures as high as 1200 °C. Erupted products contain simple to more
complex mineral assemblages, and plagioclase phenocrysts exhibit textures and compositional profiles typical of
antecrysts, identified as (1) normal, (2) oscillatory, (3) sieved, (4) resorbed core, and (5) resorbed rim. All
complexes also show a crystallization gap in the middle crust (10-18 km). Trois ilets, a distributed volcanic field,
is the only complex that shows continuous crystallization through the entire crust, distinct magma batches and
storage regions for each individual volcano. More importantly, we see drastic changes in terms of rock
composition, storage conditions, and crystal populations in pre - and post — collapse lavas. Large flank collapse (>
5 km®) can induce decompression as large as 5 MPa in the upper crust and as low as 0.1 MPa down to 10-12 km.
Such decompression magnitudes might be sufficient to enhance ascent of basaltic magma from depth, initiate
dike intrusions in the mid to upper crust, and remobilize shallow silicic reservoirs. Such events are likely to
initiate magma mixing in shallow reservoirs. This noteworthy eruption-triggering mechanism may lead to the
incorporation of distinct crystal populations and subsequently contribute to heightened rates of eruption. In
summary, the magma storage conditions and plumbing system architecture for the recent volcanoes in
Martinique closely resemble those observed in other volcanoes within the Lesser Antilles Island Arc, such as
Soufriere Hills Volcano or La Soufriere de Guadeloupe. These newly established correlations offer valuable in-
sights that can aid in the assessment of potential future volcanic eruptions.

1. Introduction

the crustal structure, where density contrasts and discontinuities are
identified as the main controls on magma focusing and ponding (Putirka

Volcanic plumbing systems consist of pockets of eruptible magma
distributed within crystalline mushes that make up plutonic systems
(Bachmann and Bergantz, 2008; Cashman et al., 2017; Cooper and Kent,
2014). Those mushes are in complex systems that consist of a network of
dikes, plugs, and sills, allowing for transport and storage of magma
(Burchardt and Galland, 2016; Galland et al., 2018). Pathways of
magma ascent and location of storage regions are controlled in part by

and Condit, 2003; Kavanagh et al., 2006; George et al., 2016; Deng et al.,
2017; Melekhova et al., 2019; Solaro et al., 2019; Ostorero et al., 2021;
Balcone-Boissard et al., 2023). The transfer of deeper magmas into
shallower reservoirs allows for mixing and crystal remobilization, and
such disequilibrium mineral assemblages are preserved in the erupted
record (Bachmann and Bergantz, 2008). Several studies identify magma
mixing as an important process controlling the chemical evolution of
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magmas. For example, intrusion of a basaltic magma into shallow
differentiated reservoirs can remobilize crystal mushes and trigger
explosive eruptions (Druitt et al., 2002; Halama et al., 2006; Martel,
2012; Rowley, 1978; Samper et al., 2009; Westercamp and Traineau,
1983).

Evidence suggests that structural and morphological changes at the
surface, such as flank collapses, also directly affect the chemistry and
petrography of erupted magmas and eruptive styles. For instance,
unloading associated with a flank collapse may allow for dense primitive
magma to reach the surface (Boulesteix et al., 2012; Bachmann and
Bergantz, 2008; Boudon et al., 2013; Pinel and Jaupart, 2000). Com-
parison of pre- and post- collapse lava compositions show that edifice
growth promotes eruption of SiOs - rich lavas (Borgia et al., 2000; Pinel
and Jaupart, 2000), whereas collapse-induced unloading allows the
eruption of more mafic magmas that were filtered by the evolved
plumbing system prior to the collapse (Pinel and Jaupart, 2000) The
collapse of a volcano’s flank consistently results in a reduction of pres-
sure within the underlying storage regions (Pinel and Jaupart, 2000).
The sudden reduction in mass can impact the buildup of reservoir
pressure and conditions for failure in the magma plumbing system,
leading to dike intrusions and substantial changes in its chemical evo-
lution (Pinel and Jaupart, 2005; Manconi et al., 2009; Pinel and Albino,
2013). When the shallower reservoirs are interconnected with deeper
magma sources, the reduction in pressure is anticipated to trigger a
relatively rapid replenishment of the shallow reservoirs by deeper mafic
magmas (Acocella, 2021). Understanding the storage conditions of
magmas, i.e., temperature, pressure, depth, and water content, and how
they change through time and space is key in understanding the eruptive
behavior of a volcanic system or region.

The Lesser Antilles arc (Fig. 1) is one of the most studied island arcs
in the world for multiple reasons. Its chemical characteristics have been
extensively studied, especially considering along-arc and across arc
variations (Macdonald et al., 2000; Labanieh et al., 2010, 2012; Cooper
et al., 2020; Atlas et al., 2022). Several active volcanoes have erupted in
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the last two centuries, with the 1902 Mt. Pelée eruption being among the
deadliest eruptions recorded in human history. The Lesser Antilles vol-
canoes display a large variety of eruptive styles (lava flows, domes,
Vulcanian to Plinian eruptions, ignimbrites), volumes (<0.1 to >5 km?
per eruption), and magma compositions (basalt to rhyolite) (Boudon
et al.,, 2017; Macdonald et al., 2000; Pichavant et al., 2002). Many
studies reveal that magma mixing is a common process that triggers
explosive eruptions at recent (<5 Ma) volcanoes in the Lesser Antilles,
especially at Mt. Pelée, Martinique (Annen et al., 2008; Boudon and
Balcone-Boissard, 2021; Fichaut et al., 1989), St. Eustatius (Cooper
et al., 2019), Soufriere Hills, Montserrat (Druitt et al., 2002), Dominica
(Cashman et al., 2017), and Soufriere, Saint Lucia (Bezard et al., 2017).
Also, most of the Lesser Antilles islands experienced >15 flank collapses
in the past 12 kyr (Boudon et al., 2007). Such catastrophic eruptions are
often followed by periods of high eruptive rates and changes in chem-
istry, indicating a direct effect on the plumbing systems (Boudon et al.,
2007). It is therefore important to characterize the conditions and ar-
chitecture of volcanic plumbing systems beneath the Lesser Antilles to
better understand how eruptive styles may change through space and
time.

Recent studies provided a detailed view of the crustal structure
(Melekhova et al., 2019), volatiles output-input (Cooper et al., 2020;
Balcone-Boissard et al., 2023; Bouvier et al., 2008, 2010), and magma
storage conditions for several islands (Solaro et al., 2019; Metcalfe et al.,
2023; Bezard et al., 2017; Camejo-Harry et al., 2019). Beneath the arc,
magmas are being stored in multi-level and transcrustal plumbing sys-
tems, with basalts in the lower crust (>25 km), basaltic-andesites in the
middle crust (10-18 km), and andesites to rhyolite in the upper crust
(<10 km), with focusing of magma at crustal discontinuities especially
between the middle and upper crust (Fig. 2a; Balcone-Boissard et al.,
2023; Metcalfe et al., 2023; Higgins and Caricchi, 2023). Most studies on
the Lesser Antilles focused on the most recent eruptive periods or spe-
cific eruptions, and a general lack of knowledge for older systems along
the arc remains. For instance, the magma storage conditions in
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Fig. 1. Location of the study area. (a) Lesser Antilles Island arc setting. Dashed line shows the location of the old arc. Solid black line shows the location of the recent
arc. The LAIA is characterized by a single line of islands in the south, and two branches north of Martinique. The eastern branch is the old arc and was active between
ca. 40 and 17 Ma (Garmon et al., 2017; Germa et al., 2011a; Legendre et al., 2018; Noury et al., 2021) (b) simplified geological map and digital elevation model of
Martinique Island. Old arc (Basal Complex and Sainte Anne Series) and Miocene arc (Vauclin - Pitault Chain and South - western Volcanism) units are represented in
gray. Studied edifices are in color: Morne Jacob (green), Pitons du Carbet complex (blue), Trois Ilets volcanic field (red/orange), Mt. Conil and Mt. Pelée (purple and
pink). White circles show the location of the 18 samples investigated in this study.
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Fig. 2. Crystallization pressures and temperatures throughout the Lesser Antilles. Results from this study are in color and from plagioclase (yellow), orthopyroxene
(blue), and clinopyroxene (green). Fig. 2a has Melekhova et al., 2019 crustal layers super imposed onto the pressures ranges throughout the Lesser Antilles. Results
from the literature are extracted from melt inclusions (white), phenocrysts (gray), whole rock (black), and xenoliths (gradient). Results displayed from North (left) to
South (right) as follows: a: St. Eustatius (Smith and Roobol, 1990; Cooper et al., 2019), (b) St. Kitts (Toothill et al., 2007; Melekhova et al., 2017; Higgins and
Caricchi, 2023), (c) Montserrat (Murphy et al., 1998, 2000; Devine et al., 1998; Barclay et al., 1998; Rutherford and Devine, 2003; Zellmer, 2003; Edmonds et al.,
2016), (d) Guadeloupe (Pichavant et al., 2018; Metcalfe et al., 2021), (e) Dominica (Gurenko et al., 2005; Lindsay et al., 2005; Halama et al., 2006; Ziberna et al.,
2017; Balcone-Boissard et al., 2018; Solaro et al., 2019; d’Augustin et al., 2020); (f) Martinique, (this study, d’Arco et al., 1981; Traineau et al., 1983; Coulon et al.,
1984; Fichaut et al., 1989; Gourgaud et al., 1989; Smith and Roobol, 1990; Martel et al., 1998; Macdonald et al., 2000; Pichavant et al., 2002; Annen et al., 2008;
Martel et al., 2006), (g) St. Lucia (Bezard et al., 2017), (h) St. Vincent (Bardintzeff, 1984; Bardintzeff, 1992; Heath et al., 1998; Pichavant and Macdonald, 2007;
Tollan et al., 2012; Melekhova et al., 2015), (i)Bequia (Camejo-Harry et al., 2018), (j) Kick - ‘em - Jenny & Kick - ‘em - Jack(Camejo-Harry et al., 2019), (k) Grenada
(Stamper et al., 2014). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Martinique are well constrained for Mt. Pelée, specifically the recent We constrain storage conditions for the older phases of Mt. Pelée and

(<13,500 yr B.P.) period. Recent eruptions at Mt. Pelée tapped magmas
stored at 7-12 km and 840-900 °C in a vertically elongated and zoned
reservoir (Fig. 2; Annen et al., 2008; Boudon and Balcone-Boissard,
2021; Gourgaud et al., 1989; Martel et al., 1998; Pichavant et al.,
2002). Arriving basaltic magma triggering eruptions at Mt. Pelée have
temperatures of about 1050 °C (Bourdier et al., 1985; Martel et al., 1998;
Pichavant et al., 2002).

the other recent (<5 Ma) volcanoes along the west coast of Martinique
(Fig. 1b), with aims to further constrain the changes in storage condi-
tions in space and time. We constrain storage conditions of Morne Jacob,
a basaltic to andesitic shield volcano (5.2-1.5 Ma, Germa et al., 2010), as
well as Trois Ilets Volcanic Field, a group of distributed small-volume
basaltic to andesitic volcanoes (2.35 Ma — 346 ka, Germa et al.,
2011b) not previously investigated for detailed variations in mineral
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chemistry. We also focus on Piton du Carbet complex, a cluster of large
volume lava domes (998 ka — 322 ka, Germa et al., 2011b), and Mt. Conil
— Mt. Pelée system (< 550 ka). Eruptive styles, compositions, mineral
assemblages, and volumes are strikingly different for these four com-
plexes (Westercamp et al., 1989; Westercamp and Tazieff, 1980; Fichaut
et al., 1989; Labanieh et al., 2012; Labanieh et al., 2010).In this study,
we combine geochemical and petrological investigations to constrain
the storage conditions beneath each of these volcanic complexes. We
specifically constrain (1) plagioclase textures and compositions, (2)
plagioclase - liquid equilibrium temperatures, (3) magma water content,
and (4) pyroxene - liquid equilibrium temperatures and pressures. We
then assess the evolution of these parameters through time and in
relation to morphological changes (flank collapse) using published
radiometric ages (Germa et al., 2010; Germa et al., 2011b). Constraining
the magma storage conditions throughout Martinique will help under-
stand the link between spatial and temporal chemical variations, storage
conditions, and diversity of volcanic eruptive styles along the recent
Lesser Antilles Island Arc (LAIA).

Our study is timely as, since December 2018, Mt. Pelée is experi-
encing a new phase of volcanic unrest. Although the probability of short-
term eruptive activity is still low at time of writing (August 2023),
improving our understanding of Martinique volcanic systems will
improve current forecasting models. Indeed, apart from the recent
eruptions of Mt. Pelée, little is known about the storage conditions and
their evolution through space and time beneath the island. Volcanic
systems in Martinique are closer together than any of the active vol-
canoes of the LAIA, probably because of a higher magma production rate
and heat flux in the central portion of the arc than elsewhere (Higgins
and Caricchi, 2023). Constraining the storage conditions beneath indi-
vidual volcanoes in Martinique should help develop a better picture of
the volcanic plumbing systems. Our study brings a new spatio-temporal
perspective on the evolution of magma storage systems beneath the
recent Lesser Antilles arc. Understanding how magma storage and
ascent are influenced by morphological changes at the surface will
provide clues to the possible evolution of volcanic systems.

2. Geological setting
2.1. Lesser Antilles Island arc

The Lesser Antilles island arc (LAIA, Fig. 1a) is related to the sub-
duction of the North American plate under the Caribbean plate and has
been active for >40 Ma (Allen et al., 2019; Bouysse et al., 1990; Germa
et al., 2011a; Macdonald et al., 2000).

The volcanic products on the islands of the north-eastern branch are
now covered by carbonate platforms. In the south, rocks from the old arc
outcrop in Grenada and the Grenadines as calc - alkaline dikes, volcanic
rocks, and volcaniclastic deposits. The central islands show well -
developed volcanic units in eastern St Lucia, Martinique, and Dominica
(Bouysse et al., 1985; Briden et al., 1979; Germa et al., 2011a; Rojas-
Agramonte et al., 2017). During the Miocene and Pliocene (18 to 7 Ma),
volcanism continued only in Martinique (Westercamp and Tazieff, 1980;
Germa et al., 2011a). Volcanic activity along the recent arc started <6
Ma (Germa et al., 2011a; Macdonald et al., 2000) and built the islands of
Saba, St. Eustatius, St. Kitts, Nevis, Montserrat, Basse - Terre (west
Guadeloupe), Dominica, western coast of Martinique, St. Lucia, St.
Vincent, the Grenadines, and Grenada.

2.2. Lesser Antilles crustal model and magma storage conditions

Moho depth beneath the Lesser Antilles varies between 25 and 37 km
(Melekhova et al., 2019; Schlaphorst et al., 2018; Balcone-Boissard
et al., 2023). The crust is made of four layers, corresponding to the lower
crust, middle crust, upper crust, and volcaniclastics and sediments in the
upper 5 km (Kopp et al., 2011; Melekhova et al., 2019). The composi-
tions and thicknesses of each layer are different beneath each island
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(Fig. 2a; Melekhova et al., 2019).

Volcanoes of the recent arc share similar magma storage conditions
and architecture, with vertically extensive multi-layer magmatic sys-
tems whose location is controlled by the structure, thickness, and
composition of the crust (Solaro et al., 2019; Metcalfe et al., 2023;
Balcone-Boissard et al., 2023; Higgins and Caricchi, 2023). Mantle-
derived basaltic magmas are injected in the lower crust and later
evolve by fractional crystallization, mixing, and assimilation (Annen
et al., 2008; Bezard et al., 2017; Boudon and Balcone-Boissard, 2021;
Camejo-Harry et al., 2019; Zellmer, 2003). Most islands have magma
storage zones near the boundary between the upper and middle crust, as
well as deeper storage zones near the middle-lower crust boundary
(Fig. 2a; Balcone-Boissard et al., 2023). For instance, basaltic - andesites
are stored around 15-30 km beneath Martinique and St. Vincent (Heath
et al., 1998; Pichavant et al., 2002; Martel et al., 2006), but are found in
shallower regions (8-12 km) beneath St Lucia and Kick - em’ - Jenny
(Bezard et al., 2017; Camejo-Harry et al., 2019). Most of the andesitic to
dacitic storage concentrates in the upper crust around a depth of 3 to 8
km depth (Annen et al., 2008; Camejo-Harry et al., 2019; Camejo-Harry
et al., 2018; Cooper et al., 2019; d’Augustin et al., 2020; Melekhova
et al., 2019; Pichavant et al., 2018; Stamper et al., 2014; Tollan et al.,
2012; Higgins and Caricchi, 2023). However, it appears that explosive or
large ignimbrite eruptions, as in Dominica for instance, may sample only
mid-crustal reservoirs (Solaro et al., 2019). Typical storage temperatures
of Lesser Antilles magma vary from 1130 to 1180 °C for basalts,
1050-1060 °C for basaltic andesite, and 740-960 °C for andesite -
dacites (Fig. 2b).

The recent volcanoes along the LAIA show that eruptions are
frequently triggered following the injection of a mafic magma
(>1025 °C) into a differentiated and relatively cold felsic reservoir
(~825 °C) (Barclay et al., 1998; Devine et al., 1998; Edmonds et al.,
2016; Murphy et al., 2000; Zellmer, 2003. Halama et al., 2006; Picha-
vant et al., 2018; Camejo-Harry et al., 2019) (Fig. 2). For instance,
magmas that erupt at Soufriere Hills volcano (Montserrat) were stored in
reservoirs located between 5 and 16 km with an average temperature of
860 °C periodically replenished by mafic magma (Barclay et al., 1998;
Devine et al., 1998; Edmonds et al., 2016; Murphy et al., 2000; Zellmer,
2003) (Fig. 2). Evolved magmas erupted from La Soufriere, Guadeloupe,
are stored at 6-9 km and 825 °C and can be remobilized by intrusions of
moderately hot (975-1025 °C) basaltic magmas (Pichavant et al., 2018;
Metcalfe et al., 2022, 2023).

2.3. Martinique island

Martinique is in the center of the LAIA (Fig. 1a). The island consists
of eight successive volcanic complexes that migrated from east to west
over the last 25 Ma (Bouysse and Guennoc, 1983; Germa et al., 2011a,
2011b; Nagle et al., 1976; Westercamp and Tazieff, 1980). We here focus
on the volcanoes that belong to the recent arc and whose eruptive his-
tories have been well described elsewhere (Westercamp and Tazieff,
1980; Andreieff et al., 1988; Germa et al., 2011a, 2011b, 2010) and
summarized below. Specifically, and by chronological order, these vol-
canoes are (1) Morne Jacob (5.2-1.5 Ma, Germa et al., 2010), (2) Trois
IletsVolcanic Field (2.35 Ma — 346 ka, Germa et al., 2011b), (3) Piton du
Carbet complex (998 ka — 322 ka, Germa et al., 2011b), and (4) Mt. Conil
— Mt. Pelée system (< 550 ka, Germa et al., 2011b). The recent volcanoes
on Martinique are relatively close to each other compared to the average
distance between active volcanoes in the LAIA. For instance, Mt. Pelée is
12 km north of the center of Pitons du Carbet complex, which is itself
built just over the western flank of Morne Jacob and are both 20 km
north of Trois Ilets volcanic field (Fig. 1). In comparison, the average
spacing between active volcanoes in the Lesser Antilles is 25-100 km
(Wadge, 1986). The relative proximity of the volcanoes in Martinique
could be related to a local increase of heat and fluid flux in the central
part of the LAIA, (Germa, 2009; Atlas et al., 2022; Higgins and Caricchi,
2023).
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Morne Jacob volcano (Fig. 1b) is composed of tholeiitic to calc -
alkaline basalts and andesites that erupted from 5.2 to 4.0 Ma and from
3.2 to 1.5 Ma (Germa et al., 2010). The Pitons du Carbet complex sits
above the western flank of Morne Jacob volcano (Fig. 1b) and was built
between 1 Ma and 325 ka in two main phases separated by a 30-40 km®
flank collapse (Boudon et al., 2007) about 337 ka ago (Samper et al.,
2008; Germa et al., 2010). During the last eruptive phase of Morne Jacob
and the activity of Pitons du Carbet complex, another complex was
active in the south-western part of the island, named Trois Ilets volcanic
field (Fig. 1b), that consists of distributed small volume volcanoes that
erupted after a large ignimbrite eruption about 3 Ma (Westercamp et al.,
1989). The early activity (3 Ma — 1.5 Ma) consisted of the extrusion of
several lava domes and an olivine-bearing basaltic-andesite lava flow
(Germa et al., 2011b). Then, five distinct volcanoes erupted along a NW -
SE linear volcanic system between ~650 and 350 ka. Each edifice in the
Trois Ilets volcanic field displays its own geochemical signature,
showing evidence of distinct plumbing systems and remobilization of
phenocrysts by complex magmatic processes (Coulon et al., 1984;
Germa et al., 2011b). Finally, the most recent volcanic system of
Martinique consists of Mt. Conil (~550-127 ka) and Mt. Pelée (<127 ka)
in the northern part of the island (Fig. 1b). Mt. Conil was constructed
until 127 ka, when its western flank collapsed into the Caribbean Sea
(Boudon and Balcone-Boissard, 2021; Germa et al., 2011b; Le Friant
et al., 2003a; Roobol and Smith, 1976). A new cone was rapidly con-
structed into the horseshoe shaped depression as magma production
rates increased drastically just after the collapse (Boudon and Balcone -
Boissard, 2021). This cone was partially destroyed by a second collapse
about 36 ka ago and rapidly followed by renewal of activity and growth
of the current cone (Boudon and Balcone-Boissard, 2021; Germa et al.,
2011b; Roobol and Smith, 1976, Michaud - Michaud-Dubuy, 2019;
Traineau et al., 1983). Magmas erupted just after the second collapse,
and for about 10 kyrs after, were more mafic (basaltic andesites) than
the ones produced before (Boudon and Balcone-Boissard, 2021). Vol-
canic activity at Mt. Pelée over the past 5000 years is characterized by

Table 1
Sample locations, rock types, and ages.
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sub-Plinian/Plinian and dome-forming eruptions (Westercamp and
Traineau, 1983; Boudon et al., 2005). Historical events at Mt. Pelée
volcano include two minor phreatic eruptions in 1792 CE and 1851 CE,
and two magmatic eruptions in 1902-1905 CE and 1929-1932 CE
(Boudon et al., 2005). Starting in December 2018, Mt. Pelée has entered
a phase of unrest. The indications of the ongoing unrest have been
extensively described (Fontaine et al., 2021, 2022; and https://www.
ipgp.fr/observation/ovs/ovsm/rapports-annuels-dactivite-de-lovsm-i
pgp/). A better understanding of magma storage conditions over time in
Martinique is therefore timely and warranted.

Multiple studies on the most recent eruptions constrained pre-
eruptive conditions with HpO content of 5.3 to 6.3 wt%, and magmas
stored at 7-12 km (2-4 kbar) and 840 °C - 900 °C in a vertically elon-
gated and zoned reservoir (Annen et al., 2008; Boudon and Balcone-
Boissard, 2021; Bourdier et al., 1985; Fichaut et al., 1989; Gourgaud
et al., 1989; Martel et al., 1998; Pichavant et al., 2002) (Fig. 2). Basaltic
magma intruding this reservoir and triggering eruptions at Mt. Pelée
have temperatures of about 1050 °C (Bourdier et al., 1985; Martel et al.,
1998; Pichavant et al., 2002).

3. Methodology

We investigated a total of 17 samples from Martinique Island to
characterize plagioclase textures, as well as plagioclase and pyroxene
compositions used for thermobarometry calculations. Sixteen of these
samples were previously dated (Germa et al., 2010; Germa et al., 2011a,
2011b) and their whole-rock major and trace elements as well as iso-
topic compositions were determined (Labanieh et al., 2012, 2010). An
additional sample was collected in 2018 (18MT146) but has not been
dated. We here determine its whole - rock major element compositions
to complement our dataset. Sample locations can be found in Table 1
and Fig. 1b, and in Germa et al. (2010; Germa et al., 2011a, 2011b).

All samples except 18MT146, 06MT51, and 06MT50 were dated by Germa et al., 2010; Germa et al., 2011a, 2011b

Sample Latitude  Longitude  Complex Location Name Rock Type Ageinka  Crystallinity = Mineral mode
06MT34 14.8065 —61.0075  Morne Jacob Pain de Sucre Basalt 4101 = 5-15% Pl > CPx - Ox
60
06MT10 14.7361 —61.0591  Morne Jacob Morne Bellevue Orthopyroxene and clinopyroxene bearing 2111 + 20-40% PL > CPx-Opx-Ox
andesite 30
06MT36 14.6676  —61.0831  Piton du Morne Césaire Hornblende and quartz bearing dacite 998 +£14  30-45% P1 > Opx > Qz > Hbde
Carbet
06MTO06 14.7350  —61.1020  Piton du Piton Gelé Hornblende and quartz bearing dacite 770 £11 30-45% Pl > Opx > Qz > Hbde
Carbet
ALMA 14.7003  —61.1029  Piton du Alma Quartz and biotite bearing dacite 338 £5 30-45% P1 > Opx-CPx > Qz >
Carbet Hbde-Bt
07MT121 14.7155  —61.0994  Piton du Piton Boucher Quartz and biotite bearing andesite 331+6 30-45% P1 > Opx-CPx > Qz >
Carbet Hbde-Bt
06MT37 14.6751 —61.0845  Piton du Plateau Quartz and biotite bearing andesite 322 +9 30-45% Pl > Opx-CPx > Qz >
Carbet Courbaril Hbde-Bt
06MT55 14.4705  —61.0548  Trois llets Morne Clochette Hyperstene bearing porphyritic andesite 1332 + 30-50% Pl > Px > Qz > Ox>Bt
30
06MT61 14.5070 —61.0620  Trois llets Morne la Plaine Clinopyroxene and olivine bearing basaltic =~ 1175 + 10-15% Pl > Px > Ol > Ox
andesite 20
18MT146  14.4682  —61.0755  Trois Ilets Morne Dioritic dike ~1000 100% Pl > Px > Ox
Jacqueline
06MT57 14.4971  —61.0860  Trois Ilets Morne Amphibole, plagioclase, biotite, 617 £52  30-40% Pl > Px > Amp > Ox
Champagne porphyritic andesite
06MT58 14.4965 —61.0873  Trois llets Pointe Burgos Quartz bearing basalt N/A 15% Pl > Px > Ox
06MT59 14.4656  —61.0516  Trois llets Morne Larcher Mega-plagioclase and quartz bearing 346 + 27 25-40% Pl > Px > Qz > Ox>Bt
andesite
06MT28 14.8717 —61.1820  Mont Conil Grand Riviere Orthopyroxene and hornblende bearing 543 £ 8 10-25% Pl > CPx > Qz >
andesite Ox>Amp
09MT130  14.4920 —61.1113  Mont Conil Piton Marcel Orthopyroxene bearing andesite 126 + 2 30% Pl > Px > Ox
06MT51 14.8123 —61.1646  Mount Pelée Dome 1902 Orthopyroxene bearing andesite 1902 CE 30% Pl > Px > Ox
06MT50- 14.8109 —61.1673  Mount Pelée Dome 1929 Orthopyroxene bearing andesite 1929 CE 30% Pl > Opx > Ox>Hbde

I
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3.1. Definitions of plagioclase textures observed

Plagioclase crystals in studied samples exhibit various textures
typical of remobilized antecrysts, along with phenocrysts and microlites.
Textures of plagioclase crystals are used here to determine the remobi-
lizing processes that occur in storage. In the samples studied, physical
textures in plagioclase are classified into five categories (Fig. 3): (1)
normal, (2) oscillatory, (3) resorbed core, (4) resorbed rim, and (5)
sieved, which are all based upon previous classifications (Bennett et al.,
2019; Renjith, 2014; Viccaro et al., 2010) and described below.

Type 1: Normal phenocrysts that grow in equilibrium with the melt
and show normal to constant anorthite trends from core to rim (Fig. 3a),
resulting in no apparent optical zoning (Renjith, 2014; Streck, 2008).

Type 2: An oscillatory texture is observed when a crystal exhibits
5-15 concentric zones (Renjith, 2014) (Fig. 3b). Oscillatory texture is
caused by magma recharge when a new batch of magma is introduced
into an existing magma chamber, which changes the chemical interface
from the grain boundary and the melt (Renjith, 2014; Streck, 2008;
Viccaro et al., 2010).

Type 3: Crystals with sieved texture contain random dissolution
pockets of glass throughout the entire crystal (Renjith, 2014; Streck,
2008; Viccaro et al., 2010). Those melt inclusions can be sporadically
distributed throughout the crystal (Fig. 3c), concentrated in the core
(Fig. 3d), or in multiple or singular concentric bands (Fig. 3e). Sieved
textures develop when crystals are remobilized and brought to shallower
depths following the injection of a hotter, more primitive magma, into a
resident crystal mush (Renjith, 2014; Viccaro et al., 2010).

Type 4: Resorbed core textures (Fig. 3f) show a subrounded to
rounded skeletal core or irregular growths, resulting in a ‘patchy’ core
surrounded by normal crystal growth around the outer rim of the core
(Bennett et al., 2019). Resorbed cores develop after remobilization and
decompression following the injection of a more mafic magma, but at
slower rates and under water - saturated conditions compared to the
processes responsible for the development of Type 3 texture (Viccaro
et al., 2010).

Type 5: Resorbed rim textures (Fig. 3g) have subrounded external
boundaries. Resorbed rims are formed when a mafic magma mixes with
a more felsic crystal mush and remobilizes phenocrysts, allowing their
boundaries to melt (Viccaro et al., 2010). If the intrusion is not imme-
diately followed by an eruption, the remobilized resorbed crystals can
grow further at equilibrium with the new melt, in which case the rim has
a higher An content than the rest of the crystal.

Phenocrysts and microlites crystallize directly from the juvenile
magma during ascent and eruption and show normal textures, whereas
antecrysts formed from a cogenetic magma during previous magmatic
stages and have been recycled by various magma replenishment events
then incorporated into the final eruptive stage (Jerram and Martin,
2008). Crystals exhibiting texture Types 2-5 are considered antecrysts,
which are the consequence of magmatic recycling, and are useful to
better understand magmatic processes that occurred prior to eruption
(Jerram and Martin, 2008).

3.2. Whole - rock geochemistry

All samples, except for 18MT146, were previously analyzed for
whole-rock major elements, and details can be found in Germa et al.
(2010, Germa et al., 2011a, 2011b) and in Labanieh et al. (2010).
Sample 18MT146 was analyzed for major elements at the Center for
Geochemical Analyses at the University of South Florida. After loss on
ignition was measured on sample powders, flux fusion (modified after
Murray et al., 2000) was conducted on 0.1 g of sample mixed with 0.4 g
of LiBO3 flux in a graphite crucible. Samples were heated to 1075 °C for
15 min until completely melted and then poured molten into a 50 mL of
2 M HNOj spiked with, and 10 ppm Ge used as an internal standard. The
solutions were then diluted to 10,000 x also into 2 M HNOg plus 10 ppm
Ge solution to preserve the sample matrix. Calibration standards JB - 3,
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Fig. 3. Schematic representation of plagioclase textures and examples of
crystals found in Martinique lavas.
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JA - 2, and BHVO - 2 as well as internal standard JB - 3, JA - 2 were
prepared identically and standard concentrations were adopted from the
GeoReM database (Jochum et al., 2005). Solutions were analyzed using
a Perkin Elmer 2000 DV Inductively Coupled Plasma Optical Emission
Spectrometer (ICP - OES) with an analytical error of <5%. Published
(Labanieh et al., 2010) and new whole - rock major element data is
provided in Supp. Mat. 1 and Supp. Mat. 2.

3.3. Electron Probe Microanalysis

Carbon-coated thin sections were analyzed on a JEOL 8900R
Superprobe at the Florida Center for Analytical Electron Microscopy
(FCAEM) at Florida International University (FIU), Miami. Stage con-
ditions were set with an accelerating voltage of 15 kV, a beam current set
to 20 nA, and counting time of 10 s on peak for major elements. Data
were corrected using a built in ZAF (atomic number, absorption, fluo-
rescence) correction procedure. Standardization was completed on
minerals in SPI standard blocks prior to analysis. The following stand-
ardswere used for primary calibration for each element. Si: Olivine, Plag
An65, Augite, Muscovite and Alm - Garnet; Al: Muscovite, Augite,
BHVO2 and Plag An65; Na: Plag AN65; MgO: Alm Garnet, Augite,
Olivine and Biotite; K: Sanidine and Muscovite; Ca: Alm Garnet, Augite,
Plag An65 and Diopside; Fe: Olivine, Muscovite and Alm. Garnet
(https://case.fiu.edu/earth - environment/expertise/fcaem/). We
selected microprobe chemical analyses that yielded totals between 97%
and 103% and discarded data points with erroneous mineral structural
formulae. EPMA data is reported in Supp. Mat. 1 for plagioclase and
Supp. Mat. 2 for pyroxene.,

3.4. Thermobarometers

To constrain crystal-liquid equilibrium pressures (P) and tempera-
tures (T), we applied mineral-melt equilibria geobarometers and geo-
thermometers described in Putirka (2008). We paired clinopyroxene,
orthopyroxene, and plagioclase with whole-rock compositions repre-
senting the initial crystal-free melts. As recommended by Putirka
(2008), FeO wt% was converted from Fe,O3 wt% to FeOt using eq. (1).

FeO, = Fe,05 (wt.%) x 0.8998 @

3.4.1. Plagioclase — liquid thermometer and hygrometer

We calculated the dissolved H2O wt% in the melt using Lange et al.
(2009) plagioclase - liquid hygrometer. To calculate plagioclase-liquid
equilibrium temperatures, we used eq. 23 from Putirka (2005), using
whole-rock data and HoO wt% to link crystal cores to liquid composi-
tions. Results were validated using the recommended test for equilib-
rium with a partition coefficient of Kp (An - Ab)P'#8114 0,10 + 0.05 for
temperatures below 1050 °C, and of 0.28 + 0.11 for temperatures
higher than 1050 °C (Putirka, 2008). Crystal cores with Kp (An - Ab) plag-
19 outside of this range were not used in plots or in the discussion, but
results are included in Supp. Mat. 1 for reference. In the absence of
satisfactory glass compositions for our samples, we have tested pairing
rims with whole-rock data. As expected, most rims are out of equilib-
rium with whole-rock compositions and are therefore omitted from our
results and discussions. Plagioclase-liquid temperatures, anorthite
compositions, H,0 wt%, plagioclase components, and Kp (An - Ab) P12
19 are reported in Supplementary Material 1 along with EPMA data and
whole - rock major elements used as input.

3.4.2. Pyroxene-liquid thermobarometers

We used clinopyroxene-liquid and orthopyroxene-liquid thermo-
barometers from Putirka (2008) to calculate temperature, pressure,
Mg#, predicted and observed components and their sums, and Fe - Mg
exchange coefficient K (Fe - Mg) PY™ 19, Specifically, we used egs. 29a
for pressure and 28a for temperature from the orthopyroxene-liquid
thermobarometer, and eq. 33 for temperature and eq. 31 for pressure
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from the clinopyroxene-liquid thermobarometers. In the absence of
satisfactory glass compositions for our samples, we have paired core
data points with whole-rock data, using dissolved HoO wt% content
calculated with Lange et al. (2009) as described above. Samples were
considered at equilibrium if their Fe - Mg exchange coefficient was
within 0.29 + 0.06 for orthopyroxene and 0.28 + 0.08 for clinopyrox-
ene (Putirka, 2008). However, as Kp (Fe - Mg) pyrxliq jo hot always a
reliable indicator of equilibrium for a range of compositions (Putirka,
2008), we also used the difference between diopside and hedenbergite
components predicted for clinopyroxenes (DiHd) (Supp. Mat. 2), and the
predicted component sums as close to 1 as possible (Putirka, 2008).
Results, Rhodes diagrams, and tests for equilibrium are reported in
Supplementary Material 2 along with EPMA data and whole - rock major
elements used as input. Using pyroxene pressure estimates, we calcu-
lated depths of storage using eq. (2):

P

D=— (2
43

with D the depth in meters, P the pressure in Pa, g the acceleration due to
gravity (9.81 m.s ~2), and p the average LAIA crustal density of 2600 kg.
m ~ % (Christeson et al., 2003). Finally, data points that show a crystal -
liquid equilibrium deeper than 40 km were rejected, based on the crustal
model proposed by Melekhova et al. (2019) that suggest Moho depths
<32 km. Depths are reported in Supplementary Material 2 along with
calculated absolute uncertainty Ax for each individual parameter (x;)
after Taylor (1997).

3.4.3. Error propagation

We calculated the absolute uncertainty Ax for each individual
parameter (x;) as described in Taylor (1997).

We first calculated the mean of the parameter as:

T

N 3

X =
With x; being either temperature, pressure, anorthite, or water con-
tent, and N the total number of data points.
Then, we calculated the standard deviation o, (as)

_ @
o= N1 4
Finally, the absolute uncertainty is calculated as:
Ox
Ax = — 5
x N (5)

and expressed with the same unit as the parameter it is associated with.
4. Results
4.1. Petrography and plagioclase textural diversity

4.1.1. Morne Jacob

Sample 06MT34, from Pain de Sucre lava flow (Fig. 1b and, Table 1)
is a porphyritic basaltic andesite with 5 to 15% vol. of crystals. The main
mineral phase is plagioclase (92%), with crystal sizes ranging between
200 pm to >2 mm, and accessory minerals consist of augite (3%) and
oxides (5%) with grains <1 mm. Phenocrysts are surrounded by a
microcrystalline groundmass of plagioclase and clinopyroxene. Normal
(43%) and sieved (53%) plagioclase textures dominate (Fig. 4). Sample
06MT10, from Morne Bellevue lava flow (Fig. 1b and Table 1) is a
porphyritic andesite with 20 to 40 vol% of crystals. The main mineral
phase is plagioclase (75%, 100 pm - 1 mm), associated with two py-
roxenes (hypersthene and augite, 20%, 100-500 pm) and oxides (5%).
Normal (43%), resorbed rim (32%), and sieved (18%) textures dominate
the plagioclase cargo (Fig. 4).
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Fig. 4. Frequency of plagioclase crystal textures counted for each sample: normal (red), oscillatory (yellow), sieved (blue), resorbed core (black), and resorbed rim
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4.1.2. Pitons du Carbet complex

Overall, samples from the Pitons du Carbet complex are light gray
porphyritic andesites and dacites. Rocks have a 30-45 vol% of crystals
with sizes ranging between 0.1 and 20 mm. Two samples, Piton Gelé
(06MTO6, Fig. 1b, and Table 1), and Morne Césaire (06MT36, Fig. 1b,
and Table 1) lava domes belong to the first eruptive phase. They contain
plagioclase (80-70%), orthopyroxene (5%), quartz (10%) and some
hornblende (10-1%). Three samples belong to the second eruptive
phase, or Pitons du Carbet sensu stricto, a group of lava domes and flows
emplaced inside the horseshoe shaped depression just after the collapse
(Fig. 1b and Table 1). These samples are from Piton Boucher lava dome
(07MT121), Piton de I’Alma lava dome (Alma), and Plateau Courbaril
lava flow (06MT37). Samples have both orthopyroxene and clinopyr-
oxene (1-3 mm) and are also characterized by the occurrence of large
(4-7 mm) crystals of hornblende and biotite, and a larger amount of
quartz (up to 7 mm). Interestingly, samples from both stages contain a
majority of plagioclase with normal textures, and a slight increase in the
fraction of sieved and oscillatory textures can be seen for the younger
samples (Fig. 4).

4.1.3. Trois Ilets volcanic field

Samples from the early eruptive cycle of Trois ilets volcanic field
include (Fig. 1b and Table 1) Morne Clochette (06 MT55), Morne La
Plaine (06MT61), and a dioritic dike from Morne Jacqueline
(18MT146). Morne Clochette consists of a hypersthene bearing andesite
with a crystallinity of 30-50% vol. and a mineral mode of plagioclase
(70%), pyroxene (25%), quartz (1%), oxide (2%), and biotite (1%).
Texturally, the rock contains phenocrysts (70% of crystals, up to 3 mm)
in a cryptocrystalline matrix. Morne la Plaine lava flow is an olivine and
clinopyroxene bearing basalt with a crystallinity of 10-15% vol. Mineral
mode includes plagioclase (81%), pyroxene, (15%), olivine (2%), and
oxide (2%). A dioritic dike (sample 18MT146) from Morne Jacqueline
contains phenocrysts of plagioclase (80%), pyroxene (15%), and oxide
(5%) in a cryptocrystalline groundmass. All samples from this first
eruptive cycle contain plagioclase with normal textures in majority
(>50%), with a few sieved crystals, oscillatory textures, and resorbed
cores (Fig. 4). Three samples were selected from the late eruptive cycle
along a NW - SE volcanic alignment (Fig. 1b, Table 1). Sample 06MT57

(Morne Champagne lava dome) is an amphibole bearing andesite with
30-40% vol. crystals of plagioclase (50%), pyroxene (42%), amphibole
(5%), and oxide (3%). Pointe Burgos (sample 06MT58) is a basaltic -
andesite with plagioclase (43%), pyroxene (50%), oxide (2%), and
xenocrysts of quartz (5%). Quartz xenocrysts (up to 5 mm) are highly
fractured and may have been picked up upon magma ascent or result
from secondary recrystallization (Westercamp et al., 1989). Sample
06MT59 from Morne Larcher dome complex is a porphyritic (25-40 vol
% crystals) andesite with plagioclase (75%) pyroxene (22%), quartz
(2%), and oxide (1%). In the recent samples, normal plagioclase textures
dominate, but we see an increase in sieved, oscillatory, and resorbed
cores crystals compared to samples from the first phase (Fig. 4).

4.1.4. Mt. Conil and Mt. Pelée

Sample 06MT28 belongs to the oldest part of Mt. Conil. It is a dark
porphyritic (10-25% vol. crystals) andesite rich in plagioclase (85%),
clinopyroxene (7%), quartz (3%), oxide (5%), and rare amphibole.
Plagioclase crystals display normal (58%) and resorbed core (30%)
textures, and a minority of crystals with oscillatory or sieved textures
(Fig. 4). t.

Sample 09MT130 is a light fine-grained andesite collected from Piton
Marcel, a lava dome emplaced just after the first flank collapse (126 ka,
Germa et al., 2011b, Fig. 1b, and Table 1). Plagioclase is the main
mineral (65%), followed by pyroxene (30%), and oxide (5%). Normal
(42%) and sieved (41%) plagioclase textures dominate (Fig. 4). T
Sample 06MT51 (c.e. 1902 dome) is an orthopyroxene bearing andesite,
consisting of plagioclase (70%), pyroxene (25%) and oxides (5%).
Normal (90%) and sieved (8%) plagioclase textures are observed
(Fig. 4). Mt. Pelée’s 1929 lava dome (sample 06MT50) is a fine - grained
light andesite, with plagioclase (80%), orthopyroxene (10%), oxides
(5%) and hornblende (5%). Plagioclase textures are mostly normal
(82%), oscillatory (6%), and resorbed cores (9%) (Fig. 4).

4.2. Plagioclase chemistry and thermometry

Overall, plagioclase compositions range from Angy to Angs, with
some compositions as low as Ang; and as high as Angg (Fig. 5a) and can
be classified as calcic andesine to sodic bytownite with minimal
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Fig. 5. (a) Anorthite compositions, (b) plagioclase-liquid temperatures, pre-
sented here are from data points that are in equilibrium with the melt, with
error bars calculated per complex, and (c) melt water content calculated from
plagioclase using Lange et al. (2009). Each circle represents an individual data
point. Acronyms at the top of 5(a) indicate the name of the volcanic complex.
For Morne Jacob (M.J.) [4101 + 60-2111 + 30 ka], Pitons du Carbet complex
phase 1 (P.C.-1) [998 + 14-770 + 11 ka], Pitons du Carbet complex phase 2 (P.
C.-2) [338 + 5-331 + 6 kal, Trois ilets field first eruptive cycle (T.L-1) [1332
+ 30 - ~1000 ka], Trois Ilets volcanic field second eruptive cycle (T.L-2) [617
4+ 52 - ~346 ka], and Mt. Conil — Mt. Pelée (M.C. & M.P.) [543 & 8 ka -
1229 CE].

orthoclase content (<Ory). Samples from Morne Jacob show the widest
range of plagioclase compositions, with compositions mostly of Angs —
Angs (Fig. 5, Table 2). However, the youngest sample contains more
sodic compositions compared to the old one (Fig. 5a). There is a clear
dichotomy between the pre- and post-collapse samples from Pitons du
Carbet complex (Fig. 5a). Indeed, samples from the first phase contain
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mostly sodic labradorite compositions (~Ansg — Anyg), while the second
phase has more calcic plagioclase that classify as bytownite (Ansp —
Ang). Plagioclase compositions from Trois Ilets volcanic field display a
tri-modal distribution, with compositions mostly of Angs-Anse, Ango-
Angs, and Anyg-Angs (Fig. 5, Table 2), which can be explained by the
distributed nature of the volcanic vents. Finally, Mt. Conil — Mt. Pelée
complex contains plagioclase that classifies mostly as labradorite (Anso-
Angs) and bytownite (Anyy Angy) However, the anorthite compositions
seem to gradually increase toward recent samples erupted after the 126
ka flank collapse (Fig. 5a).

Dissolved water calculated from plagioclase compositions (Lange
et al., 2009) show a bi-modal distribution, with values between 0.3 and
1.4 wt% and between 3.2 and 4.0 wt% overall (Fig. 5b). This duality is
seen for Morne Jacob samples, Pitons du Carbet complex, and Trois Ilets
volcanic field (Table 2 and Fig. 5). Specifically, the first stage of Morne
Jacob contains more dissolved water than the recent one. The opposite is
true for Pitons du Carbet complex for which the second phase is more
hydrated (3.0-4.1 wt%) than the first. Samples from the early phase of
Trois Ilets volcanic field contain dissolved water under 2 wt%, whereas
the recent samples can have up to 4 wt% of HyO (Fig. 5b, Table 2).
Finally, the samples erupted after the 126 ka collapse contain less water
(<2 wt%) than the old ones (>1.5 wt%, Fig. 5, Table 2).

Out of 719 plagioclase analyzed by electron microprobe, 326 are
within the recommended Kd(Ab-An)P'819 and therefore are considered
to be at equilibrium with the whole-rock composition used for
plagioclase-liquid thermometer. Indeed, antecrysts, especially those
with oscillatory textures and those showing evidence of multiple
remobilization events, may have grown from different magma batches,
and therefore will not be considered at equilibrium with the liquid used
in the calculations. Consequently, only data points at equilibrium with
whole-rock compositions are used here. Overall, all four volcanic com-
plexes considered, the feldspar-liquid geothermometer yielded a tem-
perature range of 1052-1204 °C, with +2 °C absolute uncertainties and
a median of 1124 °C. More specifically, we calculated average temper-
atures of about 1140.1 °C + 1.5 °C for Morne Jacob, 1098.3 4 1.7 °C for
Pitons du Carbet complex, 1151.6 + 3.5 °C for Trois Ilets volcanic field,
and 1120.2 + 1.3 °C for Mt. Conil — Mt. Pelée (Table 2, Fig. 5¢). Trois
Ilets volcanic field displays multiple temperature clusters specific to
each sample, whereas the other complexes seem to display more
restricted ranges.

4.3. Pyroxene chemistry and thermobarometry

Out of 38 clinopyroxene-liquid pairs analyzed, 24 are within the Kd
(Fe—Mg) P19 range of 0.28 =+ 0.08 recommended to test for equilib-
rium. The more robust DiHd test for equilibrium shows that all the cpx-
liquid pairs approach the equilibrium of the model (Supp. Mat. 2). The
orthopyroxene phases present in our samples show a range in KD
(Fe—Mg)°P*14 from 0.34 to 1.03, and all but one data point are outside
the recommended range of 0.29 + 0.06, suggesting that the orthopyr-
oxene data is out of equilibrium with the melt (Supp. Mat. 2). The Mg
numbers of our orthopyroxene range from 39 to 76, about the same as
predicted from the host melt composition (39-65), but plot outside the
range for equilibrium in a Rhodes diagram (Supp. Mat. 2). Conse-
quently, we are considering the pressures and temperature calculated
from OPx-liquid pairs with caution as first approximations only.

The clinopyroxene-liquid geothermobarometer, with £10 °C and
0.3 kbar uncertainties, yielded temperatures between 802 and 1170 °C
and a pressure range of 1.5 to 9.7 kbar overall. The orthopyroxene-liquid
geothermobarometer yielded a temperature range of 884 to 1060 °C
with an absolute uncertainty of 3 °C; and pressures between —1.3 and
4.5 kbar with absolute uncertainty of 0.1 kbar. Temperatures and
pressures for individual complexes, and their errors are summarized in
Table 2, and details can be found in Supp. Mat. 2. Overall, most of the
samples show crystallization from the mantle to the surface. A higher
frequency of points indicates preferential storage at the Moho, in the
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Table 2
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Range of calculated crystal - liquid equilibrium geobarometers, geothermometers, and hygrometer using Putirka (2005, 2008), Lange et al., 2009, and Germa et al.,

2010; Germa et al., 2011a, 2011b.

Sample Plag Opx Cpx
An T(°C) + H20 (wt T (°C) + P(kbar) + AP Depth T (C°) + P + AP Depth
AT°C %) AT°C (kbar)  (km) AT°C (kbar) (kbar)  (km)
Putirka Lange Putirka (2008) Putirka (2008)
(2005) etal.,
2009
Eq. 23 Eq. 28a Eq. 29a Eq. 33 Eq. 31
Morne
Jacob
06MT34 73-96 1080-1292 2.00-2.94
06MT10 56-89 1125-1158 0.46-0.85  1014-1025 2.25 0.8-2.4 0.19 3-10 979-1050 10.31 1.59.0 1.12 6-35
Pitons du
Carbet
06MT36 49-75 1094-1130 0.75-1.24  896-966 4.71 1.6-3.3 0.11 6-13
06MT06 50-79 1027-1137 1.07-3.61  957-962 0.20-0.24 8-9
ALMA 51-85 1122-1167 0.51-1.02 961 2.5 10 1013-1034 10.28 6.7-6.9 0.36 26-27
07MT121 51-85 1040-1123 1.45-3.36 995-1016 6.0-9.0 23-35
06MT37 49-95 1040-1156 0.89-4.04 933 2.5 10 1078 4.3 17
Trois Ilets
06MT55 58-88 1140-1175 0.47-0.85  1003-1036 5.5 0.4-1.8 0.77 2-7 1003-1053 1419 7.2-9.7 0.45 28-38
06MT61 80-90 1093-1115 0.71-2.03 1036 5.6 22 1167-1171 7.1-7.4 28-29
18MT146  48-93 1152-1210 1.19-1.79
06MT57 59-88 1058-1174 0.56-3.37
06MT58 67-85 1083-1099 2.59-2.80 1089-1130 2.3-6.9 9-27
06MT59 31-94 1039-1154 1.00-3.88  1019-1037 0.5-2.2 2-9 1039-1074 4.6-7.1 18-28
Mt. Conil
- Mt.
Pelee
06MT28 41-83 1049-1120 1.57-3.80 1053 0 6.1 0 24
09MT130 0.33-3.92 1047-1163 0.33-3.92 970-992 1.51 —-2.7 0.12 1-3
06MT51 49-87 1102-1150 0.68-1.27  947-1002 -2.8 0-6
06MTS50- 48-90 1045-1177 0.00-1.34

I

upper crust, and in the shallowest volcano-sedimentary layer (Fig. 6e).
Morne Jacob magmas crystallized in storage regions located at the base
of the lower crust and in the upper crust, with no apparent storage in the
lower or middle crust (Fig. 6a). Samples from the first phase of Pitons du
Carbet containing only OPx, indicate storage in the upper crust (Fig. 6b).
Post-collapse samples indicate crystallization from the mantle all the
way to the top of the lower crust, as well as in the upper crust, with an
outlier in the middle crust. Interestingly, all the deep samples indicate
adiabatic crystallization at about 1050° from about 35 to 25 km
(Fig. 6b). Trois Ilets volcanic field is the only field with transcrustal
crystallization from ~39 km all the way to the surface. However, each
edifice within this field is fed by distinct magma batches from different
storage depths. For instance, the Morne Clochette lava flow (sample
06MT55) shows magma storage conditions from the mantle, lower crust,
and upper crust. The Morne La Plaine basaltic lava flow (06MT61) only
shows magma storage conditions at the Moho. The Pointe Burgos basalt
(06MT58) is fed by magma that crystallized through the lower crust and
then adiabatically through the middle and upper crust (Fig. 6d). Finally,
the absence of good CPx data points for the old phase of Mt. Pelée,
prevents us to obtain significant storage conditions in the crust for this
edifice, except for the shallowest volcano-sedimentary layer. Although
OPx thermobarometry results are out of equilibrium, the depths and
temperatures obtained are consistent with those found in the literature,
with depth < 6 km and temperatures of about 950-1000 °C (Martel
et al., 2006; Pichavant et al., 2002).
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5. Discussion
5.1. Magma storage conditions in Martinique in the last 5.5 Ma

Samples from the recent volcanoes of Martinique show crystalliza-
tion at various depths within the crust, with location of magma bodies
that vary spatially and temporally (Fig. 6). The most frequent crystal-
lization depths are found in the shallowest crust (<2 km), at the base of
the upper crust (6-10 km), at the Moho (Fig. 6). There is limited storage
in the middle-crust for most complexes (Fig. 6e). Specifically, samples
from the recent Mt. Pelée indicate crystallization in the last 6 km
beneath the surface, and agrees well with previous studies (Annen et al.,
2008; Fichaut et al., 1989; Gourgaud et al., 1989; Martel et al., 1998;
Smith and Roobol, 1990; Traineau et al., 1983). The dacites from Piton
du Carbet contain crystals that formed at 16-35 km (lower crust) and
6-13 km (upper crust). These are consistent with an earlier study that
suggested depths of 8-16 km (Coulon et al., 1984; d’Arco et al., 1981).

Overall, our results agree well with previous depths and magma
temperatures calculated for Mt. Pelée and Pitons du Carbet in
Martinique (Metcalfe et al., 2023, and references therein). However, our
enlarged dataset that includes older volcanoes from the recent arc shows
that storage regions also exist as deep as in the lower crust and the
mantle beneath Martinique. Indeed, the deepest reservoirs for this island
were previously thought to be no deeper than ~15 km in the middle
crust (Metcalfe et al., 2023). Nevertheless, such a multi-level magma
plumbing architecture is remarkably similar to that suggested at other
volcanoes along the Caribbean coast of the Lesser Antilles islands
(Fig. 2a; Metcalfe et al., 2023; Balcone-Boissard et al., 2023). Recent
volcanoes have vertically extensive plumbing systems from (>35 km
depth to the surface), although magmas of various compositions are
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Fig. 6. Pyroxene-liquid temperatures and pressures calculated from orthopyroxene (open circle) and clinopyroxene (closed circle) using Putirka (2008) model. All
data points have a corresponding temperature and pressure error bars. (a) Morne Jacob — (sample 06MT10). (b) Pitons du Carbet complex (samples 06MT36,
06MT10, Alma, and 07MT121). (c) Trois flets volcanic field (samples 06MT55, 06MT61, 06MT58, 06MT59, and 18MT144). (d) Mt. Conil & Mt. Pelée (samples
06MT28, 09MT130, 06MT51, and 06MT50 — I). Superimposed on the P-T graphs is the crustal model of Melekhova et al., 2019 containing volcanic sediments, upper

crust, MCD1, middle crust, MCD2, lower crust and mantle.

stored at different depths (Balcone-Boissard et al., 2023; Camejo-Harry
et al., 2019; Camejo-Harry et al., 2018; Christopher et al., 2015; Cooper
et al., 2016; Edmonds et al., 2016; Metcalfe et al., 2023; Melekhova
et al., 2019; Melekhova et al., 2017; Stamper et al., 2014; Ziberna et al.,
2017). These studies also show magma focusing preferentially within
specific crustal layers and at mid-crustal discontinuities, while some
other crustal regions do not seem to promote magma storage (Metcalfe
et al., 2023; Balcone-Boissard et al., 2023). Apart from the deep storage
region that is common to all islands, the depths of the storage regions are
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generally within the middle to upper crustal layers, with most storage
constrained to 5 to 8 km depth within low-density crustal layers
(Melekhova et al., 2019), and at mid-crustal discontinuities where
density contrast between layers is sharp (Kavanagh et al., 2006; Mac-
caferri et al., 2010). Overall, the depth and extent of the main andesitic
to dacitic magma bodies vary beneath each island, with persistent silicic
magma chambers that feed eruptions located in the upper crustal layer
(< 5 km).

Overall, the storage temperatures calculated in this study range in
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the upper half of the Lesser Antilles magmatic temperatures (Fig. 2b).
Temperatures between 750 °C and > 1300 °C have been reported at
other volcanoes from a large variety of sample types (hard samples from
lava flows and domes, tephra, xenoliths) and various methods (melt
inclusions, whole-rock, crystals). Note that our samples are exclusively
from lava flows and domes, with a majority of basaltic-andesites and
andesites. Nevertheless, the range of storage temperatures calculated for
individual complexes agree well with found in the literature for Mt.
Pelée, Pitons du Carbet complex, and other Lesser Antilles volcanoes
(Metcalfe et al., 2023; Balcone-Boissard et al., 2023). Interestingly, the
central Lesser Antilles islands yield some of the highest storage tem-
peratures and pressures in the whole arc (Fig. 2). This could be related to
a local increase of heat flux, magma production, or simply recurrent
magma batches that are close in space and time (Germa, 2009; Higgins
and Caricchi, 2023). Higher magma fluxes might be related to core
complexes that have higher water content in the subducting lithosphere
due to localized serpentinized mantle, generally along fracture zones
(Cooper et al., 2020; Higgins and Caricchi, 2023) and could explain the
higher magma temperatures found for these islands (Fig. 2b).

5.2. Evolution of Martinique volcanoes

5.2.1. General evolution through time

Chemistry and physical textures in all samples indicate that multiple
recharge events by injection of basaltic to basaltic - andesite magmas
frequently remobilized crystal mushes, inducing variable decompression

(a) Temporal

(b) Flank Collapse
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rates, mechanical mixing, resorption of remobilized phenocrysts, and
further crystallization in shallow storage conditions. We propose that
the plumbing systems of volcanoes in Martinique evolve from a simple
deep storage system to a more extensive system consisting of distinct
shallow reservoirs in multiple crustal layer, extending all the way to the
surface, allowing for magma differentiation, mixing, and crystal remo-
bilization (Fig. 7a). As an edifice develops, the superficial load pro-
gressively prevents mafic magma from erupting (Pinel and Jaupart,
2000), and storage and differentiation progress toward shallower
depths, as indicated by polybaric crystallization paths (Fig. 6e). Overall,
throughout the history of each volcano, eruptions were fed from two
distinct magma regions, one of basaltic-andesite to andesitic composi-
tion stored at 7-12 km and 900-1050 °C, and another one of andesitic to
dacitic composition above 2 kbar (6 km). This is consistent with similar
processes proposed for Mt. Pelée (Annen et al., 2008; Boudon and
Balcone-Boissard, 2021; Gourgaud et al., 1989; Martel et al., 1998;
Pichavant et al., 2002). The reservoirs in the upper crust are fed by
basaltic and basaltic-andesite magmas originating from the mantle and
lower crust, with temperatures of 1000 °C — 1150 °C (Bourdier et al.,
1985; Martel et al., 1998; Pichavant et al., 2002). Several studies sug-
gested that the Mt. Pelee shallow magma chambers are vertically elon-
gate reservoirs based on petrography, geochemistry, and experimental
data (Fichaut et al., 1989; Pichavant et al., 2002; Metcalfe et al., 2023).
At Morne Jacob, Pitons du Carbet, and Mt. Conil — Mt. Pelée, the young
samples generally contains all five plagioclase texture types, sometimes
with two or more textures over imposed in single crystals, suggesting

(¢) Tectonic Control
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Fig. 7. Conceptual model of Martinique plumbing systems and their evolution with time or surface morphological changes.

(a) Temporal evolution: basaltic magmas intrude the lower crust and evolve toward basaltic andesite compositions. Magmas then can ascend toward the upper crust
with minimal storage in the middle crust. If storage develops in the middle crust, magmas pond at the deepest mid-crustal discontinuity. Andesitic to dacitic magmas
are stored and evolve in the upper crust, from which they feed eruptions. Often, mafic magmas ascending from the lower crust will remobilize the shallow crystal

mushes and trigger eruptions.

(b) Flank collapse. The sudden decompression due to rapid unloading at the surface induced by a flank collapse allows deep mafic magmas to ascend and remobilize

shallow crystal mushes rapidly, with rapid volatile exsolution.

(c) Tectonic control: shallow faults and crustal fractures promote quick magma ascent with minimal storage in the crust. This prevents magmatic reservoirs to
develop and promotes distribution of melts in the subsurface, explaining the distinct geochemical signatures observed at individual volcanoes.
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antecrysts are remobilized from various magma lenses by frequent in-
jection of basaltic melts (Higgins et al., 2021; Neave and Putirka, 2017).
Such variety is generally not observed in old samples and suggests that
complexity in the architecture of plumbing systems develops over time.
However, storage conditions and compositions for Trois Ilets Volcanic
field, Pitons du Carbet complex, and Mt. Conil — Mt. Pelée show more
complex trends that suggest the influence of external factors, mostly due
to the existence of structural and tectonic systems.

5.2.2. Trois Ilets volcanic field

Trois Ilets Volcanic field shows a spatio-temporal trend different
from the other recent volcanoes in Martinique. Samples systematically
exhibit the highest storage temperatures and have the widest tempera-
ture range (Table 2, Fig. 2b). Our results indicate that eruptions are fed
from distinct magma batches that originate from different crustal depths
and different magmatic temperatures (Figs. 5 and 6). Each magma batch
has a singular composition (Germa et al., 2011, Labanieh, 2009) and
water content (Fig. 5¢).

Indeed, volcanoes of Trois ilets are small-volume edifices distributed
over a small area (<50 km?, Fig. 1b) and appear to have distinct
plumbing systems (Germa et al., 2011b). Indeed, volcanoes are spatially
distributed, without evidence of a central system, and each display
distinct petrographic characteristics. Interestingly, there seems to be a
change in the architecture of plumbing systems through time beneath
Trois Ilets volcanic field. Indeed, thermobarometry data from the oldest
samples (05MT55 and 06 M61) reveal that magma ponds at the Moho
and within the lower crust where clinopyroxene crystallize around 6-8
+ 0.4 kbar (25-32 km) at temperatures of 1017-1060 °C. Orthopyrox-
enes crystallize closer to the surface (0.13 kbar or 0.5 km) within the
upper crust at temperatures of 1074 °C (Fig. 6¢). Therefore, there is a
crystallization gap between ~25 km and the upper crustal layer (~3
km), indicating limited to no magma storage and crystal growth in the
lower and middle crust (Fig. 6¢). In contrast, samples from the second
eruptive cycle (06 MT57, 06MT58, 06MT59, and 18MT146), all younger
than 600 ka, present more complex mineral assemblages that crystal-
lized through multiple lenses stored at various depths from the lower to
the upper crust (Fig. 6¢). Previous geologic investigations suggested the
presence of numerous faults and fractures within the Trois Ilets volcanic
field (Gadalia et al., 2014; Germa et al., 2011b; Westercamp et al.,
1989), which may have favored a relatively fast ascent of mafic magmas
toward shallow depth (Fig. 7¢). Plagioclase in Trois Ilets samples have a
large proportion of sieved textures suggesting a fast decompression rate.
Also, the basaltic lava flow of Morne La Plaine (sample 06MT61) con-
tains large (up to 3 mm) olivine crystals (1%) supporting ascent of mafic
magma carrying olivine phenocrysts. Samples analyzed in this study
contain virtually no textures related to frequent remobilization events or
magma mixing (Fig. 4). These results let us argue that the structure of
the crust or the frequency of magma batches beneath Trois Ilets volcanic
field do not promote magma focusing toward a central vent, and do not
enhance mixing of magma batches as observed for the other volcanoes.

5.2.3. The Pitons du Carbet complex

The Pitons du Carbet complex lies above the western flank of Morne
Jacob volcano.

Phase 1 samples (06MT36, 06MT06) show a complex assemblage of
plagioclase textures, with a dominant oscillatory and reverse anorthite
compositional pattern from core to rim, and plagioclase are mostly sodic
labradorite (Supp. Mat. 3). Textures also display dissolution pockets,
resorption surfaces, and zoning (Supp. Mat. 3). Overall, during the first
eruptive cycle, cold dacitic magmas are stored in a shallow storage re-
gion, and crystal mushes often remobilized by injection of magmas
ascending from the mantle (Fig. 7a). After the flank collapse (337 + 3
ka, Germa et al., 2011b), the crystal record indicates that magma crys-
tallizes not only in the upper crust, but also in the lower crust (Figs. 6b
and 7b). Plagioclase (Ang7_gg) yields temperatures between 1067 °C and
1155 °C, and 3-4 wt% H,0 (Fig. 5). Lavas that erupted after the flank
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collapse contain both clino- and orthopyroxene and suggest that
magmas that fed the post-collapse eruptions samples crystals from the
lower and the upper crust, whereas magmas that fed pre-collapse
eruptions only samples upper crustal reservoirs.

Additionally, whole - rock major elements (Germa et al., 2011b)
show that the lava erupted after the flank collapse are slightly more
mafic (56-61 wt% SiO2) and more porphyritic than the ones erupted
during the first eruptive phase (58.5-63.5 wt% SiO2). Additionally,
patterns of rare earth elements normalized to chondrites show that
phase 2 lava are less enriched in LREE than phase 1, and therefore phase
2 lavas may result from slightly higher degrees of partial melting (Germa
et al,, 2011b). Pre - collapse samples of Piton du Carbet complex
(06MT36 and 06MTO06) have plagioclase compositions systematically
more evolved (An75 to An46) than the post - collapse lavas (Alma,
07MT121, 06MT37) with anorthite compositions as high as An95
(Fig. 5a). Temperatures and water content calculated from plagioclase
also show that post - collapse lavas are more volatile - rich and contain
crystals that equilibrated at higher temperatures (Fig. 5b, c). Further-
more, biotite and amphibole crystals make some of the largest pheno-
crysts in the second phase lavas, although biotite was absent in the first
phase. Crystal growth might have been enhanced by amphibole dehy-
dration due to rapid magma ascent and decompression rates (Beard
et al., 2004; Underwood et al., 2012). Also, plagioclase textures in post -
collapse lavas exhibit a larger proportion of sieved crystals, consistent
with rapid decompression. Finally, pressures of pyroxene - liquid equi-
librium show that post - collapse lavas contain crystals that equilibrated
at larger depths (>20 km) than the first phase, suggesting a contribution
from deeper magmas not seen in phase 1 samples (Fig. 6b). This
disparity between pre - and post - collapse samples of the Piton du Carbet
complex suggest a dynamic remobilization of various storage regions
immediately after the catastrophic event (Germa et al., 2011), effect that
is being discussed in the next section.

5.2.4. Mt. Conil and Mt. Pelée

Samples from the 1902 and 1929-1932 domes of Mt. Pelée yield
pyroxene temperatures of —950-1002 °C and pressures up to 1.55 kbar
(< 6 km; Fig. 6d). Similarly, plagioclase thermometry and water content
(1044-1180 °C and < 1.4 wt% H0, Fig. 5) is within range of previously
calculated crystallization storage conditions for the basaltic and
basaltic-andesite end-members (Gourgaud et al., 1989; Pichavant et al.,
2002). Our calculated temperatures and water content represent the
magma conditions at crystallization initiation. However, pre-eruptive
storage conditions for andesitic and dacitic magmas are systematically
lower than 970 °C (Martel et al., 1998; Pichavant et al., 2002). Also, our
petrological and chemical results agree to those in previous studies
(Pichavant et al., 2002), with plagioclase texture types 1 to 5 and An
compositions from Angg 43 with most chemical trends indicating a
normal or oscillatory zonation from core to rim (Supp. Mat 3). Recent
eruptions were fed from two distinct magma chambers, one of andesitic
to dacitic above 2 kbar (6 km) and another deeper basaltic to basaltic -
andesite magmas stored at 7-12 km and 840-900 °C in a vertically
elongated and zoned reservoir (Annen et al., 2008; Boudon and Balcone-
Boissard, 2021; Gourgaud et al., 1989; Martel et al., 1998; Pichavant
et al., 2002). Basaltic magmas intruding shallow reservoirs and trig-
gering eruptions have temperatures of about 1050 °C (Bourdier et al.,
1985; Martel et al., 1998; Pichavant et al., 2002).

For the first time, we constrain the crystallization conditions for the
early stages of the Mt. Conil - Mt. Pelée complex. The oldest sample from
Mt. Conil (06MT28) displays storage in the lower crust, deeper and
hotter than the Mt. Pelée magmas. The restricted anorthite composition
suggests homogeneous magma sources, although multiple remobiliza-
tion events are suggested by the presence of all five plagioclase textures.
Post-collapse samples, especially Piton Marcel lava dome (09MT130)
show that plagioclase crystals formed in the upper crust (<5 km) and
were frequently remobilized by the injection of less evolved magma
entering the system, as observed by the presence of sieved textures and
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resorbed cores (Fig. 4). The sieved textures and restricted temperatures
suggest a rapid decompression event was likely initiated by the flank
collapse (Fig. 7b). Although the post-collapse lava dome is not signifi-
cantly more mafic than the rest of Mt. Conil lavas (Germa et al., 2011b),
plagioclase compositions are less evolved (Ansg gs) and the magma
more volatile - rich (3.5-6.5 wt% H,0) than for those of the pre -
collapse sample (06MT28, Angg_s5, 2-3 wt% H30). This drastic change
after the collapse suggests a process similar to the one the affected Pitons
du Carbet complex in which decompression induced by the deloading at
the surface may affect the plumbing system and allows hydrous mafic
magmas to ascend from deeper storage, remobilizing the crystal cargo.

5.3. Magmatic evolution following major structural changes

The most direct effect of flank collapse on the plumbing system of a
volcano is the decompression of the storage regions as deep as the
mantle due to sudden surface unloading leading to variation in magma
production rates (Boulesteix et al., 2012; Pinel and Jaupart, 2005;
Presley et al., 1997). Many studies investigated the causal links between
these large - scale morphological changes at the surface of volcanic
edifices and the evolution of magma storage, magma composition, and
partial melting (Cornu et al., 2021; Delcamp et al., 2012; Hildenbrand
et al., 2004; Hora et al., 2007; Manconi et al., 2009). These studies
indicate that flank collapse events are often followed by rapid
constructional phases, with higher volume fluxes, changes in eruption
dynamics, and changes toward more mafic lava compositions. Com-
parison of pre- and post- collapse lava compositions show that pre-
collapse edifice growth promotes eruption of SiOs-rich lavas and fil-
ters mafic magma (Borgia et al., 2000; Pinel and Jaupart, 2000),
whereas post-collapse events are generally more mafic. Similarly,
collapse-induced decompression enhances volatile exsolution and de-
creases magma bulk density, facilitating ascent and eruption of more
primitive and crystal - rich magmas (Manconi et al., 2009). The collapse
of a volcano’s flank consistently results in a reduction of pressure within
the underlying storage regions (Pinel and Jaupart, 2000). The influence
of a sector collapse on a magmatic reservoir, specifically the extent and
rate of decompression, is influenced by the size of the collapsed area, the
density of the material, as well as the initial edifice’s radius, and the
effects diminish with depth (Pinel and Jaupart, 2005; Albino et al.,
2010; Pinel and Albino, 2013). For instance, a flank collapse that
removed about 700 m of vertical mass at Soufriere Hills Volcano 130 kyr
ago, assuming a conical geometry with a radius of approximately 2.5
km, produced a vertical stress reduction of 0.6 MPa and a pressure
reduction of 0.18 MPa at 10 km depth (Cassidy et al., 2015).

The sudden reduction in mass can impact the buildup of reservoir
pressure and conditions for failure in the magma plumbing system,
leading to dike intrusions and substantial changes in its chemical evo-
lution (Pinel and Jaupart, 2005; Manconi et al., 2009; Pinel and Albino,
2013). When the shallower reservoirs are interconnected with deeper
magma sources, the reduction in pressure is anticipated to trigger a
relatively rapid replenishment of the shallow reservoirs by deeper mafic
magmas (Acocella, 2021). Furthermore, decompression of basaltic
magmas oversaturated with volatile components at depth is likely to
intensify bubble growth and nucleation, and inherently facilitate magma
ascent. Consequently, the modifications induced by a sector collapse
might introduce additional heat to the system or trigger volatile exso-
lution in the shallow magma plumbing system, potentially leading to
changes in magma composition, viscosity, and enhance explosivity
(Acocella, 2021; Romero et al., 2023). All these processes combined
enhance the likelihood of eruptions involving denser, more primitive,
and crystal-rich magmas as observed in the Lesser Antilles, especially at
Mt. Pelée and the Pitons du Carbet complex (Boudon et al., 2007). Most
studies investigating the effect of flank collapses on subsequent magma
compositions and eruptive styles were focused on intraplate basaltic
oceanic islands. A similar series of processes is also observed at silicic
island arc volcanoes, and our study shows that it has also been common
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on Martinique. Flank collapse events have been largely documented for
Martinique and other Lesser Antilles islands (Bezard et al., 2017; Boudon
et al., 2013; Boudon et al., 2007; Brunet et al., 2016; Harford et al.,
2002; Le Friant et al., 2003b; Mattioli et al., 1995; Samper et al., 2008;
Cassidy et al., 2015), and all events were followed by rejuvenation of
basaltic volcanism. In Martinique, flank collapses that affected Mt. Conil
- Mt. Pelée and Pitons du Carbet complexes were followed by eruptions
of magmas more mafic than prior to the collapse that progressively
evolved again toward andesitic compositions with time (Boudon and
Balcone-Boissard, 2021; Germa et al., 2011b; Le Friant et al., 2003bj;
Boudon et al., 2007). Post-collapse samples systematically show more
calcic plagioclase compositions, slightly higher magma temperatures,
and more hydrous magmas (Fig. 5). The plagioclase also shows an in-
crease in sieved textures as well as resorbed cores (Fig. 4), indicating
faster ascent rates and mixing with a warmer magma. Finally, specif-
ically for Pitons du Carbet complex, post-collapse eruptions are fed by
deeper magmas (lower crust) than the pre-collapse ones (upper crust
exclusively).

To test our hypothesis that flank collapse can affect plumbing sys-
tems within the entire crust, we follow the method of Pinel and Albino
(2013) to calculate the effect surface deloading would have on vertical
stress and pressure. The large flank collapse of Pitons du Carbet, esti-
mated to have moved >30 km?® of material down the slopes of the edifice
and offshore about 335 ka ago (Boudon et al., 2007; Germa et al., 2011)
may have triggered sudden decompression of the plumbing system
through the entire crust. We consider the removal of a conical geometry
with a height of 800 m and a radius of 4.5 km, with a density of 2400 kg.
m ™~ for dacites of Pitons du Carbet, according to edifice reconstructions
(Germa, 2009). We calculate a reduction of the vertical stress by 4.8 MPa
and a reduction in pressure of 1.6 MPa at 5 km depth (Fig. 8). These
values decrease to 0.5 and 0.1 MPa at 20 km depth (Fig. 8). We can apply
the same calculations to the two flank collapses of Mt. Pelée, 126 ka and
36 ka ago, that remobilized 14 and 8 km® of material, respectively
(Boudon et al., 2007; Germa et al., 2011; Boudon and Balcone-Boissard,
2021). Considering a density of 2500 kg/m°, a conical geometry with a
radius of 2.5 km, and a removed height of 400 m for the first collapse
(Germa et al., 2015), we calculate a change in vertical stress and pres-
sure of 1.77 MPa and 0.55 MPa at 5 km depth (Fig. 8). These values
decrease to 0.15 MPa and 0.04 MPa at the base of the crust. The 36 ka
collapse was much smaller, with a cone radius of 1.5 km and height of
300 m (Germa et al., 2015). Therefore, we obtain vertical stress and
pressure changes of 0.35 MPa and 0.10 MPa at 5 km depth, and the
changes are negligible at depths larger than 20 km (Fig. 8). Our calcu-
lations support the hypothesis that large flank collapses can remobilize
silicic systems at mid- to deep- crustal levels at island arcs similarly to
basaltic systems at oceanic islands (Manconi et al., 2009). Additionally,
as suggested by Cassidy et al. (2015), such calculated pressure variations
far exceed the critical overpressure for dyke formation. The decom-
pression magnitudes we calculated in the upper to lower crust beneath
Pitons du Carbet might be sufficient to empty shallow silicic reservoirs,
initiate dike intrusions, and enhance ascent of basaltic magma from
depth.

In summary, collapse events may allow to remobilize mafic magma
batches stored at large depths and are likely to initiate magma mixing in
shallow reservoirs. This noteworthy eruption-triggering mechanism
may lead to the incorporation of distinct crystal populations (Carrara
et al., 2019; Bergantz et al., 2015; Jerram and Martin, 2008; Perugini,
2021; Clynne, 1999; Feeley and Dungan, 2002) and subsequently
contribute to heightened rates of eruption (Boudon et al., 2007). Addi-
tionally, the rate of decompression associated with a flank collapse may
result in ascent rates larger than those usually related to reservoir
overpressure under normal conditions. Martel et al. (1998), Martel,
2012) have suggested that fast ascent rates from reservoir to fragmen-
tation levels may allow the ascending magma to incorporate other
magma batches at various depths in the plumbing system and ascend in
a few hours to a few days. This could result in highly explosive Plinian
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Fig. 8. Vertical stress and pressure reduction under the center of a conical load which is removed from the surface, using Pinel and Albino (2013) equations.
Calculations are for an elastic half-space with Poisson’s ratio equal to 0.25. The dashed lines are for the vertical component of the stress tensor, s, the bold lines are for
the pressure reduction, P, both expressed in MPa. See Supp. Mat. 4 for calculation details. (a) For Pitons du Carbet, we consider a radius of 4.5 km, a height of 800 m,
and a density of 2400 kg.m’3. (b) For the 126 ka collapse of Mt. Pelée, we consider a radius a 3.5 km, a height of 400 m, and a density of 2500 kg.m’s. (c) For the 36

ka collapse of Mt. Pelée, we consider a radius of 1.6 km, a height of 300 m, and a density of 2500 kg. m

eruptions, contrasting with Pelean dome-forming eruptions associated
with small-volume pyroclastic density currents (Martel, 2012). Such a
large deloading magnitude may have promoted the ascent of large
volumes of magmas leading to the emplacement of the seven recent lava
domes of Pitons du Carbet, that all yield a similar age of 337 + 3 ka
(Germa et al., 2011; Samper et al., 2008).

6. Conclusions

For the first time, we constrain the magma storage conditions at
crystallization initiation for the four most recent (<5 Ma) volcanic
complexes on Martinique Island. Basaltic magmas are injected into the
lower crust and pond at 24-32 km depths, where they evolve by frac-
tional crystallization. Magmas ascend with minimum storage in the
middle crust, and storage preferentially develops in the upper crust
where they further evolve toward andesitic and dacitic compositions.
Shallow mush lenses are frequently remobilized by the injection of mafic
magmas that originate in the lower crust. Those frequent injections
trigger eruptions. Therefore, recent erupted products often exhibit
disequilibrium mineral assemblages, with large variation in composi-
tional signatures and crystal textures.

The south-western Trois Ilets volcanic field displays spatially
distributed eruptive vents that are fed by distinct magma batches that do
not interact at depth. The magma pathways and temporal distribution
are too widespread to allow magma to focus on a central-vent, unlike the
northern edifices.

Our study shows that flank collapse events, by displacing edifice’s
load from the surface offshore, can induce decompression of the
plumbing system. The magnitude of the decompression is proportional
to the height and radius of the mass removed. The smallest event in
Martinique (8 km3) was large enough to affect magma reservoirs down
to 4 km depth, while the largest event (30 km3) had the potential to
induce decompression as deep as 10-12 km. Such a process promoted
the ascent of deep mafic magmas from the lower crust to the surface at
relatively fast rates, allowing to remobilize crystals from shallower
magma reservoirs. The magma mixing process that resulted from this
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triggered explosive eruptions allowed a large volume of magma to erupt.

In conclusion, the identified magma storage conditions, and
plumbing system architecture for the recent volcanic activity on
Martinique island closely resemble those observed in other volcanoes
within the Lesser Antilles Island Arc (LAIA), such as Soufriere Hills
Volcano, La Soufriere de Guadeloupe, and Soufriere St. Vincent. These
newly established correlations offer valuable insights that can aid in the
assessment of potential future volcanic eruptions.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jvolgeores.2023.107972.
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