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Abstract

The compositional variation of individual volcanic centres over time is key to understanding magmatic processes in the
underlying crust. La Soufrieére volcano, St. Vincent, Lesser Antilles, has erupted predominantly basaltic andesite magmas
for hundreds of thousands of years. Sampling of the recently re-exposed crater walls at La Soufriere reveals that sequentially
emplaced crater lavas, feeder dykes and lavas on the volcano’s western flank are low-magnesium basaltic andesites with lit-
tle variation in major and trace element concentrations. A single La Soufriére crater lava unit is more mafic (8 wt.% MgO,
51-52 wt.% Si0O,) and is compositionally similar to rare low-magnesium basaltic tephra from large explosive eruptions on
St. Vincent, suggesting more primitive melts are present in the underlying crust but rarely reach the surface. New *°Ar/*’Ar
ages fill in a period of previously undocumented eruptive history and highlight an unconformity within the crater: a crater
lava dated at 25.2 + 3.8 ka is overlain by considerably younger lavas dated at 7.9+ 7.7 and 5.7 +4.4 ka. A hornblende-gabbro
xenolith is dated at 475.6+28.3 ka, in agreement with early pre-Somma magmatism at La Soufriére volcano. Combining
new and published data, we show that hiatuses in the geochronological record coincide with major summit collapse events
and that the system appears to have stabilised compositionally after the most recent Somma collapse. The compositional
uniformity of La Soufriere basaltic andesites is consistent with buffering of magma compositions by a crystal mush in the
underlying crust. Commonly erupted plutonic xenoliths at St. Vincent likely represent fragments of such mushes.

Keywords La Soufriére - Crater lavas - Basaltic andesite - “°Ar/*°Ar dating

Introduction

Arc volcanoes can erupt a wide range of magma types with
compositional diversity observed on the scale of entire
volcanic island arcs, as well as within individual volcanic
centres (e.g. Lesser Antilles: Brown et al. 1977, Melekhova
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et al. 2015, 2017; Japan: Tatsumi et al. 1994; Kamchatka:
Churikova et al. 2001, Koulakov et al. 2017). Some volca-
noes, however, repeatedly generate magmas of a near-iden-
tical composition over long periods of time (e.g. thousands
of years) and are thought to be chemically buffered by the
composition of an underlying crustal mush source region
(Hildreth and Moorbath 1988; Jackson et al., 2018; Blundy
2022). Examples of such volcanoes include Arenal, Costa
Rica (Streck et al. 2002, 2005; Parat et al. 2014); North Sis-
ter, Mt. Hood, Mt. Rainier, Cascades (Schmidt and Grunder
2011; Koleszar et al. 2012; Sisson et al. 2014); Calbuco,
Chile (Mixon et al. 2021); and La Soufriere, St. Vincent,
Eastern Caribbean (Heath et al. 1998). The compositional
monotony of these volcanoes is not always reflected in con-
sistent eruption styles. For example, La Soufriére erupted
most recently in 2020/2021, producing an effusive lava dome
and subsequent explosive scoria of near-identical basaltic
andesite composition (Weber et al. 2024).
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In this study, we explore the compositional variability
of eruptive products from La Soufriere, St. Vincent, to
determine how homogenous the magmatic system has been
over the lifetime of the volcano. By sampling and dating
a selection of newly exposed crater lavas, flank lava flows
and dykes and a plutonic xenolith, we fill a gap in the dated
eruptive record for La Soufriere. Using new and published
geochemical and geochronologic data, we discuss La Sou-
friere’s volcanic history in terms of processes in the underly-
ing magma source region.

Geological setting and eruptive history

St. Vincent, located at the southern end of the Lesser Antil-
les volcanic island arc (Fig. 1a), is comprised of four main
volcanic centres: the Southeast Volcanics field, Grand
Bonhomme, Morne Garu and La Soufriere (Fig. 1b). La

Soufriére is the youngest and currently active volcanic cen-
tre, dated at <0.69 +0.09 Ma (Briden et al. 1979). The old-
est volcanic rocks on St. Vincent are 2.74+0.11 Ma from
the Southeast Volcanics complex (Briden et al. 1979) and,
along with other K-Ar dates, suggest that volcanism has
migrated northwards over time (Robertson 2005). Volcan-
ism on St. Vincent is characterised by alternating periods of
effusive and explosive behaviour, ranging in composition
from basaltic to andesitic. Feeder dykes are identified at all
volcanic centres and lava domes occur at the vents of Grand
Bonhomme, Morne Garu and La Soufriere (Rowley 1978;
Sigurdsson 1981; Robertson 2002).

La Soufriere volcanic deposits are divided into four main
formations based on age and stratigraphy: pre-Somma lavas
(PSL), Yellow Tuff Formation (YTF), Crater Lavas (CL)
and Pyroclastic Formation (PF; Rowley 1978; Sigurdsson
1981; Heath et al. 1998), followed by two pre-historic (1440
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Fig.1 Map of a the Lesser Antilles volcanic island arc and b the
island of St. Vincent. The four volcanic centres present on St. Vin-
cent are labelled, with La Soufriere being the youngest and currently
active. Volcanic centres represent areas where vents have previously
been identified or inferred (Robertson 2002). Geological units after
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Robertson (2005). Digital elevation model data from USGS-VDAP.
¢ Inset map showing sample numbers and locations in La Soufri¢re
outer crater and Larikai and Roseau valley, as listed in Table 1 (e.g.
STV_LS_3 shown as number 3). Remnant Somma wall and La Sou-
friere craters labelled (1812, outer and inner crater)
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and 1580 CE) and six major historic eruptions (1718, 1812,
1902/1903, 1971/1972, 1979 and 2020/2021 CE; Cole et al.
2019). All historic eruptions show some combination of
dome-forming and/or explosive activity.

The pre-Somma lavas form the base of the La Sou-
friere volcano and pre-date the Somma edifice (hence the
term ‘pre-Somma’; Heath et al. 1998). Pre-Somma lavas
are dated at 0.69 +0.09 Ma (K-Ar; Briden et al. 1979)
t0<0.18 +0.02 Ma (**Ar/*’Ar; Heath 1997) and represent
at least 500,000 years of effusive shield-building volcanism,
with few observed intercalated pyroclastic deposits (Sigurds-
son 1981). Collapse of the pre-Somma edifice is inferred by
a large scarp opening to the west called the Baleine scarp
(Fig. 1b). Offshore debris avalanche deposits place this flank
collapse event at less than 50 ka (Le Friant et al. 2009). The
Somma edifice grew subsequently to the south of the Baleine
scarp before a second major collapse, this time to the south-
west, evidenced by the remaining northern Somma crater
wall (Fig. 1c) and voluminous debris flows to the southwest
(Sigurdsson 1981). The timing of the Somma collapse is
unknown, though one estimate tentatively places it at a few
thousand years ago based on eruption rates and the volume
of the Somma edifice (Le Friant et al. 2009).

Immediately overlying the Somma collapse debris flows
are thick island-wide deposits of the Yellow Tuff Formation
(YTF) which are 150 m thick in the crater and <5 m thick in
Kingstown 20 km south of the crater (Rowley 1978). These
deposits are poorly defined and not well constrained. Numer-
ous ‘yellow’ tephra beds are identified across St. Vincent
and on the flanks of La Soufriére, with only some correlated
to the YTF; consequently, it is unclear whether the YTF
represents a single large event or a series of closely related
events. There are no age determinations for the YTF air-
fall deposits, largely due to the paucity of datable material.
Two pyroclastic flow deposits that underlie and overlie a
thickly bedded air-fall deposit identified as part of the YTF,
are radiocarbon dated at 4335 +95 and 3590 + 70 years BP
respectively (Rowley 1978), constraining the age of that par-
ticular fallout eruption to within a 700-year window. Rowley
(1978) identified six separate YTF pyroclastic flows between
4.5 and 3.5 ka. Hay (1959) radiocarbon dated two pyroclas-
tic flows that overlie a thick fallout deposit, again inferred to
be the YTF, and obtained ages of 4090 + 50 and 3890 + 300
years BP. The air-fall deposits immediately overlying the
Somma collapse debris flow deposits in the south and west
walls of the crater are referred to as the Brown Tuff forma-
tion by Sigurdsson (1981), who proposes its equivalence to
the YTF. The Brown Tuff demonstrably underlies a sequence
of crater lavas in Sigurdsson’s (1981) geological map.

The Crater Lavas represent the interior of the youngest
and most recent La Soufriere edifice, exposed in a series of
nested craters at the southern rim of the previous Somma
edifice (Fig. 1c). Based on observations from the southern

and western rim of the outer crater (Sigurdsson 1981), the
majority of the Crater Lavas overlie and post-date the Brown
Tuff (assumed equivalent to YTF by Sigurdsson), although
some Crater Lavas are indicated beneath the Brown Tuff
in the SSE wall of the crater close to a cross-cutting dyke
and within debris flow deposits (Fig. 1 of Sigurdsson 1981).
The Crater Lavas represent a period of continuous effusive
volcanism (similar to the pre-Somma lavas), without visible
intercalated ash layers. Activity then transitioned to alternat-
ing explosive and effusive behaviour known as the Pyroclas-
tic Formation period, during which the current La Soufriere
edifice was excavated (Fig. 1c), with the 1812 eruption form-
ing its own crater on the NE rim of the outer crater and the
inner crater forming during the 2020/2021 eruption. Today,
activity continues to alternate between explosive pyroclastic
density current (PDC) forming eruptions and effusive lava
dome extrusions that are confined to the crater; products
from both eruption types have near-identical compositions
(Heath et al. 1998; Cole et al. 2019; Fedele et al. 2021;
Weber et al. 2024). The most recent 2020/2021 eruption
involved the extrusion of a basaltic andesite lava dome, fol-
lowed by a series of explosive PDC’s depositing multiple
pyroclastic units (U1-US5; Cole et al. 2024) and infilling the
previous crater.

In addition to volcanic rocks, another important compo-
nent of St. Vincent magmatism is plutonic xenoliths and
cumulates, which are abundant across the island, includ-
ing at La Soufriere, and range in composition from gabbros
to troctolites and hornblendites (Wager 1962; Lewis 1973;
Arculus and Wills 1980; Tollan et al. 2012; Melekhova
et al. 2019; Fedele et al. 2021; Brown et al. 2026). These
xenoliths represent fragments of the underlying crust that
were picked up by ascending magmas and erupted at the
surface. As such, xenoliths represent essential end-members
for reconstructing crustal compositions and the magmatic
history of a volcano (e.g. Melekhova et al. 2015; 2019).
St. Vincent crustal xenoliths have been found in associa-
tion with both lavas and scoria. Fedele et al. (2021) identify
micro-xenoliths (<3 cm) in scoria deposits that have differ-
ent mineralogies to previously identified plutonic xenoliths
and cumulates, suggesting they are sampling a different part
of the sub-volcanic plumbing system. Calc-silicate xeno-
liths, including calcareous hornfels, are also identified at
St. Vincent and suggest magmas are sampling parts of the
proto-Caribbean limestone crust (Arculus and Wills 1980;
Devine and Sigurdsson 1980; Camejo-Harry et al. 2024).

Geochemical and petrological context
There are more than 300 published whole-rock analyses of
volcanic rocks from La Soufriere. The greatest composi-

tional diversity at La Soufriere occurred during early pre-
Somma magmatism. Although pre-Somma magmatism is
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predominantly basaltic andesite (52-57 wt.% SiO,), a num-
ber of high-magnesium basalts (> 10 wt.% MgO), low-mag-
nesium basalts (6—10 wt.% MgO) and rarer andesites (57-60
wt.% SiO,; Rowley 1978, Heath et al. 1998) are present. The
high-magnesium basalts outcrop along the coastline at the
base of the volcano and are inferred to have erupted dur-
ing the building of the initial volcanic edifice (Heath et al.
1998). These high-magnesium basalts match magma com-
positions from older volcanic centres on St. Vincent (Heath
et al. 1998; Robertson 2002). Subsequent magmatism is pre-
dominantly basaltic andesite with some occurrences of low-
magnesium basalts. This change in composition illustrates a
general evolution in magma chemistry over time from primi-
tive, high-magnesium basalts to basaltic andesites. Andesites
are subordinate; they occur in the Somma and pre-Somma
lavas, Crater Lavas, dykes and YTF, but not in the Pyroclas-
tic Formation.

Experimental studies exploring the source of the St. Vin-
cent high-magnesium basalts propose that these magmas
are derived directly from the mantle-wedge. Two possible
source conditions were proposed by Pichavant et al. (2002)
depending on the original magmatic water content: 1.2 GPa,
1235 °C for 1.5 wt.% H,0, and 1.6 GPa, 1185 °C for 4.5
wt.% H,0. H,O content of melt inclusions in olivines from
high-magnesium basalts is in the range 2.2 to 3.5 wt.% (Bou-
vier et al. 2008). Oxygen fugacity is estimated to lie between
NNO+1 and NNO+2.3 (Pichavant et al. 2002; Pichavant and
Macdonald 2007; Melekhova et al. 2015). The high-magne-
sium basalts are proposed to differentiate at different depths
within the crust to form low-magnesium basalts, high-alu-
minium basalts, basaltic andesites and andesites (Melekhova
et al. 2015). Of these magmas, basaltic andesites are by far
the most frequently erupted composition at La Soufriere
(Rowley 1978; Heath et al. 1998), yet their origin and recur-
rent nature are not understood.

Lava samples from the old Somma edifice, collected by
Rowley (1978) from the extant northern wall, are basaltic
andesite to andesite, with the more evolved compositions
interpreted as effusive lava flows that never reached the
coastline. Previous sampling of crater lavas revealed pre-
dominantly basaltic andesite compositions (Rowley 1978),
with a small number of andesitic lavas in the eastern wall
and three andesitic dykes crosscutting the crater lavas, all of
which are now buried by the 2020/2021 pyroclastic deposits.
All eruption products since 1440 CE are basaltic andesite,
with the exception of six low-magnesium basaltic tephra
samples from the 1902/1903 eruption (Cole et al. 2019).

Previous dating of volcanic deposits at La Soufriere
includes radiocarbon ages of tephra samples that extend back
to~5 ka (Rowley 1978; Robertson, 1992; Heath 1997; Cole
et al. 2019); K-Ar and *°Ar/*’Ar dating of pre-Somma lavas
collected from the flanks of the volcano that range from 690
to 180 ka (Briden et al. 1979; Heath 1997; Robertson 2002);
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and dating of marine tephra from St. Vincent in drill cores
GS-27 and EN-46 in the Grenada basin. Marine tephra were
correlated to St. Vincent using geochemical fingerprinting
(Carey 1992) and dates for these units calculated using sedi-
mentation rates and the boundary defining the disappear-
ance of planktonic foraminifera in the Globorotalia medarii
complex at the end of the last ice age (12 ka; Sigurdsson
and Carey 1981; Reid et al. 1996). The absolute ages of the
Crater Lavas are currently unknown and only inferred from
their stratigraphic positioning.

By exploring temporal geochemical trends in a series of
sequentially emplaced effusive crater lavas at La Soufriere
and in dykes and lava flows from the western flanks of the
volcano, we aim to determine whether La Soufriére reflects
a long-lived homogenous basaltic andesite magmatic system
with little compositional variation, or whether La Soufriere
magmas experience different degrees of chemical modifi-
cation, such as fractionation, magma mixing or sediment
assimilation. Dating a selection of these samples constrains
the timing of emplacement, furthering our understanding of
the eruptive history of the currently active volcanic system
and how magma chemistry has evolved over time.

Methods
Fieldwork

The 2020/2021 eruption at La Soufriere exposed the pre-
viously heavily vegetated crater walls, providing a unique
opportunity for sampling. The crater lavas were emplaced
successively, thus preserving their relative stratigraphic
sequence, which is ideal for evaluating sequential changes
in geochemistry and petrology. Rowley (1978) collected
rocks from low in the Crater Lava formation but was unable
to reach the uppermost lava units. The 2020/2021 eruption
deposited up to 100 m of ash within the crater, burying the
lowermost crater lavas but providing access to the upper
units (Fig. 2). In 2023, a team from the University of Oxford,
University of Cardiff and the University of the West Indies
sampled the Crater Lavas. Sixteen individual lava units in
the northeast to southeast walls were identified (Fig. 2a),
with samples collected from thirteen of these.

The YTF produced thick pyroclastic deposits with lithic-
rich layers containing dense blocks of lava. Six lava blocks
were collected from within a 15-m-thick deposit of the
YTF exposed on the east coast, just north of North Union
(Figs. 1b, 3c), to compare with the composition of the crater
lavas and determine if the YTF was emplaced simultane-
ously to the crater lavas or if the lava blocks represent older
lavas (e.g. Somma or pre-Somma lavas).

In 2024, we returned to the field to sample newly exposed
lava flows and dykes on the western flanks of La Soufriere.



Bulletin of Volcanology (2026) 88:43

Page50f29 43

Fig.2 a Photograph of La Soufriére crater lava units sampled dur-
ing fieldwork in 2023. Unit numbers assigned in the field. Crater lava
units ordered from youngest to oldest based on stratigraphic position.
Dashed line shows upper surface of 1979 dome with radial jointing
and interior now exposed. Outer crater has been historically present,
with inner crater formed during the 2020/2021 eruption. b Photo-

Nine lava samples and five dyke samples were collected from
Larikai and Roseau valley. All sample names and locations
are reported in Table 1. An adcumulate hornblende-gabbro
sample (VSG-2), collected loose from Jacobs Well during
a field campaign in 2009, was also dated using *°Ar/*’Ar
methods. This particular sample was chosen for its texture,
large size and mineral assemblage, typical of xenoliths from
St. Vincent (Arculus and Wills 1980).

Whole-rock geochemistry

Forty-one samples were powdered (see Appendix for details)
for whole-rock major and trace element analysis using the
geofacilities laboratories at the Department of Earth Sci-
ences, University of Oxford. These samples include nineteen
crater lavas, seven lava blocks recovered from the YTF, six
samples from lava flows in Larikai valley, three samples
from lava flows in Roseau valley, five samples from two
different dykes and one sample of loose dome-rock (age
unknown) collected in the current crater. Major elements
were analysed by x-ray fluorescence (XRF) following a
lithium-borate fusion, and trace elements were analysed by
inductively coupled plasma mass spectrometry (ICP-MS) at
ALS Geochemistry, Loughrea, Ireland. Precision of analyses
was 2% for major elements and 10% for trace elements based
on the method used. Results are reported in Tables 1 and 2.

Trace element data for the U5 scoria from the 2021 explo-
sive eruption are also presented here for comparison. Two
hundred grams of the U5 scoria was dissolved into solu-
tion and analysed using an 8900 Agilent ICP-MS at the
Department of Geoscience, Union College (see Appendix

YYoungest
STV_LS_3, 4a, 4b (unit 1)
STV_LS_8, 10 (unit 2)
STV_LS_16, 17 (unit 5)
STV_LS_11 (unit4)
STV_LS_48 (unit 16)
STV_LS_47 (unit 15)
STV_LS_46 (unit 14)
STV_LS_45 (unit 13)
STV_LS_ 6 (unit 7)
STV_LS_15 (unit 12)
STV_LS_7, 13 (unit 9)
STV_LS_14 (unit 11)
§ | STV_LS 5a, 5b (unit 10)
Oldest
| | * Not sampled

graph of the 1979 dome and lower crater lava units. Dashed line rep-
resents the floor of the outer crater today, below which is now infilled
with pyroclastic material from the 2020/2021 eruption. Some lava
units can be co-located, for example Unit 1, Unit 7 and the top of Unit
10 (120-m-thick coulee). Photograph a taken in 2023 and b in 1983
(by Fiske, Smithsonian Institution), both facing east

for details). Major element data for these samples was previ-
ously reported in Weber et al. (2024).

40Ar/39Ar dating

Nine lavas, a dyke and a xenolith were selected for “°Ar/>°Ar
dating. The criteria for the sample selection included mini-
mal alteration and low vesicularity. Sample preparation
occurred at the Department of Geoscience, University of
Wisconsin-Madison. Samples were crushed, sieved and
leached ultrasonically in 3 M HCI for 15 min, followed by
thorough and repeated rinsing with deionised water. Puri-
fication of the groundmass by magnetic sorting and hand-
picking removed phenocrysts, xenocrysts and any altered
material, to leave only fresh groundmass material (180-250-
um grainsize). Samples were then loaded into aluminium foil
packets and irradiated in the cadmium-lined in-core tube at
the Oregon State University reactor. The 1.1864-Ma Alder
Creek sanidine standard was irradiated simultaneously to
monitor the neutron flux (Jicha et al. 2016).

Analysis of the irradiated samples was completed at
the WiscAr Laboratory at the University of Wisconsin-
Madison. Samples were incrementally heated with a CO,
laser to release the gas trapped in the sample. The gas was
then cleaned using two SAES GP50 getters (2.0 A/375°)
and an Edwards Polycold cryo-cooler to remove H,0O, H,,
0,, CO,, CH, and CO. Isotopic analyses were performed
on an Isotopx NGX-600 mass spectrometer operated at a
trap current of 650 pA. “°Ar/*Ar ages are calculated using
the decay constant from Min et al. (2000) and an atmos-
pheric “°Ar/*0Ar ratio of 298.5+0.31, as determined by Lee
et al. (2006). Heating steps that caused an increase in mean
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«Fig. 3 a Crater lavas in the eastern wall with unit numbers labelled.
Lavas display lens-like morphologies and are separated by red rub-
bly surfaces. Jointing observed within all lava flows and shearing at
the centre of thicker flows (e.g. Unit 7). Pyroclastic Formation units
continue above Unit 3. Note person at foot of cliff (Unit 9) for scale.
b Crater lavas in northeastern wall. Top of Unit 10 exposed and cov-
ered in thick pyroclastic deposits. Unit 4 is a considerably younger
upper crater lava emplaced <30 m above Unit 10. ¢ 15-m-thick YTF
deposit displaying layering and containing large lithic lava blocks
(<70 cm) near North Union (see Fig. 1b). d Lava flows in lower
Larikai valley interbedded with debris flows and crosscut by a verti-
cal dyke. e Upper Larikai valley with a dyke exposed on the north-
ern side of the valley (circled). Lavas in the background covered by
vegetation are likely the Somma lavas comprising the still standing
northern Somma crater wall. Thick pyroclastic deposits in the valley
make access to lavas difficult. f Contact between Upper Larikai dyke
and lava flow. Upward tilt of lava flow and shearing fractures at the
base of the exposure clearly observed. g Thick lava flow in Roseau
valley (STV_LS_167) with sheared interior exposed. h Giant xenolith
block from Roseau valley predominantly composed of interlocking
plagioclase, clinopyroxene and olivine crystals. Clusters of different
mineral assemblages observed, some displaying layering and banding
(circled). i In situ micro-xenolith (<3 cm) in lower Larikai lava STV_
LS_100. It contains plagioclase and olivine and displays a recrystal-
lised darker core

standard weight deviation (MSWD) > 1.5 were excluded
from the calculated ages (Powell et al. 2002; Jicha et al.
2016) and are shown in the plateau diagrams in the supple-
mentary material (Fig. S1). The inverse isochrons all have
intercepts that are within uncertainty of the atmospheric
value, indicating that excess Ar is not present. Therefore,
the plateau ages reported in Table 3 are used in the subse-
quent discussion.

Results
Field observations

The exposed eastern wall of the crater consists of a 200-m
high section through a series of jointed lava flows with lens-
like morphologies separated by red rubbly surfaces corre-
sponding to flow tops (Fig. 2a). Individual lava flows can be
clearly distinguished and, where accessible, sampled. The
crater wall, with identified and sampled lava units, is shown
in Fig. 2a alongside a photograph of the same section taken
in 1983 (Fig. 2b) when the 1979 lava dome was still steam-
ing. Little of the 1979 dome remains today. Several features
can be correlated between the two photographs (a) and (b),
including the prominent Unit 1 in the northern crater wall
and a series of vertical fractures above Unit 4. Unit 10 with
its curved upper surface is also evident in the 1983 photo-
graph. This unit can also be identified in Sigurdsson’s 1981
map of the crater, where it is labelled as a ‘pre-historic cou-
lee’ and ‘coulee flow front’. Our field observations confirm
the sequential emplacement of the Crater Lavas (e.g. filling

of topographic lows, lack of well-defined interstitial ash lay-
ers), with thicker units displaying shearing (Fig. 3a). The
relative age order of the Crater Lavas and their correspond-
ing sample numbers are presented in Figs. 2 and 4. Note
that it was not possible to sample three of the units, shown
with asterisks in Fig. 2. The top of the crater wall comprises
deposits of the Pyroclastic Formation. The Brown Tuff (YTF
equivalent) identified by Sigurdsson (1981) is not present in
the studied crater wall section, in keeping with his map of
the crater.

The lava flows in Larikai and Roseau valleys are often
extensive, interbedded with debris flows, and display shear-
ing in thicker flows (Fig. 3g). A 15-m-tall and 10-m-wide
dyke was identified crosscutting the lower Larikai lavas
(Lower Larikai (LL) dyke; Fig. 3d), and a 15-m-tall,
70-m-long dyke striking 300° outcropped to the NW of the
crater in the upper Larikai valley, intersecting the Somma
crater wall (Upper Larikai (UL) dyke; Fig. 3e). The Crater
Lavas and lava flows in Larikai and Roseau valleys con-
tained abundant igneous and calc-silicate xenoliths (e.g.
Fig. 3i); a large multi-textural xenolith block was identified
in Roseau valley (Fig. 3h). Both of the sampled lavas in the
lower Larikai valley immediately overlie debris flows, as
does the youngest lava flow sampled in the Roseau valley.
Schematic stratigraphic logs of the Larikai and Roseau val-
ley sections are shown in Fig. 4.

Whole-rock major element chemistry

New whole-rock major element data are reported in Table 1.
Compositions range from basalt to andesite (49.5-57.5 wt.%
Si0,), with most lavas sitting within the basaltic andesite
field (Fig. 5). Three crater lava samples from Units 9 (STV_
LS_7and STV_LS_13) and 11 (STV_LS_14) have consid-
erably higher magnesium (~ 8 wt.% MgO) and lower silica
(~51-52 wt.% SiO,) contents (Fig. 6a) and are similar in
composition to previously identified low-magnesium basalts
(Robertson 2002). Due to the similar composition and strati-
graphic positioning of Units 9 and 11 (and their correlation
to one continuous crater lava unit in Sigurdsson’s 1981 map),
these units are hereafter combined and referred to as the
Mafic Crater Lava. The YTF lava blocks are distinctive with
lower SiO, and NaO, and higher CaO and Al,O; contents
than the main cluster of whole-rock data (Fig. 6).

The new lava compositions presented in this study are
all calcium- and aluminium-rich (~8-11 wt.% CaO;~ 17-20
wt.% Al,O5; Fig. 6b, c), characteristic of the southern Lesser
Antilles arc (e.g. Macdonald et al. 2000). K,O contents of
La Soufriere magmas are consistently low (below 0.7 wt.%)
which has implications for Ar-Ar dating (see below). New
data follow typical differentiation trends and are in good
agreement with previous whole-rock data for La Soufriere
and older St. Vincent volcanic centres. With the exception
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Table 1 (continued)

TiO, ALO; FeOT MnO MgO CaO NaO K,0 P,0; Total  LOI

Longitude SiO,

Latitude

Unit

Sample #

-0.27
-0.42
—0.19
-0.02
—-0.46
-0.39
—-0.40

98.49
99.37

0.14
0.13
0.14
0.14
0.14
0.14
0.14

0.70
0.50
0.72
0.74
0.60
0.59
0.62

3.51
3.40
3.74
3.68
3.79
3.76
3.83

8.07
8.97
8.12
8.07
7.76
7.80
7.80

4.39
3.98
3.71
3.76
3.46
3.54
3.46

0.18
0.21
0.18
0.19
0.21
0.21
0.21

7.87
8.78
7.86
7.87
8.31
8.36
8.11

17.61

0.90
0.97
0.93
0.93
0.97
0.96
0.93

55.12

61°12.9554' W
61°12.1695' W
61°12.4771' W
61°12.4771' W
61°11.6433' W
61°11.6433' W
61°11.6433' W

13°19.3144'N
13°19.2466' N
13°20.1464' N
13°20.1464' N
13°20.3174' N

Roseau lava

STV_LS_160

STV_LS_167

18.22
18.05

54.21

Roseau lava

STV_LS_106

99.74
99.26
99.72

56.29
55.96
56.84
55.85
56.87

LL dyke—core

STV_LS_107

17.92
17.64
17.34
17.56

LL dyke—edge

UL dyke
UL dyke
UL dyke

STV_LS_132

STV_LS_133

98.55

13°20.3174' N

STV_LS_134

99.53

13°20.3174' N

Latitude and longitude data in decimal degrees minutes

of the YTF lava blocks and the Mafic Crater Lava, there is
no discernible chemical difference between the rock types
sampled in this study, although the dykes are displaced con-
sistently to the low-MgO end of the cluster. Melt inclusions,
representing trapped droplets of liquids formed during dif-
ferentiation and crystallisation, extend the chemical range of
the whole-rocks, with a noticeable deviation above 7 wt.%
MgO to low SiO,, high CaO and TiO, and pronounced scat-
ter at low MgO, particularly for alkalis and TiO,. Note that
many melt inclusions have compositions unmatched by any
lavas on St. Vincent.

Whole-rock trace element geochemistry

Trace element concentrations and trace element ratios
are reported in Table 2. Trace element concentrations are
enriched by approximately one order of magnitude relative
to the primitive mantle (Sun and McDonough 1989). Primi-
tive mantle normalised rare earth element (REE), Sr, Zr and
Hf patterns are relatively flat with little variation between
lava samples and previous St. Vincent data (grey shading,
Fig. 7). The Mafic Crater Lava generally has the lowest REE
concentrations consistent with its more primitive nature. All
rocks have a positive Sr anomaly (~200-250 ppm Sr; Fig. 7,
Table 2) despite a small negative Eu anomaly, characteristic
of arc magmas (Turner and Langmuir 2022). The magnitude
of the positive Sr anomaly decreases with increasing differ-
entiation, indicating that high Sr is an inherited feature of
the parental magmas, becoming reduced during differentia-
tion through plagioclase fractionation. Two of the YTF lava
blocks display significantly higher Sr peaks (460 ppm Sr;
STV_LS_21 and 26) and depletions in LREE (La-Sm) and
Zr relative to other samples; these are the same lava blocks
with elevated Ca and Al contents, features consistent with
plagioclase accumulation.

Eu/Eu* ratios (where Eu* = Euy/+/Gdy % Smy) for
the La Soufriere magmas range from 0.8 to 1 (Fig. 8a)
and decrease slightly with differentiation, as illustrated by
increasing incompatible element La. The weak negative Eu
anomaly observed in all new data (Fig. 7) is indicative of
a low proportion of Eu®* partitioning into plagioclase and
therefore a higher magmatic oxidation state (Aigner-Tor-
res et al 2007). Elevated fO, can account for the observed
decoupling of Sr, whose positive anomaly becomes signifi-
cantly less pronounced during differentiation (Fig. 7), and
Eu. For example, at the redox conditions of La Soufriere
magmas (> NNO + 1) less than 10% of Eu is divalent and
hence the ratio of Dg /Dg, in plagioclase is <0.1 (Aigner-
Torres et al. 2007).

The Dy/Dy* ratio (where
Dy* = Dyy/\/Gd}/" « sm/"*; Davidson et al. 2013) is

used to distinguish between garnet fractionation, which

@ Springer
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Table3 New “°Ar/*°Ar data for

3 Sample # Location “OAr/Ar;+2s  Isochron Plateau N PAr% MSWD
La Soufriére
Age (ka)+2s Age (ka)+2s
STV-LS-6 Crater 296.5 +37 164 +198 5.7 +4.4 11/16  90.5 0.92
STV-LS-46 Crater 2982 13 123 +189 79 +7.7 13/14 983 0.46
STV-LS-5a Crater 2992 +1.7 216 +11.0 252 +3.8 16/17  99.7 0.59
STV-LS-103  Lower Larikai 2984 +22 54 +137 44 +42 12/18 914 0.56
STV-LS-100  Lower Larikai 2993  +0.9 22.6 +155 337 +8.0 15/18 955 0.36
STV-LS-167 Roseau 2985 +23 147 +79 14.5 +3.1 14/18  95.0 1.03
STV-LS-154 Roseau 2985 13 319 +8.9 31.5 +4.0 15/19  90.7 1.01
VSG-2 Jacobs well 298.6 +05 4740 +37.6 4756 +283 13/14 998 0.55

Ages calculated relative to 1.1864-Ma Alder Creek sanidine standard (Jicha et al. 2016) using the decay

constants of Min et al. (2000)

Atmospheric *°Ar/*°Ar=298.56+0.31 (Lee et al. 2006)

N, number of incremental heating steps

La Soufriére crater

Unit # (age)

(Not to scale)

Debris flow
] [] undifferentiated volcanic deposits
16/5/4/3 (<4 ka)
15
DI 7 (5.7 £ 4.4 ka)
i 11
(“((“(«(((({((({(({ 14 (7.9 7.7 ka) Lower Larikai Sample # (age) Upper Larikai Sample #
8 1077106 132/133/134 Roseau Sample # (age)
DYVNIMIINN] 12 103 (4.4 £ 4.2 ka) )l ’””””””1”””
e e — MM 167 a3
10 (252 £ 3.8 ka) 104 /102 /100 (33.7 £ 8.0 ka) RE3R08 £00: 5 90

Lava flow

Pyroclastic deposits

154 (31.5 + 4.0 ka)
DM 160

131

Fig.4 Stratigraphic logs (not to scale) for the current La Soufriere
crater, lower Larikai, upper Larikai and Roseau valley for samples
collected. Samples shown in relative age order with known ages
labelled (bold). Unit number used for the crater stratigraphic log and

preferentially uptakes HREE, and amphibole or clinopy-
roxene fractionation that prefer MREE. Dy/Dy* values for
the La Soufriere lavas are positively correlated with Dy/
Yb and support amphibole or clinopyroxene fractionation
(Davidson et al. 2013) consistent with the subtle spoon-
shaped patterns of MREE in Fig. 7. The negative relation-
ship between Dy/Dy* and incompatible La (Fig. 8b)
strongly suggests that evolved magmas experienced more
amphibole or clinopyroxene fractionation. Amphibole
fractionation is consistent with the abundance of amphi-
bole (and plagioclase) rich cumulates (Tollan et al. 2012)

sample number (e.g. STV_LS_100) for all other locations. Asterix
indicates Mafic Crater Lava unit (~8 wt.% MgO). Dyke sample
numbers in italic. Observed pyroclastic and debris flow units shown.
Blank spaces in the logs indicate absence of exposure

and water-rich magmas (Cooper et al. 2020) at St.
Vincent.

“0Ar/*°Ar ages

New “°Ar/*°Ar ages for seven lava samples and a xenolith
from La Soufriére are reported in Table 3 and their strati-
graphic context shown schematically in Fig. 4 (unsuccessful
age determinations reported in the Appendix). *°Ar/*’Ar age
spectra, inverse isochron plots and the full **Ar/*’Ar dataset
for all samples are reported in the Supplementary Materials.

@ Springer
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Melt inclusions (MI)

St Vincent

4 aPSL

ASomma lavas

OYTF tephra

OCrater lavas

XPF - tephra

OPF - lava domes

4 <©Dykes

OCrater lavas - this study
@ Mafic crater lavas - this study

6 - Alarikai and Roseau lavas - this study
OYTF blocks - this study
©Dykes - this study

1 +HMB

Phono- dacite

tephrite Trachy-

andesite

Basaltic
trachy-
andesite

Trachy-
basalt O

Trachy-

i Tephrite>

Picro-
§ basalt

Basaltic
andesite

Andesite Dacite

55 60 65

SiO, (wt. %)

Fig.5 Total alkali versus silica (TAS) diagram after Le Bas et al.
(1986). PSL, pre-Somma lavas; CL, Crater Lavas; YTF, Yellow Tuff
Formation; PF, Pyroclastic Formation. New data for samples ana-
lysed in this study are shown as large bold symbols with thick out-
lines; previous data for La Soufriére eruption products are shown as
smaller faded symbols (Rowley 1978; Heath et al. 1998; Cole et al.
2019). Previous data for lavas and melt inclusions (MI) from older

Dates agree, within uncertainty, with estimated stratigraphic
positions from field observations. Three of four crater lavas
were successfully dated. Crater lava STV_LS_46 (Unit 14)
in the southeastern crater wall is dated at 7.9 +7.7 ka, and
STV_LS_6 (Unit 7) in the eastern crater wall is 5.7 +4.4 ka
(Fig. 2a). The high uncertainty associated with these young
dates, due to low abundances of K,O (Fig. 6e) and hence
radiogenic Ar, means determining the exact emplacement
chronology and drawing conclusions about the morphol-
ogy of the crater is not possible, but it does confirm their
young age relative to other lavas from La Soufriere. The
lowermost crater lava unit sampled (STV_LS_5a) is dated
at 25.2 + 3.8 ka and sits at the relative base of the new outer
crater in the northern wall (Unit 10; Fig. 2a). This unit cor-
relates to the ‘pre-historic coulee’ identified by Sigurdsson
(1981). It also immediately underlies the Mafic Crater Lava
of Units 9 and 11, which are shown in Sigurdsson’s 1981
map to extend to the ‘coulee flow front’. Although we do
not have ages for these lavas, Unit 7 (dated at 5.7 +4.4 ka)
lies immediately above the northern extent of Unit 9 without

@ Springer

volcanic centres on St. Vincent are shown as grey circles and crosses
(data from Robertson 2002 and GEOROC: Lacroix 1949; Bardintzeff
et al., 1983, 1984; Graham and Thirlwall 1981; Dostal et al. 1983;
Thirlwall et al. 1994; Heath et al. 1998; Plank 2005; Bouvier et al.
2008; Cole et al. 2019; Fedele et al. 2021). A high-magnesium basalt
(HMB; RSV49; Robertson 2002) is shown to illustrate a likely parent
to La Soufriere magmas (Melekhova et al. 2015)

clear stratigraphic break (Sigurdsson 1981; scree covers base
of Unit 7 in Fig. 2). We therefore propose that there is a sig-
nificant unconformity between Units 10 and 7 corresponding
to almost 20 kyr. Previously, the crater lavas had been esti-
mated at ~4 ka by association with the YTF eruption (Row-
ley 1978; Heath 1997; Robertson 2002); however, our new
ages show that the lowermost crater lavas are significantly
older than the upper crater lavas, consistent with the geologi-
cal map of Sigurdsson (1981) who places some crater lavas
within or beneath the pre-YTF debris flow deposits. Evi-
dently, there was either a sustained hiatus in volcanic activity
within the crater or Unit 10 (and other lower crater lavas)
originate from an earlier phase of volcanism (e.g. Somma).
We discuss these two possibilities in a later section.

New dates for the lavas in Larikai valley range from
33.7+8.0 to 4.4+4.2 ka and in Roseau valley from
31.5+4.0 to 14.5+3.1 ka (Fig. 4). These dates are con-
siderably younger than previously dated pre-Somma lavas
on the eastern flanks (Table 4) but overlap with a low-pre-
cision age of a lava from the southeastern flanks that could
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Fig.6 Major oxides versus MgO (wt.%). a SiO,. b CaO. ¢ Al,0;. d Na,0. e K,O. f FeO(T). g TiO,. h P,05. Mafic Crater Lava unit (STV_
LS_7, 13 and 14) circled in a. High-Ca YTF lava blocks (STV_LS_21 and 26) circled in b. Symbology and abbreviations as in Fig. 5
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Crater lavas
Mafic crater lavas
Larikai and Roseau lavas
Dykes
YTF lava blocks
2020-2021 eruption — U5 scoria
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Fig.7 Spider diagram for REE elements plus Sr, Zr and Hf normal-
ised to the primitive mantle (Sun and McDonough 1989). Colours as
in Fig. 5. Grey shading shows previous St. Vincent lava and tephra
data (GEOROC: Graham and Thirlwall 1981; Dostal et al. 1983;

have originated from either Morne Garu or La Soufriere
(11 + 14 ka, Table 4; Heath 1997; Robertson 2005). The
youngest lower Larikai lava (4.4 +4.2 ka; STV_LS_103)
corresponds in age to the younger crater lavas with which it
likely correlates. This lava is crosscut by a dyke (Figs. 3d,
4), meaning effusive activity continued on the western flank
after 4 ka, possibly related to the eruption of the very young-
est crater lavas or the Pyroclastic Formation. Interestingly,
the young lower Larikai dyke is geochemically very similar
to the youngest crater lava (Unit 1) that appears to be dyke
fed (Fig. 2b).

The hornblende-gabbro xenolith sample (VSG-
2; amph + plag + ol) gave a considerably older age of
475.6 +28.3 ka, corresponding to much earlier, pre-Somma
(0.18 to 0.69 Ma) magmatism. This date records when the
xenolith ceased exchanging argon with the atmosphere, per-
haps due to cooling and/or lack of melt present, but not its
original formation. Despite its older age, the xenolith was
entrained and brought to the surface by a younger (albeit
unidentified) La Soufriére magma, indicating that these
magmas were sourced from regions at similar or greater
depth than those of the pre-Somma magmatic period.

Discussion
Stratigraphic sequence

In Fig. 9a, all dated eruption products from La Soufriere are
arranged in stratigraphic order using radiocarbon, marine

@ Springer

Bardintzeff et al., 1984; Thirlwall, 1994; Heath et al. 1998; Plank
2005; Cole et al. 2019). U5 scoria from 2020/2021 eruption at La
Soufriere from Holli Frey; average shown as all data are near-identi-
cal (see Table 2)

fossil, K-Ar and *“°Ar/*Ar dates, as well as observed strati-
graphic positions to assess chemical variation over time and
the presence of any hiatuses that could record perturbations
to the magmatic system or the volcanic edifice. For pub-
lished ages, we have used the author’s original lithological
and stratigraphic designation. We have used a logarithmic
time scale to enable the entire history of the volcano to be
captured in a single figure.

Given the relative completeness of the stratigraphic and
radiometric catalogue in Fig. 9a, it is reasonable to assume
that where there are gaps of few or no dates, these may
correspond to hiatuses in the eruption record. Two promi-
nent gaps are observed. The first is between 33.7 + 80 and
180421 ka and the second between ~4 and 11 ka. Although
the first gap was apparent from literature data prior to our
study, new *°Ar/*’Ar ages from the oldest Roseau and lower
Larikai lavas narrow the gap and provide an upper age con-
straint for the Somma stage. This gap brackets the postu-
lated age for the Baleine collapse (~50 ka; Le Friant et al.
2009), suggesting that either this event removed part of the
stratigraphic record or occurred during a period of volcanic
quiescence.

The second less pronounced gap, between~4 and 11 ka,
corresponds to the previously poorly dated Somma collapse
that separates the Somma stage from subsequent building
and cratering of the La Soufriere edifice (YTF, Crater Lavas
and Pyroclastic Formation stages; Fig. 9a). Several lines
of evidence define this gap. Firstly, there is a break in the
marine tephra record between 3 and 15 ka (Table 4), with
the younger tephra plausibly corresponding to the YTF. On
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land, our new data reveal a marked unconformity within the
crater lava sequence between 25 ka (Unit 10 of Fig. 2a) and
the overlying upper crater lavas at <8 ka. A single lava flow
from Roseau valley (STV_LS_167) was emplaced during
this time at 14.5 +3.1 ka, perhaps placing a tighter lower
bound on the unconformity as the youngest lava dated in
the proposed Somma stage (see below). Unfortunately, the
large uncertainties associated with our young *’Ar/*’Ar ages
in the crater (5.7+4.4 ka and 7.9 +7.7 ka; Units 7 and 14)
and lower Larikai valley (4.4 +4.2 ka), arising due to their
low K,O content, preclude a tight upper constraint on the
proposed Somma collapse gap in Fig. 9a. Furthermore, on
radiometric grounds alone, it is not possible to establish
whether these young crater lavas pre-date or post-date the
YTF (known to overlie the Somma collapse debris flows;
Sigurdsson 1981). The geological map of Sigurdsson (1981)
indicates that most Crater Lavas overlie the Brown Tuff in
the south crater wall and cross-cut it in the northwest crater
wall. If the Brown Tuff is contemporaneous with the YTF,

as suggested by Sigurdsson, then the young crater lavas are
younger than the YTF (as shown in Fig. 9a). It is not clear
how many individual eruptions the YTF represents. Rowley
(1978) and Hay (1959) present radiocarbon dates of pyro-
clastic flows that overlie YTF air-fall deposits at 4325 + 95,
4090 + 50 and 3890 + 300 years BP, placing a minimum age
constraint on the YTF. Based on field relations and dates
established in previous work (Sigurdsson 1981; Rowley
1978; Heath 1997) and in this study, we suggest that the
age of the YTF lies between the oldest overlying pyroclas-
tic material (brown diamonds in Fig. 9a; 4325 +95 years)
and the oldest permissible age of the youngest Somma lava
(14.5+3.1 ka). The age of the YTF therefore overlaps with
the proposed Somma collapse gap between approximately
4 and 11 ka on Fig. 9a. Eruption of the YTF would likely
correspond to the end of the Somma collapse episode.
There is also geochemical evidence in support of the pos-
tulated Somma collapse gap; the oldest crater lavas (Units
9 and 11) are notably more mafic than lava above or below
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stratigraphically (Fig. 9b) suggesting that a major perturba-
tion to the sub-volcanic system occurred prior to their erup-
tion. Collapse of the edifice and consequent decompression
of the underlying system is one such process. Similarly, the
YTF contains a number of lava blocks of distinct composi-
tion (Figs. 5 and 6), again consistent with perturbation of
the magmatic system. Composition variability following
the Mafic Crater Lava and the YTF decreases significantly
(Fig. 9b).

Volcanic evolution

Our revised stratigraphy delineates the five key stages in the
evolution of La Soufriere volcano: pre-Somma, Somma, Yel-
low Tuff Formation, Crater Lavas and Pyroclastic Formation
(including historic lavas). These are described sequentially
below with reference to new age constraints and composi-
tional features. Our proposed volcanic evolution is shown
schematically in Fig. 10.

Pre-Somma stage

The pre-Somma lavas represent the earliest and composi-
tionally most diverse magmas at La Soufriere that now form
the base of the volcanic edifice. Pre-Somma magmatism is
dated at 690 to 180 ka, followed by a gap in the eruptive
history from 180 to 34 ka (Table 4). The Baleine collapse,
which is responsible for the prominent scarp north of the
current crater (Fig. 1b), is estimated at 50 ka from offshore
debris avalanche deposits and sedimentation rates (Le Fri-
ant et al. 2009). This event marks the end of the pre-Somma
stage. We cannot discount the possibility that the Baleine
collapse removed some of the intervening volcanic record,
with the collapse removing much of the main volcanic edi-
fice, allowing the Somma edifice to begin growing. The
age of the Baleine collapse is not constrained by our new
radiometric data but must pre-date the 33.7 + 8.0 ka lava that
outcrops in the lower Larikai valley.

Compositionally, the pre-Somma lavas cluster at basaltic
andesite (Fig. 9b) but extend to high-magnesium basalts and
show similar chemical variations to earlier volcanic centres
on St. Vincent. Overall, the pre-Somma stage resembles
magmatism elsewhere on St. Vincent in terms of composi-
tional diversity (Fig. 9b).

Somma stage

The Somma edifice grew over a period of up to 46 kyr fol-
lowing the Baleine collapse and was itself terminated by
the Somma collapse. Le Friant et al. (2009) previously sug-
gested the Somma collapse occurred ‘a few thousand years
ago’ based on average eruption rates and volumes; however,
the “°Ar/*°Ar ages and stratigraphic observations presented
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in this study provide new insight. A 33.7 + 8.0 ka lava from
lower Larikai and a 31.5 +4.0 lava from Roseau are the old-
est dated samples that post-date the Baleine collapse and
therefore could represent some of the earliest erupted mag-
mas of the Somma stage. The lowermost crater lava col-
lected in this study (Unit 10; Fig. 2a) is dated at~25 ka,
considerably older than previous estimates for the Crater
Lavas (~4 ka; Heath 1997) and new ages for the upper crater
lavas (<8 ka) emplaced <30 m above (Fig. 3b), highlighting
a major unconformity in the crater. The 25-ka lower crater
lava could represent part of the Somma crater that survived
the collapse and was covered by younger lavas, a slumped
Somma lava block, or evidence a hiatus in the crater lava
sequence. The 25-ka crater lava is similar in major and trace
element geochemistry to many La Soufriere lavas, including
the previously sampled Somma lavas and the younger upper
crater lavas (Fig. 6), meaning geochemistry alone cannot
be used to distinguish the origin of the lower crater lavas.
Sigurdsson’s (1981) field observations identified crater lavas
within and below debris flow deposits from the Somma col-
lapse in the southern crater wall that immediately underlie
the Brown Tuff (YTF equivalent). The 25-ka crater lava may
be a correlative of these lower crater lavas and is proposed
as a vestige of the Somma stage of edifice construction. We
tentatively attribute a 14.5 +3.1-ka lava (STV_LS_167) in
the Roseau valley to this same stage, constraining the timing
of the Somma collapse to younger than ~ 14 ka. This lava
overlies a thick debris flow deposit (Figs. 3g, 4) that cannot
easily be attributed to any particular collapse event.

Collapse of the Somma edifice must precede the younger
crater lavas as they fill the depression created by the col-
lapse of the edifice to the south. The Somma collapse would
have blocked the existing vent, causing magmas to find a
new route to the surface, as is common at volcanoes that
experience repetitive edifice or flank collapse (e.g. Marti-
nique, Tenerife, El Hierro; Maccaferri et al. 2017), resulting
in a new vent location for the current La Soufriere edifice.
Chemically, the Somma stage is more restricted than the
pre-Somma stage with only basaltic andesites and rare low-
magnesium basalts erupted.

Yellow Tuff Formation

The collapse of the Somma crater has previously been ten-
tatively linked to the YTF eruption due to YTF deposits
immediately overlying Somma collapse debris flow depos-
its, with no evidence of erosion (Rowley 1978; Sigurdsson
1981). Additionally, such a large collapse, illustrated by the
tall remnant Somma collapse scar (Fig. 1¢) wall and inferred
volume of material removed, would have likely resulted in
considerable depressurisation of the system and triggered
a large explosive eruption (Manconi et al. 2009; Cassidy
et al. 2018) supported by the thick and widespread YTF
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eruption deposits (Rowley 1978), with lithic-rich layers
containing lava blocks > 70 cm (Fig. 3c). Two pyroclastic
flows (likely YTF) that underlie and overlie a YTF air-fall
deposit are radiocarbon dated and constrain the age of the
fallout eruption to between 4.3 and 3.6 ka, similar to other
dated YTF pyroclastic flow deposits (Rowley 1978). These
dates coincide with the onset of the extrusion of the upper
crater lavas (Fig. 9a) suggesting that the YTF immediately
followed the Somma collapse and preceded the eruption
of the younger crater lavas. YTF deposits are chemically
diverse, ranging from low-magnesium basalts to basaltic
andesites to andesites (Fig. 5; Heath et al. 1998). We sug-
gest that the YTF can be viewed either as a transitional stage
preceding the Crater Lavas or the climactic expression of
the Somma stage. In either case, the YTF marks the last
significant destabilisation of the magmatic system beneath
La Soufriére.

Crater Lava stage

Following the Somma collapse and YTF eruption, a sus-
tained period of edifice building is recorded by the sequence
of lavas exposed in the crater with no observed intercalated
pyroclastic material. New “°Ar/*°Ar ages for two crater
lavas (5.9+4.4 and 7.9 +7.7 ka) and one of the youngest
crater lavas (<4 ka) without any detectable radiogenic Ar
agree with previous estimates that the crater lavas are young
and overlap in age with the YTF eruption (<4.3 ka; Row-
ley 1978; Sigurdsson 1981; Heath 1997). Although previ-
ous eruptive histories propose volcanic activity during the
emplacement of the Crater Lavas was constrained to the
crater, the young lava flow in Larikai valley (4.4 +4.2 ka)
and major destruction caused by the collapse of the Somma
edifice suggest otherwise. Flank eruptions to the west of La
Soufriere would have been facilitated by the southwestern
Somma collapse reducing topography. Previous mapping in
the La Soufriere crater also identified truncated lava flows
and infilling of older smaller summit vents (Rowley 1978),
suggesting explosive eruptions have continued to play a
significant role in controlling the morphology of the crater.
The young Larikai lava flow sits on top of a debris flow and
is crosscut by a basaltic andesite dyke (Fig. 3d), implying
volcanism on the western flank of La Soufriere was still
occurring until much more recently than previously thought.
The dyke could be related to the youngest crater lavas due
to its compositional similarity to Unit 1, rather than the sub-
sequent Pyroclastic Formation, which is often less evolved
in composition.

We propose that the Crater Lava stage refers to the
period of extrusive volcanism that post-dates the YTF and
the observed unconformity between Units 10 and 7 in the
northern crater wall. Compositionally, the Crater Lavas are

predominantly basaltic andesites. However, two distinctive
low-MgO basaltic units, together comprising the Mafic Cra-
ter Lava, are found at the base of the crater wall sequence.
Published data indicate that some YTF tephra have similar
MgO contents (Heath et al. 1998; Fig. 6), again suggesting
some overlap between the YTF and Crater Lavas in terms
of magma source regions perhaps driven by the Somma
collapse.

Pyroclastic Formation and historic lavas

The Pyroclastic Formation, which post-dates both the Crater
Lavas and the YTF, is comprised of alternating explosive
and effusive eruptions. Pyroclastic Formation magmas are
exclusively basaltic andesites with extremely limited compo-
sitional variation over the last ~4 ka, with the single excep-
tion of a mafic tephra of the 1902/1903 eruption (Fig. 9b).
Historical eruptions mostly encompassed both effusive and
explosive volcanism, with effusive volcanism often involv-
ing the extrusion of relatively small viscous lava domes that
were confined to the crater. Extensive lava flows, as observed
during the Somma and possibly Crater Lava stages, are not
identified during the Pyroclastic Formation suggesting a dif-
ference in volume of material available, magma ascent rate
or viscosity (Cassidy et al. 2018). The explosive eruptions
during the Pyroclastic Formation phase are likely respon-
sible for forming the general crater morphology observed
today and carving out the vent that magmas erupt from.

Compositional evolution

In this section, we discuss the chemical evolution of La
Soufriere, with cross references to other Lesser Antilles
volcanic systems. Figure 9b shows compositional variation
over the same stratigraphic sequence as Fig. 9a, highlight-
ing the chemical uniformity of the La Soufriere magmatic
system from ~ 34 ka onwards (lilac triangles upwards), with
rare low-magnesium (6-10 wt.% MgO) basalts erupted dur-
ing the YTF, the early Crater Lava period and in 1902/1903.
Note that the marine tephra are glasses rather than whole-
rocks, so are not representative of bulk magma chemis-
try. With the exception of the early Mafic Crater Lava, no
sequential geochemical trends are observed in the Crater
Lavas and the limited variation in major and trace ele-
ment compositions (Figs. 5, 6, 7, 8) attests to a long-lived,
homogenous period of volcanism with magmas tapping into
a chemically buffered source region (Blundy 2022). Trace
element ratios (e.g. Th/Nb, La/Sm, Th/Yb; Table 2) also
attest to low sediment input and little crustal contamination
(Hawksworth et al., 1991, Plank and Langmuir 1993; Elliot,
2003; Atlas et al. 2022), as do 8751/30Sr ratios that remain
similar to the mantle (0.7040; Pushkar et al. 1973).
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Table 4 Compiled K/Ar, “*Ar/*Ar, 14C and foraminifera dates for St. Vincent lavas, pyroclastic deposits and marine tephra in age order

Volcanic centre Location Sample # Reference Method Age (yrs BP)
Pyroclastics

La Soufriere 1902 Dry Wallibou C45 Cole et al. 2019 ¢ 20+30
La Soufrieére Rabacca River SVE-104 Heath 1997 l4c 20+45
La Soufriere Dry Wallibou River SRR-3972 Robertson 1992 ¢ 20+4
La Soufriere Rabacca River SVE-102 Heath 1997 l4c 30+45
La Soufriére Dry Wallibou River STV-123 Heath 1997 ¢ 40+45
La Soufriere Dry Wallibou River SRR-3973 Robertson 1992 ¢ 45+40
La Soufriere Wallibou River SVE-094 Heath 1997 l4c 55+£50
La Soufriere Camariabou River SVE-111 Heath 1997 l4c 70+45
La Soufriere Rabacca River SVE-105 Heath 1997 l4c 75+45
La Soufriere Dry Wallibou River SVE-090 Heath 1997 ¢ 75+40
La Soufriere Sandy Bay STV-112 Heath 1997 l4c 7545
La Soufriere 1812 Dry Wallibou C4 Cole et al. 2019 l4c 79+37
La Soufriere Dry Wallibou River SRR-3974 Robertson 1992 l4c 80+40
La Soufriere 1812/1718 Wallibou coast C49 Cole et al. 2019 l4c 90+30
La Soufrire Rabacca River SVE-101 Heath 1997 ¢ 90+45
La Soufrire Rabacca River SVE-103 Heath 1997 ¢ 100 +45
La Soufrire Rabacca River SVE-106 Heath 1997 ¢ 105+45
La Soufrire Wallibou River SVE-086 Heath 1997 ¢ 120+40
La Soufrire Dry Wallibou River SVE-097 Heath 1997 e 125+45
La Soufrire Wallibou River SVE-085 Heath 1997 e 130+45
La Soufriére Morne Ronde River SRR-3967(a)  Robertson 1992 l4c 135440
La Soufriére Morne Ronde River SRR-3967(b)  Robertson 1992 l4c 145+40
La Soufriere 1812/1718 Proximal SE flank C8a Cole et al. 2019 l4c 146+ 35
La Soufriere Dry Wallibou River SVE-089 Heath 1997 l4c 150+40
La Soufriere Owia SVE-099 Heath 1997 ¢ 155+45
La Soufriere 1812/1718 Windward trail SE flank C53 Cole et al. 2019 l4c 160+30
La Soufriere Wallibou River SVE-084 Heath 1997 ¢ 160+40
La Soufriere Dry Wallibou River STV-106 Heath 1997 ¢ 165 +45
La Soufriere 1812/1718 Proximal SE flank C10 Cole et al. 2019 ¢ 172+37
La Soufriere Rabacca Valley 37302 Rowley 1978 ¢ 173 +50
La Soufriere Chibarabu Point 842 Rowley 1978 ¢ 200

La Soufriere Wallibou sea-cliff 838 Rowley 1978 ¢ 200

La Soufriere Dry Wallibou STV-366 Heath 1997 ¢ 215+45
La Soufriere Wallibou sea-cliff SRR-3960 Robertson 1992 ¢ 220+40
La Soufriere Morne Ronde River SRR-3968 Robertson 1992 ¢ 220+40
La Soufriere Wallibou sea-cliff SRR-3971 Robertson 1992 ¢ 225+40
La Soufriére Morne Ronde Valley 79-56 Heath 1997 ¢ 270 +45
La Soufriere 1560 Dry Wallibou valley 2 Cole et al. 2019 e 27335
La Soufriere Dry Wallibou River STV-131 Heath 1997 ¢ 290+45
La Soufriere N. Wallibou Dry River 902 Rowley 1978 ¢ 30060
La Soufriére 1566 Dry Wallibou C3 Cole et al. 2019 ¢ 313+35
La Soufriere Wallibou sea-cliff SRR-3961 Robertson 1992 ¢ 315+40
La Soufriere N. Wallibou Dry River 901 Rowley 1978 ¢ 320+60
La Soufriére Dry Wallibou River SVE-095 Heath 1997 ¢ 320+45
La Soufrire Windward Trail STV-329 Heath 1997 ¢ 320+45
La Soufriere Dry Wallibou River STV-117 Heath 1997 ¢ 33045
La Soufriere Dry Wallibou River SVE-088 Heath 1997 ¢ 325+45
La Soufrieére Larikai sea-cliff SRR-3965 Robertson 1992 l4c 340+40
La Soufriére 1590 SW coast C5 Cole et al. 2019 l4c 347435
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Table 4 (continued)
Volcanic centre Location Sample # Reference Method Age (yrs BP)
La Soufrieére 1551 Proximal SE flank Cl11 Cole et al. 2019 ¢ 347+35
La Soufriere Larikai sea-cliff SRR-3964 Robertson 1992 ¢ 390+40
La Soufriere Larikai sea-cliff 870 Rowley 1978 ¢ 400+ 60
La Soufriére Wallibou sea-cliff SRR-3959 Robertson 1992 ¢ 405+40
La Soufriere Larikai sea-cliff SRR-3962 Robertson 1992 ¢ 425+40
La Soufrire Windward Trail STV-066 Heath 1997 ¢ 440 +45
La Soufriere 1445 Larakai sea-cliff C63 Cole et al. 2019 e 450+30
La Soufriere Wallibou River SVE-087 Heath 1997 ¢ 465+45
La Soufrire Larikai River 37273 Rowley 1978 4c 467+ 150
La Soufrire Larikai River 903 Rowley 1978 ¢ 470+ 60
La Soufrire Windward Trail STV-072 Heath 1997 e 475+70
La Soufriére 1430 Larakai sea-cliff C61 Cole et al. 2019 e 480+30
La Soufrire Larikai sea-cliff SRR-3963 Robertson 1992 e 485+40
La Soufrire Larikai beach STV-370 Heath 1997 e 490 +45
La Soufrire Roseau River SRR-3970 Robertson 1992 e 535+45
La Soufriere Wallibou sea-cliff 841 Rowley 1978 l4c 555+70
La Soufriere Soufriere path (E. 650 m) 843 Rowley 1978 l4c 615+60
La Soufriere Wallibou Dry River 840 Rowley 1978 ¢ 635+65
La Soufriere 1157 Windward trail C8 Cole et al. 2019 l4c 870+37
La Soufriere Roseau River SRR-3969 Robertson 1992 l4c 915+45
La Soufriere Soufriere path (E. 650 m) 844 Rowley 1978 l4c 1045+70
La Soufriere Mouth of Waribishy River SVE-080 Heath 1997 ¢ 1985+40
La Soufriere Waribishy River STV-348 Heath 1997 ¢ 2135+40
La Soufriere New Sandy Bay* STV-104 Heath 1997 ¢ 2360 +50
La Soufriere Overland Village 781 Rowley 1978 ¢ 2480+70
La Soufriere Waribishy River 778 Rowley 1978 ¢ 2700+90
La Soufriere Rabacca Valley 37209 Rowley 1978 ¢ 3510+ 65
La Soufriére Rabacca Valley 27737 Rowley 1978 ¢ 3520+70
La Soufricre Dry Rabacca bed STV-360 Heath 1997 e 3550+45
La Soufriere Lower Rabacca 900 Rowley 1978 ¢ 3590+70
La Soufriére Dry Rabacca River STV-084 Heath 1997 ¢ 3705+70
La Soufriére Lower Rabacca 59-1 Hay 1959/Rowley 1978 ¢ 3890 +300
La Soufriere Rabacca River STV-305a Heath 1997 ¢ 3925 +45
La Soufriére Rabacca 845 Rowley 1978 ¢ 3960 + 80
La Soufriere Rabacca Gorge 766 Rowley 1978 ¢ 3980+80
La Soufriére Waterloo sea-cliff SRR-3966 Robertson 1992 ¢ 4040 +45
La Soufriere Rabacca 760 Rowley 1978 ¢ 408060
La Soufriere Rabacca River 59-2 Hay 1959/Rowley 1978 ¢ 4090450
La Soufriére Rabacca River STV-305b Heath 1997 4c 4120+45
La Soufrire Sea-cliff, North Rabacca 777 Rowley 1978 ¢ 4130+ 160
La Soufriere Rabacca Valley 846 Rowley 1978 ¢ 4165+70
La Soufriére Rabacca Gorge 765 Rowley 1978 ¢ 4260+ 120
La Soufriére Rabacca Gorge 764 Rowley 1978 ¢ 4325+95
La Soufriere Rabacca Valley 761 Rowley 1978 ¢ 4335+95
La Soufriere Owia* SVE-98 Heath 1997 ¢ 5140 £55
Marine Tephra
La Soufriere EN-46 10 cm Carey 1992 G. medarii foraminifera 600+ 600
La Soufriere EN-46 25cm Carey 1992 G. medarii foraminifera 1600+ 600
La Soufriere EN-46 35cm Carey 1992 G. medarii foraminifera 2200600
La Soufriere EN-46 40 cm Carey 1992 G. medarii foraminifera 2500+ 600
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Table 4 (continued)
Volcanic centre Location Sample # Reference Method Age (yrs BP)
La Soufriére EN-46 50 cm Carey 1992 G. medarii foraminifera 3100600
La Soufriere GS-27 350 cm Carey 1992 G. medarii foraminifera 15,000+ 400
La Soufriere EN-46 265 cm Carey 1992 G. medarii foraminifera 15,500+ 500
La Soufriere GS-27 415 cm Carey 1992 G. medarii foraminifera 17,600+ 400
La Soufriere EN-46 325 cm Carey 1992 G. medarii foraminifera 18,300+ 500
Lavas
La Soufriére Lower Larikai lava STV_LS_103 This study OArFPAr 44+4.2ka
La Soufriére Crater Lava (Unit 7) STV_LS_6 This study YOArPAr 5.7+4.4ka
La Soufriére Crater Lava (Unit 14) STV_LS_46 This study YOArPAr 7.9+7.7ka
Morne Garu/La Soufriére  Indian Estate STV 345 Heath 1997 VA Ar 11+14ka
La Soufriére Roseau lava STV_LS_167 This study OArPAr 14.5+3.1 ka
La Soufriére Crater Lava (Unit 10) STV_LS_5a  This study YOArPAr 25.2+3.8ka
La Soufriére Roseau lava STV_LS_154 This study AP Ar 31.5+4.1ka
La Soufriére Lower Larikai lava STV_LS_100 This study OArPAr 33.7+8ka
Morne Garu/La Soufriére  Black Point STV 301 Heath 1997 VA Ar 180+21 ka
La Soufriere South Sandy Bay STV 323 Heath 1997 A Ar 291 +10ka
La Soufriere Chain Spout/Rabacca STV 358 Heath 1997 A Ar 324+ 15ka
River
La Soufriere Commantawana Bay 683755 Briden et al. 1979 K-Ar 360+70 ka
La Soufriére* Jacobs well VSG-2 This study YOArPAr 475.6+28.3 ka
La Soufriére Porter Point 683740 Briden et al. 1979 K-Ar 660+ 100 ka
La Soufriere Rouges Hill (Owia Bay) 683756 Briden et al. 1979 K-Ar 690+90 ka
Grande Bonhomme Lowmans Leeward 683741 Briden et al. 1979 K-Ar 1.16+0.08 Ma
Morne Garu Richmond Vale 683747 Briden et al. 1979 K-Ar 1.18+0.10 Ma
Grande Bonhomme Coulls Hill 683749 Briden et al. 1979 K-Ar 1.33+0.09 Ma
SE volcanics Arnos Vale SV-18 Geothermica Italia/Robert- K-Ar 1.54+0.62 Ma
son 2002
SE volcanics Kingstown/Cane Garden 683763 Briden et al. 1979 K-Ar 1.65+0.18 Ma
road
SE volcanics Villa dyke SV-29 Geothermica Italia/Robert- K-Ar 2.50+1.40 Ma
son 2002
SE volcanics Calliaqua 683762 Briden et al. 1979 K-Ar 2.49+0.07 Ma
SE volcanics Windward highway/pros- 683761 Briden et al. 1979 K-Ar 2.74+0.11 Ma

pect corner

Age in years before present (yrs BP) unless stated otherwise

Bold indicates new data presented in this study

GS-27 refers to GILLIS cruise GS7605, core 27; EN-46 refers to ENDEAVOUR cruise EN20

Sample # for marine tephra are base depths of each unit in drill core
*Xenolith

The Mafic Crater Lava (8 wt.% MgQO) is a low-magne-
sium basalt similar in major element geochemistry to mafic
tephra from the 1902/1903 eruption (Heath et al. 1998;
Cole et al. 2019), a mafic pumice from the YTF (STV376;
Heath et al. 1998) and two low-magnesium pre-Somma
lavas (STV309 and STV315; Heath et al. 1998) (Fig. 6).
The Mafic Crater Lava (Units 9 and 11; Fig. 2a) is the only
effusive low-magnesium basalt to be identified within the
current La Soufriere crater. Limited trace element data exist
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for the YTF tephra and pre-Somma lavas, but Rb, Ba, Sr, Zr
and Y concentrations in the samples mentioned above gener-
ally agree within error with the Mafic Crater Lava. However,
the mafic YTF tephra has higher Nb (3.7 vs 2.2 ppm) and
Cr (557 vs 364 ppm) than the Mafic Crater Lava; the low-
magnesium basalt pre-Somma lava STV315 has lower La
(3.2 vs 4.6 ppm) and Ce (8 vs 11 ppm); and STV309 has
lower V (215 vs 303 ppm) compared to the Mafic Crater
Lava. Trace element data for recent pyroclastic deposits
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Fig.9 a Stratigraphic position plotted against age (yrs BP on a log-
scale). All dates are reported in Table 4, with historical eruptions
labelled. Field observations confirm the younger Crater Lavas overlie
the YTF (Sigurdsson 1981); hence, they are plotted at younger than
their calculated average age, but still within error of their “°Ar/*Ar
ages. Radiocarbon dating of tephra samples extends back to~5 ka
(Rowley 1978; Robertson, 1992; Heath 1997; Cole et al. 2019).
Marine tephra in drill cores GS-27 and EN-46 in the Grenada basin
were correlated to St. Vincent using geochemical fingerprinting
(Carey 1992) and dated using sedimentation rates and the disappear-
ance of planktonic foraminifera in the Globorotalia medarii complex
at the end of the last ice age (12 ka; Sigurdsson and Carey 1981;
Reid et al. 1996). Table 4 lists the depths of the St. Vincent units in
these drill cores and their corresponding ages (0.6-18 ka). K-Ar and
40Ar9Ar dating of pre-Somma lavas collected from the flanks of the
volcano range from 690 to 180 ka (Briden et al. 1979; Heath 1997)
and K-Ar ages of older St. Vincent lavas extend back from 1.16 to
2.74 Ma (Briden et al. 1979; Robertson 2002). Dashed lines define

(Cole et al. 2019) show the mafic 1902/1903 tephra are in
very good agreement with the Mafic Crater Lava trace ele-
ment concentrations but are slightly elevated in LREE (e.g.
5.5 vs 4.6 ppm La) and vary in V and Cr concentrations.
Cr, however, notably varies within the Mafic Crater Lava
samples by ~90 ppm, possibly reflecting Cr-spinel fraction-
ation or other Cr-rich mineral phases such as olivine and
clinopyroxene (Barnes and Roeder 2001). In general, the

the different stages of La Soufriére’s eruptive history: 1, pre-Somma
lavas; 2, Somma lavas; 3, Yellow Tuff Formation; 4, Crater Lavas; 5,
Pyroclastic Formation. Blue shading represents possible periods of
edifice collapse. The date of the Somma collapse is unknown but is
bounded by the youngest dated Somma lava and YTF eruption. The
Somma collapse and YTF are tentatively linked based on observa-
tions in the south crater wall (Sigurdsson 1981). The dated xenolith
(VSG-2) sits with the pre-Somma lavas. b Stratigraphic position
plotted against MgO (wt.%) to show compositional variation over
time. Whole-rock compositions of dated lavas and tephra (contain-
ing radiocarbon dated charcoal). Note marine tephra are glasses not
whole-rock and hence lower MgO. Symbols, dashed lines and shad-
ing as in a. Compositions of units that were not dated but whose rela-
tive position known are shown as squares with their colour and label
correlating to volcanic period to display the full chemical diversity at
La Soufriere. Abbreviations as in Fig. 5, as well as S - Somma lavas
and StV - St. Vincent lavas from older volcanic centres

low-magnesium basalts of La Soufriere are composition-
ally very similar over a wide time interval suggesting they
could be sourced from similar physio-chemical conditions
in the crust.

Previous studies (e.g. Heath et al. 1998) suggest more
primitive volcanism decreased and eventually ceased over
time at La Soufriere. Although the pre-Somma lavas show
similar chemical variations to earlier volcanic centres on
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«Fig. 10 Schematic of revised eruptive history at La Soufriere. Pre-
Somma lavas date back to 690+90 ka (Briden et al. 1979). The
Baleine collapse is estimated at 50 ka (Le Friant et al. 2009), fol-
lowed by the extrusion of the Somma lavas. A lower Larikai valley
lava dated at 33.7 + 8.0 ka and Roseau lava dated at 14.5+3.1 ka rep-
resent the oldest and youngest dated lavas of the Somma period. Col-
lapse of the Somma edifice to the south generated voluminous debris
flows and parts of the crater walls may have slumped into the crater
(e.g. 25.2+3.8 ka crater lava depicted by a red star). The Somma col-
lapse is also linked to the large explosive YTF eruption and possible
outpourings of lava (Sigurdsson 1981). A lava flow in the lower Lari-
kai valley is dated at 4.4 +4.2 ka. Radiogenic dates of overlying pyro-
clastic deposits constrain the YTF eruption to before 3.6 ka (Rowley
1978). The Crater Lavas overlie the YTF deposits in the crater; there-
fore, they must be younger (Sigurdsson 1981). New “*Ar/*Ar dates
have large uncertainty but give ages of 7.9+7.7 ka and 5.7+4.4 ka
for the upper crater lavas. The maximum age of the YTF is therefore
constrained by the youngest Somma lava at 14.5+3.1 ka. The Pyro-
clastic Formation incorporates all volcanism after the Crater Lavas
and YTF eruption including present day eruptions. Today, explosive
eruptions excavate new craters and deposit thick pyroclastic units
whilst effusive volcanism is restricted to within the crater.

St. Vincent, it is possible that the high-magnesium basalts,
attributed to the pre-Somma stage (orange squares and tri-
angles with> 10 wt.% MgO; Fig. 9b), may instead be lava
flows from Morne Garu volcanic centre (Fig. 1b) upon which
La Soufriere grew. Lavas from the Somma crater walls (lilac
squares Fig. 9b; Rowley 1978) are geochemically similar to
the lavas presented in this study (except the Mafic Crater
Lava) and previously sampled La Soufriere crater lavas, sug-
gesting the magmatic system had homogenised by the time
the Somma edifice grew. One hypothesis is that the large
flank collapse eruption that formed the Baleine scarp could
have resulted in major changes in the magma plumbing sys-
tem and subsequent stabilisation of erupted magma com-
positions as observed on Montserrat (Cassidy et al. 2015),
St. Eustatius (Roobol and Smith 2004) and St. Lucia (Bou-
don et al. 2013). There is however a period of 146 kyr that
remains unaccounted for, during which the Baleine collapse
occurred, and where the variation of magma compositions
(if erupted) is unknown.

Five of the lava blocks recovered from the YTF are geo-
chemically distinct, with elevated CaO and Al,O; and lower
Si0O, and Na,O than other La Soufriere lavas (Fig. 6). Two of
these blocks (STV_LS_22 and 24) also have high Sr (Fig. 7).
Elevated Sr and Ca have previously been associated with
two different magma types, M- and C-series, in Grenada
and the Grenadines (Stamper et al. 2014; White et al. 2017,
Melekhova et al., 2022). High-Ca magmas have not previ-
ously been reported at St. Vincent but are observed in the
melt inclusion record (Fig. 6), supporting the presence of
Ca-rich melts in the subsurface. The chemically anomalous
lava blocks in the highly explosive YTF eruption may derive
from a previously unsampled part of the La Soufriére mag-
matic system mobilised by the Somma collapse.

Hornblende-gabbro xenolith

The hornblende-gabbro xenolith dated in this study corre-
sponds in age to the pre-Somma stage at 476 ka (Fig. 9a),
suggesting it represents a fragment of the sub-volcanic
crystal mush that was active at the time. Erupted melts may
either have been extracted from these mushes or passed
through them en route to the surface. The presence of horn-
blende in the gabbroic xenolith is consistent with trace ele-
ment evidence for amphibole fractionation for all analysed
St. Vincent magmas (Fig. 8b), despite the total absence of
hornblende as a phenocryst or microlite phase. This obser-
vation requires a significant volume of amphibole-bearing
mush at depths below the arc; the ‘amphibole sponge’ of
Davidson et al. (2007).

Recently identified micro-xenoliths in erupted scoria
samples from historic and pre-historic La Soufriere have
gabbroic mineral assemblages containing abundant orthopy-
roxene, but lacking amphibole and olivine (Fedele et al.
2021), suggesting compositional change in the underlying
mush over time, such that micro-xenoliths represent the cur-
rently active system, or sections of the mush not previously
sampled. Melekhova et al. (2019) have shown that the min-
eralogy of plutonic xenoliths in the Lesser Antilles is con-
trolled by P-T-H,0-fO, conditions in the subsurface. Thus,
changes in magma source depths and temperatures over time
may be reflected in changes in xenolith mineralogy. What is
clear, however, is that the explosive and effusive phases have
near-constant chemistry for almost 4 kyr (Fig. 9b), sugges-
tive of sourcing from a stable, chemically buffered magma
reservoir at depth (e.g. Blundy 2022).

Conclusions

New “°Ar/*°Ar ages for lavas erupted from La Soufriere
fill a gap in the eruptive history record and reveal four key
findings. First, we have obtained radiometric ages for the
previously unconstrained Somma stage (34—14 ka). These
lavas narrow the major gap in the stratigraphic sequence
to between 34 and 180 ka, which straddles the postulated
age of the Baleine collapse (~ 50 ka). The two lavas dated
around 34 ka from the lower Larikai and Roseau valleys
likely mark the onset of renewed volcanism following col-
lapse. Second, a pronounced unconformity is identified in
the northern wall of the current crater where the oldest
crater lava (25.2 +3.8 ka) is overlain by crater lavas that
are considerably younger (7.9 +7.7 and 5.7 +4.4 ka) and
coeval with the YTF. The anomalously old crater lava,
described as a ‘pre-historic coulee’ by Sigurdsson (1981),
is considered to represent a vestigial part of the Somma
crater that survived the Somma collapse or even a slumped
lava block of Somma lava. Third, dates for lavas exposed
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on the western flanks of La Soufriére range from 33.7 + 8
to 4.4 +4.2 ka thus corresponding to both Crater Lava
and Somma stages. The youngest lava flow in the lower
Larikai valley is crosscut by a dyke, suggesting volcan-
ism on the western flank of La Soufri¢re continued until
more recently than previously thought, possibly coeval
with the emplacement of the youngest Crater Lavas. Sub-
sequent effusive volcanism produced lava domes confined
to the crater. Finally, we have dated, for the first time,
an erupted plutonic xenolith from La Soufriere. The age
of 475.6 +28.3 ka is in agreement with early pre-Somma
magmatism. The xenolith could represent a fragment of
underlying crystal mush that is no longer active.

Based on our new age determinations and revised stra-
tigraphy, we have identified five key stages in the magmatic
history of La Soufriere: pre-Somma, Somma, Yellow Tuff
Formation, Crater Lavas and Pyroclastic Formation (includ-
ing historic eruptions). The pre-Somma and Somma stages
are separated by the Baleine collapse; the Somma collapse
and associated debris flow immediately pre-date the YTF.
Arguably, the YTF could be ascribed to a terminal Somma
stage or an embryonic Crater Lavas stage; hence, we assign
it its own stage.

We show that magmas erupted from La Soufrieére over
the last 34 kyr are predominantly basaltic andesite with
very limited major and trace element chemical variation
in contrast to more compositionally diverse magmas of the
pre-Somma stage and elsewhere on St. Vincent. Elevated
REE concentrations and trace element ratios indicate that the
post-34-ka magmas experienced a small degree of differen-
tiation relative to each other, fractionating plagioclase and
amphibole at hydrous and oxidising conditions. These obser-
vations agree with previous experimental studies that found
basaltic andesite magmas on St. Vincent to be generated by
polybaric differentiation at lower crustal conditions from a
mantle-derived, high-magnesium basalt parent (Melekhova
et al. 2015). Trace element ratios suggest low sediment or
crustal input into the magmas.

A low-magnesium basaltic crater lava (~ 8 wt.% MgO) is
identified that is more primitive than all other crater lavas
and is the oldest representative of the Crater Lavas stage.
This Mafic Crater Lava is geochemically similar to a small
number of previously reported mafic tephra in the YTF and
1902/1903 deposits and low-magnesium basaltic pre-Somma
lavas. These rare mafic pyroclastic products correlate with
two of the largest explosive eruptions at La Soufriere (YTF
and 1902/1903). Collapse of the Somma edifice could have
triggered the YTF eruption by rapid depressurisation of the
magmatic system. Such large-scale eruptions can result in
deeper, more primitive (and perhaps more diverse) magma
sources being tapped (Manconi et al. 2009), as was observed
in the 1902/1903 eruption (Roobol and Smith 1975).

@ Springer

The compositional monotony of La Soufriere basaltic
andesite magmas is suggestive of a long-lived, chemically
buffered source region, whose mineralogy corresponds to
that of erupted plutonic xenoliths. Reactions between the
mush and interstitial melts may have provided this buffer-
ing, as envisaged by Blundy (2022). Less-evolved, low-
magnesium basalt magmas may occur locally within the
source region but only become liberated and erupted during
major perturbations to the systems, such as the two well-
documented collapse events or major explosive eruptions,
such as that in 1902/1903.

Appendix
Extended methods
Rock powder preparation

Rock powder preparation for all samples collected in this
study was performed at the University of Oxford. Lava sam-
ples were initially split into smaller fragments (< 5 cm3) and
any alteration removed using a stainless-steel rock splitter.
Samples were then washed in an ultrasonic bath for 10 min
and left to dry overnight in a 40 °C oven. Approximately
200 g of the clean sample material was crushed to < 1 mm
using a jaw crusher, where a stainless-steel fixed-jaw and
removable-jaw crush the material in 1-mm intervals, from 5
to < 1 mm. The crushed material was then poured through a
stainless-steel sample splitter at least three times to ensure a
homogenous and representative batch of material.

Grinding of sample material to a fine powder was carried
out using either the agate ball mill or Tema mill. The ball
mill contains four agate holders, each containing 10 agate
balls, allowing four samples to be powdered simultaneously.
Forty grams of sample material was weighed into each agate
holder and run at 400 rpm for 20 min. The Tema mill con-
tains an inner and outer agate ring. Again, 40 g of sample
material was added to the agate container and run for 10-20
min until a fine powder was obtained. Approximately 10 g
of each rock powder was weighed into a glass vial and sent
to ALS Geochemistry, Loughrea, Ireland, for whole-rock
major and trace element analysis.

All equipment was cleaned with compressed air and
ethanol between each sample. The mills were also run with
cleaning silica between samples to reduce contamination.

U5 scoria preparation

Trace elements of the U5 scoria bulk rock were prepared
and analysed at Union College. For each analysis, 200 mg
of powdered sample was weighed into a Picolrace (Boven-
dan, Germany) Teflon bomb system. Four standards were



Bulletin of Volcanology (2026) 88:43

Page270f29 43

used for calibration. The powders were dissolved through
several steps. Rock powders were dissolved in 0.5 mL of
50% HF and heated to 180 °C for 4 days and then allowed
to cool and evaporate at 100 °C. Fifteen milliliters of 70%
HNO3 was then added and allowed to evaporate again. A
mixture of 125 mL HNO3, 25 mL of 37% HCI, 2 mL of HF
and 0.3 mL of 1000 ng/g internal standards including Rh,
In, Re and Bi was diluted to 500 mL and 15 mL added to
each sample. The Teflon crucibles were sealed and heated
to 150 °C overnight. Once cooled, 0.2 mL of each sample
solution and 10 mL of 1% HNO3 were added to 12-mL
test tubes for analysis.

Dilute samples were analysed on an Agilent 8900 ICP-
QQQ Triple-Quad Mass Spectrometer in No-Gas mode
for the lightest and heaviest elements (Li, Be, Pb, Th, U),
in O2 gas mode for V, Cr, Co, Sb and REEs and in He gas
mode for all others. Powdered natural reference materials
from 3 basalts and 1 rhyolite, NIST (688, 278) and the
USGS (BIR-1, BCR-2) were used for standardisation. To
check method accuracy, USGS basalt standard BHVO-2
was run as an unknown, and measured compositions match
known values within 5% for all elements, with the excep-
tion of Mo, Sn and Sb which are generally within

Unsuccessful “°Ar/*°Ar dates

One crater lava (STV_LS_11; Unit 4) close to the top of
the crater lava sequence gave a negative age due to its
recent eruption and high 36Ar content (likely < 4 ka).
Crater lava STV_LS_3 (Unit 1) sits stratigraphically above
STV_LS_11, so it was not dated. The Upper Larikai dyke
gave a staircase-upwards plateau spectrum indicative of
excess 40Ar (Schaen et al., 2020).
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