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La Soufriere Volcano, St Vincent: insights into plumbing
system architecture and magma assembly mechanism

Gregor Weber2*, Jon Blundy, Jenni Barclay3, David M. Pylel, Paul Cole?,
Holli Frey®, Matthew Manon®, Bridie V. Davies? and Katharine Cashman?
'Department of Earth Sciences, University of Oxford, Oxford OX1 3AN, UK

2School of Earth Sciences, University of Bristol, Bristol BS8 1RJ, UK

3School of Environmental Sciences, University of East Anglia, Norwich NR4 7TJ, UK

“School of Geography, Earth and Environmental Sciences, University of Plymouth,
Plymouth PL4 8AA, UK

5Geoscience Department, Union College, NY 12308 Schenectady, United States

GW, 0000-0001-8827-1443
*Correspondence: gregor_weber @gmx.de

Abstract: The 2020-21 eruption of La Soufriere, St Vincent began with extrusion of a viscous lava dome,
which was destroyed upon transition to a major explosive phase. Here we present petrological data to recon-
struct the processes leading up to these events. Bulk-rock SiO, contents range from 52.8 to 55.4 wt%, classi-
fying the lava and the subsequent scoria as basaltic andesite, the latter being slightly more mafic.
Macrocrystal chemistry and modes (plag—cpx—opx—tmt—ol) and crystallinity (45-50 vol%) are largely identical
for both phases of the eruption. Pyroxenes are homogenous and precipitated mostly from andesitic melts. Con-
versely, plagioclase shows strong normal zonation resulting from magma ascent and stalling at multiple crustal
levels. Clinopyroxene thermobarometry reveals that crystallization predominantly took place between 8 and
13 km depth at temperatures of 997f§§ °C. A lack of evidence for mafic recharge and changes in volatile content
and the omnipresence of xenoliths, suggests pre-eruptive destabilization of an andesitic—dacitic melt pocket that
disrupted and entrained antecedent mush. Olivine diffusion profiles show that this interaction preceded the onset
of eruption. Low dissolved sulfur contents (<270 ppm S) place constraints on the total SO, gas release. Melt—
mush disruption appears to be a dominant driver of eruptions at La Soufriere.

Supplementary material: Supplementary figures and tables, as well as electronic data tables, are available at
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After more than 40 years of dormancy, La Soufriere
volcano on the island of St Vincent, Eastern Carib-
bean, started erupting on 27 December 2020
(Fig. 1). The eruption commenced with extrusion
of a highly viscous lava dome onto the floor of the
main crater, adjacent to the lava dome that had
been emplaced in 1979. Over the next three months,
lava formed an elongated coulee within the crater
with a total volume of ¢. 18 x 10°m® (Joseph
et al. 2022; Stinton et al. 2023). The eruption entered
anew phase of activity on 9 April 2021, when it pro-
duced a series of explosive eruptions that generated
both tephra-fall and pyroclastic density currents
(Cole et al. 2023). The timely evacuation of about
16 000 people (Joseph et al. 2022) was a great suc-
cess, especially in the context of the 1902/03 erup-
tion of La Soufriere St Vincent that caused the
tragic death of more than 1500 people (Pyle et al.
2018).

Renewed activity of La Soufriere provides the
opportunity to use petrological indicators to investi-
gate the structure and dynamics of the subvolcanic
magma feeding system, its controls on the observed
activity, and its relation to previous activity. Mobili-
zation processes of magma from storage zones in the
Earth’s crust have been reconstructed at numerous
arc volcanoes. Many studies have used mineral
chemistry and textures to link the input of fresh
magma pulses into pre-existing reservoirs (i.e. crys-
tal mushes) to eruption initiation (e.g. Tepley er al.
2000; Humphreys et al. 2006; Ruprecht and Worner
2007; Andrews et al. 2008; Kent et al. 2010; Druitt
et al. 2012; Bouvet de Maisonneuve et al. 2015;
Wanke et al. 2019; Weber et al. 2020). Yet, exam-
ples without clear evidence for a relationship
between magma recharge and eruption triggering
are not uncommon; in such cases, exsolution of dis-
solved volatiles is frequently invoked in the
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Fig. 1. Context of the 2020-21 eruption of La Soufriere, St Vincent. (a) Location of St Vincent and other active volcanic centres in the Eastern Caribbean Arc. (b) Relief map of

(c)
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the island of St Vincent with major volcano-tectonic structures indicated by dashed lines. The 2020-21 lava dome in its final extent prior to destruction is indicated in orange.
(c) Photograph of the La Soufriere crater, containing the 2020-21 and 1979 lava domes prior to the explosive phase of the 2021 eruption. (d) Eruptive plume of the 2021

explosive phase on 9 April 2021. Source: photographs courtesy of UWI Seismic Research Centre.
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mobilization of resident magmas (e.g. Blake 1984;
Kent et al. 2007; Cassidy et al. 2016; Stock et al.
2016; Budd et al. 2017; Andersen et al. 2018; Caric-
chi et al. 2018). External forcing of magmatic sys-
tems, for example by large earthquakes, may also
contribute towards destabilization of magma feeding
systems and initiation of volcanic eruptions (e.g.
Walter and Amelung 2007; Bebbington and Marzoc-
chi 2011; Nishimura 2017; Watt 2019; Seropian
et al. 2021). Moreover, while some volcanoes
show persistent evidence for specific reactivation
processes such as mafic magma recharge (e.g.
Nevado de Toluca: Weber et al. 2020; Mount
Hood: Kent et al. 2010), it is common for both the
depth from which magma ascends and the types of
mobilization processes to vary. This can be observed
even during different phases of the same eruption or
different events at the same volcano (e.g. changes in
reservoir depth at Parinacota: Ginibre and Worner
2007; vapour phase accumulation v. silicic magma
recharge at Mt St Helens: Kent e al. 2007; Cashman
and Blundy 2013). It is therefore important to recon-
struct magma storage and mobilization conditions
for individual eruptions to link specific petrological
processes to geophysical monitoring signals, which
can in turn provide valuable insights for future volca-
nic hazard mitigation.

Based on analysis of earlier eruptive products,
current petrological models of the magmatic plumb-
ing system beneath La Soufriere consider it to be
characterized by a vertically extensive and composi-
tionally diverse plexus of storage zones (Fedele ez al.
2021). The recent eruptions of La Soufriere, St Vin-
cent provide an excellent opportunity to compare
mineralogically derived pressure estimates with
observed depths of unrest and activity recorded by
contemporaneous geophysical detection and related
surface activity. Pressure and temperature recon-
structions employing mineral-melt equilibria are
challenging at La Soufriere due to the high crystallin-
ity and groundmass microlite content of the erupted
products. However, such estimates are required to
constrain the depths from which magma was sourced,
to understand the reactivation process that primed
the feeding system for eruption and to explain why
La Soufriere eruptions often switch between explo-
sive and effusive phases (Robertson 1995).

Here we present detailed petrography and min-
eral chemistry from the now destroyed 2020-21
lava dome and subsequent explosive phase of the
2020-21 eruption of La Soufriere St Vincent. We
use a petrological modelling approach based on
melt inclusion chemistry to reconstruct a wide
range of magma system variables. Based on these
data, we propose a conceptual model of the magma
feeding system and mobilization processes for the
2020-21 eruption that we compare with the geo-
physical indicators of melt movement and degassing

obtained during the course of the eruption. This
paper complements that of Frey et al (2023),
which focuses on the evolving compositions and tex-
tures of microlites and their relative abundances dur-
ing the effusive and explosive sequence.

Volcanic geology and petrology of La
Soufriere, St Vincent

La Soufriére, St Vincent (13° 20’ 20” N, 61° 10’ 43"
W) is one of the most active and hazardous stratovol-
canoes in the Eastern Caribbean (Robertson 1995).
Located in the southern part of the Eastern Caribbean
Volcanic Arg, it is part of an 800 km-long chain of
subaerial and submarine volcanoes fuelled by
hydrous basaltic melt produced in response to west-
ward subduction of the North and South American
plates beneath the Caribbean plate (Macdonald
et al. 2000; Cooper et al. 2020). Throughout its his-
tory, La Soufriere has produced basalts and basaltic
andesites of monotonous transitional calc-alkaline
to tholeiitic affinity (Heath et al. 1998a). While the
eruptive products are restricted in geochemistry,
the volcano exhibits a range of eruptive styles that
includes lava flows and domes as well as explosive
paroxysms that often feature pyroclastic density cur-
rents and lahars (Robertson 1995; Cole ef al. 2019).
In historical time, La Soufri¢re has produced at least
four explosive eruptions (Cole et al. 2019), including
alarge paroxysm in 1902/1903 classified as a Volca-
nic Explosivity Index (VEI) of 4 (Pyle et al. 2018).
Between 1903 and the 2020-21 eruption, the vol-
cano had two eruptive episodes: a purely effusive
event in 1971-72 that produced a lava dome in the
water-filled central crater (Aspinall et al. 1973) and
a series of explosions in 1979 followed by the extru-
sion of a large lava dome (Shepherd ez al. 1979; Gra-
ham and Thirlwall 1981; Fiske and Sigurdsson
1982).

Since the 1980s, petrological, experimental, geo-
chemical and isotopic studies have been used to
develop conceptual models of the structure and
dynamics of the igneous plumbing system beneath
St Vincent. The generation of primary basaltic
melts, in particular, has received much attention
through petrological experiments (Pichavant er al.
2002; Pichavant and Macdonald 2007; Melekhova
etal.2015,2019), whole-rock and mineral chemistry
(Heath et al. 1998a), and melt inclusion studies
(Bouvier et al. 2008, 2010). High-MgO basalts
from St Vincent are found to represent primary man-
tle melts generated by partial melting of a MORB-
like lherzolitic mantle source previously metasomat-
ized by slab-derived fluids (McDade et al. 2003).
The last equilibration conditions of these basalts
with their mantle source lie between 11.5 and
16 kbar and 1185 to 1235°C under relatively
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oxidizing conditions above the quartz—fayalite—mag-
netite buffer (QFM + 1-QFM + 2 log units) and
with water contents of 1.5 to 4.5 wt% (Heath et al.
1998b; Pichavant et al. 2002; Pichavant and Mac-
donald 2007). Using primitive melt inclusions con-
taining 1.5 to 4 wt% H,O, Bouvier et al. (2008,
2010) argued for a slightly more restricted (but con-
sistent) range of mantle melting conditions, 13—
14.5 kbar and 1220-1190°C.

Basaltic andesites from La Soufriere show
mantle-like isotopic signatures, consistent with an
interpretation that crustal melting does not play a
major role in the petrogenesis of rocks at St Vincent
(Graham and Thirlwall 1981; Heath er al. 1998a;
Tollan et al. 2012). Eruptive products are typically
highly porphyritic; phase equilibria considerations
suggest that basaltic andesites are derived from high-
MgO basalt parents through fractional crystallization
at pressures of 7 to 10kbar and temperatures
between 1050 and 1130°C (Heath et al. 1998a;
Melekhova et al. 2015). Trace element data show,
however, that basaltic andesites from recent erup-
tions (1971, 1979) may not represent simple deriva-
tives of each other, but instead derive from separate
magma batches (Graham and Thirlwall 1981). Fur-
ther inferences on magma differentiation processes
have been drawn from detailed studies of coarse-
grained ‘plutonic’ gabbroic to ultramafic xenoliths,
which are ubiquitous in La Soufriere magmas
(Wager 1962; Arculus and Wills 1980; Tollan
et al. 2012; Melekhova et al. 2015, 2019).

Insight into eruptive processes comes from
crustal residence times of basaltic andesite magma
batches of tens of thousands of years as determined
from U-Th disequilibria (Heath ez al. 1998b). Com-
parison of published experimental data and
SEM-EDS mineral compositions from the historical
and prehistoric (pre-AD 1700) activity of La Soufri-
ere suggests that eruptions are initiated at shallow
crustal levels (c. 1-4 kbar) by volatile accumulation
pressure but may also involve episodic rejuvenation
of shallow crustal basaltic andesite intrusions with
more mafic magma (Fedele et al. 2021). Diffusion
modelling of Sr concentrations in plagioclase crys-
tals indicates shallow magma residence times of
about 150 years (Zellmer et al. 1999).

In summary, previous constraints based on petro-
logical experiments on the subvolcanic plumbing
system of St Vincent indicate deep generation of
primitive basaltic magmas in the mantle at 11—
16 kbar and 1185 to 1235°C. These parental magmas
ascend and fractionate to produce basaltic andesite at
c¢. 7-10kbar and temperatures of 1050-1130°C,
before being stored and erupted from shallow (1-
4 kbar) crustal levels. Plutonic xenoliths capture
snapshots of this process throughout the crust (Mele-
khova et al. 2019). In this study we provide the first
detailed mineral-melt thermobarometry for La

Soufriere, St Vincent to better constrain the magma
source depth and evaluate eruption initiation pro-
cesses and timescales prior to the 2020-21 eruption.

Materials and methods
Studied samples

The samples analysed in this study were collected
during two field campaigns in January and April
2021, targeting the effusive and explosive phases
of the eruption respectively. A sample of the 2021
lava dome collected on an active lobe of the advanc-
ing flow on 16 January 2021 (13° 20’ 1.71" N, 61°
11" 10.36” W) was split into 8 subsamples. This rep-
resented a discrete subsample of one part of the dome
at a relatively early stage of its growth. Importantly,
because of safety and logistical concerns, spatial and
temporal heterogeneity could not be assessed. Juve-
nile scoria samples were collected from the upper
parts of the April pyroclastic deposit, where clasts
were largest. These clasts represent scoria generated
during the later explosions of the sequence and were
sampled in three separate locations in the east and
NE of the island. We analyse 14 samples of the
explosive phase that were very likely erupted on
10/11 April 2021. These samples are from clasts
sampled in April and May 2021 at five locations
around the volcano, representing later phases of the
explosive eruptions (U3 to U7 Cole er al. 2023).
The PDC clast samples were quenched on sampling
so assumed to represent fragmented magma incorpo-
rated into the PDC. The sampled materials and loca-
tions, GPS coordinates and performed analyses are
listed in Supplementary Table S1.

Analytical methods

Microscopic imaging. Five petrographic thin sec-
tions of the 2021 lava dome sample, three of the late-
stage scoria (U3 and U5 unit; Supplementary
Table S1), were examined using polarized light
microscopy. To establish the proportions of individ-
ual phases, we obtained full photographic scans of all
thin sections in plane and crossed polarized light.
Modal percentages were determined on the scans
by random grid-point counting using the software
package JMicroVision version 1.3.1 (Roduit 2007).
To establish robust modal percentages, a grid of ran-
dom locations (points) was allocated on each thin
section. For each random point, the phase was iden-
tified and counted until the phase proportions con-
verged to constant values, which was readily
achieved with more than 500 counted points. All
modal percentages were calculated on a vesicle
free basis, which required high-resolution back-
scatter electron (BSE) imaging to resolve scoria
micro-vesicularities. BSE images were collected
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using a JEOL JXA-8200 electron microprobe at the
Research Laboratory for Archaeology and History
of Art, University of Oxford.

Bulk-rock analysis. The major and minor element
compositions of selected bulk-rock samples were
determined by x-ray fluorescence analysis (XRF) at
the University of Plymouth (UK) and by inductively
coupled plasma optical emission spectrometry
(ICP-OES) at AcmeLabs, a division within Bureau
Veritas (US). For the whole-rock major element
chemical analyses by ICP-OES, powdered samples
were prepared with a lithium borate flux followed
by a highly aggressive dissolution. Detection limits
of these analyses are <0.01% for most oxides. For
XREF analysis, samples were mixed with lithium tet-
raborate and lithium metaborate flux and converted
to glass beads. Measurements were carried out
using a Panalytical Axios Max instrument.

Electron microprobe analysis. The major and minor
element composition of crystals was determined at
the University of Oxford by electron probe micro-
analysis (EPMA), using a JEOL JXA-8200 at the
Research Laboratory for Archaeology and History
of Art and a Cameca SX-5 FE in the Department
of Earth Sciences. Mineral analyses were obtained
with a focused beam, 15 kV acceleration voltage
and 15-20 nA beam current. Primary calibration
was carried out on in-house standards: Albite (Na,
Si, Al), Sanidine (K), TiO, (Ti), elemental Mn, Cr
and Ni, and Andradite (Fe, Ca). Peak counting
times for mineral analysis were as follows: 20 s for
Na; 30 s for Mg, Si, Al, K, Fe, Ca; and 40 s Ti,
Mn Cr, Ni. A subset of plagioclase analyses was car-
ried out with increased beam current of 40 nA and
peak counting times of 180 s to measure TiO, con-
tents. Silicate mineral analyses that returned analyti-
cal totals outside the range 98.5 to 101.5% were
discarded. At the beginning and end of each analyt-
ical session, we measured several secondary stan-
dards for quality control (Supplementary Table S10).

The bulk microlite-rich groundmass of scoria
samples was analysed in 22 randomly distributed
spots with a 20 pum defocused beam, 15 kV acceler-
ation voltage and beam current of 10 nA. To mitigate
diffusive alkali loss during analysis, Na and K mea-
surements were placed first in the sequence with
reduced peak counting times of 15 and 20 s respec-
tively. Peak counting times for all other elements
were 30 s. Analytical totals for interstitial ground-
mass analyses ranged between 98.6 to 99.9% indic-
ative of low dissolved volatile contents.

Melt inclusions hosted in plagioclase and pyrox-
ene crystals from the explosive phase of the eruption
were analysed by EPMA using a JEOL JXA-8350 F
in the School of Earth Sciences at the University of
Bristol. Analysis conditions included a 5 nA beam

current, a 10 um spot size and an accelerating voltage
of 15 kV; K, Ca, Si, Na, and Al were analysed first
for 10 s, Ti and Mg for 60 s and Fe, Mn, P, S, and
Cl for 50 s. Barite was used as calibration standard
for S measurements. Water contents were estimated
using an iterative method for obtaining volatiles by
difference (in Probe for Windows; see Roman
et al. 2006). This method corrects matrix effects
that can arise in the presence of H,O in glasses by
iteratively adjusting water contents and recalculating
the glass composition. Typical uncertainty of the
method is less than 0.5 wt% (Roman et al. 20006).

Results
Petrography

Polarized light and BSE images show great similar-
ity in textures and mineralogy between the 2020-21
lava dome and scoria samples (Fig. 2). Both lava and
scoria samples are characterized by a high crystal
content (45 + 1.9 vol%; 1 standard deviation) and
a mean mode of plagioclase (26.1 + 1.9%), ortho-
pyroxene (8.1 + 1%), clinopyroxene (5.9 +
1.7%), titanomagnetite (4.5 + 1.1%), and olivine
(0.6 + 0.4-2.2 + 0.5%) (Figs 2a, b & 3). Given
the variation between the different thin sections
counted (dome: n = 5, scoria: n = 5; Fig. 3; Supple-
mentary Table S2), crystallinity and macrocrystal
modes for the dome and scoria samples analysed in
this study are not distinct except for olivine, which
is more abundant in the scoria. Noticeable differ-
ences also exist in olivine textures, which show reac-
tion coronas comprised of orthopyroxene and Fe-Ti
oxides in lava dome samples (Fig. 2a) compared with
their more pristine but subhedral embayed appear-
ance in scoria samples (Fig. 2b). Plagioclase crystals
record strong normal zonation pattern in BSE
images, in some cases weak oscillatory zoning, and
generally euhedral crystal habits (Fig. 2c—e). Pyrox-
ene crystals from the explosive phase of the eruption
appear to be in textural equilibrium, with most grains
showing facetted crystal faces and appearing compo-
sitionally homogeneous in BSE images. Similarly,
pyroxenes in the lava dome are mostly euhedral
but often show feathery reaction textures on crystal
rims (Fig. Slc). Titanomagnetites frequently occur
as inclusions in pyroxenes, are sub- to euhedral in
shape, and show exsolution textures in lava dome
samples but are homogeneous in samples from the
explosive phase of the eruption.

Similar to historical eruptions (Fedele er al.
2021), plutonic xenoliths are abundant in the studied
explosive samples, spanning a size range from centi-
metres to the sub-millimetre scale (Fig. 4). We distin-
guish two types of xenoliths based on their
mineralogy and textures: (1) Troctolite xenoliths
comprise unzoned plag—ol assemblages with minor
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Fig. 2. Summary of textural observations of the 2020-21 eruption of La Soufriere, St Vincent. (a) Photomicrograph
of the 2021 lava dome in plane polarized light. (b) Textural features of a pyroclastic scoria clast from the explosive
phase. (c¢) High magnification backscatter electron (BSE) image of the lava dome groundmass. Note oxidized nature
of pyroxene microlites and strongly zoned plagioclase microphenocrysts (typically >20 um) and unzoned microlites
(<30 pm). (d) BSE image of scoria groundmass textures. Note greater proportion of vesicles and fresher pyroxene
microlites compared to (c). (e, f) BSE images of major mineral phases in lava dome samples, showing the abrupt
zoning in plagioclase phenocrysts between core and rim. (g) Photomicrograph (BSE) of the 2021 scoria from the
explosive phase. Major phases and textural features are annotated as: plag, plagioclase; pyx, pyroxene; cpx,
clinopyroxene; opx, orthopyroxene; ox, Fe-Ti oxide; ol, olivine; gm, groundmass; ves, vesicle.

titanomagnetite and some interstitial vesicularity
(Fig. 4a). (2) Gabbronorite xenoliths (plag—opx—
cpx—tmt + ol) feature poikilitic titanomagnetite in
pyroxenes, olivine rimmed by orthopyroxene reaction

coronas, and strongly zoned plagioclase (Fig. 4b—d).
Both xenolith types are hosted in the groundmass
without chilled margins. All major phases also
occur as glomerocrysts of highly variable modal
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Fig. 3. Volume percentages of different phases in the
2020-21 lava dome (orange bars) and 202021 scoria
(green bars) samples based on random grid
point-counting. Error bars on each column represent the
variation (1 standard deviation) based on five thin
sections. All modal percentages are presented on a
vesicle-free basis. Groundmass and mineral volume
percent for the 1979 scoria are shown for comparison
(pale pink) and have been determined based on point
counting of 10 thin sections. gm, groundmass; plag,
plagioclase; cpx, clinopyroxene; opx, orthopyroxene;
ox, Fe-Ti oxides; ol, olivine.

mineralogy with strong resemblance in plagioclase
zonation pattern to free-floating macrocrystals.

In both eruptive phases the groundmass has a
hyalopilitic (microlite-rich) texture comprised of
plagioclase, clinopyroxene, orthopyroxene, titano-
magnetite and sparse olivine microlites with
small (<10 um) pockets of interstitial glass. The
microlite population in the lava dome shows abun-
dant reaction textures, whilst appearing pristine in
explosive samples. Both eruptive phases have pla-
gioclase crystals in the groundmass that can be
subdivided into unzoned microlites (<30 um in
length) and strongly zoned microphenocrysts
(>30um). A detailed petrological and textural
analysis of the microlites reveals distinct variations
of groundmass phase proportions in stratigraphi-
cally constrained samples (Frey er al. 2023). As
shown by Frey et al. (2023) and Morrison-Evans
et al. (2023), reaction textures in dome samples
typically comprise <1 um Fe-Ti oxide halos sur-
rounding orthopyroxene crystals, symplectite tex-
tures in rare olivine macrocrysts and exsolution
textures in Fe-Ti oxide macrocrystals. Further dif-
ference in the microlite population of dome and
scoria samples are the greater abundance of ortho-
pyroxene microlites in the lava dome and the pres-
ence of olivine microlites exclusively in explosive
samples (Frey er al. 2023).

Bulk-rock geochemistry

All analysed bulk-rock samples (n = 26) classify as
basaltic andesite with SiO, contents ranging from
52.8 to 55.4 wt% (Fig. 5). Scoria samples of the
explosive phase (n = 18) are slightly more mafic
with mean SiO, contents of 54.6 wt% (40.6 1SD)
compared to dome samples (n = 8) whose mean
SiO, is 55.2 wt% (+0.1 1SD). Bulk-rock data fol-
low a linear trend in total alkalis v. silica space and
in components such as MgO and CaO, consistent
with the trajectories defined by historical eruptions
of La Soufriere (Fedele er al. 2021). Based on
available data (Fedele et al. 2021), whole-rock com-
positions of the 2020-21 eruption are on average
slightly more mafic than samples from historical
(AD 1718/1812; SiO, wt% range: 53.6-56.2) and
prehistoric (AD 1440: 55.3-56.2 SiO, wt%; AD
1580: 54.2-56.5 SiO, wt%) eruptions, but do not
extend to such mafic compositions as the 1902/
1903 eruption (50.1-55.5 wt% SiO,). Overall, lava
dome samples from the 2020-21 eruption are
slightly more silicic than the 1979 dome and scoria
(Si0, wt% range: 54-55). The scatter in the 2021
scoria data is most likely related to different amounts
of entrained xenolith material that contribute to the
bulk-rock composition.

Mineral and glass chemistry

Plagioclase. Plagioclase (n =373 spot analyses
from 52 crystals) shows a wide range of composi-
tions with molar percentage anorthite (An; CaAl,Si,-
Og) ranging from 48 to 96% and FeO, contents
varying between 0.42 and 0.98 wt% (Fig. 6). Crys-
tals from lava dome and scoria samples are chemi-
cally indistinguishable (Fig. 6a). Most crystal cores
define a slightly inverse sloping trend from Angg to
Angs in An—FeO, space with considerable variation
in FeO, contents between 0.4 and 0.9 wt%
(Fig. 6b). Plagioclase macrocryst rims cluster around
a median of Ang; and FeO, of 0.56 wt%. The strong
bimodality of high An plagioclase core and lower
An rim compositions produces distinctive abrupt
changes in BSE greyscale intensity (Fig. 2e, g).
Microlites (<30 um) are distinct from macrocrystal
rims, with elevated FeO, contents (0.78-0.98 wt%)
and median of Ans,. A broader range of FeO, con-
tents in plagioclase between 0.6 and 1.6 wt% was
reported by Frey et al. (2023), but the majority of
their analyses are consistent with the range reported
here. The outermost microphenocryst rim composi-
tions are similar in An to microlites but typically
lower in FeOy; An;o—Ang, cores of microphenocrysts
have 0.60-0.88 wt% FeO,. Xenolith and glomeroc-
ryst plagioclase crystals have compositions of
An60—An94 and FCO[ = 0.49-0.92 wt%.
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Fig. 4. Backscatter electron images of textural features of enclaves in the 2020-21 St Vincent eruption. (a) Troctolite
enclave from the explosive phase of the eruption containing olivine and unzoned high An plagioclase. (b) Large
glomerocrysts with assemblage of pl-cpx—opx—tmt + ol from the lava dome. (¢, d) Enclaves of pl-cpx—opx—tmt +
ol assemblage from the explosive phase of the eruption. Rims of strongly zoned enclave plagioclase are in contact
with pyroxene crystals. Titanomagnetite occurs as eu- to subhedral crystal but also in poikilitic texture. Olivine
crystals are present as remnant cores with orthopyroxene reaction coronas. ol, olivine; pl, plagioclase; cpx,

clinopyroxene; opx, orthopyroxene; tmt, titanomagnetite.

Pyroxenes. Orthopyroxene (opx) and clinopyroxene
(cpx) macrocrystal cores and rims have a restricted
range in major element composition (Fig. 7). Ensta-
tite (En; Mg,Si,Og) contents in cpx (n = 240 spot
analyses) range from Ens;—Enys (Mg# 65-78) with
a median of Eng,, whereas opx (n = 321 spot analy-
ses) compositions vary between Eng; and En;3 (Mg#
64-75) with a median of Engg. Al,O5 varies between
0.6 and 5.8 wt% (median: 1.9 wt%) in cpx and —0.5
and 2.2 wt% (median: 1.1 wt%) in opx and is corre-
lated with TiO, contents, which are 0.3-1.3 wt%
(median = 0.5 wt%) in cpx and 0.2-0.5 wt%
(median: 0.3 wt%) in opx. Cpx Na,O shows little
variation around a median of 0.3 wt%. There is no
compositional difference in pyroxenes from lava
dome and scoria samples (Fig. 7a). Furthermore, out-
ermost rim and core compositions, as well as differ-
ent crystal types (i.e. macrocysts, glomerocrysts,

plutonic xenoliths) are similar in dome and scoria
samples, except that microlite compositions span a
larger compositional range (Ens; to En;,; Mg# 59—
78) (Fig. 7b, c). Frey et al. (2023) report a similar
microlite opx Mg# range of 59-74 and a Mg# of
67-89 in cpx microlites.

Olivine. Forsterite (Fo; Mg,Si0,4) contents in olivine
phenocrysts (n = 193 analyses) range from 62 to
82 mol% and show a bimodal distribution with aver-
age values of Fos¢ and Fog; for the two groups.
Most analyses (88%) belong to the high Fo cluster
(Fo7,—Fog,), corresponding the bulk interior of
most olivine crystals. Scarce symplectic olivine
grains in the dome lava (n = 7 analyses) record Fo
contents between 74 and 82 mol%. Texturally, high
Fo cores are found in scoria olivine macrocrysts and
in xenolith grains that have not been in direct contact
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Fig. 5. Total alkali (Na,O + K,0) v. silica
classification diagram for bulk-rock compositions of
historical eruptions from La Soufriere, St Vincent.
Compositional fields of basalt and basaltic andesite are
marked by vertical black lines. Lava dome and scoria
from the explosive phase of the 2021 eruption are
shown by orange triangles and large green dots,
respectively. For comparison analyses of (pre)historic
activity of La Soufriere (Fedele et al. 2021), the 1902/
1903 eruption (black diamonds), 1971 lava dome (blue
diamonds), the 1979 effusive—explosive eruption (pale
pink squares), 1718/1812 (red diamonds), 1580 (purple
diamonds), and 1440 (blue diamonds) are shown.

with the carrier melt (Fig. 8). Crystal rims (both mac-
rocrysts and xenolith grains) that have been exposed
to the carrier melt have outermost rim Fo contents of
66 to 77 mol%, likely reflecting varying extents of
diffusive re-equilibration with the melt. Two ana-
lysed remnant olivine cores surrounded by coronas
of peritectic orthopyroxene have relatively constant
and evolved compositions of Fogs and Fog,, respec-
tively. MnO (wt%) is negatively correlated with Fo,
with higher MnO values (0-59-0.83 wt%) in the
low Fo group and lower values (0.30 and 0.58 wt%)
in the high Fo group. CaO contents of 0.10-0.26 wt
% are indistinguishable between low and high Fo
groups. Olivine crystals in xenolith interiors, remote
from the carrier melt, are compositionally homoge-
neous (Fo¢_77). No melt inclusions were observed
in the studied olivine crystals.

Oxides. Fe-Ti oxides (n = 177 analyses) classify as
titanomagnetites and have a restricted compositional
range in scoria samples, with ulvospinel (Fe,TiO,4)
molar fractions of 0.37 to 0.41. An exception is a sin-
gle grain hosted in a xenolith with an MgO content
(3.43 £ 0.25 wt%) that is slightly higher than the
average of 3.27 + 0.14 wt%. No significant varia-
tion was observed between crystal cores and rims.
While Fe-Ti oxides in the explosively erupted

samples are homogeneous, lava dome samples
show exsolution lamellae of Ti-rich compositions
hosted in Fe-rich grains (Supplementary Fig. S1;
Morrison-Evans et al. 2023). No discrete ilmenite
grains were found in any of the samples.

Interstitial glass and melt inclusions. Groundmass
glasses (n = 10 spot analyses), interstitial between
microlites, were only analysed in the lava dome sam-
ple as sufficiently large glass patches (>10 um) were
not found in the scoria samples. Lava dome intersti-
tial glasses are rhyolitic in composition, ranging in
SiO, from 70.80-78.61 wt% (median: 77.97 wt%).
Frey et al. (2023) describe more mafic (andesitic—
dacitic) interstitial glasses in the scoria. Melt inclu-
sions (n=18) were analysed only in rapidly
quenched scoria samples, hosted in plagioclase and
pyroxene crystals. The inclusions show rounded
morphologies, were glassy and devoid of bubbles.
The analysed inclusions are andesitic to dacitic in
composition (58.66—67.20 wt% SiO,) with median
SiO, of 64.06 wt%. No compositional difference is
observed between plagioclase and pyroxene hosted
inclusions.

Magmatic system variables

Volatile contents. The concentration of pre-eruptive
magmatic volatile species (H,O, Cl, S) was con-
strained by EPMA analysis of melt inclusions (n =
18) hosted in plagioclase and pyroxene crystals
from the explosive phase of the eruption (Supple-
mentary Table S8b). Water contents, calculated
using an iterative approach to the volatiles by differ-
ence method with typical uncertainty of less than
0.5 wt% (Roman ez al. 2006), range from 1.5 to 3.
9 wt% H,0, which is similar to but slightly lower
than previously published melt inclusion data for
more primitive St Vincent magmas (0.8 to 5.2 wt%
H,0; Bouvier ef al. 2008). CI contents range from
0.21 t0 0.28 wt% and show a weak tendency towards
increasing values with decreasing water content (R>
= 0.32). No correlation is evident for Cl or H,O con-
tents with S in melt inclusions, which range from 44
to 266 ppm, although these low S concentrations
have large errors when measured by EPMA (average
c. 60%).

Composition of the carrier melt. The composition of
the carrier melt in which macrocrystals are embed-
ded is difficult to measure directly because of the
high groundmass crystallinity. For this reason, the
carrier melt composition, here defined as ground-
mass glass + microlites, must be reconstructed
using different methods. Given that these reconstruc-
tion methods have strengths and limitations that may
impact thermobarometric estimates, we propagate
the uncertainty resulting from different approaches
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Fig. 6. Variation of plagioclase major element
composition (anorthite content) with minor elements
(FeOyoral and TiOy). (a) Systematics of An v. FeO
compared for lava dome (orange circles) and scoria

(green triangles). (b) Bivariate relation of An and FeO

for both lava dome and scoria itemized for different
crystal textures and types: Enclaves (orange squares),

glomerocrysts (red diamonds), macrocrysts (rims: blue

diamonds; cores: blue triangles), microlites (red
crosses), microphenocrysts (purple stars). (¢) Inverse
relationship of An and TiO, in lava dome plagioclase.
Errors bars based on counting statistics (1 sd)

are shown.

Fig. 7. Relationship of enstatite content (En) and Al,O3
(Wt%) in 2020-21 clino- and orthopyroxenes. (a)
Colour-coded relation for lava dome (orange circles)
and explosive scoria (green triangles). (b) Comparison
of textural position in dome pyroxenes (rims: purple
circles; cores: red circles) and scoria pyroxenes (rims:
blue triangles; cores: green triangles). (¢) Symbols and
colour coding reflecting crystal type and/or texture:
Enclave hosted (orange squares), glomerocrysts (red
diamonds), macrocrysts (blue circles), microlites (red
crosses), microphenocrysts (purple stars). Error bars
based on counting statistics are plotted in panel (a).
Error in En is smaller than symbol size.
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Fig. 8. Forsterite (Fo) and Magnesium number (Mg#) v. distance (um) of analysed olivine grains. Colour coding and
BSE image insets show different textural groups of olivine crystals (symplectic — purple, enclave — red, macrocryst —
green, remnant core — cyan). Symplectic olivine analysis are from the dome phase, while all other textural types are
present only in samples from explosive phase of the eruption (U3 unit). The range of potential equilibrium olivine
compositions with the carrier melt were calculated based on Blundy et al. (2020) using the most mafic reconstructed
melt based on defocused beam analysis and the most evolved melt inclusion.

using a threefold strategy to determine the carrier
melt chemistry: (1) mass balance calculations
based on phase proportions, bulk-rock and mineral
chemistry (described in the Supplementary materi-
als); (2) averaging of bulk groundmass composition
as determined by 22 defocused beam analysis; and
(3) pyroxene-hosted melt inclusion analysis.

As we demonstrate below, all reconstructed per-
missible carrier melt compositions indicate that the
crystal cargo of the 2020-21 eruption was brought
to the surface in an andesitic to dacitic melt during
both the effusive and explosive eruptive phases
(Fig. 9; Table S8a—c). Importantly, all reconstructed
carrier melt compositions are consistent with the
melt evolution trend defined by published melt inclu-
sion data for historical eruptions from La Soufriere.
Melt compositions for five thin sections recon-
structed by mass balance give broadly consistent
results for all major element oxides with SiO, con-
tents of 61.3-63.0 wt% for the 2020-21 lava dome
and slightly more mafic chemistry (59.6-61.1 wt%
Si0,) for scoria samples. Melt inclusions from the

2020-21 scoria record slightly more silicic melt
compositions (58.7 to 67.2 wt% SiO,. average =
63.8 wt%) but may have been modified by post-
entrapment crystallization, as there is considerable
scatter in the data. Alternatively, they may represent
melt trapped at previous evolutionary stages result-
ing from crystallization processes rather than carrier
melt itself (Kilgour et al. 2013). Groundmass analy-
ses with a defocused beam are slightly lower com-
pared to melt inclusions (average 62.0 wt% SiO,)
with a range of 59.3 to 64.3 wt% SiO, resulting
from scatter of individual defocused beam analyses.
The range of estimates for the scoria samples relates
in part to the spread in bulk-rock compositions,
where higher olivine contents derived from plutonic
xenoliths may shift the reconstructed melt to more
mafic compositions. Given the differences in sample
size, we average the results of each reconstruction
approach independently. This suggests that the car-
rier melt of the 2020-21 eruption was andesitic to
dacitic in composition with silica contents of 60
to 64 wt%.
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Fig. 9. Bivariate plots of major element oxides (a—f) as a function of SiO, content. Bulk-rock analyses are shown as
orange squares for the 2020-21 lava dome, and green squares for the 2021 scoria; black squares represent historical
eruptions from La Soufriere (Fedele ef al. 2021). Carrier melt composition for the 2020-21 eruption is shown as
triangles for reconstructions based on mass balance approach and blue diamonds for groundmass analysis with a
defocused EPMA beam. Melt inclusions from the 2020-21 eruption are indicated by turquoise circles and grey circles
for historical eruptions. The solid red line is an exponential fit through all glass inclusion data and the dashed lines
represent the upper and lower prediction intervals (level = 0.65) of this fit. An exponential rather than linear model

was used to capture the curvature in liquid lines of descent.

Clinopyroxene—liquid equilibria and thermobarom-
etry. Reliable temperature and pressure reconstruc-
tions based on cpx chemistry require knowledge of
the melt composition in equilibrium with the

crystals, which is not known a priori. The restricted
range of cpx major and minor element variation indi-
cates, however, that the crystals have grown from
mostly similar melts that may be represented, as a
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first approximation, by either the bulk-rock or the
range of estimated andesitic to dacitic carrier
melts (Fig. 9a). Without further testing, however, it
cannot be presumed that either the bulk-rock or the
groundmass composition (i.e. carrier melt) repre-
sents a plausible equilibrium liquid. To test if equi-
librium conditions between the observed cpx
compositions and the permissible melts prevailed,
we calculated Fe-Mg exchange coefficients (i.e.

K" ""Fe-Mg), which at equilibrium should vary
between 0.24 and 0.3 (Putirka 2008). As a further
test for equilibrium, we also calculated the
mismatch between predicted and observed Diop-
side-Hedenbergite components in cpx (hereafter
called ADiHd; Scruggs and Putirka 2018). The pre-
dicted DiHd component in cpx was calculated
based on cation fractions in the liquid phase follow-
ing Putirka (1999). Observed DiHd components
were calculated using a normative scheme (Putirka
et al. 1996). To establish whether these two parame-
ters effectively constrain equilibrium conditions
between cpx and melts similar to those erupted
from La Soufriere, St Vincent, we compared experi-
mental cpx—melt pairs from St Kitts in the northern
Lesser Antilles (Melekhova et al. 2019; Fig. 10a,
b) with known pressure and temperature conditions
to thermobarometric reconstructions using the
model of Putirka (2008) (their equations 30 and
33). As shown in Figure 10b, reliable pressure and
temperature estimates are retrieved
for experlmental cpx-liquid pairs that show
K7 "Fe-Mg in the range 0.24 to 0.3 and ADiHd
between —0.1 and 0.1, giving confidence that these
filtering criteria are suitable to recover reliable pres-
sure and temperature estimates.

Fe-Mg exchange coefficients and ADiHd were
determined for a range of permissible melt composi-
tions (Fig. 10a), including the median bulk-rock
composition of the lava dome and scoria, recon-
structed groundmass compositions from defocused
beam analysis (median, 1st and 3rd quartile) and
mass balance (5 thin sections for scoria and dome
each), as well as the melt inclusion compositions
(median, 1st and 3rd quartile). All calculations
were performed with a melt Fe* /(Fe*" + Fe’™)
ratio of 0.68 to 0.78. This is equivalent to an oxygen
fugacity (Gualda er al. 2012) of 1 and 2 log units
above the quartz—fayalite—magnetite buffer (QFM
+ 1 and QFM + 2), consistent with previous esti-
mates for La Soufriere (Heath et al. 1998a), and
water contents of 3.9 wt% based on our estimate
described above. Using average bulk-rock composi-
tions as liquid yields K" "“Fe-Mg variations
between 0.4 and 0.5 with only 2% of the cpx-liquid
pairs at permissible equilibrium conditions
(Fig. 10c). Andesitic to dacitic carrier liquid compo-
sitions based on mass balance and defocused beam
analysis yield equilibrium conditions for 23% and

27% of the cpx-liquid pairs, respectively. The over-
all best fit is observed using melt inclusion composi-
tions (median, 1st and 3rd quartile) as liquid, which
results in a 48% match. Note that these percentages
incorporate all cpx data (see also Supplementary
Fig. S4), while Figure 10c shows a subset for
which measurements of distance from crystal rims
are available.

The results indicate that only a small number of
the clinopyroxenes analysed could have been in
equilibrium with a liquid composition equivalent to
the basaltic andesite bulk rock. We therefore con-
clude that the bulk-rock does not sufficiently approx-
imate the melt composition from which most of the
cpx crystals formed. Clinopyroxene crystals, in
contrast, may have precipitated from a liquid similar
to the carrier melt. Andesitic to dacitic liquids as
represented by melt inclusion compositions and
groundmass analysis cannot explain the full dataset,
however, adding uncertainty to pressure and temper-
ature estimates for magma crystallization in the vol-
canic plumbing system. Given that glass inclusions
from historical eruptions of La Soufriere show a
well-defined major element oxide melt evolution
trend that diverges from the array of whole rock com-
positions in various components (Fig. 9), potential
equilibrium melts may have different compositions
to the explored range. Consequently, we also used
a modelling approach to reconstruct the most likely
melts in equilibrium with cpx based on the relation
provided by the melt inclusion trend. This modelling
approach explores a much wider compositional spec-
trum compared to the reconstructed melts. Major ele-
ment oxides were expressed as a function of silica
content using three exponential models (central,
lower, and upper prediction intervals); fits corre-
spond to 50 and 65% prediction levels, to account
for variability in the data (red dashed curves in
Fig. 9). An exponential rather than linear model
was chosen because of curvature in liquid lines of
descent, although the scatter in melt inclusion data
limits the importance of the choice of exponential
over linear fit. Melts were calculated in increments
of 1wt% between 50 and 70 wt% SiO, and
subsequently used to calculate Fe-Mg exchange
coefficients and ADiHd for all combinations of
model melt and cpx analyses. The resulting distribu-
tion of K "(Fe-Mg) and ADiHd is shown in
Figure 11a, colour contoured for melt SiO,, and
illustrates the impact of melt chemistry on cpx-lig-
uid equilibria for La Soufriere compositions. Consid-
ering all permitted equilibrium pairs of cpx and
melt calculated using this approach, a maximum is
observed for melt compositions between 55 and
60 wt% SiO, (Fig. 11b). Depending on the model
choice, possible equilibrium liquids show a maxi-
mum at basaltic andesite (upper model) to andesites
equivalent to the carrier melt (lower model;
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Fig. 10. Assessment of clinopyroxene—melt equilibria for the 2020-21 eruption of La Soufriere. (a) Of the SiO,
contents and FeO/MgO ratios in various liquids that are potentially in equilibrium with cpx: median bulk-rock
analysis (purple squares) of scoria and dome, reconstructed groundmass composition from defocused beam analysis
(pink circles, median and quartiles are shown) and mass balance (orange circle). The average melt inclusion
composition is shown as green triangle. Glass compositions of St Kitts basaltic andesite experiments (Melekhova

et al. 2019) are shown for comparison. (b) Mismatch between experimental and calculated temperature and pressure
illustrating the validity of Kd(Fe-Mg) and Diopside—Hedenbergite error (ADiHd filtering criteria). Colour coding
reflects if experiments are within (true: green crosses) or outside (false: black crosses) the filtering criteria based on
Kd(Fe-Mg) and ADiHd. Pressure and temperatures were calculated using the thermobarometric model of Putirka
(2008). (¢) Fe-Mg exchange coefficient v. distance from clinopyroxene rim for different melt compositions
(bulk-rock, groundmass based on defocused beam and mass balance, average melt inclusion). Range of equilibrium
Kd(Fe-Mg) is indicated by black horizontal lines; data are coloured blue if ADiHd lies within the range —0.1 to 0.1.

Fig. 11b). From this we conclude that part of the cpx
crystal population of the 2020-21 eruption originally
precipitated from basaltic andesite liquids that were
similar but not identical to the whole-rock composi-
tion. Equilibrium crystallization of such basaltic
andesite liquids may explain the observed variation
in slow diffusing minor elements such as Al,O5 in
cpx crystals and is consistent with the opx reaction
coronas found around xenolith olivines (Fig. 4b—d).

Pressures and temperatures of cpx crystallization
were calculated using matching groundmass and
melt inclusion liquids (n = 858), as well as the entire

range of modelled equilibrium melt—cpx pairs (n =
4183), thus incorporating the uncertainty stemming
from melt composition. Calculations were per-
formed with 2 to 4 wt% H,O in the melt, consistent
with melt inclusion data for the 2020-21 eruption
and with previous estimates of the water content of
St Vincent magmas (Heath ef al. 1998a; Bouvier
et al. 2010). We used three recent thermobarometric
models based on either conventional linear
regression of high pressures—high temperature
experimental data (Putirka 2008; Neave and Putirka
2017) or a machine-learning approach that uses an
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Fig. 11. Modelling results of possible equilibrium melt—clinopyroxene pairs based on trends in melt inclusion
chemistry. For a description of the modelling approach, the reader is referred to the main text section ‘Composition of
the carrier melt’. (a) Iron—-magnesium exchange coefficient (Kd(Fe-Mg)) plotted v. Diopside—Hedenbergite error
(ADiHd) for all possible combinations of cpx data and model melts. Colour coding of the model calculations reflects
the SiO, content of the melt in weight percent. Blue rectangle shows melt—cpx pairs with permissible equilibrium
conditions. (b) Histogram of SiO, contents of the melts shown in the blue square in (a).

extremely randomized trees algorithm (Petrelli et al.
2020). The latter technique predicts pressures and
temperatures by generating a large number of hierar-
chical charts (regression trees) that compare an
observed cpx population with experimental data
(for details see Petrelli er al. 2020).

Temperatures calculated using groundmass cpx
pairs and equation 33a of Putirka (2008) indicate
crystallization conditions of 962 + 15°C (median
+ 1sd) compared with the temperature derived
from machine-learning thermometry (1015 + 10°
C; Fig. 12a). These results agree with each other
within relative mean standard error (RMSE) of
40-60°C (errors resulting from analytical uncer-
tainty are much smaller) for both methods and
together yield an average pre-eruptive temperature
of 9971’;2 °C (median, +IQR: inter quartile range,
1sd =29°C). If we use the modelling approach
described above to allow for a greater variability of
melt compositions through the modelling, we
recover a median temperature of 1027 + 38°C.
Cpx crystallization pressures calculated using
Neave and Putirka (2017) range from -5 to
1.5 kbar but recover mostly negative pressures and
are therefore not considered further. The barometer
of Putirka (2008; eqn 30) recovers a median pressure
of 3.4 kbar with most estimates between 2.8 and
4 kbar (IQR). Pressures calculated using the
machine-learning algorithm of Petrelli er al. (2020)
indicate a narrower IQR between 2.5 and 2.9 kbar

with most estimates around a median of 2.7 kbar
(Fig. 12b). The larger range of the Putirka (2008)
barometer likely relates to the greater uncertainty
of his method (RMSE of 4.5 kbar) compared to the
machine-learning algorithm (RMSE = 2.9 kbar).
Taken together, these approaches indicate pressures
of pyroxene crystallization c. 2 to 3 kbar. Consider-
ing the full array of possible equilibrium melts
expands the range of temperatures in both
approaches but recovers similar median pressures
and temperatures of 2.6 kbar and 1027°C. No differ-
ence is found in thermobarometric reconstructions
for cpx from the dome and scoria samples, within
the range represented by the variance we observe
and the uncertainty of the modelling approach.
Model water contents affect the temperature and
pressure estimates of the Putirka (2008) model
only within a range of +10°C and +0.7 kbar for
1 wt% change in H,O. The model of Petrelli et al.
(2020) is not sensitive to water contents. In sum-
mary, the clinopyroxene crystal cargo of the 2020-
21 eruption of La Soufriere records crystallization
temperatures of around 1000°C (RMSE +40°C)
and pressures between 2 and 3 kbar, with little tex-
tural evidence of significant time to re-equilibrate
at different conditions.

Two-pyroxene thermometry. The cpx—opx thermom-
eter of Putirka (2008) was used to test for equilibrium
conditions and to calculate crystallization
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Fig. 12. Results of clinopyroxene-liquid thermobarometry. Blue circles represent pressure (kbar) and temperature
(°C) estimates based on cpx—groundmass equilibrium (defocused beam and mass balance approach), grey triangles
show cpx—melt inclusion estimates, and light blue squares are results based on the equilibrium melt modelling
approach described in the main text. Pressures were converted into depth using density values applicable to the Lesser
Antilles (Melekhova et al. 2019). Calculations were done using 4 wt% H,O in the melt phase. (a) Estimates
recovered using the cpx—liquid model of Putirka (2008) (their equations 30 and 33). (b) Pressures and temperatures
retrieved using the machine-learning model of Petrelli et al. (2020).

temperatures (Fig. 13). Reported uncertainty for this
calibration is on the order of +38°C (Putirka 2008).
Calculated temperatures range from 894 to 1023°C
with slightly higher temperatures for the scoria sam-
ples (median: 969°C) compared to the dome
(median: 943°C). However, calculated Fe-Mg
exchange coefficients lie mostly outside the accepted
range of 1.09 + 0.14 (Putirka 2008) for crystalliza-
tion under magmatic conditions (grey shaded field
in Fig. 13a), instead having low values (median +
1 sd: 0.86 + 0.09) more consistent with sub-solidus
systems (red shaded field in Fig. 13a). Low
K" (Fe-Mg) values are observed for random
combinations of outermost cpx and opx rims that
were in contact with the carrier melt, touching
opx—cpx grains in glomerocrysts and xenoliths, as
well as directly touching profiles across opx—cpx
grain boundaries (Fig. 13b). Given that pyroxene
compositions in xenoliths, glomerocrysts and macro-
crystals are identical, this does not imply that the
grains have grown from a liquid of different compo-
sition to the carrier melt but could reflect that the
Fe-Mg exchange coefficient of 1.09 + 0.14 is not
applicable in this case. This may reflect uncertainty
in the estimated Fe** of the pyroxenes, which in
turn affects K;7"~ 7 (Fe-Mg). Generally, the calcu-
lated two-pyroxene temperatures broadly agree
with reconstructions based on cpx-liquid thermome-
try but are not considered further due to the failed
equilibrium test.

Plagioclase thermometry. The plagioclase—melt
thermometer of Putirka (2005) was used to further
constrain pre-eruptive temperatures. Calculations
using all plagioclase analyses (rims and cores) and
the bulk rock composition of the dome and explosive
phase show that, as for cpx, an assumed KD
(Ab—An) of 0.1 + 0.05 indicates that only about
15% of the plagioclase data could be in equilibrium
with a liquid of such composition. Within this range
of permissible equilibrium pairs, no clear relation is
evident between textural position (high An cores
v. rims), indicating that the crystals did not originally
grow from a liquid represented by the bulk rock com-
position. To test the hypothesis that the plagioclase
rims were in equilibrium with the andesitic—dacitic
carrier melt and that the cores grew from more
mafic liquids, we used an analogous approach to
the cpx—melt model described above. The major ele-
ment composition of the melt was systematically
varied from 50 to 70 wt% SiO, using the three expo-
nential models (Fig. 9) and the resulting KB4
(Ab—An) was tracked as an indicator of potential
equilibrium pairings. All calculations were per-
formed with either 4 or 2 wt% H,O in the melt, the
latter resulting in temperature estimates typically
60°C higher. These model calculations show that
plagioclase rims (Anss_g7) of the 2020-21 La Soufri-
ere ejecta are consistent with the reconstructed
andesite carrier melt as an equilibrium liquid for
melt water contents of 4 wt%, while calculations
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Fig. 13. Temperature estimates based on coexisting clinopyroxene and orthopyroxene compositions. (a)
Temperatures (°C) and exchange coefficient (KD(Fe-Mg)) are shown for cpx—opx pairs based on equation 37 of
Putirka (2008). Colour coding reflects pyroxene pairs from dome (orange diamonds) and scoria (green circles). The
range of putative equilibrium KD(Fe-Mg) under magmatic conditions is shown by the grey-shaded area and the range
of exchange coefficients more applicable for subsolidus systems is shown in the red-shaded vertical bar. (b) Same
data, but colour coding now reflects the type of opx—cpx pair. Blue circles represent estimates of all possible
combinations of outermost rims in contact with the groundmass, touching opx—cpx grains are shown as red squares,
and profiles across a touching cpx—opx boundary are shown as green diamonds.

with 2 wt% H,O would indicate melt compositions
with median of 53 wt% SiO, (Fig. 14a). Plagioclase
cores (An>70) are consistent with crystallization
from basaltic-to-basaltic andesite melts for both 2
and 4 wt% H,0. Modelled equilibrium pairs for
plagioclase cores at 4 and 2 wt% H,O yield median
temperatures of 1018°C and 1040°C, respectively
(Fig. 14b). Plausible plagioclase rim-carrier melt
equilibration temperatures for 4 wt% H,O show an
interquartile (IQR) range between 969 and 993°C
and are cooler than for 2 wt% H,O, which yields
an IQR of 1062-1071°C. However, calculation
results at 2 wt% H,O are not consistent with the
andesitic—dacitic composition of the carrier melt.
No systematic differences are found between crystal
types or between dome and scoria samples. In
summary, plagioclase rim crystallization at 4 wt%
H,O and temperature of 982f}§ °C(median +
IQR) matches the andesitic to dacitic composition
of the reconstructed carrier melt and maximum
H,O content determined by melt inclusion analysis,
and is fully consistent with the pre-eruptive temper-
ature obtained from clinopyroxene thermometry
(99773 0.

Olivine diffusion timescales. Timescales of the pro-
cesses leading up to the 2020-21 eruption can be
reconstructed leveraging the diffusive exchange of
Fe—Mg in olivine crystals. To constrain the temporal
evolution of Fe-Mg exchange in olivine crystals, the

diffusion equation (e.g. Zhang 2010) was solved in
one dimension as:

0Pxug _ ) 0 ( acDXMg) )

ot ox ox

where @y, is the molar ratio of Mg relative to Fe
and Mg (XMg = [Mg/(Mg + Fe* 1)), Dis the diffu-
sion coefficient for Fe—-Mg exchange in olivine
(Dohmen and Chakraborty 2007), ¢ is time in sec-
onds, T is temperature in Kelvin, and x is distance
in metres. Equation (1) was discretized in MATLAB
using a secondorder explicit finite difference
method. The number of numerical grid points and
timestep, which are critical for the accuracy of this
technique, were chosen based on convergence
tests. Diffusion coefficients were calculated as (Doh-
men and Chakraborty 2007):

Drenvg = 107921 x (fO, x 107 )!/6 103*Fa—0.D

o~ (201000-+(P— 10°)7x107%/RT)

(@)

along the crystallographic c-axis [001], where fO, is
the oxygen fugacity, XFa is the molar fayalite con-
tent in olivine, P is pressure in Pascals, R is the gas
constant, and T is temperature in Kelvin. Diffusion
coefficients along the crystallographic a- [100] and
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Fig. 14. Results of plagioclase—equilibrium melt
modelling and thermometry (Putirka 2008). (a)
Boxplots of model melt SiO, content that could be in
equilibrium with the observed plagioclase compositions
at a melt water content of 2 wt% (filled boxplots) and
4 wt% H,0 (open boxplots). The number of matching
plagioclase—melt pairs is indicated by n. (b)
Distribution of temperatures (°C) for matching pairs of
melts with plagioclase rims and cores using a water
content of 4 and 2 wt%. The modelling approach is
described in the main text.

b-axes [010] in olivine were obtained by multiplica-
tion of equation (2) by 1/6 (Chakraborty 2010). As
the diffusion coefficients depend on the olivine com-
position (XFa in equation 2), D was evaluated
between the numerical nodes to maintain the second-
order accuracy of the calculations. The initial profiles
and diffusivity variation along the traverse were
specified based on electron microprobe analysis
and linearly interpolated as step-functions on the
numerical grid. The outer boundaries in the numeri-
cal model were fixed at the initial values. This
approach assumes that the crystal exchanges Fe
and Mg with an infinite reservoir of melt on the

left boundary (i.e. outermost crystal rim). As diffu-
sion affects only the crystal rims, we used a fixed ini-
tial value in the outer boundary of the crystal core. If
not stated otherwise, all initial profiles were mod-
elled as a constant initial crystal composition based
on the average Xy of the observed crystal core for
each profile. At the start of diffusion, the outermost
numerical node was fixed at the observed rim com-
position and the melt composition was treated as
an infinite reservoir in exchange with the crystal
and assuming no crystal growth.

Diffusion timescales were calculated for four pro-
files on three olivine crystals (sample LS21-38) from
the explosive phase of the eruption (Fig. 15). Most
crystals in our sample set exhibited prominent
embayment textures or had thin evolved rims, indi-
cating that olivine composition was exchanging Fe
and Mg by diffusion with the carrier melt prior to
eruption. Pre-diffusion initial conditions in the crys-
tal were modelled as flat profiles in accordance with
core compositions at some distance from the rim. To
fully assess the uncertainty, modelling was done at
three different temperatures for each profile corre-
sponding to the median, 5th and 95th percentile of
the plagioclase rim thermometry distribution
(982f§? °C), which is in good agreement with the
temperature range indicated by cpx thermometry.
As the crystallographic orientation of grains was
not constrained, Fe-Mg exchange for each analysed
profile was modelled using the coefficients applica-
ble for diffusion along the c-axis [001], as well as
the a- [100] and b-axes [010] (Chakraborty 2010),
thereby fully capturing the 6-fold uncertainty result-
ing from diffusion anisotropy. The best-fit models
were calculated based on minimization of squared
residuals between the observed and modelled pro-
files. Timescale estimates range from seven months
to eight years with good correspondence between
two macrocrysts and profiles on the opposite sides
of the same crystal (Fig. 15a—c). An olivine crystal
located at the margin of a xenolith (Fig. 15d) records
timescales of only 1 to 14 days. The reconstructed
timescales are maxima given that crystal growth
may have contributed to observed zonation features.

Discussion
Structure of the magma feeding system

Thermobarometric reconstructions of pre-eruptive
magmatic variables by means of mineral-melt equi-
librium modelling allow us to make inferences about
the architecture of the magmatic feeding system prior
to the 2020-21 eruption of La Soufriere. Although
the governing relations of glass and melt inclusion
chemistry for St Vincent permit the presence of a
range of basaltic andesite to andesite liquids in the
sub-volcanic system, our use of all permissible
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equilibrium cpx—melt pairs returns strikingly consis-
tent thermobarometric results when compared to
estimates based on reconstructed groundmass com-
positions. Machine-learning thermobarometry sug-
gests that most cpx crystals last equilibrated with
an andesitic—dacitic carrier melt at 7 = 997:’;2 °C
and P = 2-3.5 kbar. The density—depth model of
Melekhova et al. (2019) for St Vincent (Fig. S3)
shows that these pressures are equivalent to 8—
13 km depth, which we interpret as the location of
a major intrusive complex beneath the volcano.
This depth range lies between the magma accumula-
tion pressures of 4 and 1-2 kbar (Fedele er al. 2021)
estimated for historical eruptions beneath La Soufri-
ere volcano by comparing xenolith and bulk-rock
compositions with petrological experiments (Picha-
vant et al. 2002; Pichavant and Macdonald 2007;
Melekhova et al. 2015, 2019). The mineral composi-
tions retrieved from our 2020-21 sample set are sim-
ilar to those representing historical activity,
suggesting that no major changes in the architecture
of the plumbing system have occurred at least over
the last few hundred years within the resolution of
the different thermobarometric reconstruction
approaches.

Extreme chemical zonation in plagioclase crys-
tals, a typical feature of both St Vincent and the
Lesser Antilles in general (Melekhova et al. 2017;
Fedele et al. 2021; Higgins et al. 2021), suggests
that the feeding system is characterized by multi-
level magma storage. Plagioclase crystals from the
2020-21 eruption show two distinct compositional
groups, represented by crystal rims (Anss_g7) and
cores of Angg_os, which can be linked to shallower
and deeper crystallization levels respectively. Pla-
gioclase-melt modelling (Fig. 14a) shows that crys-
tal core compositions are consistent with derivation
from basalt or basaltic andesite liquids at tempera-
tures of 1020-1050°C, slightly higher than inferred
from cpx thermometry. Importantly, although esti-
mates of the water content using both the volatile
by difference method and H,O analysis of primitive
melt inclusions (Bouvier et al. 2010) point towards
4 wt% for La Soufriere magmas, H,O contents dur-
ing mid-crustal magma crystallization may have
been significantly higher if volatile saturation was
achieved at greater depth than pre-eruptive magma
storage. Specifically, high water contents in crystal-
lizing melts and resulting suppression of plagioclase
crystallization are required to explain the trend of
Al,O5 enrichment observed for lavas from La Soufri-
ere (Melekhova er al. 2015). Petrological experi-
ments at 4 kbar on basaltic andesite compositions
from Montagne Pelée (Martinique) (Pichavant
et al. 2002) show that An contents >85 typically
require H,O contents of >5 wt% at temperatures
of 1025°C. Similarly, the Al,Oz-based glass
hygrometer of Parman er al. (2011) suggests a

minimum H,O content of 5.75 wt% for a maximum
Al,O5 content of 20 wt%. Given that An content in
plagioclase is more sensitive to pH,O than total pres-
sure (Frey and Lange 2011; Cashman and Blundy
2013), and considering typical values for water solu-
bility in basaltic melts (e.g. Newman and Lowen-
stern 2002), both mid crustal (c. 4 kbar) and
shallow crustal (c. 2kbar) crystallization may
explain the high An cores. BSE images, however,
show that plagioclase cores typically have sharp fac-
etted boundaries rather than progressive crystalliza-
tion to lower An contents in rims, which suggests a
two-stage crystallization process. Taken together,
these observations suggest growth of high An
cores in basaltic andesite liquids in a mid-crustal
magma accumulation zone and formation of less cal-
cic rims upon ascent and emplacement at 2—3 kbar.
The consistently lower An contents of rims com-
pared to crystal cores is inconsistent with growth
from a more primitive melt.

Relatively high Ti contents in plagioclase rims
compared to cores (Fig. 6¢) point to either equilib-
rium crystallization in a melt of similar composition
(Bindeman et al. 1998; Dohmen and Blundy 2014)
or rapid disequilibrium growth induced by high
rates of decompression or cooling (lezzi et al.
2014; Mollo and Hammer 2017). The latter effect
is clearly observed in the microlite population of
the 2020-21 eruption in our dataset (see also Frey
et al. 2023), which shows higher FeO, and TiO,
and lower An contents than measured in crystal
rims (Fig. 6). In either case, the strong normal plagio-
clase zonation likely formed in response to changes
in H,O content resulting from decompression of
ascending magma rather than drastic changes in
melt composition. Strong zonation textures in pla-
gioclase contrast with the homogeneous pyroxene
population, which, based on our thermobarometric
estimates and textural relation with plagioclase
rims, have grown only in the shallow (2-3 kbar)
part of the subvolcanic plumbing system. Con-
versely, olivine reaction rims and coronas, as well
as touching relations of plagioclase cores and pris-
tine olivine grains in troctolite xenoliths (Fig. 4),
indicate that olivine was unstable in the andesitic
to dacitic melt of the upper storage region and prob-
ably originated at the depths of plagioclase core for-
mation, in which more mafic melt compositions
prevailed. This interpretation is consistent with the
findings of Frey et al. (2023), suggesting that high
An plagioclase and olivine microlite assemblages
in the explosive deposits correspond to a deeper
magma source.

Comparison to monitoring constraints

Preceding dome growth, low-level seismic signals
were detected starting in November 2020, a few
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weeks before the dome-forming eruption began
(Joseph er al. 2022). In 2021, two swarms of
volcano-tectonic earthquakes detected on 23-24
March had located depths mostly shallower than
Skm. On 5-6 April 2021, shortly before the
sequence of explosive eruptions began, the earth-
quake locations abruptly transitioned to depths of
¢. 10 km (Joseph et al. 2022). This seismic transition
was followed by a rapid, but unquantified, accelera-
tion in dome growth and the occurrence of banded
tremor (i.e. tremor bursts separated by periods of qui-
escence; Cabras et al. 2012) that lasted from 8 April
until the first explosion at 08:51 local time on 9 April
(Joseph er al. 2022; Stinton et al. 2023). The
observed progression of earthquake depths to c.
10 km observed prior to the explosive phase of the
eruption agrees well with our clinopyroxene thermo-
barometry estimates of the topmost part of the
magma source region that fed the eruption (2—
3 kbar; 997f§§ °C). We therefore suggest that the
seismic swarm preceding the explosive phase of
the eruption was likely an expression of increased
fracturing of the overlying rock burden and contin-
ued opening of a new conduit prior to fast magma
ascent to the surface. This is corroborated by the
observed increase in heat flux in the lead-up to the
explosive eruption (Thompson ez al. 2022).

Gas emissions during the eruption were moni-
tored from the summit and offshore traverses using
UV spectrometer and MultiGAS instruments, com-
plemented by satellite-based measurements (Joseph
et al. 2022; Taylor et al. 2022; Esse et al. 2023).
Only minor SO, was detected by ground-based
instruments during the effusive phase of the erup-
tion, with gas plume compositions dominated by a
hydrothermal signature (Joseph et al. 2022). On 8
April 2021, one day before the onset of explosive
activity, ground- and satellite-based instruments
(TROPOMI on Sentinel-5P) detected a major change
in plume chemistry, with SO, mass flux of 80-120 t/
day (Joseph et al. 2022; Esse et al. 2023). During the
explosive phase (9-22 April) SO, emissions of
between 29 and 562 kt/day were detected by satel-
lite measurements (Esse ez al. 2023). Following the
method of Devine er al. (1984), petrological esti-
mates of the mass fluxes of SO, during volcanic
eruptions can be calculated as:

MW(SO,)

m(SOz) =M (Sm1 Som) MWS)

1-XF), 3)

where M is the erupted mass, Sy and Sy are the
S contents of melt inclusions and groundmass, MW
is the molecular weight of SO, and S, and XF is
the fraction of crystals. In the calculation we use
the maximum S content of 266 ppm (relative uncer-
tainty 47%) measured in melt inclusions, a crystal

fraction of 0.45, andesitic melt densities between
2300 and 2500 kg m~—> and assume a retardation
between 30 and 200 ppm S in the groundmass
based on observations at other volcanic systems
with a wide range of groundmass compositions,
ranging from basaltic andesitic to rhyolite (e.g. Self
and King 1996; Edmonds et al. 2001; Witter et al.
2004). For a maximum lava dome volume of 18 x
10°m?® (Joseph et al. 2022) extruded over a period
of 103 days, this results in potential SO, mass fluxes
between 29 and 113 t/day. These calculations
assume 100% degassing efficiency and no scrubbing
of SO, by the hydrothermal system. Due to the
highly pulsatory nature of SO, emissions during
the explosive phase, gas monitoring and petrological
estimates are more difficult to compare. We note,
however, that the maximum magma S content of
660 + 290 ppm estimated by Esse et al. (2023),
derived from mass eruption rates and peak SO,
fluxes on 11 April 2021, agrees within uncertainty
with the magma S content based on melt inclusions.

Several distinct types of ground deformation
were detected by GPS and interferometric
synthetic-aperture radar (InSAR) both before and
during the eruption and modelled to constrain source
depths by Camejo-Harry ef al. (2023). Deep crustal
inflation, modelled with a Mogi-source depth of
18 km, was detected in the six months before dome
extrusion began and continued after lava effusion
commenced. In the first few days of explosive activ-
ity, strong subsidence was observed and modelled
with a Mogi-source at 6 km depth (Camejo-Harry
et al. 2023). These estimates independently corrobo-
rate the interpretation based on plagioclase zonation
textures and chemistry that the magma feeding sys-
tem of La Soufriere is multi-layered. The inferred
subsidence source depth preceding the explosive
phase is shallower compared to our depth estimate
for the magma source based on cpx barometry
(mean: 9.5 km depth; preferred range: 8 to 13 km)
but overlaps with the deflation source within uncer-
tainty of both methods. Although petrological analy-
sis combined with experimental data (Pichavant
et al. 2002) permits only an approximation of the
depth estimate for the deeper magma storage region,
the duality of crustal deformation signals hints
towards a possible link to the strong bimodality in
plagioclase zonation that is characteristic of La Sou-
friere, St Vincent magmas. A Mogi-source depth of
18 km for pre-eruption inflation translates to c.
5 kbar pressure (Melekhova ez al. 2019). We suggest
that this depth corresponds to the lower storage
region where plagioclase cores and troctolite xeno-
liths originate. This comparison shows the power
of combining petrological and geophysical studies,
although further work is required to better resolve
the geometry of the La Soufriere, St Vincent mag-
matic feeding system.
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Initiation of the 2020-21 eruption

Mafic magma recharge, remobilization of previously
intruded magma, reactivation of the system by vola-
tile fluxing and incoming felsic melt could all be
invoked to explain the renewed activity at La Soufri-
ere. These different scenarios can be tested using our
mineral chemical data. Recharge of magma bodies
with (typically) more primitive melt is frequently
observed at arc volcanoes and widely recognized
as a process that can generate sufficient overpressure
to initiate volcanic eruptions (e.g. Morgan et al.
2006; Ruprecht and Worner 2007; Kent er al.
2010; Degruyter et al. 2016; Morgavi et al. 2017,
Ubide et al. 2019; Weber et al. 2020; Caricchi
et al. 2021). As discussed above, however, there is
no evidence in crystals of a temperature increase or
introduction of mafic melt that would suggest an
important role of magma recharge prior to the
2020-21 eruption (Fedele et al. 2021).

Alternatively, leftover degassed magma from
eruptions in the 1970s may have been remobilized.
This hypothesis is an attractive explanation of the
initial lava coulée formation, particularly as, in con-
trast to the explosive phase, only low levels of seis-
mic and degassing unrest were detected prior to
dome extrusion that might indicate the formation
of a new conduit and syn-eruptive gas emissions
were low (Joseph er al. 2022; Thompson et al.
2022; Esse et al. 2023). Similar scenarios of mag-
matic plug remobilization within a shallow conduit
have been proposed at other basaltic andesite volca-
noes (Utami er al. 2022). A dynamic flow model for
St Vincent (Stinton et al. 2023) suggests viscosities
of ¢. 10'°-10'! Pas for the lava dome and 10°-
107 Pas for the explosive magma. The higher vis-
cosities were interpreted as remnant degassed and
partially crystallized magma still present in the shal-
low conduit pushed out during the effusive phase by
the more gas-rich magma that caused the explosive
eruption. However, our petrological data show that
the plagioclase and pyroxene macrocrystal cargo of
2020-21 eruptive products from both phases of the
eruption formed at similar storage conditions and
do not show any textural signs of re-equilibration
at shallow depth. Remobilization of the dome-
forming magma therefore requires formation of the
microlite-rich groundmass of the dome magma
prior to remobilization. In such a scenario, ground-
mass crystals may have shielded macrocrystal rims
from remnant melt pools, effectively preventing
re-equilibration. Independent of the triggering mech-
anism, remobilization of vestigial 1979 magma (as
opposed to solidified rock) in the shallow volcanic
conduit has thermal constraints.

Typical volcanic conduit diameters are on the
order of 40—-60 m with the largest conduits reaching
100-200 m (Kolzenburg er al. 2019). However,

assuming a cylindrical geometry, diameters of 40—
60 m would involve unreasonable conduit lengths
of 14.4 and 6.4 km to satisfy the 18 x 10°m’ of
extruded dome lava (Joseph et al. 2022). Larger con-
duit diameters of 80-100 m are more compatible
with the volumetric constraint and the shallow
crustal seismicity (<5 km depth) observed during
lava effusion (Joseph ef al. 2022). Sustaining a suffi-
ciently large volume of magma (7 > 950°C) in the
shallow crust (geothermal gradient = 50-150°C
km™") over a period of 40 years since the 1979 La
Soufriere eruption requires initial conduit diameters
>140m and length of 3-4km (Supplementary
Fig. S3). Although dyke-like geometries may result
in shorter conduit length, cooling takes place mostly
through the sides, which requires similar dyke thick-
nesses to the cylindrical conduit diameters invoked
above. Remobilization of leftover magma from pre-
vious eruptions would therefore require either signif-
icant undercooling of interstitial melt below the
solidus or a large (>140 m) conduit. In either case,
our petrological analysis neither refutes nor supports
this hypothesis but adds the conditional constraint
that the dome magma must have been extruded
with an interstitial melt fraction of 10 to 20% to
explain the lack of textural re-equilibration of crystal
rims that would be expected in protracted storage and
subsequent remobilization.

The strong volcano-tectonic earthquake swarm
propagated to ¢. 10 km depth (Joseph ez al. 2022);
pre- and syn-eruptive deformation occurred at
about 18 and 6 km (Camejo-Harry et al. 2023).
These precursory signals point towards deeper
level magmatic processes as important in the initia-
tion of the explosive eruption. From a petrological
perspective, the lack of evidence for pre-eruptive
re-heating or interaction of crystal cargo with a com-
positionally contrasting melt in the storage region
(8-13 km) indicates eruption initiation by gas- or
buoyancy driven internal processes that were intrin-
sic to the andesitic—dacitic carrier melt. The abun-
dance of antecrystic material in the form of
glomerocrysts, and plutonic xenoliths additionally
indicates the importance of magma-mush interac-
tion. We propose that a plausible mechanism for
the renewed volcanic activity is mobilization of
crystal-rich basaltic andesite magma at about
10 km depth, likely in response to destabilization
or pressurization of a deeper level andesitic melt
layer (Fig. 16). Entrainment of troctolite xenoliths
in the explosive phase of the eruption with unzoned
high An crystals that are similar to macrocrystal pla-
gioclase cores, as well as the greater abundance of
olivine and high An microlites in the initial explosive
phase (Frey et al. 2023), suggests that there is a deep
component in this phase of the eruption that may cor-
respond to the 18 km deformation source (Camejo-
Harry et al. 2023). The presence of deep-derived


https://doi.org/10.6084/m9.figshare.c.6484877
https://doi.org/10.6084/m9.figshare.c.6484877

Downloaded from https://www.lyellcollection.org by Guest on Jul 10, 2023

Petrology of the 2020-21 eruption of La Soufriére

Effusive phase

A

Remobilized conduit?

slow ascent

Mush extrusion?

mush fragments

plag rim formation

Explosive phase

A

Seismicity
(Joseph et al. 2022)

rapid ascent ;
Subsidence
(Camejo-Harry et al. 2023)

—

melt-mush interaction

Shallow reservoir

pyroxene growth

=
10 km - s. ...........................................

o Plag-opx-cpx-tmt Mush
& Shallow

reservoir

Inflation
(Camejo-Harry et al. 2023)
—_

—_

Andesitic melt R

Deep reservoir

olivine reaction

troctolite

Mid-crustal

discontinuity

Deep reservoir

high An cores
olivine

Deeper level basalts Moho
30km and basaltic andesite

Fig. 16. Conceptual summary of the proposed magma feeding system and processes leading up to the 2021 eruption
of La Soufriere, St Vincent. Pyroxene thermobarometry resolves a magma reservoir at 8—13 km depth that is the
source of most of the crystal cargo in both phases of the eruption. Pre-eruptive deformation at depth of 18 km
(Camejo-Harry et al. 2023) and the presence of troctolite enclaves containing high An plagioclase originating at
greater depth suggest that pressurization and destabilization of a deeper magmatic reservoir was involved in the
initiation of the eruption. Initial lava formation is consistent with either aseismic ascent of magma from the shallow
reservoir or extrusion of leftover magma in the volcanic conduit. Intrusion of gas-rich andesite melt in the shallow
reservoir containing crystals that have formed from similar melts initiated the explosive phase of the eruption.

melt and troctolite together with plag—opx—cpx—tmt
mush fragments from the storage level at c. 10 km
depth, indicates an important role of melt-mush
interaction.

The andesitic—dacitic carrier melt can originate
by compaction-driven extraction of interstitial melt
during crystallization and interaction of recharging
melts or volatiles (Dufek and Bachmann 2010; Par-
migiani er al. 2014; Pistone et al. 2017; Hartung
et al. 2019), percolative reactive flow through crystal
mush (Solano et al. 2012; Jackson et al. 2018) or par-
tial melting of previously intruded gabbro (Mele-
khova et al. 2015). Regardless of the formation
mechanism, however, buoyant melt-rich layers can
develop gravitational instabilities in crystal mushes
that cause melt ascent to shallower levels or, ulti-
mately, to the surface (Seropian et al. 2018; Sparks
et al. 2019). For andesitic melt lenses in crystal
mushes with viscosity of 10" to 10'° Pas, instability

timescales of several decades to centuries can be
expected (Seropian et al. 2018), consistent with the
eruptive behaviour observed at St Vincent over his-
torical time. In summary, intrusion of deeper-derived
andesite melt accompanied by disintegration of
crustal cumulates and crystal mush is consistent
with the petrological characteristics of the 2020-21
eruption of La Soufriere, St Vincent.

Timescales of magma—mush interaction

Diffusion modelling of olivine in the 2020-21 scoria
reveals that crystals were entrained in the carrier melt
both prior to and during eruption. Additionally,
although our preliminary calculations are subject to
large uncertainties, modelling results indicate that
individual crystals spent different periods of time
in the carrier melt prior to eruption. Timescales on
the order of days to weeks are likely related to the
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breakup of olivine-bearing xenoliths entrained by the
andesitic—dacitic melt during the eruption, as previ-
ously described from St Vincent (Arculus and
Wills 1980; Tollan et al. 2012; Melekhova et al.
2019). Calculated timescales of months to years
extend the interaction timescale between carrier
melt and olivine cargo to the pre-eruptive period,
and before the detection of seismic unrest prior to
the explosive eruption. These timescales suggest
that mush—carrier melt interaction is a driver, rather
than a consequence, of the eruption.

Less intense seismic flurries also occurred during
the pre-eruptive episode at La Soufriere (Thompson
et al. 2022). Indeed, plagioclase residence times
modelled for the 1979 eruption suggested entrain-
ment of crystals in the melt 100 to 450 years prior
to eruption (Zellmer ef al. 1999). While these time-
scales are longer than our estimates, these are max-
ima due to uncertainty in the initial plagioclase
trace element concentrations. >**U-**Th isochrons
from St Vincent cumulate xenoliths suggest crystal
residence times on the order of tens of thousands
of years (Heath er al. 1998b). Old radiometric ages
and short diffusion timescales are commonly
observed in magmatic systems (Cooper and Kent
2014). Importantly, they are not mutually exclusive
as in-growth of radioisotopes and diffusive
re-equilibration are activated by different processes
(gradients in chemical potential/temperature
v. radioactive decay). For this reason, it is not
uncommon for arc magmas to have crystals with
old U-Th ages and young rims (Cooper and Kent
2014; Cashman et al. 2017). Although not their
favoured explanation, Heath et al. (1998b) showed
that remobilization of old intruded crystals by a
‘zero-age’ melt can explain the U-Th isochron
data. A more detailed study of olivine diffusion time-
scales in all phases of the recent eruption is required
to assess whether olivine age distributions can be
related to large regional earthquakes that may have
contributed to the destabilization of the magma feed-
ing system and mobilization of melts and cumulate
piles beneath St Vincent.

Transition in eruptive style

Petrological evidence for the transition from effusive
to explosive activity during the 2020-21 eruption is
remarkably sparse in the analysed sample set. Our
finding that macrocrysts mineral chemistry, pressure
and temperature estimates are indistinguishable for
the dome and scoria samples, together with the sim-
ilar macrocryst contents of the erupted rocks, suggest
no major difference in storage conditions prior to the
final ascent during the explosive eruptions. Given
these similarities, it seems unlikely that differences
in magma viscosity at depth or initial volatile content
caused the effusive—explosive transition at La

Soufriere. However, as noted above, the observed
eruption transition may record when dome magma
in the shallow conduit at high crystallinity, and in a
mostly degassed state, was extruded by deeper gas-
rich magma, which caused a transition in eruptive
style once the deep magma reached the surface
(Sparks et al. 2023; Stinton et al. 2023). However,
the age of this earlier magma is not constrained by
the petrological data and may have been intruded
subsequent to the last eruption in 1979.
Alternatively, gas loss during slow aseismic
ascent of the dome magma from the storage zone
at 8-13 km, followed by rapid (gas-retaining) ascent
could explain the common characteristics of micro-
crystal assemblages in the effusive and explosive
phase. Here the contrasting intensity of seismic
unrest prior to both phases of the eruption is
explained by differing magma ascent rates, as evi-
denced by the rapid increase in lava extrusion rate
prior to the onset of explosive activity (Stinton
et al. 2023) and differences in the microlite popula-
tions of rocks erupted during different phases of
the 2020-21 eruption (Frey er al. 2023). Limited
seismicity during both the precursory and initial
stages of lava extrusion is still consistent with ascent
of the dome magma from a crustal reservoir, given
observations of aseismic conduit formation at other
arc volcanoes (Roman and Cashman 2018). This
poses the question of why ascent rates of magmas
with equivalent storage conditions would be differ-
ent. We suggest that differences in ascent rates
could be related to the architecture of the multi-
layered plumbing system, as evidenced by the pres-
ence of deep-derived troctolite xenoliths with unz-
oned high An plagioclase in explosive products
and deformation sources at c¢. 18 and 6 km depth
(Camejo-Harry et al. 2023). Pressurization of the
deep source may have mobilized the shallow dome-
forming magma; subsequent rapid ascent of deeper
gas-rich andesitic—dacitic melt could have produced
the later explosive activity. This two-stage model is
similar to remobilization of leftover magma (from
the 1970s or later) in the conduit but does not require
formation of groundmass microlites prior to lava
mobilization. Using the microlite assemblage from
earlier explosions in the 2021 sequence, Frey et al.
(2023) investigated late-stage variations in storage
and ascent that could have led to these explosions.
Crucially, factors unrelated to the degassing
behaviour of the magma are hard to reconcile with
the observations. Although the erupted bulk-rock
compositions of the explosive phase are slightly
more mafic than the dome, much of this variation
is controlled by the presence of partially disinte-
grated olivine-rich xenoliths in the latter and may
simply represent sampling bias. Bulk-compositional
control on eruptive style also seems unlikely because
samples from the 1979 eruption record a similar
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chemical spread but effusive activity produced more
mafic bulk-rock compositions. Melt compositional
controls on viscosity (Di Genova et al. 2017) are
also unlikely in crystal-rich basaltic andesite mag-
mas. In contrast, textural differences between dome
and explosive samples (Fig. S1), including reaction
rims on olivine and pyroxenes, reacted microlites
in groundmass, and exsolution of Fe-Ti oxides in
the lava dome samples, can be attributed to slow
cooling and oxidation during dome emplacement
(Saito et al. 2007; Scott et al. 2012; Morrison-Evans
et al. 2023). Given the similarity of macrocrystal
compositions in effusive and explosive samples, it
seems plausible that the transition in eruptive style
is related to differences in ascent rates and outgas-
sing efficiency (e.g. Cassidy et al. 2018). For exam-
ple, if ascent is buoyancy-driven from a source
region at c. 10 km depth, then progressive thickening
of this layer will increase buoyancy forces and
increase ascent rates. We speculate that thickening
of a buoyant layer by injection of andesitic melt in
late 2020 and early 2021 may have played a
‘bottom-up’ role in driving the transition in eruptive
style, although we cannot rule out a ‘top-down’ pro-
cess such as a decompression wave propagating
down the conduit in response to continued extrusion
of degassed lava. Indeed, limited olivine diffusion
timescales of <14 days bracket the seismic precur-
sors to the explosive event; improved spatial and
temporal sample density could further test and con-
strain these models. In summary, differences in
magma ascent rates, likely reflecting the multi-layer
architecture of the plumbing system, are consistent
with the effusive to explosive transition of crystal-
rich basaltic andesite magma of similar composition
and physical properties. Future work could focus on
better defining the relationship between olivine dif-
fusion timescales and geophysical monitoring sig-
nals, as well as constraining the budget of volatiles
such as the CO, content for St Vincent magmas.

Concluding remarks

(1) The 2020-21 eruption of La Soufriere, St Vin-
cent is characterized by both slow extrusion
and explosive eruption of crystal-rich basaltic
andesite magma. The eruptive products are
similar in bulk-rock composition and mineral
chemistry to previous activity of the volcano,
indicating that La Soufriere volcano is cur-
rently in a steady-state regime.

(2) The eruption was fed by magma at about 1000°
C from a reservoir between 8 and 13 km depth.
Plagioclase zonation patterns indicate discrete
transfer between deeper (i.e. about 18 km)
and shallower levels (c. 813 km depth) of
the magmatic system and show no evidence

for chemical interaction or mixing of mafic
and evolved melts. The shallow part of the
intrusive complex beneath St Vincent is likely
comprised of predominantly sub- or near-
solidus material.

(3) The crystal cargo was brought to the surface in
an andesitic—dacitic carrier melt with water
content of >4 wt%. Disruption of the shallow
mush reservoir by the incoming andesite is
suggested by the common occurrence of xeno-
liths and glomerocrysts. Seismic activity
extending to 10 km depth may document
breakup of previously intruded and mostly
solidified magma batches followed by fractur-
ing of the overlying rock burden.

(4) Olivine crystals resided in the melt for months
to years prior to the eruption and were
entrained syn-eruptively by disintegration of
xenoliths and show that intrusion of andesite
melt into the shallow part of the feeding system
occurred shortly prior to the eruption. The
impact of andesite melt on the buoyancy of
the system may have played an important
role in its destabilization.

(5) Lava dome and explosively erupted samples
are nearly identical in phase proportions and
mineral chemistry with no petrological evi-
dence for protracted sub-surface storage and
remobilization of dome-forming magmas. Dif-
ferences in eruptive style at St Vincent likely
reflect outgassing efficiency during magma
ascent occurring at differing rates over the
course of the eruption, possibly in response
to changes in buoyancy forces in the source
region at depth.
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