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Abstract
The Soufriere Volcano on St. Vincent Island, in the Lesser Antilles volcanic arc, is one of the
most active subaerial volcanos in the Caribbean, erupting both explosively and effusively at least
7 times in the last 500 years. In December of 2020, the volcano began erupting effusively,
showing no evidence of degassing and on April 9" of 2021, it transitioned to an explosive
eruption that continued until April 22, with more than 30 eruptions classified as Vulcanian and
sub-Plinian. Scoria samples from three units (U1-U3) erupted in the first 48-72 hours of the
explosive eruptive phase were analyzed in order to determine any petrologic differences and
similarities that would give insights into what triggered the transition in eruptive style and
whether the explosive eruption changed as it progressed. The scoria was classified as basaltic
andesite (52.8-54.2 wt% Si0O3), similar to the compositions of scoria from previous eruptions at
the volcano, with a common mineral assemblage of plagioclase + orthopyroxene +
clinopyroxene + olivine + titanomagnetite. Crystal sizes range from microlites (<10 um) to
>1mm phenocrysts. Phenocrysts in all samples from U1, U2, and U3 are in textural equilibrium,
however they are in chemical disequilibrium with the groundmass glass. Plagioclase is either un-
zoned (Anss.o6) or displays normal zoning with calcic cores (Ansgo-95) and thick (20-50um) sodic
rims (Anss.¢s). Plagioclase microlites compositions in U3 are more sodic than the phenocryst
rims- suggestive of different crystallization depths. Pyroxene phenocrysts are un-zoned (Mg#
0.84-0.58) and microlites are more Fe-rich, with opx more abundant than cpx in U3, whereas
their frequency is approximately equal in U1 and U2. Olivine is present in all samples as un-
zoned phenocrysts (Foso-g7) or zoned phenocrysts with thin (~5 um) Foss rims. Olivine microlites
are abundant in U1 and U2 and are rare in U3. One distinction between the units is the vesicle

size, which appears to become progressively larger over the course of the eruptive sequence,



providing evidence of over-pressurization preceding the initial explosive eruption. The lack of
reversely zoned phenocrysts suggests that a mafic injection did not trigger the explosive
eruption. However, based on the broad range of microlite compositions, which become more
sodic during the eruptive sequence, mineral cores that are not in equilibrium with the melt, and
the two populations of microlites, there is evidence for cryptic magma mingling that occurred
rapidly upon ascent as a slightly more mafic melt rose into the less mafic and pre-existing

magma chamber.
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Introduction

Subduction zone volcanism is one of the most exciting yet terrifying processes that
occurs on Earth, producing large explosions of silica rich magma, large scale earthquakes, ash
plumes that fill the sky, and pyroclastic flows that roll down the flanks of the volcano,
decimating everything in their paths with a mix of hot gasses and ash. Subduction zones produce
stratovolcanoes, which are formed by viscous lava that sticks to slopes of the volcano, building
up around its vent. Stratovolcanoes erupt in multiple ways, including both effusive and explosive
eruption manners, however they can also alternate between both manners throughout the same
eruptive period, which can be extremely dangerous. When erupting effusively, a lava dome tends
to build up and is composed of silicic and viscous lava that extrudes from fissures at a slow rate.
However, when erupting explosively, large plumes of ash and scoria are erupted into the
atmosphere and are followed by pyroclastic flows that sweep down the flanks of the volcano at

speeds of up to 100 mph and over 1000 °C.

Effusive and explosive eruption transitions

Around the world, there are stratovolcanoes that fluctuate between effusive and explosive
eruption styles in which they begin with a series of multiple explosions of scoria and ash,
followed by a sustained period of controlled dome building activity within the crater (e.g. Mount
Saint Helens). They can also begin by erupting effusively and then quickly transitioning into an
explosive eruption within a matter of hours (e.g. Soufriere Hills, Montserrat). Eruptive styles can
be determined by external processes and influences as they are more available to record and
study, but effusive and explosive transitions can also be triggered by internal processes. An

example of this eruption style transition that has been thoroughly studied is at the Methana



volcano, located in the Aegean Sea, which has a long history of effusive to explosive eruption
transitions.

When studying Methana and analyzing what causes the volcano to transition between
eruptive styles, Popa et. al., (2020) found that it is often the internal processes taking place
within the conduit that are likely to provide evidence for changes within the magma chamber.
Based on analyses of previously erupted scoria, as well as effusive dome clasts, evidence was
found that gave insight into what may occur at certain depths within the magmatic system that
leads to effusive and explosive eruptions. The Methana volcanic system showed that based on
equilibrium calculations of phenocryst compositions, zoning patterns, and groundmass glass
compositions, different types of magmatic end-member interactions are going to produce
different types of eruptions. For example, the mixing of upper-crustal silicic magmas (evolved)
with more mafic (recharge) magmas, basaltic andesites, is likely to produce more effusive style
eruptions with scoria compositions being more biased by the mafic recharge component.
However, the mixing of low inputs of upper-crustal silicic magmas with more evolved mafic

recharge magmas are likely to produce explosive eruptions (Popa et. al., 2020).

Geologic setting and research location

Effusive to explosive eruption transitions are also extremely common in the Caribbean
Sea at one of the most active volcanic areas today, the Lesser Antilles, which is a 750 km-long
intra-oceanic island arc that is located in the Caribbean Sea, just north of Venezuela (Fig. 1). The
island arc is created due to the slow subduction (~2-4 cm per year) of the North Atlantic plate
under the Caribbean plate, creating an active volcanic arc that is home to some of the most active

subaerial volcanoes in the world (Fedele et. al., 2021). Among these volcanoes is La Souftiere,



on the island of Saint Vincent, just south of Saint Lucia, which has a long history of active

volcanism, dating back to prehistoric times (Fig. 1). As St. Vincent is located at the southern end

of the arc (St. Vincent to Grenada, north to south), it is considered to be one of the juvenile

products of the Lesser Antilles arc, which means that it is erupting predominantly less evolved

magmas (basalts to andesites). The northern and central sections of the arc (St. Lucia to Saba,

south to north) erupt more evolved magmas, such as andesites, dacites, and rare rhyolites (Fedele

et. al., 2021).
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The Island of St. Vincent and La Soufriere Volcano

La Soufriere is a 1,204 meter stratovolcano, dominating the northern half of the island of
St. Vincent. La Soufriere is one of the most active subaerial volcanic centers in the Caribbean,
having recorded at least 8 separate eruptive periods in the last 500 years (Fig. 1). In the last
century alone, La Soufriere has erupted in four separate periods, 1902-03, 1971-72, 1979, and
most recently in December 2020 — April 2021. While all eruptions have been confirmed based on
radiocarbon dating of charcoal found within volcanic deposits on the island, the 1971-72 lava
dome, 1979 eruption, and 1902-03 eruptions have been thoroughly studied both petrologically
and from historical accounts in order to determine causation for the multiple explosions (Cole et.

al, 2019).

Previous Eruptions

La Soufriere does not always erupt in the same manner as it has documented eruptions
that have been exclusively effusive or explosive, as well as a combination of the two. The 1902-
03 series of explosive eruptions had an extreme impact on the island of St. Vincent, producing
large ash plumes and fallout over the many populated towns around the volcano, which resulted
in more than 1500 fatalities and extensive damage to infrastructure. Throughout the one year
duration of eruptivity, which was preceded by increasing numbers of earthquakes, rockfalls,
landslides, there were three main periods of explosivity, the first beginning on May 7" as the
largest phreatomagmatic explosion due to the crater being filled with water (Pyle et. al, 2018).
The second period of eruptions, occurring from September to October, were smaller in scale and
contained no hydrous component like the first (Fig. 2). The final period of explosivity took place

in March of 1903 before the volcano went back into a resting state. Basaltic andesite scoria



samples from the different periods of the 1902-03 eruptions were analyzed later in order to
determine the internal trigger for the explosive eruptions (Heath et. al., 1998a). Evidence was
found in the reversely zoned textures of the plagioclase phenocrysts in the scoria thin sections, as
well as in the whole rock composition analyses, which determined that there were both basaltic
andesite and basaltic samples (Fedele et. al., 2021). The reverse zoning of the plagioclase, as
well as the basaltic scoria clasts were indicative of a mafic injection in which a hotter and more
mafic magma body was injected into La Soufriere’s main magma chamber. The mixing of the
hotter magma body with La Soufriere’s main magma body created disequilibrium within the
volcano and the build-up of volatiles that over-pressurized system, resulting in the explosive
eruption style (Fedele et. al., 2021).

La Soufriere began erupting effusively in November of 1971 as a lava dome formed over
the course of approximately 5 months (Fig. 2). The effusive activity occurred as a lava dome
accumulated within the crater of the volcano, which was filled by a crater lake. This eruptive
period remained effusive, never transitioning to an explosive eruptive style and the lake held
within the crater remained until the initial explosive eruption in 1979 (Fournier et. al., 2011).
According to Fournier et. al. (2011), the crater lake was filled with fresh water and freshwater
sediments, like organic clays, which likely mixed with hydrothermal fluids below the crater,
resulting in intermingling of fluids that produced disequilibrium and subsequently the explosive
nature of the eruption.

Prior to the most recent eruption that this study will focus on, La Soufriere last sustained
eruptive activity in 1979, beginning in April and ending in late October (Fig. 2). Eruptive activity
began with a large phreatomagmatic explosion, reaching approximately 18km above sea level,

followed by series of Vulcanian style eruptions (Cole et. al, 2019). The explosive eruptions were



short lived, as the final one occurred in early May and was followed by a long period of
effusivity that created the lava dome that filled the crater until activity ended in late October of
1979. Samples from the eruption’s scoria blocks and pyroclastic flow units were sampled in
1981 and were classified as basaltic andesite with a common mineral assemblage of plagioclase,
clinopyroxene, orthopyroxene, olivine, and titanomagnetite (Graham and Thirlwall, 1981).
Phenocryst textures showed mostly euhedral edges with some dendritic growth that was likely
due to super-cooling from the incorporation of liquid of rapidly growing crystal surfaces.
Additionally, clinopyroxene phenocrysts had highly magnesium-rich cores, which suggested the
possibility of some of the magma coming from a more mafic, or primitive, source (Graham and

Thirlwall, 1981).
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Figure 2. A timeline of St. Vincent’s active volcanic history over the last 500 years that includes the 6 documented eruptions, as

well as the most recent eruption in 2021 (Image from Barclay, pers. comm.).



Current transitional eruption

The La Soufriere volcano began erupting effusively in late December of 2020, creating a
lava dome along the western base of the pre-existing 1979 lava dome. The dome building
activity continued over the course of approximately 3 months in which it grew to fill the rest of
the space within the crater that was not taken by the 1979 dome (Fig. 2 and 3). The volcano
transitioned to an explosive eruption style on April 9, 2021, and over the course of the following
two weeks, there were more than 30 separate Vulcanian and sub-Plinian explosions that occurred
in which the ash plume rose 8-16km in height; explosive activity ceased on April 22, 2021
(UWI-SRC FAQ). Pyroclastic flows were a result as the ash from the eruption plumes began to
fall intermittently throughout explosive activity and lahars decimated towns and villages due to
the mixing of the accumulated ash and incoming rain from hurricanes. Volcanic monitoring was
performed by the University of the West Indies Seismic Research Centre (UWI-SRC) for the
duration of the 2021 eruption, from December to the present, allowing for volcanologists to
monitor seismic activity below the island, deformation within the crater and around the flanks of
the volcano, and water samples. Due to the immense monitoring being performed by the UWI-
SRC, the island’s 16,000 person population was evacuated approximately 12 hours prior to the

initial explosion and thus, there were zero casualties.

This study

In order to understand what may have triggered the transition from an effusive to
explosive eruption style, it is important that we look for evidence of both external and internal
triggers. Based on monitoring data that was collected by the UWI-SRC between the start of

effusivity in late December until early April, no evidence has been found for an external



influence on the eruptive style. Therefore, it is crucial to study scoria clasts that were erupted at
the beginning of explosivity in order to determine if there are internal influences from the
magmatic system. Similar to how the Methana volcano was studied by Popa et. al. (2020), we
will look into multiple different aspects of the scoria samples, including bulk whole rock
chemistry, phenocryst and microlite compositions, textures, and zoning patterns, as well as
vesicle size distribution during the initial explosive phases.

Bulk whole rock chemistry is important to understand when studying scoria clasts as it
allows for the classification of the type of lava being erupted based on the overall silica content.
Since different volcano types and locations produce different product compositions, the
composition of the whole rock from the La Soufriere eruption in 2021 can be compared to
historical eruption products in order to see if the magmatic source within the volcano has
changed between periods of eruption.

Phenocryst analysis is crucial in understanding the pressure and temperature conditions
within the magmatic system, as different minerals are stable at different conditions. Once the
common mineral assemblage in the scoria clasts has been classified, we can study the textures of
the phenocrysts and look for signs of disequilibrium that would tell us if the crystals are growing
within the melt or if they are forming in different pressure (P) and temperature (T) conditions.
Thus, we will be looking for textures like coronas, dissolution, embayments, and sieve textures

that will suggest different P/T conditions where they initially grew.
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Figure 3. A satellite image of the progression of growth of the 2021-2022 lava dome that formed in the crater of La Soufriere,
alongside the 1979 lava dome (UWI-SRC Scientific Advisory Report April 4, 2021)

Compositional differences between the products of effusive versus explosive eruptions
are often difficult to identify when trying to understand the internal influences on eruption style,
as the whole rock chemistry represents a mixture of two different magmas. However, textural
and compositional differences of specific crystals within the scoria can be analyzed to gain a

better understanding of what types of magmas may be mixing. Thus, it is crucial to study



phenocryst chemical compositions, microlite chemical compositions, textural differences, and
zoning patterns in order to find evidence of different P/T conditions, volatile content, and magma
sources.

As phenocrysts are the most dominant feature when analyzing scoria under a microscope,
it is important to understand the chemical compositions of each mineral phase in order to
characterize the common mineral assemblage, which also helps to define the main magma body
chamber. Different mineral assemblages are stable at certain pressure and temperature
conditions, which result in different amounts of silica being included in scoria. For example, a
common scoria type for subduction zone volcanoes, specifically La Souftiere, is a basaltic
andesite, which has a common mineral assemblage of plagioclase, clinopyroxene,
orthopyroxene, olivine, and titanomagnetites. Along with the characterization of mineral
compositions, crystal textures provide evidence of the state of equilibrium of the magma prior to
eruption.

While phenocrysts are the first feature to stand out when looking at scoria under a microscope,
more information can be extracted from microlites that are found in the melt. Microlites are
smaller crystals (<100 um), and they give insight into changes within the magmatic system over
very short periods of time. Microlites form upon magma ascent in the conduit and thus, provide
information about how fast the magma is rising, how the pressure and temperature conditions are
changing within the conduit, as well as how long the magma is spending time at certain depths
upon ascent. For example, Preece et. al. (2013) studied groundmass microlites from the 2006
effusive to explosive eruption of Merapi volcano, in Indonesia, and found that higher ascension

rates of magma resulted in a higher density of microlites within the groundmass upon eruption.
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Contrastingly, slower ascension rates of magma, and subsequently lower effusion rates at the
surface result in a lower microlite density in the groundmass (Preece et. al., 2013).

Equilibrium and disequilibrium textures are indicators of internal influences within the
magma chamber that occur prior to eruption. When minerals are in equilibrium with the melt,
that means that they are growing from the melt itself, pulling chemicals out of the melt and
forming crystals through a process called crystal fractionation. Crystals that are in equilibrium
will show defined and euhedral edges. When minerals are in disequilibrium with the melt, they
likely did not form from the particular melt in which they are found. Instead, they would have to
form in another body of magma that is from different pressure and temperature conditions where
they are stable and can form euhedral edges. The crystals are then introduced into another
magma body with melt, volatile, pressure, and/or temperature conditions that may be dissimilar
to those that they formed in, causing the euhedral edges to underdo dissolution. Disequilibrium
textures can appear in many varieties, like sieve textures, reverse zoning, dissolution, coronas, or
and embayments (Preece et. al., 2013).

Other textures that are extremely common in both phenocrysts and microlites are zoning
patterns, which are classified as either normal or reverse, and are most often seen in plagioclase.
Normal zoning patterns are often caused by decreases in water content or temperature within the
magma and can be clearly seen through back scatter electron imaging, performed by a scanning
electron microscope. Phenocrysts that are normally zoned will show heavier cations in lighter
gray shades, and lighter cations in darker gray rims. For plagioclase, normal zoning shows Ca-
rich cores and Na-rich rims whereas while olivine crystals that are normally zoned will show
Mg-rich cores and Fe-rich rims. Reverse zoning shows the opposite trend in which crystals will

show dark gray cores and light gray rims. Reverse zoning of plagioclase is often a tell-tale
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indicator of a mafic injection as an influx of a hotter magma will change the order of
fractionation within the main magma body. The 1902-03 eruption of La Soufriere showed
evidence of reverse zoning of plagioclase in scoria clasts, leading scientists to conclude that the
eruption was triggered by a mafic injection (Graham and Thirlwall 1981).Additionally, gas build
up is one of the most important factors that results in explosive eruptions and therefore, it is
crucial to look for trends in the size of vesicles in the scoria, as well as the number of vesicles
present, which gives context about the rate of nucleation throughout the course of the different
explosive eruptions (Preece et. al., 2013).

The goal of this study is to find evidence that will give insight into what kind of internal
trigger may have caused La Soufriere to transition from an effusive to explosive eruption style so
as to better understand, monitor, and predict future activity at the volcano. In order to do so, it
will be crucial to first characterize what erupted explosively during the 2021 eruption and
understand how it compares to historical eruptions and then use the chemical and textural
evidence to determine how the magmatic system changed through dome growth and explosivity.
Being able to predict effusive and explosive eruption transitions is one of the most challenging
feats in the field of volcanology. However, by studying the eruptive history of the volcanic
system and determining what has triggered the style of eruption in the past, scientists can better
monitor active volcanoes and ultimately, keep those who live near and around volcanic centers

safe.
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Sampling and analytical methodology

Origin and characterization of samples

Scoria clasts from the initial three explosive phases of the La Soufriere eruption were
collected from Sandy Bay (U1 and U2 samples) and Rabacca Bridge (U3 samples), which are
located on the southeast flanks of the volcano (Fig. 4). Samples from U1, U2, and U3 were
deposited within the first 48 hours of explosivity and are characterized by large and small scoria
clasts in the first deposit (U1), ash with thin and intermittent layers of different-sized scoria
clasts (U2), and intermittent layers of ash, larger scoria clasts, and pyroclastic density flow debris
(U3) (Fig. 5). Sixteen clasts total were cut and turned into thin sections with two being from the
first explosive unit (U1), two from the second explosive unit (U2), and twelve from the third

explosive unit (U3).
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Figure 4. A map of the different volcanic centers on St. Vincent, with La Soufriere located in the north. Samples were collected on

the southeast flanks of the volcano, indicated by the red star (Bouysse et al., 1990, Robertson, 2005, and Fedele, et. al., 2021).
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Figure 5. A cross-section of the initial layers of debris that were deposited during the explosive eruptive phase at La Soufriere.
Samples being analyzed are collected from layers U1, U2, and U3, which are depicted at the bottom of the Richmond Vale
Academy sequence.
Geochemical analysis
Whole rock compositions of 2021 scoria samples were obtained through inductively
coupled plasma mass spectrometry (ICP-OES) at Bureau Veritas (Vancouver, CA), which
determined the silica content, all major elements, and select trace elements of the scoria clasts

being analyzed.

Textural analysis

Textural analyses of 2021 scoria samples were carried out using back-scattered electron
(BSE) images of carbon-coated and polished thin sections acquired with a Zeiss EVO MA15
scanning electron microscope (SEM) at Union College, using an accelerating voltage of 15kv, a

beam current of 40.0 pA, and a working distance of 8.5mm. Multiple BSE images were taken of
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crystals of different compositions and size, microlite-dense groundmass, glass textures, and

overall vesicle size and distribution.

Crystal composition analysis

Chemical compositions of phenocrysts and microlites were acquired using the Bruker
EDS spectrometer that is attached to the SEM. Each chemical spectra was then quantified to
gauge elemental abundances in each crystal. All feldspar, pyroxene and olivine spectra were
quantified using “feldsparstandardless” quantification parameters while all magnetite spectra
were quantified using “oxidestandardless” quantification parameters.

Additional crystal and chemical composition analyses were performed by Professor
Matthew Manon at University of Massachusetts in Amherst, using an electron microprobe

(Manon and Frey, 2022, unpublished).

Vesicle size distribution
Vesicle size distribution of scoria clasts from 2021 samples were analyzed and calculated

by Thomas E. Christopher at the Montserrat Volcano Observatory (MVO).
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Results
Bulk Whole Rock Chemistry
U3 samples were analyzed for bulk whole rock chemistry and the scoria samples are
classified as a basaltic andesite (52.8-54.2 wt% SiO» (Fig.6). The composition of the groundmass

is andesite-dacite (62-64 wt% SiO3).
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Figure 6.The TAS (total alkali vs silica) diagram that classifies the bulk whole rock chemistry of the scoria as basaltic andesite in
composition. Sample analyses from the 2021 eruption have been plotted along with samples from historic eruptions at La
Soufriere in order to show how the composition of what was most recently erupted compares to compositions of previous

eruptions (Fedele et. al., 2021).

Petrography
Scoria samples share a common mineral assemblage of plagioclase + orthopyroxene +

clinopyroxene + olivine + titanomagnetite, which is typical of the historic eruptions for La
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Soufricre (Fedele et. al., 2021). Mineral phases range in size from microlites (<100um to >1mm)

phenocrysts and appear as isolated phenocrysts or glomerocrysts with multiple phases.
Xenocrystic fragments are present in few scoria samples from different eruptive units,

showing disequilibrium textures (dissolution) and mineral compositions representative of

hydrothermal alteration during dome building events (pyrite, albite, hematite).

Mineral Phases
Plagioclase- phenocrysts

Plagioclase crystals occur in all samples from the first (U1), second (U2), and third (U3)
explosive units as microlites (smaller than 50pm) to phenocrysts that are larger than 1mm in
diameter. Plagioclase phenocrysts in U1 appear as isolated and euhedral or shattered due to the
force of the eruption, but there is no evidence of disequilibrium textures, such as coronas,
embayments, or sieve textures (Fig. 7). Phenocrysts occur both un-zoned and normally zoned in
all samples while un-zoned phenocrysts are most common. Un-zoned phenocrysts span a range
of compositions (Aneo-95) with a broad peak of An7s.9s. Normally zoned phenocrysts show calcic
cores with thick (20-50pm) sodic rims. Core compositions peak at Anzs.9s and rim compositions
peak at (Ansg.es) (Fig. 8). Phenocrysts in U2 show the same euhedral shape and textures, as well
as appearing both un-zoned and normally zoned (Fig. 9). Un-zoned phenocrysts and normally
zoned cores are largely calcic (An7s.95) while normally zoned rims remain largely sodic (Anss.ss),
similar to crystals studied in U1 (Fig. 10). More than half of the plagioclase phenocrysts in U3
samples feature distinct normal zoning, with calcic cores and thick sodic rims (Fig. 11). Un-
zoned phenocrysts compositions range from Anse.96 with a peak around Ango.9s. Normally zoned

cores are largely calcic (Ango-95) while rims are largely sodic (Ansg.es) (Fig. 12).
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Plagioclase- microlites

Plagioclase microlites occur in all samples from U1, U2, and U3 as a range of sizes from
<2um to 100um (Fig. 13). Microlite compositions in U1 cover a broad range of Anso-os, with
most samples falling within an anorthite composition of Anss.os, and a significant number are
more calcic than phenocryst rims (Fig. 8). Microlites in U2 not as calcic as in U1, having
compositions of An7o.gs and a peak at An7s.go (Fig. 10). Microlites in U3 are generally more sodic
(Angs.es) than microlites in Ul and U2, as well as the phenocryst rims (Aneo-70) in all units. In
addition, there appear to be two separate populations of microlites, one of which is normally
zoned and the other being Na-rich and un-zoned (Fig. 13). Microlites appear in all three eruptive
phases as both un-zoned and normally zoned (Fig. 8, 10, and 12). Zoned microlites are most
abundant in U1, but progressively decrease in number through the eruptive sequence to U3 (Figs.
14, 15, 16). The un-zoned microlites have An compositions that range Anss-Anzo and the
normally zoned microlites have calcic cores that have a compositional range that goes up to
Anos, however the rims of these microlites remain similar in composition to the un-zoned

microlites.
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Figure 7. A BSE image from U1 showing that plagioclase crystals are typically euhedral, with some shattered by the force of the
eruption.
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Figure 8. A histogram of plagioclase in U1 that is plotting number of plagioclase cores, normally zoned rims, and microlites

within bins of 5 mol% anorthite.
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Figure 9. A BSE image from 21 showing plagioclase phenocrysts from U2 as euhedral and isolated, as well as both un-zoned (PI-
10) and normally zone (PI-11).
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Figure 10. A histogram of plagioclase in U2 showing that phenocryst cores are largely calcic (An75-95) while rims remain largely
sodic (An55-65), and that microlites are not as calcic as in U1.
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Figure 11. A BSE image of normally zoned plagioclase phenocrysts in U3, showing distinct calcic cores and thick sodic rims.
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Figure 12. A plagioclase histogram from U3 showing the overall range of compositions, as well as phenocryst cores and rims that
are comparable to U1 and U2. Distinctively, microlite compositions in U3 are more sodic (Anss.¢s) than the phenocryst rims (Ango.

70) .

25



EHT=15.00 kV Signal A= HDBSD Date :25 Jun 2021
| | WD = 8.0 mm Mag= 1.09KX File Name = 4115V G6-Spot8

Figure 13. A BSE image of plagioclase microlites, as well as other mineral phases, growing in the melt.
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Figure 14. A pie chart showing the proportion of normally zoned plagioclase microlites and un-zoned plagioclase microlites in
Ul1.

Figure 15. A pie chart showing the proportion of normally zoned plagioclase microlites and un-zoned plagioclase microlites in
u2.

27



Zoned Unzoned

Figure 16. A pie chart showing the proportion of normally zoned plagioclase microlites and un-zoned plagioclase microlites in
Us.

Plagioclase- FeO content and glomerocrysts

Plagioclase crystals contain minimal amounts of iron in their compositions, however it
appears that over the course of the three eruptive phases, U1, U2, and U3, the Fe content
increases for glomerocrysts while staying the same for isolated phenocrysts. Additionally,
normally zoned microlites have relatively constant FeO content over the course of the first three
eruptive phases while un-zoned microlites have higher and more variable FeO content (Fig. 17).
In U1, the iron oxide content is approximately the same for both isolated phenocrysts and
phenocrysts present in glomerocrysts (Fig. 18). In U2, the iron oxide content is slightly higher in
the glomerocrysts than it is in the isolated phenocrysts (Fig. 19). In U3, the FeO content is even
higher in the glomerocrysts, showing a clear difference between the isolated phenocrysts and
glomerocrysts (Fig. 20). Additionally, normally zoned microlites show little variation in iron
content (~0.6-0.9 wt%) in all samples, but a wide compositional range for anorthite content (~50-

95 mol%). The un-zoned and Na-rich microlites show increased variability of iron content (~0.6-

28



1.4 wt%) in all three initial explosive phases, but a more limited anorthite compositional range

(~45-60 mol%) (Fig. 17).
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Figure 17. A scatter plot comparing the iron oxide content to the anorthite content of U1, U2, and U3 normally zoned
phenocrysts, normally zoned microlites, and un-zoned microlites.
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Figure 18. A scatter plot comparing the U2 iron oxide content in isolated plagioclase phenocrysts and plagioclase phenocrysts
present in glomerocrysts.
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Figure 19. A scatter plot comparing the U2 iron oxide content in isolated plagioclase phenocrysts and plagioclase phenocrysts
present in glomerocrysts.
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Figure 20. A scatter plot comparing the U3 iron oxide content in isolated plagioclase phenocrysts and plagioclase phenocrysts
present in glomerocrysts.
Olivine- phenocrysts
Olivine occurs in U1, U2, and U3 and their abundance varies across the samples, being

most abundant in U1 and least in U3. Olivine phenocrysts (100um-1mm) in U1 are euhedral and
largely un-zoned with compositions of Foss.g0, however some have very thin (<5 um) Fe-rich
rims that are too thin to analyze by SEM. Olivine is present as both isolated phenocrysts and with
other phases as glomerocrysts (Fig. 21 and 22). Phenocrysts in U2 are euhedral and largely un-
zoned with variable compositions (Foso-s0), while also presenting as isolated and in
glomerocrysts (Fig. 23 and 24). Fe-rich rims are also present in U2 but similar to U1, are too thin

to get accurate analyses by SEM. Olivine phenocrysts in U3 occur as both euhedral and isolated,
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as well as in glomerocrysts. Phenocrysts are largely un-zoned (Fose-90), however few have very

thin Fe-rich rims are too thin to analyze by SEM and are likely inaccurate (Fig. 25 and 26).

Olivine- microlites

Olivine microlites occur in all samples from U1, U2, and U3, however they vary in
abundance throughout the separate eruptive phases being most abundant in U1 and least in U3.
There appears to be a relationship between the change in abundance of olivine microlites with
the change in abundance of orthopyroxene microlites. Olivine microlites are abundant in U1
relative to orthopyroxene microlites and olivine compositions range from Foso-s0 (Fig. 22). In U2,
olivine and opx microlite abundance are approximately equal and olivine compositions range
from Foeo-g0, similar to U1 (Fig. 24). Olivine microlites are rare compared to opx microlites in
U3 and cover a broader variety of compositions, ranging from Foss_go, similar to the

compositions of the phenocrysts (Fig. 26).

Olivine- glomerocrysts

Olivine is present in glomerocrysts in all three eruptive phases, however, are most
commonly found in glomerocrysts in U3 samples. Olivine in Ul glomerocrysts show a broad
compositional range of Foss.gs (Fig. 22). Olivine in U2 glomerocrysts show less variance in
compositions (Foss.75) (Fig. 24). Olivine in U3 glomerocrysts show broad variety of

compositions (Foss.os) with a large peak at Fogs.7s (Fig. 26).

33



EHT=15.00 kV Signal A= HDBSD Date :11 Nov 2021
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Figure 21. A BSE image of an un-zoned olivine phenocryst in U1, occurring with other mineral phases as a cumulate xenolith.
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Figure 22. A histogram of olivine in U1, showing the compositional ranges of both un-zoned phenocrysts, phenocrysts present in
glomerocrysts, and microlites.
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Figure 23. A BSE image from U2 of a zoned olivine occurring among other isolated mineral phases in the melt.

36



U2 ol

25

20

15
>
o
o
=l O U2 glomerocrysts
E W U2 microlites
10
m U2 phenocrysts
5
0 t t t

90 95 100

Fo wt%

Figure 24. A histogram of olivine phenocrysts (isolated and in glomerocrysts) and microlites in U2, showing compositional ranges
of each.
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WD = 9.0 mm Mag= 156 X File Name = 411SVG1A-Spo

Figure 25. A BSE from U3 of a euhedral and isolated phenocryst.
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Figure 26. A histogram depicting the compositional range and frequency of olivine in U3. Phenocrysts are largely un-zoned but
appear both isolated and in glomerocrysts. Microlite compositions do not vary outside of phenocryst compositions.

Clinopyroxene (Cpx)- phenocrysts

Clinopyroxene crystals are present in all eruptive phases as euhedral and un-zoned
phenocrysts (100pum-1mm). Cpx phenocrysts in U1 occur as isolated and as part of
glomerocrysts and they are largely un-zoned (Fig. 27). Phenocryst compositions range from Mg#
0.65-0.80 with very few rims that range Mg# 0.70-0.80 (Fig. 28). Cpx phenocrysts in U2 occur
as isolated and euhedral, as well as included in other mineral phases, yet they remain
compositionally similar to cpx phenocrysts observed in U1 samples, ranging from Mg# 0.70-
0.75 (Fig. 29 and 30). There is minimal zoning of cpx in U2, but the very few rim compositions
are Mg# 0.75-0.8 (Fig. 30). Cpx phenocrysts that are in U3 samples are euhedral and occur as

isolated crystals, as part of glomerocrysts, and are both zoned and un-zoned (Fig. 31). Un-zoned
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phenocrysts, and the cores of those that are normally zoned, have compositions that range Mg#
0.65-0.90 while the very few normally zoned rims have compositions that range Mg# 0.75-0.85

(Fig. 32).

Clinopyroxene (Cpx)- microlites

Clinopyroxene microlites occur in all samples from U1, U2, and U3 and are relatively
equal in abundance throughout all eruption phases. Microlite compositions in U1 vary slightly
with a range of Mg# 0.65-0.8 whereas the compositions in U2 and U3 show greater variance.
Microlite compositions in U2 show a more Fe-rich and broader range of Mg# 0.5-0.8 while U3
compositions show a broad range of Mg# 0.55-0.75 that correlates similarly with phenocryst
compositions. Microlites appear more Fe-rich than phenocrysts in U2 and U3 than in U1 (Fig.

28, 30, 32).

Clinopyroxene (Cpx)- glomerocrysts

Clinopyroxene is present in glomerocrysts in all three eruptive phases but are most
commonly found in glomerocrysts in U3 samples. Cpx in U1 glomerocrysts show the same
compositional range as isolated phenocrysts (Mg# 0.65-0.80) (Fig. 28). Phenocrysts in U2
glomerocrysts also show the same compositional range as isolated phenocrysts (Mg# 0.70-0.75),
and those present in U3 glomerocrysts continue to show the same compositional range as

isolated phenocrysts (Mg# 0.65-0.90) (Fig. 30 and 32).
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Figure 27. A BSE image of clinopyroxene in a U1 sample occurring as part of a shattered glomerocryst.
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Figure 28. A histogram of clinopyroxene phenocrysts and microlites from U1 showing that zoned and un-zoned phenocryst and
microlite compositions range from Mg# 0.65-0.80.
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EHT = 15.00 kV Signal A= HDBSD Date 4 Nov 2021 W

WD = 12.0 mm Mag= 330X File Name = L S21-22A-spot3

Figure 29. A BSE image of a euhedral and isolated clinopyroxene phenocryst in a U2 sample.
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Figure 30. A histogram of clinopyroxene phenocryst and microlite compositions from U2 in which phenocrysts have a peak at
Mg# 0.70-0.75, whereas microlites are more Fe-rich.
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EHT=15.00 kV Signal A= HDBSD Date :7 Jun 2021
| | WD = 9.5 mm Mag= 184X File Name = 411SVG1A-Spoi

Figure 31. A BSE image of clinopyroxene phenocrysts in U3, occurring both in isolation and among other phases in a
glomerocryst.
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Figure 32. A histogram of clinopyroxene phenocrysts, microlites, and glomerocrysts in U3, showing that phenocryst and
glomerocryst compositions peak at Mg# 0. 70-0.75, but span a large range (Mg# 0.50-0.90), while microlites are more Fe-rich
(Mg# 0.55-0.70).

Orthopyroxene (Opx)- phenocrysts

Orthopyroxene crystals are present in all samples from U1, U2, and U3 and are
commonly seen as isolated phenocrysts or as part of glomerocrysts. Phenocrysts (100pum-1mm)
are euhedral and show no evidence of disequilibrium textures (sieve textures or coronas) or
zoning patterns (Fig. 33). Additionally, phenocrysts show little variation in compositions in all
samples. Opx phenocrysts compositions in Ul show a range of Mg# 0.65-0.75 with a large peak
at Mg# 0.70 (Fig. 34). Compositions of euhedral and un-zoned phenocrysts are similar in U2,
however all compositions fall within the range of Mg# 0.65-0.70 (Fig. 35 and 36). Opx

phenocrysts in U3 are minimally zoned, but mostly un-zoned and isolated with few as part of
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glomerocrysts (Fig. 37). Phenocrysts show similar compositions to Ul and U2 with compositions

ranging Mg# 0.5-0.80 with a peak at Mg# 0.70 (Fig. 38).

Orthopyroxene (Opx)- microlites

Orthopyroxene microlites are present in all samples from the three different eruptive
phases (Fig. 39). Similar to the olivine microlites, opx microlites show the opposite trend in
abundance in which they are least abundant in U1 and most abundant in U3. While opx
microlites are less abundant than olivine in U1, they are equally as abundant cpx. The
compositions of opx microlites in U1 appear to be Fe-rich with a range of Mg# 0.60-0.65 (Fig.
34). Microlites in U2 show more variable compositions than in Ul (Mg# 0.60-0.75), but opx and
cpx microlites remain similar in abundance (Fig. 36). Microlites in U3 are more Fe-rich (Mg#

0.55-0.65) than phenocrysts and opx microlites are more abundant than cpx microlites (Fig. 38).

Orthopyroxene (Opx)- glomerocrysts

Orthopyroxene is present in glomerocrysts in all three eruptive phases, however, is most
commonly found in glomerocrysts in U3 samples. Orthopyroxene in U1 glomerocrysts show the
same compositional range as isolated phenocrysts (Mg# 0.65-0.80) (Fig. 33). Phenocrysts in U2
glomerocrysts also show the same compositional range as isolated phenocrysts (Mg# 0.70-0.75),
and those present in U3 glomerocrysts continue to show the same compositional range as

isolated phenocrysts (Mg# 0.65-0.90) (Fig. 36 and 38).
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EHT=15.00 kV Signal A= HDBSD Date :11 Nov 2021
WD= 9.5 mm Mag= 177X File Name = L521-32bA-spot.

Figure 33. A BSE image of an orthopyroxene phenocryst in U1 that is euhedral and among other mineral phases.
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Figure 34. A histogram comparing orthopyroxene phenocryst and microlite compositions in U1, showing that phenocrysts are
more Mg-rich (Mg# 0.65-0.75), whereas microlites are more Fe-rich, (Mg# 0.6-0.65).
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EHT=15.00 kV Signal A= HDBSD Date :4 Nov 2021
WD = 12.0 mm Mag= 128X File Name = L S21-22A-spot5.

Figure 35. A BSE image of an isolated, euhedral, and un-zoned orthopyroxene phenocryst in U2 that has been shattered by the
force of the eruption.
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Figure 36. A histogram comparing orthopyroxene phenocryst, glomerocryst, and microlite compositions from U2, showing that
phenocrysts and glomerocrysts have little variation (Mg# 0.65-0.7), whereas microlites are more variable (Mg# 0.60-0.75).
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EHT=15.00 kV Signal A= HDBSD Date :22 Jun 2021
WD = 9.0 mm Mag= 304X File Name = 4115V G8-Spot1

Figure 37. A BSE image of isolated and euhedral orthopyroxene phenocrysts in U3.
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Figure 38. A histogram showing differences in compositions between orthopyroxene phenocrysts, glomerocrysts, and microlites
in U3. Phenocrysts and cores are more Mg-rich whereas microlites are more Fe-rich.
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EHT=15.00 kV Signal A= HDBSD Date :16 Jun 2021
| WD = 6.0 mm Mag= 952X File Name = 411SVG3-Spot3

Figure 39. A BSE image of an orthopyroxene microlite in the melt from U3.

Titanomagnetite

Titanomagnetite crystals are present in all samples from U1, U2, and U3 and are uniform
in composition throughout each eruptive phase. Phenocrysts are euhedral and un-zoned,
occurring isolated and as part of glomerocrysts (Fig. 40, 41, and 42). Ttm phenocryst

compositions in all three eruptive phases have a range of Mg# 0.02-0.10.
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EHT = 15.00 kV Signal A= Date :11 Nov 2021
WD= 9.5 mm Mag= 192X File Name = LS21-33bA-spot

Figure 40. A BSE image of a titanomagnetite phenocryst in U1 among other mineral phases.
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Signal A= HDBSD Date :28 Octf 2021
Mag= 304X File Name = LS21-31b-B-spo

A

WD = 13.0 mm

Figure 41. A BSE image of titanomagnetite phenocryst in U2 among other mineral phases in a xenocryst.
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200 jim EHT=15.00 kV Signal A= HDBSD Date :17 Jun 2021
| I WD= 9.5mm Mag= 87X File Name = 411SVG11-Spof,

Figure 42. A BSE image of titanomagnetite phenocryst in U3 among other mineral phases in a glomerocryst.

Dome Fragments and Xenocrysts

A few distinctive clusters of minerals are present in samples from U1, U2, and U3 and
appear broadly similar to glomerocrysts that are growing in the melt. However, these clasts are
composed of more oxides and phosphates, such as apatite, pyrite, hematite, and/or ilmenite.
Additionally, they often appear to show hydrothermal alteration or disequilibrium textures (like

dissolution along crystal margins or sieve textures) (Fig. 43)
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EHT = 15.00 kV Signal A= HDBSD Date :28 Oct 2021
WD = 13.0 mm Mag= 196X File Name = LS21-31h-B-spo

Figure 43. A BSE image of a xenocryst that includes plagioclase, orthopyroxene, and ilmenite. It also shows sieve textures
throughout the different mineral phases.

Vesicle Size Distribution

The size of vesicles in samples from U1, U2, and U3 increases as the eruption progresses.
Show. U1 samples are characterized by more than 60% of vesicles that are smaller than 10 um in
size (Fig. 44). U2 samples are characterized by ~43-53% of vesicles that are smaller than 10 pm
in size (Fig. 45). U3 samples are characterized by less than 20% of vesicles that are smaller than

10 um in size (Fig. 46). Collectively, this shows a distinct relationship that represents expansion

and coalescence of vesicles over time.
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100 pym EHT = 15.00 kV Signal A= HDBSD Date :1 Mar 2022
WD= 9.0 mm Mag= 250X File Name = L521-33b-B-Ve: if

Figure 44. A BSE image of the vesicle size distribution in U1.

EHT = 15.00 kV Signal A= HDBSD Date :21 Oct 2021
WD = 13.0 mm Mag= 250X File Name = LS21-22A-Vesic;

Figure 45. A BSE image of the vesicle size distribution in U2.

A

0 pm EHT = 15.00 kV Signal A= HDBSD Date :7 Jun 2021
WD= 9.0 mm Mag= 247X File Name = 411SVG1A-Spof les1.

Figure 46. A BSE image of the vesicle size distribution in U3.
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Gas and hydrothermal monitoring

Hydrothermal water samples were analyzed during the effusive eruption period and there
was no change in elemental abundances during the dome growth phase, even just 6 days prior to
the explosive eruption (Fig. 47). A slight temperature increase was noted during this period but
there was no detection of degassing. Degassing was detected after the volcano transitioned to an
explosive eruption style. Additionally, gas monitoring by UWI-SRC around the flanks of the
volcano showed some CO; efflux and vegetation death, but no SO> was detectable during dome

growth. One the explosive began, SO, was readily detected by both satellites and MultiGAS.
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Figure 47. A chart showing the different elements present in hydrothermal water samples at the Boiling Lake and Valley of
Desolation in Dominica (normalized to local meteoric water) compared to the amount present at Walibou hot springs (St.
Vincent) in 2021. As depicted by the red, orange, and yellow lines, there is no change in water composition prior to the explosive
eruption phases.
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Discussion

Origin of Soufriere magmas — comparison of current magma to prior magmas

According to bulk rock chemistry, the scoria erupted in 2021 has a silica content that
ranges ~53-57 wt%, which appears to be similar to what La Soufriere has erupted in the last 500
years (Fig. 6). La Soufriere’s most common mineral assemblage remains the same as in prior
eruptions, including plagioclase, clinopyroxene, orthopyroxene, olivine, and titanomagnetite.
These phenocryst mineral phases are growing in equilibrium with a melt as they have euhedral
edges and show no evidence of disequilibrium textures. Xenocrysts, which are very rare (only
~3-4 small fragments in 16 samples), are easily identifiable among glomerocrysts that are
growing in equilibrium with the melt because they include mineral compositions, such as pyrite,
apatite, and hematite, that are not found growing isolated in the melt in any thin sections (Fig.
48, 49). Mineral compositions like these are indicative of hydrothermal fluids in the magma and
due to their rarity and textural disequilibrium, it is more likely that they were included from

elsewhere rather than growing in the melt that produced phenocrysts.
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100 um EHT = 15.00 kV Signal A= HDBSD Date :25 Jun 2021
| | WD= 8.5mm Mag= 126 X Fife Name = 411SVG6-Spot4.

Figure 48. A BSE image of a xenocryst, or foreign rock inclusion, showing disequilibrium textures in the scoria erupted in U3. This
xenocryst is likely a fragment of the pre-existing 1979 lava dome that got included in the scoria erupted in 2021, or it may be a
xenocryst that was growing on the walls of the conduit and was then picked up by the magma in that erupted in 2021.
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20 um EHT= 1500k Signal A = HDBSD Date :25 Jun 2021
| | WD= 8.0 mm Mag= 524X File Name = 4115V G6-Spotd

Figure 49. A BSE image (zoomed in on fig. 48) of a xenocryst that has been picked up from either the 1979 lava dome or the
walls of the conduit. The image is showing a clear view of hydrothermal alteration and disequilibrium textures (sieve textures),
as well as mineral compositions, like hematite, apatite, and pyrite, that do not form readily in oxidized silicic magmas. Thus, the
unique mineral presence and disequilibrium textures provide direct evidence that this clast did not grow in the basaltic andesite
melt and was instead included from elsewhere.

Crystal textures and compositions — introduction of magma from depth

It is clear that according to textures, the phenocrysts appear to be growing in equilibrium
with a melt, however normal zoning patterns of plagioclase and clinopyroxene suggest that
temperature conditions and/or the water content in the magma were not constant (Frey and
Lange, 2011). Specific to normally zoned plagioclase, normally-zoned calcic cores were
indicative of higher temperature crystal fractionation while the sodic rims indicated cooler

temperature or lower water content conditions. This sort of change in magma chamber conditions
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is common however, and results in the normal zoning patterns seen by the crystals in the scoria
clasts (Lange et. al., 2009).

While microlite compositions of olivine, pyroxenes and titanomagnetites do not provide
an abundance of insight into the innerworkings of the magmatic system of La Soufriere,
plagioclase microlites appear to more complex than initially understood prior to recent analysis.
Normally zoned plagioclase phenocrysts likely have grown in the melt over a longer period of
time than microlites as they are much large in size. According to the timing of how crystals grow
in the melt, however, it is expected that normally zoned plagioclase rims are going to be the last
part of the crystal to grow prior to eruption. At the same time, microlites are also expected to be
the last crystals to nucleate and grow upon ascent in the conduit. Thus, plagioclase microlites and
plagioclase phenocryst rims should have the same chemical compositions if they are growing at
the same time (Bernard and deMaisonneuve, 2020). Instead, plagioclase microlite compositions
change over the course of U1, U2, and U3 becoming progressively more sodic. In U3, it is
evident that plagioclase microlites are more sodic than the phenocryst rims, which suggests that
the microlites and phenocrysts are not forming in the same melt. Phenocrysts likely formed in the
melt over a long duration of time, perhaps multiple months, which is why they are so large,
however, after analyzing the chemical equilibrium of the phenocrysts, it was concluded that the
phenocrysts are not in chemical equilibrium with the melt. It is possible that something happened
to the melt to change its overall composition, perhaps the introduction and mixing with a more
mafic magma, after the phenocrysts had already grown (Frey and Lange, 2011). This hypothesis
can be supported by looking into the FeO content and An content of the phenocrysts in

comparison with the microlites (Fig. 17).
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When looking into the FeO content of the phenocrysts versus the microlites, two
discoveries can be made that assume that there are separate populations of microlites that are
being introduced upon magma ascent, after the growth of the phenocrysts. Since phenocrysts do
not form upon magma ascent in the conduit like microlites, it is assumed that they must have
grown prior to the growth of any microlites (Bernard and deMaisonneuve, 2020). However,
plagioclase phenocrysts have similar compositional ranges to the microlites, suggesting that they
must be coming from similar depths. If the phenocrysts and microlites are forming at similar
depths, it can be assumed that they likely formed at similar temperatures and similar basaltic
andesite magma compositions, but ultimately formed at very different times (Bernard and
deMaisonneuve, 2020).

Apart from the phenocrysts, there are two separate populations of plagioclase microlites
that, according to ranges within anorthite content, are either zoned or un-zoned. Further, the iron
content is distinctive within the populations of zoned and un-zoned microlites (Fig. 17). The
normally zoned microlites show little variation in iron content (~0.6-0.9 wt%) in all samples, but
a wide compositional range for anorthite content (~50-95 mol%). The un-zoned and Na-rich
microlites show increased variability of iron content (~0.6-1.4 wt%) in all three initial explosive
phases, but a more limited anorthite compositional range (~45-60 mol%).

It is important to take into account both the FeO content and the anorthite content in
terms of understanding the source and timeline of growth of the plagioclase microlites in relation
to the growth and source of the plagioclase phenocrysts. First, the FeO wt% in the microlites is
higher than that of the phenocryst rims of the same An content, suggesting that the microlites and
the phenocrysts could not have grown over the same timeline and in the same compositional

body of magma. Instead, they had to have grown in separate bodies of magma that are similar in
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composition, likely both basaltic andesites, but the body in which the microlites grew was more
Fe-rich (Lange et. al., 2009). The differences in anorthite compositions also suggest that the
calcic cored microlites formed earlier than the un-zoned microlites, in a different, more mafic (or
wetter) melt, likely at greater depth. Then, upon ascent, they grew sodic rims (due to cooling of
the magma) and the new, un-zoned microlites began to grow (Lange et. al., 2009).

Based on the FeO content analyses and the evidence for the two separate populations of
microlites, the normally zoned and Na-rich and un-zoned microlites likely formed in two
separate magma chambers, one of which was likely at a greater depth and temperature (Sisson
and Grove, 1993). Since Ca is typically the first element to fractionate into plagioclase at higher
temperatures, it is likely that the normally zoned microlites formed in a hotter and more mafic
melt at greater depth. This melt then likely rose into the main magma chamber of La Soufriere,
which is located at a higher depth and subsequently cooler temperature, resulting in more Na-
rich microlites. As the Ca-rich microlites in the more mafic melt ascended into the cooler melt of
the main magma chamber, it is suspected that they then grew the sodic rims, resulting in both the
pre-existing Na-rich microlites and the normally zoned microlites, which have the same range in
FeO. It is also suspected that even though the Ca-rich microlites came from a more mafic melt at
depth, the silica content of the melt in the main magma chamber and the melt at depth were
perhaps not different enough in silica composition to warrant the classic disequilibrium textures
that are commonly seen in the case of a mafic injection. Instead, the more mafic melt may have
only been slightly more mafic and/or hydrous, which it would be different enough to create
disequilibrium and the build-up of volatiles, but not the classic disequilibrium textures since it

was likely composed of the same common mineral assemblage (Melekhova et. al., 2015).
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Closed to open system transition — hydrothermal gas analysis

Based on hydrothermal and gas analyses, it is likely that La Soufriere was a closed
magmatic system prior to transitioning to its explosive eruptive style (Joseph et. al., 2011). Water
sample analyses, however, that were conducted during the four months of effusive activity
(February to early April) do not show any changes or elevated levels of hydrothermal ions (e.g.
Li, SO4) in hydrothermal waters on the island, even on April 3, which was only a few days
before the volcano became explosive (Fig. 47). Therefore, it is likely that due to the lack of
proper degassing, the volcano was being plugged by something, perhaps the 1979 dome and the

2020-2021 dome, resulting in a build of gases in the magmatic system (Cassidy et. al., 2018).

Closed to open system transition — vesicle nucleation and coalescence

Vesicle distributions and sizes from U1, U2, and U3 samples contribute evidence that the
volcano was a closed system prior to explosivity. Ul samples were characterized by more than
60% of vesicles that were smaller than 10 um in size (Fig. 44). The vesicles were likely smallest
in this phase due to super saturation and high degree of nucleation when the magma was under
the closed-system pressure prior to explosivity (Cassidy et. al., 2018). U2 samples were
characterized by ~43-53% of vesicles that were smaller than 10 um in size (Fig. 45). These
vesicles were slightly larger than those in the initial phase as the initial explosion caused La
Soufriere to transition from a closed to open system. Thus, once the system became open, the
vesicles had more time to expand and coalesce in the conduit prior to being erupted in the second
phase of explosive activity. U3 samples were characterized by less than 20% of vesicles that

were smaller than 10 um in size and the vesicles are largest in these samples due to having spent
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the most time in the conduit (Fig. 46). This extended period of time allowed spent in the open-
system conduit allowed them to expand and coalesce before they were erupted in the third phase

of explosive activity (Blower et. al., 2001).
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Conclusion

Eruptive style transitions are very common at subduction zone volcanic sites around the
world and La Soufriere’s eruptive history, and most recent activity, is a prime example of how
quickly these transitions can occur. While no evidence of a mafic injection was found in crystal
textures (e.g. reverse zone, embayments, dissolution), there were two distinct populations of
microlites found throughout all three eruptive phase samples, suggesting that the zoned, Ca-rich
microlites were being injected into the magma chamber from greater depth, introducing a hotter
and less evolved magma into La Soufriere’s system. While the magma was hotter and likely
more mafic, there was not a large enough contrast between the existing magma composition and
the new magma to result in a textural fingerprint. Instead, it is possible that the compositional
difference was slightly lower in SiO, which is why there were no disequilibrium textures
evident in the scoria samples. However, the compositional difference must have been great
enough to produce enough volatile build up within the closed system to result in an explosive
eruption.

If the volcano had been going through a solely effusive eruption as an open system,
especially during the four months of effusivity prior to explosion, there would have been
noticeable CO; and SO> gas emissions and elevated Li, Br, and SO4 signatures in water samples.
Instead, all that was present was a slightly raised water temperature. This suggests that the
volcano was likely plugged, creating a closed system that was not allowing for gases to be
released and ultimately, a build-up in volatiles and pressure that resulted in the explosions
beginning on April 9, 2021.

This case shows just how important it is to understand the inner workings of extremely

active volcanic centers, especially those that are highly populated, like La Soufriere. It is
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becoming increasingly more important to understand what causes effusive to explosive
transitions, especially since the flanks of these volcanoes are home to thousands of people. La
Soufriere, alone, has a well-known and active history of both effusive and explosive eruptions
that have resulted in many deaths (e.g. 1,500 deaths in 1902) and so it is necessary to continue
researching the internal mechanisms that result in eruptive transitions so that research stations
and organizations, like the UWI-SRC may improve their monitoring techniques and better
predict future eruptions. By combining petrology with geophysical monitoring techniques, we

may better be able to predict eruptive styles and transitions in the future.
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