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ABSTRACT

In subduction zones, it is widely established that magmas are stored as crystal dominated
mush within sub-volcanic plumbing systems. In these mush-dominated systems, it is likely
that melt-mush reactions between migrating melts and the pre-existing mush influence the
chemical evolution of magmas. However, melt-mush reactions and their effect on the
chemical evolution of arc magmas can be elusive and cannot be constrained when studying
erupted lavas in isolation. In this study, we focus on the island of St. Vincent in the,Lesser
Antilles volcanic arc because (1) the composition of erupted lavas has beeninterpreted to
reflect simple fractional crystallisation, with minimal influence of other magmatic processes,
and (2) an abundance of plutonic xenoliths (erupted fragments ‘efCrystal mush) can be found
within the eruptive products. Thus, we are able to compare interpretations gleaned from the
chemistry of erupted lavas with new observations'ef.the erystal mush in the same magmatic
system. To this end, textural analyses were undertaken on seventeen representative plutonic
xenoliths from St Vincent, and four of'these samples (two olivine gabbros, two hornblende-
olivine gabbros) were studied in‘tletail wia element mapping, mineral trace element analyses
and geochemical modellingsThe'ehemical, textural and mineralogical characteristics of the
olivine gabbros weredest explained via fractional crystallisation in the mid-upper crust (~6-
18 km depth). However, the hornblende-olivine gabbros (two of seventeen samples studied)
contained'clear textural evidence for melt-mush reaction in the mid-upper crust. The trace
element compositions of minerals such as clinopyroxene in these two samples were best
reproduced via assimilation-fractional crystallisation modelling, simulating melt-mush
reactions, supporting the textural evidence. Our plutonic xenoliths reveal that in addition to
fractional crystallisation, cryptic (i.e. not directly recorded in lavas) melt-mush reaction
processes also contribute to magma chemical evolution, particularly influencing trace

elements, within the sub-volcanic plumbing system. Textural evidence for melt-mush reaction
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Is increasingly reported in plutonic xenoliths from other active arcs and exhumed arc crustal

sections, suggesting that this process is ubiquitous in mush-dominated arc plumbing systems.

Melt-mush reaction therefore represents an important process contributing to arc magma and

arc crust trace element chemical diversity.

Keywords: geochemistry; igneous petrology; magmatic plumbing systems; melt-mush

reaction; fractional crystallisation; subduction zone magmatism
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INTRODUCTION

A growing body of evidence supports the idea that lavas erupted at arc volcanoes are derived
from magmatic plumbing systems within which magma is predominantly stored as crystal
dominated mush, rather than melt dominated magma chambers (Bachmann & Bergantz, 2004;
Cashman et al., 2017: Bachmann & Huber, 2019; Edmonds et al., 2019; Sparks et al., 2019;
Paulatto et al., 2022). Mush is defined as “a supersolidus rock with a largely interconnected
melt phase within a continuous crystal framework” (Humphreys et al., 2025). Within mush
dominated plumbing systems, a plethora of processes that modify primary‘wagma
compositions take place, including fractional crystallisation, melt-rock and melt-mush
reaction, wallrock/crustal assimilation and mixing (Hildreth & ‘™oorbath, 1988; Davidson et
al., 2005; Turner & Langmuir 2015, 2022; Marxer et al?,-2022;Cooper et al., 2016; Klaver et
al., 2017; Boulanger & France, 2023). It is difficulito directly investigate magmatic processes
in crystal mush dominated plumbing systems.usingerupted lavas, because their chemistry
represents the time-integrated result of multiple processes that have operated throughout their
journey from initial mantle partiahmelting to eruption at the surface (e.g. Davidson et al.,
2007). Instead, plutonic xenoliths, carried to the surface in erupted lavas, offer an alternative,
more direct means of‘interrogating the processes occurring within crystal mushes. Plutonic
xenoliths are interpreted to represent fragments of mush derived from a range of depths
(Chadwick-et al>;2013; Stamper et al., 2014; Cooper et al., 2016; 2019; Price et al., 2016;
Melekhovaet al., 2017; 2019; Camejo-Harry et al., 2018). These samples allow detailed
observation of the spatial relationships between the mineral phases and interstitial melt within
the mush. Such textural observations provide key information on magmatic processes that
cannot be obtained from the chemical compositions of lavas alone, or the compositions and

textures of free crystals carried in lavas.
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Although the ubiquity of mush beneath active arc volcanoes is generally accepted, its
impact on magma chemical evolution and the compositions of erupted lavas is less certain. A
consequence of mush-dominated plumbing systems is the idea that the reaction of migrating
melts with a pre-existing crystal mush framework (often termed “reactive melt flow” or
“melt-mush reaction”) is a primary process in the chemical evolution of magmas, in addition
to crystallisation driven differentiation (Lissenberg & MacLeod, 2016; Jackson et al., 2018;
Lissenberg et al., 2019; Blundy, 2022; Boulanger & France, 2023; Li et al., 2024). In this
study, we refer to interactions between melts and crystal mushes using thecterm “melt-mush
reaction”. Evidence for melt-mush reaction has been largely based on textural features such as
ragged or embayed crystal boundaries or cores, indicative of diSsolutien, and reaction-
relationships between mineral phases (Smith, 2014; Cooper.et al., 2016; Lissenberg &
MacLeod, 2016; Melekhova et al., 2017; Sanfillipo et'al., 2020; Boulanger et al., 2021).
Textural indicators of melt-mush reaction havebeen.identified in plutonic xenoliths and
equivalent plutonic rocks from active and,exhumed arcs (Costa et al., 2002; Smith, 2014;
Bouilhol et al., 2015; Cooper et ak’, 2016;Klaver et al., 2017; Melekhova et al., 2017;
Camejo-Harry et al., 2018; Villares €t al., 2022), mid-ocean ridge (MOR) settings
(Lissenberg et al., 2013; Lissenberg & MacLeod, 2016; Sanfillipo et al., 2020; Zhang et al.,
2020; Boulanger et al.,;2020, 2021; Ferrando et al., 2021; Boulanger & France, 2023), and
ocean island velcanoes (Gleeson et al., 2020). Crystals and/or crystal zones that form during
melt-mush reaction may also be identified through their distinctive enrichments in
incompatible trace elements compared with crystal compositions produced by fractional
crystallisation (Lissenberg & MacLeod, 2016; SanFillipo et al., 2020; Gleeson et al., 2020;

Boulanger et al., 2021; Boulanger & France, 2023).

Plutonic xenoliths are abundant in volcanic deposits of the Lesser Antilles arc (LAA),

including the active volcanic island of St Vincent. The (whole-rock) major and trace element
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117  compositions of erupted lavas on St. Vincent have been interpreted to reflect fractional

118  crystallisation (Heath et al., 1998; Cole et al., 2019; Fedele et al., 2021) over a range of

119  depths (Melekhova et al., 2015; 2019). Other crustal level processes such as country rock
120  assimilation and magma mixing, which have potential to complicate interpretation of mush
121 processes, have been shown to have negligible influence on St Vincent magma compositions
122 (Heath et al., 1998; Tollan et al., 2012; Cole et al., 2019). In this study, we combine textural
123 observations, chemical mapping and mineral trace element compositions to assess the record
124  of crystallisation differentiation and melt-mush reaction processes in a suite of.plutonic

125  xenoliths from St Vincent. We show that in addition to fractional crystallisation, the plutonic
126  xenoliths reveal cryptic melt-mush reaction processes operating in the-mushy plumbing

127  system which are obscured in the lavas. These processes have major implications for

128  understanding the evolution of subduction zone magmas and influence the diversity of magma
129  trace element compositions and the chemical heterogeneity of arc crust formed at subduction

130 Zones.

131

132 PLUTONIC XENOLITHSAMPLES

133 The plutonic xenoliths'used in this study were collected in 2019 from St. Vincent. The

134  majority (of 43 xenoliths) were collected in situ from lavas or pyroclastic density current

135  deposits onthe-flanks of La Soufriere volcano and coastal exposures on the eastern side of the
136  island. Together with previous work, the plutonic xenolith collection from St. Vincent is now
137  exceptionally large at about 140 samples. Seventeen xenoliths were selected as representative
138  from the newly collected sample suite and initially assessed via optical petrology of 17 thin
139  sections covering macroscopically identifiable textural diversity (Supplementary Table ST1).
140  Using the classification scheme of Streckeisen (1976), the plutonic xenolith suite includes

141  troctolites (5 samples), olivine gabbros (6 samples), hornblende-olivine gabbros (2 samples),
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hornblende gabbros (1 sample) and gabbronorites (3 samples). Adcumulate textures (no
interstitial melt or intercumulus mineral phases) are observed in olivine gabbros and
gabbronorites. Troctolites and some olivine gabbros are characterised by the presence of
interstitial glass lining crystal boundaries or as small pockets. Clinopyroxene forms a
primocryst phase in olivine gabbros, gabbronorites and hornblende-olivine gabbros and
occurs as an interstitial phase in two olivine gabbros. Interstitial amphibole in hornblende-
olivine gabbros is texturally associated with and replaces the rims of clinopyroxene and/or
olivine, whereas amphibole in the hornblende gabbro appears euhedral (crystal shapes
partially obscured by alteration). Here, we focus on samples containingicltinopyroxene and/or
amphibole due to their variable textural relationships with other phases. Following our

textural assessment of the 17 xenoliths (Supplementary Table ST1), we selected four

texturally distinctive plutonic xenoliths for a detailed textural and elemental study (Table 1) to

assess the record of crystallisation differentiation,and melt-mush reaction processes.

ANALYTICAL METHODS

The compositions of mineral phases were determined via chemical mapping of whole thin
sections and laser ablationinductively coupled plasma mass spectrometry (LA-ICP-MS).

These methods are summarised here. Further details can be found in Supplementary File 1.
Thin Section Mapping

Chemical maps of whole thin sections were acquired via Energy Dispersive X-ray
Spectroscopy (EDS), using a Zeiss Sigma HD field emission gun (FEG) SEM with two 150
mm? Oxford Instruments X-Max energy dispersive silicon drift detectors at Cardiff
University. Prior to analysis, the thin sections were coated with a conductive layer (~ 20 nm)

of carbon. The maps were acquired using an accelerating voltage of 20 kV, aperture size 120
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um and working distance of 8.9 mm. The magnification was adjusted depending on the
typical crystal size in thin section, resulting in a pixel size of 22-24 um. Pixel dwell time was
set at 20 ms for all sample maps. Raw data were background corrected using Oxford

Instruments AZtec software prior to generation of quantitative element maps.

The python GUI program “QUACK?”, developed at Cardiff University (Loocke,
2016), was used to process the background-corrected x-ray element maps generated in AZtec
and produce maps of both the distribution of mineral phases and quantitative molarelement
ratios (plagioclase An, pyroxene and amphibole Mg#, olivine Fo). The software-is available to
download at https://mloocke.wixsite.com/gacd-quack, and full details regarding software

development and testing via analysis of secondary standards.aresdocumented in Loocke

(2016) (accessible online at https://orca.cardiff.ac.uk/id/eprint/97663/).

The phase distribution maps were used to calctlate the mineral modal abundances, as
area percentages, for each sample using the algerithms in the QUACK software. Plagioclase
An, olivine Fo and pyroxene Mg# were quantified using the mineral specific regression
equations (see Loocke, 2016 for full details). Amphibole Mg# was quantified using the
general Mg# regression eguation: Data quality of molar element ratio maps processed via
QUACK was rigorously. tested by Loocke (2016), via analysis of plagioclase, clinopyroxene
and olivine standards'with known An, Mg# and Fo. Percentage error on molar ratio
measurementsy(deviation of mean measured value from accepted value of standard, expressed
as a percentage) was determined as 0.20 % for plagioclase An, 0.59 % for clinopyroxene Mg#
and 0.22 % for olivine Fo. The quantitative molar ratio maps in this study were acquired using
the same SEM at Cardiff University (as Loocke, 2016) using near identical run conditions,

therefore we infer that uncertainties on our molar ratio measurements are < 1%.
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Sanfillipo et al. (2020) and Cooper et al. (2025) also used QUACK to quantify
element maps of plutonic rock samples obtained at Cardiff University. These studies provide
further evidence for the accuracy of this method. Plagioclase and diopside secondary
standards analysed alongside samples by Cooper et al. (2025) were accurate to within 1.7%
An, with a precision of +£2.57 2SD, and accurate to within 0.4% Mg#, with a precision of
+0.25 2SD, respectively. Sanfillipo et al. (2020) showed that An, Mg# and Fo values derived
from their quantified element maps differed from values derived from Electron Microprobe

spot analyses of the same crystals by < 2 %.

LA-ICP-MS analyses

The trace element compositions of clinopyroxene and-amphibole were analysed by laser
ablation inductively coupled plasma mass spectcometry (LA-ICP-MS), using a Teledyne
Analyte Excite Laser Ablation System coupled,to a Thermo-Scientific X-Series 2 ICP-MS at
Durham University. The laser wasrun'with a fluence of 8.09 J/cm?, a repetition rate of 8 Hz,
and a 75 pum square spot size-Heliumi was used as the carrier gas (flow rate ~1 L mint), with
Ar mixed in (~1 L min) prior to the introduction of the sample into the mass spectrometer.
We analysed NIST SRIM612 glass (Jochum et al., 2011) as the calibration standard and
USGS standard reference material BCR-2G as a secondary standard. Each batch of analyses
consisted of 16-20 ablations, with standard analyses bracketing the clinopyroxene/amphibole
analyses. For each individual analysis, 30 s of gas blank was measured followed by 40 s
ablation of standard/target crystal. Data reduction was carried out using the software lolite
(Paton et al., 2011). The internal standard was Ca (wt %) — a constant value of 16 wt % Ca
was used for clinopyroxene and 8.6 wt % Ca for amphibole, due to the minimal variation in

CaO in plutonic xenolith clinopyroxene (CaO = 20.5-23.5 wt %) and amphibole (CaO =11.2-
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12.3 wt %, see Supplementary File 1 for details). Repeat measurements of BCR-2G (n=32)
showed that trace elements were measured within 15 % of preferred values (from the
GeoREM database, Jochum et al., 2005, Supplementary Table ST3). Uncertainties on trace
element data are provided both as internal 2SE (calculated by lolite, shown in Supplementary
Table ST2) and 2SD % (reproducibility). All 2SD % (calculated as 2SD/mean * 100)
uncertainties, based on the reproducibility of measurements of BCR-2G (n=32), are less than

15 % relative, excluding Ti (22 %), Cr (16 %) and Lu (23 %) (Supplementary Table ST3).

RESULTS

Petrography

Olivine gabbro

The mineral assemblage consists of plagioelase. (69 %) and olivine (22 %) as primocryst
phases with crystal size varying from{.5-5 mm, with interstitial clinopyroxene (8 %) and
minor magnetite (1 %). The crystallisation sequence is olivine - plagioclase - clinopyroxene -
magnetite. The sample has a)mesocumulate texture with films of glass lining most crystal
boundaries (Figure.ZanSupplementary Figure S1). Close to the contact with the host lava,
interstitial glass between crystals is slightly more abundant and appears interconnected with
the surrounding glass (Supplementary Figure S1), suggesting that the host lava partially
infiltrated the xenolith. However, the interstitial glass towards the interior of the xenolith may
either be an infiltrated melt from the host or trapped melt which has quenched. In some parts
of the sample, crystals separated by interstitial melt have a “jigsaw fit” appearance
(Supplementary Figure S1), suggesting that the melt has pushed the crystals apart from each

other.
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OI-Cpx gabbro

The mineral assemblage consists of plagioclase (52 %), olivine (23 %) and clinopyroxene (25
%) as primocryst phases (Figure 1b), with crystal size varying from 0.5-3 mm. The
crystallisation sequence is olivine - plagioclase - clinopyroxene. The sample has an
adcumulate texture (no interstitial melt) and well equilibrated, 120° crystal boundaries

between the three primocryst phases are common (Supplementary Figure S1).

Banded gabbro

The mineral assemblage consists of plagioclase (58 %), olivine.(2-%); and clinopyroxene (29
%) as primocryst phases, plus interstitial amphibole (7 %) and magnetite (4 %), with crystal
size varying from 0.2-3 mm. A key feature is the presence of a texturally and mineralogically
distinct band, approximately 1 cm wide (Supplementary Figure S2). In thin section, the band
is characterized by a generally smaller-crystal size, melt and fluid inclusion rich plagioclase
cores and clear rims and the absence-of alivine (Figure 2a,d,e). This feature is hereon referred
to as the “plag-cpx band”. The remainder of the sample outside the band is referred to as the
sample “matrix” (Figure»2a). The matrix lacks interstitial glass. Well equilibrated contacts
between (inclusion freg) plagioclase and olivine (and some clinopyroxene) primocrysts are
common (Supplementary Figure S2). Some matrix clinopyroxene display more irregular
crystal shapeés, indicative of additional intercumulus growth. Amphibole is distributed in
patches within the sample matrix and notably only occurs outside the plag-cpx band.
Amphibole is generally anhedral and typically found associated with and overgrowing the

rims of clinopyroxene (Figure 2b,c) and occasionally, olivine.

Poikilitic gabbro
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The mineral assemblage consists of plagioclase (53 %), olivine (8 %), clinopyroxene (12 %),
orthopyroxene (12 %), and amphibole (15 %) with minor interstitial apatite, oxides and very
rare sulfides. Crystal size varies from 0.3-4 mm, with many crystals (particularly plagioclase)
measuring < Imm. Two clinopyroxene size populations (> 1 mm euhedral, <1 mm
subhedral) are present. A key feature is the presence of poikilitic amphibole throughout the
sample, which replaces the embayed/rounded rims of clinopyroxene and/or olivine (Figure
3a,b,d, Supplementary Figure S1). In several areas of the thin section, the poikilitic amphibole
contain < 1 mm plagioclase inclusions, which do not show embayed crystal betundary
junctions with the amphibole (Supplementary Figure S1), unlike the.contaets between
amphibole and clinopyroxene, suggesting that some plagioclase co-erystallised with the
amphibole. Olivine is commonly altered to iddingsite. Where olivine is not enclosed by
amphibole, it is typically rounded/embayed and enclosed by orthopyroxene (Figure 3c).
Plagioclase exhibits a wide range of zoning patternsywith some crystals displaying complex

oscillatory zonation and relict/patchy cores (Figure 3e).

Mineral major element-€ompositions

The compositional ranges (molar element ratios An, Mg#, Fo) of the main mineral phases in
each plutonic'xenolith sample are listed in Table 1 and illustrated in Supplementary Figure
S3. In the olivine gabbro, olivine displays a narrow compositional range (F076.79) and
plagioclase are characterised by high An contents (Ansg-gg). Clinopyroxene varies from Mg#
70-80. Clinopyroxene crystals show minor Mg# zonation with a patchy distribution of higher
Mg# zones throughout the sample (Supplementary Figure S4). The OI-Cpx gabbro also

contains a narrow range of olivine compositions (Fo77-0) and plagioclase with high An (Ango-
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100). Clinopyroxene varies from Mg# 72-81 and individual crystals show minor Mg# zonation

(Supplementary Figure S4).

Olivine in the banded gabbro varies from Fo7,.76. Plagioclase displays lower An (Angs.
91) Within the plag-cpx band (Figure 4b) compared with the matrix (~ Ango-97). Clinopyroxene
within the plag-cpx band also have lower Mg# (69-74, Figure 4a,c), compared with the matrix
(~ Mg# 73-80). Interstitial amphibole in the matrix have Mg# 62-70 (Supplementary Figure

S3).

Olivine in the poikilitic gabbro varies from Fozo.76. The An map-for the poikilitic
gabbro (Figure 5b) reveals the distribution of An variation in plagioclase’in the sample and
allows three populations to be identified, which are referred to.as.high An”, “intermediate
An” and “low An” in the remainder of the text. Rare high An (Angs-90) plagioclase (yellow on
Figure 5b), typically found as crystal cores, are sparsely distributed throughout. The
intermediate An (Anzs.gs) plagioclase population. (orange on Figure 5b) are found as mantles
to high An cores, as well as discrete-Crystals or crystal cores. The low An plagioclase (Aneso-7s)
population (blue on Figure 5b)form rims on intermediate An population cores or discrete
crystals. The clinopyroxene Mg# map for the poikilitic gabbro (Figure 5a) highlights the
presence of two compositionally distinct clinopyroxene populations, which correspond to the
two size populationsobserved in the sample. The first population includes clinopyroxene with
Mg# 80-90(pink and yellow in Figure 5a), which generally consists of the larger (> 1 mm)
clinopyroxene crystals. Some of these crystals show minor reverse zoning with cores of Mg#
~82-85 and rims Mg# ~87-89. The second population (purple/blue in Figure 5a),
corresponding to the smaller (generally < 1 mm) clinopyroxene crystals disseminated
throughout the sample, have lower Mg# (70-80) with majority in the range Mg# 75-80. Some

of these clinopyroxene display slight normal zoning with Mg# ~80 cores and Mg# ~76-78

overgrowths. These populations will be referred to as the “high Mg# Cpx” population (Mg# >
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80) and “low Mg# Cpx” population (Mg# < 80) in the remainder of the text. Poikilitic gabbro

amphibole have Mg# 65-70 and orthopyroxene Mg# 72-75 (Supplementary Figure S3).

Trace element chemistry of clinopyroxene and amphibole

Full trace element data for clinopyroxene and amphibole can be found in Supplementary

Table ST2.

Clinopyroxene

Here we focus on the abundances of REE’s, Zr and Y in clinopyroxene, which can
discriminate between fractional crystallisation and melt-mush reaction in plutonic rocks
(Lissenberg & MacLeod, 2016, Sanfillipo et al., 2020)»Zirconium, Y and Ce broadly increase
with decreasing Mg# (Figure 6a, b, ¢). Clinopyraxene from the olivine gabbro and OI-Cpx
gabbro have a similar range in Mg# and overlapping Zr, Y and Ce. Clinopyroxene in the
banded gabbro matrix covers the same’range but clinopyroxene within the plag-cpx band have
elevated Ce and Zr relative to matrix, at lower Mg# (Figure 6). Clinopyroxene in the poikilitic
gabbro spans the largest range of incompatible trace element concentrations. The lowest Zr, Y
and Ce contents arefound in the high Mg# Cpx, whereas the low Mg# Cpx from the same

sample have higher Zr and Ce contents at a given Mg# compared with other samples.

Clinopyroxene from the olivine gabbro, OI-Cpx gabbro and banded gabbro matrix
have broadly similar curved REE patterns, with low LREE, relatively flat M-HREE (La =
0.15-0.4 pg/g, Yb = 1.04-1.96 pg/g, Lan/Ybn = < 0.25, normalised to primitive mantle (Palme
and O’Neill, 2003)), and small negative Eu anomalies (Figures 6 and 7). The plag-cpx band
clinopyroxene have the same REE pattern as those from the banded gabbro matrix but are

typically more REE enriched (La = 0.34-0.5 pg/g, Yb = 1.57-2.04 ug/g, Lan/Ybn = < 0.25)
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(Figure 6f, 7b). Most poikilitic gabbro high Mg# Cpx have similar REE patterns, but lower
M-HREE contents, compared to clinopyroxene from other samples (La = 0.14-0.63 pg/g, Yb
= 0.36-0.81 pg/g, Lan/Ybn =0.12-0.6). Poikilitic gabbro low Mg# Cpx have LREE enriched,
almost flat REE profiles with similar M-HREE contents to clinopyroxene from other samples
(La=0.65-1.66 pg/g, Yb =1.13-1.89 pg/g, Lan/Ybn = 0.38-0.83) (Figure 6f, 7a). The
concentrations of compatible elements such as Cr and Ni generally decrease with decreasing
Mg# (Figure 6d, e). Poikilitic gabbro low Mg# Cpx show anomalously high Ni ahd Cr

contents at a given Mg#.

Amphibole

Banded gabbro amphibole display a limited range in‘incompatible (Zr, Y, Ba, Nb) trace
element concentrations (e.g. Nb = 0.6-1.1 pg/giFigure 8a,b). In contrast, poikilitic gabbro
amphibole are more enriched in incompatible trace elements and display a greater range (e.g.
Nb = 8.5-12 ug/g, Figure 8a,b). Banded\gabbro amphiboles are depleted in LREE relative to
MREE/HREE (La = 0.59-0.87ug/g,Yb = 2.08-3.38 ug/g, Lan/Ybn = 0.16-0.23) and most
have a small negative Eu anomaly (Figure 8d). Poikilitic gabbro amphibole are LREE
enriched with almost flatREE patterns (La = 4.58-6.77 ug/g, Yb = 4.40-8.53 pg/g, Lan/Ybn =
0.4-0.97) (Figure 8d). Five of the amphibole analyses from this sample are more enriched in
Sm-Yb and\have Eu anomalies. Banded gabbro amphibole have low abundances of the
compatible elements Cr and Ni (Figure 8c), whereas poikilitic gabbro amphibole are enriched
in these elements. We compare our data to compositions of amphibole from a range of
plutonic xenoliths from Martinique, Lesser Antilles (Cooper et al., 2016) which display

similar phase proportions and textural characteristics to those in St. Vincent.
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DISCUSSION

In the following discussion, we attempt to infer the crystallisation conditions (pressure/depth-
temperature) of our plutonic xenoliths and the possible compositions of the melts from which
they crystallised, through comparison with the products of crystallisation experiments,
following similar approaches applied successfully for other LAA plumbing systems (e.g.
Cooper et al., 2016; Camejo-Harry et al. 2018; Melekhova et al., 2019; Fedele et al., 2021).
We consider experiments which used lavas from both the LAA and other similar arc settings

as starting materials.

We then use the estimated crystallisation conditions and our textural observations to

guide our geochemical modelling of fractional crystallisation (FC).and melt-mush reaction.

Our models focus on the REE compositions of clinopyroxene and amphibole, because mineral

REE compositions have been shown to effectively distinguish between FC and melt-mush
reaction processes in previous studies (e.g."LiSsenberg & MacLeod, 2016; SanFillipo et al.,
2020; Boulanger et al., 2021). Below,we will start with the simplest sample textures and

build up complexity only as required by modelling results.

Evidence for fractional crystallisation

Olivine gakbro; OI-Cpx gabbro, banded gabbro matrix

Comparison with experiments (Pichavant et al. 2018; Marxer et al., 2022) suggests that the
plagioclase (Angg-g9) — olivine (Fo72-80) — clinopyroxene (Mg# 70-81) primocryst assemblage
of the olivine gabbro, OI-Cpx gabbro and banded gabbro matrix is consistent with
crystallisation from a high-Al basalt melt with > 3.5 wt % H>0 at 975-1050°C, 0.2-0.6 GPa
(~6-18 km depth, Supplementary Table ST4), in the mid-upper crust (assuming a ~29 km

thick crust, Melekhova et al. 2019). Due to the absence of disequilibrium textures, such as
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embayed crystal cores or reaction relationships (e.g. amphibole replacing clinopyroxene rims)
in the olivine gabbro and OI-Cpx gabbro, we explored whether clinopyroxene REE
compositions in these samples are consistent with fractional crystallisation from a basaltic

parental melt (Models FC1 and FC2).

We modelled fractional crystallisation using the Rayleigh fractionation equation:
CL=FO-D=*C, [Eqn 1]
where C = concentration of trace element in melt, Co = concentration of trace_lement in

initial melt, F = fraction of melt remaining, D = bulk partition coefficient:

We present two FC models to illustrate the effect of varying the)input parameters,
which are poorly constrained in mushy magmatic systems. We. used mineral-melt partition
coefficients calculated using the model of Brophy (2008), which allowed us to predict
partition coefficients for the mineral phases in the plutenic xenoliths as a function of
coexisting melt SiO> content (Supplementary. Table ST5). In experiments which reproduced
the mineral assemblage and compositions of these samples (e.g. FM93, Marxer et al. 2022,
Supplementary Table ST4), the'co=existing melt is of basaltic composition. Hence, for models
FC1 and FC2, we used partition coefficients at 49 wt % SiO,, appropriate for a basaltic melt.
In model FC1, the crystallising assemblage is based on the mineral phase abundances in the
OI-Cpx gabbro (plagioclase:olivine:clinopyroxene:magnetite in proportions 55:23:20:2),
while model FE€2 is based on the olivine gabbro (plagioclase:olivine:clinopyroxene:magnetite
in proportions 69:22:8:1). The initial melt composition (HAB melt 1, Supplementary Table
ST6) for model FC1 was calculated from the composition of a low-Yb clinopyroxene from
the OI-Cpx gabbro using clinopyroxene-melt partition coefficients at 49 wt % SiO.. For
model FC2, we used an initial melt composition (HAB melt 2, Supplementary Table ST6)

with 20 % higher La and Ce than HAB melt 1. We consider our calculated melt compositions
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realistic, as they are similar to reported REE concentrations for basaltic melt inclusions from

St Vincent (Bouvier et al. 2022).

The results of models FC1 and FC2 show that the range of clinopyroxene REE
compositions in the OI-Cpx gabbro, olivine gabbro and banded gabbro matrix are generally
reproduced by up to 60 % crystallisation of olivine + plagioclase + clinopyroxene + magnetite
(Figure 9). Clinopyroxene compositions from the OI-Cpx gabbro are best reproduced by
model FC1, while olivine gabbro and banded gabbro matrix clinopyroxene compositions are
better reproduced by model FC2 using an initial melt with a slightly highenLREE content.
The model results suggest that clinopyroxene in these samples formed via-closed system

fractional crystallisation from a basaltic parental melt.

In the banded gabbro matrix, amphibole is texturally associated with and overgrowing
the rims of clinopyroxene (Figure 2). This textural relationship indicates that amphibole
formed via the peritectic reaction clinopyroxene+ melt = amphibole, which may occur via
two mechanisms; 1) reaction betweemtrapped residual melt and clinopyroxene primocrysts
during closed system crystallisation,(eg. Foden and Green, 1992; Chang et al., 2021) or 2)
open system interactionsbetween clinopyroxene primocrysts and percolating/migrating

reactive melts (e.g-Foden & Green, 1992; Smith, 2014; Cooper et al., 2016).

To test. mechanism 1, we assessed whether amphibole with REE compositions
matching the banded gabbro amphibole could crystallise from the residual melt after 60-70 %
crystallisation of the banded gabbro matrix primocryst assemblage (olivine + plagioclase +
clinopyroxene + magnetite), simulated by model FC2. In experiments which reproduced the
banded gabbro matrix primocryst assemblage + amphibole (e.g. HAB7, Pichavant et al. 2002,
Supplementary Table ST4), the co-existing melt is of basaltic andesite composition.

Therefore, we calculated amphibole compositions using partition coefficients at 53 wt % SiO>
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(Supplementary Table ST5). Figure 10e shows that amphibole crystallising from residual
melts after 60-70 % crystallisation of the matrix primocryst assemblage closely match the
banded gabbro amphibole REE compositions. Hence, we infer that the banded gabbro
amphibole formed via a peritectic reaction between clinopyroxene and trapped interstitial melt
during closed system crystallisation of the matrix. The banded gabbro amphibole REE
patterns are distinct from the “interstitial” amphibole in plutonic xenoliths from Martinique
(central LAA) (Figure 8d), which were formed via melt-mush reaction (Cooper et al., 2016).
In Martinique, reactions with percolating melts formed amphiboles with greater enrichment in
LREEs, and the resulting REE profiles are relatively flat (Figure 8d).” Therefore, these
distinctions rule out mechanism 2 and support our interpretation of a-peritectic reaction

between clinopyroxene and trapped interstitial melt during'closed system crystallisation.

Poikilitic gabbro

Clinopyroxene with Mg# > 80, matching.the high Mg# Cpx population in the poikilitic
gabbro (Figure 5a), have been producedyin crystallisation experiments using St Vincent high-
Mg basalt starting compositions,at 1050-1200 °C, and both lower (1 GPa/~30 km depth) and
mid-crustal (0.4 GPa/>12 km.depth) pressures (Pichavant and Macdonald, 2007; Melekhova
et al. 2015, Supplementary Table ST4). The high Angs-9o plagioclase population (Figure 5b)
and olivine (Fozo-76) are consistent with crystallisation from a high-Al basalt melt at 975-
1050°C, ~6518 km depth (Pichavant et al. 2018; Marxer et al., 2022; Supplementary Table
ST4). The intermediate and lower An (Aneo-gs) plagioclase populations, low Mg#
clinopyroxene, amphibole and orthopyroxene compositions are consistent with crystallisation
from high-Al basalt to andesitic melts at 875-1000 °C, 5-12 km depth (Martel et al. 1999;

Blatter et al. 2013; Pichavant et al. 2018; Marxer et al., 2023, Supplementary Table ST4).
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In experiments, high Mg# clinopyroxene co-crystallises with high Fo (typically > 80)
olivine and spinel (Pichavant and Macdonald, 2007; Melekhova et al., 2015) producing
residual high-Al basalt melts. Since the poikilitic gabbro does not contain high Fo olivine or
spinel, we infer that the high Mg# clinopyroxene represent a crystal cargo carried in a parental
high-Al basalt melt, which crystallised the high An plagioclase and low Fo olivine.
Alternatively, if high Fo olivine were also among the crystal cargo, these crystals could have
re-equilibrated to lower Fo compositions. We suggest that the high Mg# clinopyrexene
crystallised from primitive high-Mg basalt melts and that the trace element compositional
variation within this crystal population could reflect variations in primitivesmagma
compositions beneath St Vincent, which likely result from partial melting of a mantle source

variably metasomatized by different slab derived fluids/sediment melts (Bouvier et al., 2010).

The high An plagioclase are only found asterystal-cores and olivine is rimmed by
poikilitic orthopyroxene and amphibole. These textural relationships and the inferred
crystallisation temperatures based on experimental comparisons (above) suggest that the high
An plagioclase and olivine crystallisedprior to the intermediate and low An plagioclase + low
Mg# clinopyroxene + orthopyroxene + amphibole. We infer that the low Mg# clinopyroxene
co-crystallise with thé,intenmediate An plagioclase population, rather than with the high An
plagioclase and-olivine; due to the presence of small low Mg# Cpx inclusions in intermediate
An plagioclase (Figure 3e). We modelled this latter crystallisation stage (model FC3) to
assess whether the REE compositions of the poikilitic gabbro low Mg# clinopyroxene and
amphibole are consistent with fractional crystallisation.

For model FC3, we used a crystallising assemblage of plagioclase + clinopyroxene +
amphibole + orthopyroxene in proportions 50:10:20:20, estimated from the modal abundances
of these crystal populations in the sample. In experiments which reproduced this assemblage

(e.g. run 2390, Blatter et al. 2013, Supplementary Table ST4) the co-existing melt is of
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andesitic composition. Assuming a KDFM9¢cpx/melt of 0.28 + 0.08 (Putirka, 2008) and
KDFe-MIgpx/melt of 0.28 + 0.04 (Beattie, 1993), melts in equilibrium with the low Mg# Cpx
and orthopyroxene have estimated Mg# 40-58 and Mg# 38-49 respectively, within the range
of andesite (Mg# 48-24) glasses from St Vincent scoria (Fedele et al., 2021). Amphibole in
previously studied St Vincent plutonic xenoliths (Tollan et al. 2012) are in equilibrium with
andesitic melts (58-63 % SiO», calculated using the model of Humphreys et al. 2019).
Therefore, we used partition coefficients for a coexisting melt with 59 wt % SiOs(Brophy
2008; Nandedkar et al., 2016 for amphibole, Supplementary Table ST5). \We used the
composition of a basaltic melt inclusion from St Vincent (svn4b-184, Bouwier et al. 2022;
Supplementary Table ST6) as the initial melt composition, to répresent the residual melt after

initial crystallisation of the high An plagioclase and low Fo.olivine.

The range of REE compositions displayed'y. thepoikilitic gabbro low Mg#
clinopyroxene and amphibole are not well reproduced by model FC3 (Figures 11 and 12). In
addition, poikilitic gabbro amphibole Ni cancentrations show a positive correlation with La
and Zr (Supplementary Figure S5). Based on typical partition coefficients from the GERM
database (https://earthref.org/GERM), Ni is expected to be compatible in the crystallising
assemblage while La‘and Zr are incompatible, which would result in a negative correlation
between these efements in amphibole formed during fractional crystallisation. Despite the
uncertainties.regarding selection of the model input parameters, our modelling results using
plausible inputs and the mineral compositions strongly suggest that the low Mg#

clinopyroxene and amphibole are not products of fractional crystallisation.

Evidence for Melt-mush reaction
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Poikilitic gabbro

The mineral textures in the poikilitic gabbro suggest that open system melt-mush reaction
processes contributed to the petrogenesis of this sample. The high An plagioclase population
takes the form of relict or patchy cores. These plagioclase textures, and the embayed
appearance of the olivine and clinopyroxene rimmed by orthopyroxene and amphibole,
closely resemble textures created by dissolution in experiments simulating melt-mush and
melt-rock reaction (Yang et al., 2019; Wang et al., 2021). In similar experimentsisimulating
contamination of a magma with foreign crystals and micro-xenoliths (Erdmang et al., 2010),
many of the contaminant crystals (analogous to initial mush crystals.in\a melt-mush reaction
scenario) acquired rounded/embayed textures akin to the poikilitic gabbro olivine and high
Mg# clinopyroxene. Hence, we suggest that the high An.plagioclase, olivine and high-Mg#
clinopyroxene are derived from an initial mush modified by melt-mush reaction. The low
Mg# clinopyroxene compositions are inconsistent with fractional crystallisation (Figure 11).
Therefore, we suggest that these crystals.formed as a reaction product, along with the
intermediate An plagioclase surroundingsrelict high An cores, and poikilitic amphibole and

orthopyroxene.

We propose thatthe poikilitic gabbro records the following melt-mush reaction:
olivine + high An‘plagioclase + high Mg# clinopyroxene + melt -> low Mg# clinopyroxene +
intermediate. An-plagioclase + orthopyroxene + amphibole + melt 2. To test this hypothesis,
we modelled this reaction (model AFC1) using the Assimilation-Fractional Crystallisation
(AFC) equations of DePaolo (1981), following the approach of previous studies of melt-mush
reaction in mid-ocean ridge gabbros (e.g. SanFillipo et al., 2020; Boulanger et al., 2020,

2021; Ferrando et al., 2021).
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AFC equation from DePaolo (1981):

C, = (F‘Z + (L X —2 % 1— F‘Z)) X C, [Eqn 3]

r=1" (ZxCo)
where C. = concentration of trace element in melt, Co = concentration of trace element in
initial melt, Ca = concentration of trace element in assimilant, F = fraction of melt remaining,
Z = (r+D-1)/(r-1), D = bulk partition coefficient, r = rate of assimilation/rate of crystal

fractionation.

The equation explicitly accounts for trace element contributions from*ooth the initial
reactive melt and crystals in the pre-existing mush (the assimilant); therefoere, we consider it

appropriate for modelling our proposed melt-mush reaction scenario.

It is difficult to determine the proportions of phaSes fermed in our proposed reaction
from textural inspection alone. For model AFC1, we, infer a crystallising assemblage of
plagioclase + clinopyroxene + amphibole +.orthopyroxene in proportions 50:10:20:20, which
approximates the relative proportions of the reaction product crystal populations in the
poikilitic gabbro. Model AFC1 was’tested with up to 5 % variations in the mineral
proportions listed above, which dees not significantly change the results. Adjusting the
mineral proportions has a-less significant influence on model results than adjusting other

ke
T

parameters such-as,the‘r” value, which we vary over a wide range of plausible values in our
model (see-below). Our proposed reaction product assemblage is likely in equilibrium with
andesitic melts (see previous section), therefore, we used partition coefficients for a

coexisting melt with 59 wt % SiO2 (Supplementary Table ST5).

The presence of orthopyroxene replacing olivine rims suggests that the invading
reactive melt had a relatively high SiO, content, and the compositions of the inferred reaction
product phases are similar to products of crystallisation experiments using andesite starting

materials (Martel et al., 1999; Pichavant et al., 2018, Supplementary Table ST4). Available
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trace element data for St Vincent melt inclusions only covers basaltic and dacitic
compositions (Bouvier et al. 2022; Balcone-Boissard et al. 2023). To represent an andesitic
initial reactive melt composition, we used the REE composition of an andesitic melt inclusion
from the northern LAA island of St Kitts (Toothill et al. 2007) (“Kit 15”, Supplementary
Table ST6). The REE content and ratios (La/Yb =1.9, Ce/Yb = 4.8) of this melt inclusion are
similar to published values for St Vincent melt inclusions (La/Yb =1.6-2.3, Ce/Yb = 4.1-7.1,
Bouvier et al. 2022; Balcone-Boissard et al. 2023) therefore we consider it a pladsible input

for our models.

Published trace element data for St Vincent plutonic xenolith whele-rock or mineral
compositions is very limited (only Dostal et al., 1983). Therefore;for the assimilant
composition, we used the whole-rock REE composition’of a‘plutonic xenolith from
Martinique (sample MQ44, Cooper et al., 2016, Supplementary Table ST6). This sample
contains plagioclase (An > 90, 78 %), olivine.(FO%<79, 16 %) and high Mg# (82-89)
clinopyroxene (6 %), and thus approximates our inferred initial mush assemblage.

Model AFC1 reproducesthe‘variation in REE compositions of the low Mg#
clinopyroxene and most of'the amphibole, using r = 0.55-0.8, after 30-70 % crystallisation
(clinopyroxene, Figure X1)jand r = 0.15-0.4, after 80-90 % crystallisation (amphibole, Figure
12). The discrepangy in extent of crystallisation required to reproduce the clinopyroxene and
amphibolé&eompositions may reflect variations in the proportions of mineral phases
crystallising as the reaction proceeds. The range of r values required to produce the mineral
REE compositions may reflect localised variations in the extent of disequilibrium between
initial mush crystals and infiltrating reactive melt (e.g. Ferrando et al. 2021), resulting in

regions of preferential assimilation (higher r values).

The combination of AFC models using realistic input parameters, and our detailed

textural analysis of mineral phases strongly imply a role for melt-mush reaction in the
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574  petrogenesis of the poikilitic gabbro. We infer that an initial mush composed of olivine + high
575  An plagioclase + high Mg# clinopyroxene was infiltrated by an evolved, likely andesitic

576  reactive melt (Figure 13, a). Melt-mush reaction triggered partial dissolution of the initial
577  mush minerals, and crystallisation of the intermediate An plagioclase + low Mg#

578  clinopyroxene + orthopyroxene + amphibole (Figure 13, b). Following melt-mush reaction,
579  we propose that amphibole continued to crystallise from the residual melt, along with the
580  Aneo-75 plagioclase (explaining the lower An plagioclase inclusions in poikilitic amphibole)
581 and interstitial apatite (Figure 13, c). This interpretation is consistent withgexperiments

582  simulating typical arc magma crystallisation sequences which produceamphibole +

583  plagioclase + apatite assemblages in the lower temperature stages (Nandedkar et al., 2014;
584  Marxer et al., 2022).

585

586  Plag-Cpx band

587  The “plag-cpx band” in the banded gabbro is one centimetre wide and distinguished from the
588  surrounding matrix by the absence of olivine, lower Mg# clinopyroxene and lower An

589  plagioclase with inclusion rich eores (Figure 4, Supplementary Figure S2). The contact

590 between the matrix and plag-cpx band, as defined by the chemical map, cross-cuts some

591  clinopyroxene crystals (Figure 4c). In these clinopyroxene crystals, the matrix portion of the
592  crystals have higher Mg# than the portion in the band (Figure 4c). The lower Mg#

593  compositions (Mg# 69-74) only occur within portions of clinopyroxene within the discrete
594  band. The lower Mg# compositions are not represented elsewhere in the sample matrix. This
595  suggests that the band formed via melt-mush reaction when a spatially constrained migrating
596  melt interacted with the matrix primocryst clinopyroxene. We rule out the possibility that the
597  band represents an intrusion through a solidified cumulate (i.e. a body of mush which has

598  fully crystallised) because there is no evidence for brittle deformation or a chilled margin.
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The absence of olivine in the plag-cpx band and olivine-gabbro assemblage of the
matrix is consistent with the reaction: olivine + plagioclase + clinopyroxene + melt ->
plagioclase 2 + clinopyroxene 2 + melt 2, which is a common melt-mush reaction in mid-
ocean ridge magmatic plumbing systems (SanFillipo et al., 2020; Boulanger et al., 2021,
Ferrando et al., 2021; Boulanger & France, 2023). We tested whether this melt-mush reaction
can reproduce the REE compositions of the plag-cpx band clinopyroxene using model AFC2.
For this model, we used a crystallising assemblage of plagioclase + clinopyroxene +
magnetite in proportions 50:49:1, which approximates the relative minerak phase proportions
of the plag-cpx band. We used partition coefficients for a coexisting.melt-with 49 wt % SiO>
(Supplementary Table ST5), the HAB melt 2 initial melt composition(Supplementary Table
ST6), and the same assimilant composition as model AECI(MQ44, Supplementary Table
ST6), which approximates an initial olivine gabbro mush.

Model AFC2 closely reproduces the REE compositions of the plag-cpx band
clinopyroxene, using r = 0.4, after 50-60.% crystallisation (Figure 10). Therefore, the model
results support a melt-mush reaction,origin for the plag-cpx band. It should be noted that
using our chosen input parameters, fractional crystallisation of the plag-cpx band assemblage
(r = 0 on Figure 10) can alsoyquite closely reproduce the REE compositions of the
clinopyroxene within the band. Hence, the clinopyroxene REE compositions and modelling in
isolation do net provide unequivocal evidence for melt-mush reaction in this sample, without

the textural ‘context provided by the sample element map.

We propose that the plag-cpx band formed through a “reactive infiltration feedback”
mechanism (Ortoleva et al., 1987) (Figure 14). In this model, the flux of reactive supercritical
hydrous melt through a porous crystal mush framework is greater in regions of initially higher
porosity, causing the mush crystals to dissolve faster in these regions. This process results in

positive feedback and focuses the flux of reactive supercritical hydrous melt into a narrower

9z0z Ateniga 2 uo 1senb Aq 0196978/ L 0Bebe/ABojonad/ge01 01 /10p/alone-aoueape/ABojoliad/woo dnoolwspese//:sdiy Wolj papeojumo(



624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

region as more rock is dissolved. This concept may explain how reactive melts percolating
through an initial olivine gabbro mush became focused into a centimetre wide region to form
the plag-cpx band (Figure 14). Recent thermodynamic simulations of melt-mush reaction
have demonstrated a similar melt channelisation process (Gleeson et al., 2023) and the same
process was used to explain a mechanism by which dunite channels form in mantle peridotites
(Kelemen et al., 1995). The thickness of such channels is variable but in examples from the
Oman ophiolite, can be as low as one centimetre (Braun & Kelemen, 2002). Similar distinct
centimetre sized bands interpreted to have formed via melt-mush reactionaresfound in MOR
plutonic rocks (Lissenberg & MacLeod, 2016; SanFillipo et al., 2020; kerrando et al., 2021)
and layered intrusions (Namur et al., 2013; Hepworth et al., 2020) Suggesting that this is a

common process in mushy plutonic environments.

Influence of melt-mush reaction on St Vincent magma compositions

In Figure 15, we compare the estimated-REE cempositions of melts in equilibrium with
plutonic xenolith mineral phases interpreted as melt-mush reaction products (plag-cpx band
clinopyroxene, poikilitic gabbre,Jow Mg# Cpx and amphibole) with St Vincent lavas (whole-
rock) and melt inclusiens. The equilibrium melts overlap both lava and melt inclusion
compositions, suggesting that melt-mush reaction could cryptically influence magma trace
element compasitions in the St Vincent plumbing system. The overlap between equilibrium
melts and lavas, which have trace element compositions consistent with FC (Heath et al.
1998, Fedele et al., 2021) corroborates our geochemical modelling results for the banded
gabbro, demonstrating that melt-mush reaction may not always produce melt or mineral trace
element compositions that can be clearly distinguished from FC in arc plumbing systems.
Similarly, buffering of melt major element compositions during the reaction process (e.g.

Blundy, 2022) may obscure records of melt-mush reaction when investigating the
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composition of glass and whole-rock samples.

The plutonic xenolith record of the St Vincent plumbing system

Comparison with experiments suggests that our plutonic xenoliths are derived from mush
stored in the mid-upper crust within the plumbing system beneath St Vincent. Their textures
and mineral compositions demonstrate that in addition to fractional crystallisation, melt-mush
reaction processes operate and influence magma chemical evolution. Of the seventeen
plutonic xenoliths initially assessed via optical petrology for this study (Supplementary Table
ST1), only the two hornblende-olivine gabbros (banded and poikilitic gabbro) contain clear
textural evidence for melt-mush reaction. Textures indicative of mek-mush reaction were not
reported from St Vincent plutonic xenoliths (n=17) studiedvby Tollan et al., (2012), which
have mineral Oxygen isotopic compositions consistentwith FC and similar mineral
compositions to our olivine gabbros (plagioclase,Angs.gs, olivine Fo71-79, clinopyroxene Mg#
75-81). Several of these samples containamphiboles displaying well equilibrated contacts
with other mineral phases (Tollanetal.x2012), in contrast to the amphibole replacing
embayed clinopyroxene/olivinesmargins in our poikilitic gabbro sample. Lewis (1973)
described < 1cm thick-bandsyand layers in St Vincent plutonic xenoliths which broadly
resemble the banded gabbro, and poikilitic amphibole/orthopyroxene replacing the rims of
clinopyroxenefolivine have been reported (but not studied in detail) in individual St Vincent

plutonic xenoliths (Hu et al., 2022; Weber et al., 2024).

The low frequency of evidence for melt-mush reaction among the wider St Vincent
plutonic xenolith suite studied to date may indicate that FC represents the dominant magma
chemical evolution process in the plumbing system. However, exposed crustal sections of
extinct arcs and layered intrusions show that melt-mush reaction often modifies highly

localised regions of mush, which take the form of centimetre-decimetre thick bands with
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distinct mineral assemblages, dispersed across 1-100’s of metres of outcrop (Namur et al.,
2013; Boulanger et al., 2021; Nixon et al., 2024). Therefore, it is plausible that portions of
mush that have been modified by melt-mush reaction may be less likely to be sampled as

plutonic xenoliths compared to unmodified portions of mush.

Implications for magma chemical evolution in arc systems

Several studies of plutonic xenoliths from the LAA and other active arc settings-have
established that fractional crystallisation is a key process controlling the chemical evolution of
arc magmas (Arculus and Wills, 1980; Conrad and Kay, 1984; Tollan etaly2012; Haase et
al., 2014; Whitley et al, 2024). Plutonic xenoliths bearing textural and/or chemical evidence
for melt-mush reaction have also been documented throughout the LAA (Stamper et al.,

2014; Cooper et al., 2016; Melekhova et al., 2017; Camejo-Harry et al., 2018, 2024), other
active arc systems (Costa et al., 2002; Smith, 2014; Klaver et al., 2017) and exhumed arc
crustal sections (Bouilhol et al., 2015; Villareset al., 2022; Li et al., 2024; Nixon et al.,
2024). Hence, we infer that melt-mush reaction, in addition to fractional crystallisation, is a
common, and likely ubiquiteus'eature of mush dominated arc plumbing systems. Therefore,
melt-mush reaction represents an important process contributing to the diversity of arc magma
trace element compositions and for generating local heterogeneity in the trace element

composition of.arc’crust formed at subduction zones.

Our’study shows that melt-mush reaction is a cryptic process in active arc systems and
can only be identified through a detailed textural and chemical study of plutonic xenoliths.
Our results also highlight that it can be difficult to distinguish mineral and melt compositions
produced during melt-mush reaction from those produced during FC in arc systems. Our
ability to identify and understand melt-mush reaction processes in arc plumbing systems

could be advanced through future detailed studies of plutonic xenoliths, as well as
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experimental studies which simulate melt-mush reaction and quantify mineral-melt trace
element partitioning under arc crustal conditions (e.g. Nandedkar et al., 2016), and/or
development of more advanced geochemical/thermodynamic models for simulating the

complexities of melt-mush reaction.

CONCLUSIONS

In this study, we investigated a suite of plutonic xenoliths from St Vincent, Lesser Antilles
arc, where lava compositions follow fractional crystallisation trends, to.direetly’assess the
processes controlling magma chemical evolution in the mush dominated plumbing system of
an active arc volcano. We suggest that the absence of disequilibrium textures, mineral major
element and clinopyroxene trace element chemistry of olivine-gabbro xenoliths are consistent
with fractional crystallisation in the mid-upper crust=ln contrast, both the “banded gabbro”
and “poikilitic gabbro” samples (hornblendé=elivine gabbros) from the mid-upper crust
contain textural and chemical evidenge forjmelt-mush reaction. Clinopyroxene and amphibole
trace element compositions in the*poikilitic gabbro” are best reproduced by assimilation-
fractional crystallisation models, simulating melt-mush reaction. The “banded gabbro”
contains a centimetre wide band with distinct mineralogy and mineral chemistry to the
surrounding olivinesgabbro matrix, which we interpret to have formed via melt-mush reaction
as reactive melts percolating through an initial olivine gabbro mush were focused into a
channel.

Plutonic xenoliths displaying textural evidence for melt-mush reaction are relatively
uncommon among the wider suite of St Vincent plutonic xenoliths analysed in our study and
by previous authors. St. Vincent lavas and plutonic xenoliths therefore suggest that fractional
crystallisation is likely the dominant process controlling magma evolution within the

plumbing system beneath St VVincent. However, our plutonic xenoliths demonstrate that melt-
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mush reaction is also a significant process operating in the St. Vincent plumbing system
which cryptically influences the trace element compositions of St Vincent magmas.

Our study highlights both the importance of studying the plutonic record alongside the
eruptive record and combining geochemical modelling with a detailed evaluation of the
textural relationships between mineral phases and the spatial records of mineral chemistry to
investigate the processes controlling the chemical diversity of active arc plumbing systems.
Textures indicative of melt-mush reaction have been observed in plutonic xenoliths
throughout the Lesser Antilles and in other active arcs and exhumed arc crustal sections. We
therefore suggest that melt-mush reaction is likely a ubiquitous processiin-arc plumbing
systems, which exerts a cryptic control on the trace element compositions of subduction zone

magmas and arc crust.
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1023 Figure captions

1024

1025 Figure 1: a) Olivine gabbro thin section (PPL) overview. Gap between images represents a
1026 small area of the thin section that was not imaged (~0.5 mm). b) OI-Cpx gabbro thin section

1027 (PPL) overview. Red scale bar =5 mm.
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Figure 2: a) Banded gabbro thin section (PPL) overview with texturally distinct “plag-cpx
band” labelled (boundary marked by red dashed line). The remainder of the sample is referred
to as the sample “matrix”. Red scale bar = 5 mm. b) and c) PPL images of amphibole (brown)
overgrowths on the rims of clinopyroxene (pale green) from banded gabbro matrix. d) PPL
image of plagioclase and clinopyroxene within the “plag-cpx band”, highlighting the melt and
fluid inclusion rich plagioclase. e) PPL image of the boundary between the banded gabbro

matrix and “plag-cpx band” (red dashed line). White scale bars = 1 mm.
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Figure 3: a) Poikilitic gabbro thin section (PPL) overview. Red scale bar =5 mm. b) PPL
image of zoned clinopyroxene (CPX) with poikilitic amphibole (Amph) replacing rim. Note
the ragged contact between clinopyroxene and amphibole. ¢) XPL image showing example of
poikilitic orthopyroxene (OPX) surrounding embayed olivine (OL). d) PPL image of
poikilitic amphibole surrounding both clinopyroxene and embayed olivine. ) XPL image of
zoned plagioclase (PLAG) with relict core outlined (yellow dashes). Correspondence with the
chemical map shows that this core has a high An content. The shape of the relictcore is
suggestive of resorption. Note the clinopyroxene inclusions in the crystal zoneoutside the

relict core. White scale bars =1 mm.
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Figure 4: a) Quantitative Mg# in clinopyroxene and b) quantitative An in plagioclase thin
section maps for banded gabbro. The dashed lines highlight the texturally distinct, “plag-cpx
band”. The QUACK software used to generate the maps outputs the Mg# and An values,
shown on the right of the maps, as decimals, e.g. Ango= 0.9, Mg# 80 = 0.8. ¢) Zoomed in

clinopyroxene Mg# map across the contact between the “plag-cpx band” and “matrix”.

Mg# ratio map .. anorthite ratiomap
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Figure 5: a) Quantitative Mg# in clinopyroxene and b) quantitative An in plagioclase thin
section maps for poikilitic gabbro. The QUACK software used to generate the maps outputs
the Mg# and An values, shown on the right of the maps, as decimals, e.g. Ango = 0.9, Mg# 80

=0.8.
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Figure 6: a) Zr b) Y c) Ce d) Cr e) Ni vs Mg#, and f) La vs Yb, for clinopyroxene from the
plutonic xenolith samples. Black bar with circle shows 2SD % uncertainty. Error bars on
individual data points show internal 2SE uncertainty. Where error bars are not visible,
uncertainty is smaller than symbol size. Uncertainty on Mg# values is inferred to be <1 %

(see methods).
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1072 Figure 7: Primitive mantle (Palme and O’Neill, 2003) normalized REE patterns for
1073 clinopyroxene from a) poikilitic gabbro b) banded gabbro c) olivine gabbro d) OI-Cpx
1074  gabbro. For comparison, the compositional range of high Mg# clinopyroxene from the

1075  poikilitic gabbro are shown (yellow shaded area) on panels b), c) and d).
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Figure 8: a) Zr vs Y b) Ba vs Nb c) Cr vs Ni for banded and poikilitic gabbro amphibole.
Black bars with circle show 2SD % uncertainty. Error bars on individual data points show
internal 2SE uncertainty. Where error bars are not visible, uncertainty is smaller than symbol
size. d) Primitive mantle normalized REE patterns for banded and poikilitic gabbro
amphibole. Shown for comparison are amphibole compositions from Martinique plutonic

xenoliths with different textural characteristics (“MQ” in legend, labelled shaded fields).

NCG = non-cumulate gabbro. Martinique plutonic xenolith amphibole data from Cooper et

al., (2016). Primitive mantle normalizing values from Palme and O’Neill (2003).
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Figure 9: a) Ce b) Nd c) Sm d) Dy vs Yb for clinopyroxene from the OI-Cpx gabbro, olivine
gabbro and banded gabbro matrix, compared with the clinopyroxene composition in
equilibrium with the melt in models FC1 and FC2. The modelled clinopyroxene compositions
were calculated from modelled melt compositions using partition coefficients at 49 wt % SiO-
(Supplementary Table ST5). Error bars on individual data points show internal 2SE
uncertainty. The FC1 and FC2 models are shown as symbols (diamond, cross), with each
symbol representing an increment of 10 % crystallisation (abbreviated to xtIn). Fhe symbols
marked “50 % xtIn” represent the clinopyroxene composition in equilibrium Wwith the melt
after 50 % crystallisation. The coloured stars indicate the composition ‘efelinopyroxene in

equilibrium with the initial melt composition used for models FC1 and FC2.
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Figure 10: a) Ce b) Nd ¢) Sm d) Dy vs Yb for clinopyroxene from the plag-cpx band,
compared with the clinopyroxene composition in equilibrium with the melt in model AFC2.
The modelled clinopyroxene compositions were calculated from modelled melt compositions
using partition coefficients at 49 wt % SiO2 (Supplementary Table ST5). Error bars on
individual data points show internal 2SE uncertainty. Each circle on AFC model curves
represents an increment of 10 % crystallisation (abbreviated to xtIn). The coloured star
indicates the composition of clinopyroxene in equilibrium with the initial melt composition
used for model AFC2.

e) Primitive mantle normalised REE compositions of banded gabbro amphibole (red)
compared with the composition of amphibole in equilibrium with the melt after 60-70%
crystallisation (abbreviated to xtIn) in model FC2. The modelled amphibole compositions
were calculated from modelled melt compositions using partition coefficients at 53 wt % SiO;
(Supplementary Table ST5). Primitive mantle normalizing values from Pdlmeand O’Neill

(2003).
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Figure 11: a) Ce b) Nd ¢) Sm d) Dy vs Yb for the poikilitic gabbro low Mg# clinopyroxene
compared with the clinopyroxene composition in equilibrium with the melt in models FC3
and AFC1 (r = 0.4, 0.55, 0.8). The modelled clinopyroxene compositions were calculated
from modelled melt compositions using partition coefficients at 59 wt % SiO (Supplementary
Table ST5). The range of r values shown for the AFC model represent upper and lower
bounds which encompass the sample data. Error bars on individual data points show internal
2SE uncertainty. Each circle on AFC and FC model curves represents an increment of 10 %
crystallisation (abbreviated to xtIn). The coloured stars indicate the compasitien of
clinopyroxene in equilibrium with the initial melt composition used.fornmedels FC3 and

AFC1.
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Figure 12: a) Ce b) Nd ¢) Sm d) Dy vs Yb for the poikilitic gabbro amphibole compared with
the amphibole composition in equilibrium with the melt in models FC3 and AFC1 (r = 0.15,
0.3, 0.4). The modelled amphibole compositions were calculated from modelled melt
compositions using partition coefficients at 59 wt % SiO> (Supplementary Table ST5). The
range of r values shown for the AFC model represent upper and lower bounds which
encompass the sample data. Error bars on individual data points show internal 2SE
uncertainty. Each circle on AFC and FC model curves represents an increment 0f,10 %
crystallisation (abbreviated to xtIn). The coloured stars indicate the compasitien of amphibole

in equilibrium with the initial melt composition used for models FC3 and“AFC1.

35 35 J
30 {E] L] {b}
— 25 4 i 5 o
oA
T 20 B 20, 4
= =
@ 15 4 - 15\4
o 10 4 o |
5 £
0 . - - r o v T T T
00 20 40 &0 B0 1040 00 20 40 BOD  BD 100
¥b (pgig] Yb (pg/g)
14 20
2 {(c) (d) &
10 1
I;b a 4 ‘E o O
= 210 A
E &1 =
Uy =] . ] o
Fa
0 1 1 1 . o 1 1 . -
0 20 40 60 &0 100 00 20 40 60 B0 100
¥b (Hg/E) Yb (pg/E

& poikilitic gabbro amph  —e—FC3 a r=0.15 a—-r=0.3 a-r=0.4

920z Atenigad ¢z uo 1senb Aq 0196978/ L 0Bebe/ABojonad/ge01 01 /10p/alone-aoueape/ABojoliad/woo dnoolwspeoe//:sdyy Woly pepeojumoq



1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

1148

1149

Figure 13: Stage 1 — An evolved, hydrous reactive melt infiltrates an initial mush composed
of high An plagioclase, olivine and high Mg# Cpx.

Stage 2 — Chemical disequilibrium between the invading melt and initial mush triggers
reactions which leads to partial dissolution of the high An plagioclase, olivine and the high
Mg# Cpx. The reactions crystallise poikilitic orthopyroxene around partially dissolved olivine
and poikilitic amphibole around olivine and the high Mg# Cpx. Plagioclase Anzs.gs and the
low Mg# Cpx population also crystallise from the melt, which has been chemically modified
by reaction with the mush. A new plagioclase-orthopyroxene-clinopyroxene-amphibole mush

(with remnant Angs.go plagioclase, olivine and high Mg# Cpx) is formed:

Stage 3 — Late-stage crystallisation of residual evolved meltsdn-theymush formed low Aneo-75

plagioclase, additional amphibole overgrowths and apatite.
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1150  Figure 14: Schematic illustrating possible “reactive infiltration feedback™ scenario for

1151 formation of the plag-cpx band in the banded gabbro. A small region of higher porosity was
1152 present in the initial olivine gabbro mush, allowing a greater flux of reactive melt, causing
1153  faster dissolution in this region. Subsequently, new plagioclase and clinopyroxene

1154  precipitated from the reactive melt in the channel formed via preferential dissolution, forming

1155  the plag-cpx band.
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Figure 15: REE compositions of melts in equilibrium with banded gabbro “plag-cpx band”
clinopyroxene, poikilitic gabbro low Mg# clinopyroxene and amphibole. The equilibrium
melt compositions were calculated using the following partition coefficients: banded gabbro
clinopyroxene — 49 wt % SiO., poikilitic gabbro low Mg# clinopyroxene and amphibole - 59
wt % SiO> (Supplementary Table ST5). Equilibrium melt compositions are compared with
whole-rock data for St Vincent lavas (Heath et al., 1998; Plank, 2005; DuFrane et al., 2009;
Fedele et al., 2021) and melt inclusions (MI’s) (Bouvier et al., 2010, 2022; Cooper et al.,

2020; Balcone-Boissard et al., 2023).
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Table 1: Key petrographic and chemical characteristics of the four plutonic xenoliths analysed for mineral trace
element compositions in this study. The proportions of mineral phases were determined from thin section
chemical maps using the python GUI program “QUACK” (Loocke, 2016). Crystallisation depths were estimated

through comparison of plutonic xenolith mineral assemblages and compositions with the products of

crystallisation experiments (Supplementary Table ST4).

Sample
name and Mineral Textures .
sampling  assemblage Plag Ol Cpx Opx Amp support Estlm_ateq
- Key textural features crystallisation
location and An Fo Mg# Mg# Mg# melt-mush
. . . depth (km)
(latitude,  proportions reaction?
longitude)
Olivine  Plag (69 %), -Primocryst Plag and Ol,
gabbro Ol (22%), ~ 89- 76- 70- interstitial Cpx and Mt. 6.18
(13°17°  Cpx (8 ;%)' Mt 98 79 80 -Interstitial melt films line U B
52.7%, 61 (1%) most crystal boundaries
07'05.7")
OI-Cpx Plag (52 %), -Primocryst Plag, OInCpx.
gababrov Ol (23 %), 90- 77 72 -Well equilibrated 120° No 6-18
(13" 17 . Cpx (25 %) 100 80 81 contactsdetween
52.7%, 61 primo¢rystiphases common
07'05.7")
=Samplé€ “matrix” contains
Ol, Plag, Cpx primocrysts Yes —
with interstitial Amph and ~ “plag-cpx
Mt band” with
0,
banded Plag (58 %), -Interstitial Amph found distinctive
gabbro Ol (2 %), Cpx 85- 72- 69- overgrowing rims of Cpx mineralo
(13°19' (29 %), Mt (4 6270 °Overgrowing P 9y ~12
" 1o 97 76 80 in matrix. and
37.3", 61 %), Amph (7 « » ;
10'17.6%) %) -“plag-cpx band” cross- chemistry
' cuts matrix, defined by compared
smaller crystal size, with
inclusion rich plagioclase matrix.
and absence of olivine.
Yes —
Plag.(53.%), -2 Cpx size populations (> re“i:lgh
Ol (8 %), Cpx 1 mm euhedral, <1 mm -
(12%), Obx subhedral) plagioclase
poikilitic : L cores, High Mg# Cpx
(22.%), Amph -Poikilitic amph replaces Sl
gabbro (15%) (plus 60- 70- 70- 25 75 6570 embayed rims of Cpxand  POIKlItC — 12 0r 30,
(13715 o) P 90 76 90 yec Ml P Amphand  other mineral
. o minor Ol, poikilitic Opx replaces
11.0%, 61 ) Opx phases ~5-12
. " accessory embayed Ol rims .
07'06.1") - . . . replacing
oxides, apatite -Zoned plagioclase with
: S embayed
and sulfides) relict high-An cores
Ol and
Cpx rims
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