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ABSTRACT 22 

In subduction zones, it is widely established that magmas are stored as crystal dominated 23 

mush within sub-volcanic plumbing systems. In these mush-dominated systems, it is likely 24 

that melt-mush reactions between migrating melts and the pre-existing mush influence the 25 

chemical evolution of magmas. However, melt-mush reactions and their effect on the 26 

chemical evolution of arc magmas can be elusive and cannot be constrained when studying 27 

erupted lavas in isolation. In this study, we focus on the island of St. Vincent in the Lesser 28 

Antilles volcanic arc because (1) the composition of erupted lavas has been interpreted to 29 

reflect simple fractional crystallisation, with minimal influence of other magmatic processes, 30 

and (2) an abundance of plutonic xenoliths (erupted fragments of crystal mush) can be found 31 

within the eruptive products.  Thus, we are able to compare interpretations gleaned from the 32 

chemistry of erupted lavas with new observations of the crystal mush in the same magmatic 33 

system. To this end, textural analyses were undertaken on seventeen representative plutonic 34 

xenoliths from St Vincent, and four of these samples (two olivine gabbros, two hornblende-35 

olivine gabbros) were studied in detail via element mapping, mineral trace element analyses 36 

and geochemical modelling. The chemical, textural and mineralogical characteristics of the 37 

olivine gabbros were best explained via fractional crystallisation in the mid-upper crust (~6-38 

18 km depth). However, the hornblende-olivine gabbros (two of seventeen samples studied) 39 

contained clear textural evidence for melt-mush reaction in the mid-upper crust.  The trace 40 

element compositions of minerals such as clinopyroxene in these two samples were best 41 

reproduced via assimilation-fractional crystallisation modelling, simulating melt-mush 42 

reactions, supporting the textural evidence.  Our plutonic xenoliths reveal that in addition to 43 

fractional crystallisation, cryptic (i.e. not directly recorded in lavas) melt-mush reaction 44 

processes also contribute to magma chemical evolution, particularly influencing trace 45 

elements, within the sub-volcanic plumbing system. Textural evidence for melt-mush reaction 46 
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is increasingly reported in plutonic xenoliths from other active arcs and exhumed arc crustal 47 

sections, suggesting that this process is ubiquitous in mush-dominated arc plumbing systems. 48 

Melt-mush reaction therefore represents an important process contributing to arc magma and 49 

arc crust trace element chemical diversity. 50 

 51 

Keywords: geochemistry; igneous petrology; magmatic plumbing systems; melt-mush 52 

reaction; fractional crystallisation; subduction zone magmatism 53 
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INTRODUCTION 68 

A growing body of evidence supports the idea that lavas erupted at arc volcanoes are derived 69 

from magmatic plumbing systems within which magma is predominantly stored as crystal 70 

dominated mush, rather than melt dominated magma chambers (Bachmann & Bergantz, 2004; 71 

Cashman et al., 2017: Bachmann & Huber, 2019; Edmonds et al., 2019; Sparks et al., 2019; 72 

Paulatto et al., 2022). Mush is defined as “a supersolidus rock with a largely interconnected 73 

melt phase within a continuous crystal framework” (Humphreys et al., 2025). Within mush 74 

dominated plumbing systems, a plethora of processes that modify primary magma 75 

compositions take place, including fractional crystallisation, melt-rock and melt-mush 76 

reaction, wallrock/crustal assimilation and mixing (Hildreth & Moorbath, 1988; Davidson et 77 

al., 2005; Turner & Langmuir 2015, 2022; Marxer et al., 2022; Cooper et al., 2016; Klaver et 78 

al., 2017; Boulanger & France, 2023). It is difficult to directly investigate magmatic processes 79 

in crystal mush dominated plumbing systems using erupted lavas, because their chemistry 80 

represents the time-integrated result of multiple processes that have operated throughout their 81 

journey from initial mantle partial melting to eruption at the surface (e.g. Davidson et al., 82 

2007).   Instead, plutonic xenoliths, carried to the surface in erupted lavas, offer an alternative, 83 

more direct means of interrogating the processes occurring within crystal mushes. Plutonic 84 

xenoliths are interpreted to represent fragments of mush derived from a range of depths 85 

(Chadwick et al., 2013; Stamper et al., 2014; Cooper et al., 2016; 2019; Price et al., 2016; 86 

Melekhova et al., 2017; 2019; Camejo-Harry et al., 2018). These samples allow detailed 87 

observation of the spatial relationships between the mineral phases and interstitial melt within 88 

the mush. Such textural observations provide key information on magmatic processes that 89 

cannot be obtained from the chemical compositions of lavas alone, or the compositions and 90 

textures of free crystals carried in lavas. 91 
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Although the ubiquity of mush beneath active arc volcanoes is generally accepted, its 92 

impact on magma chemical evolution and the compositions of erupted lavas is less certain. A 93 

consequence of mush-dominated plumbing systems is the idea that the reaction of migrating 94 

melts with a pre-existing crystal mush framework (often termed “reactive melt flow” or 95 

“melt-mush reaction”) is a primary process in the chemical evolution of magmas, in addition 96 

to crystallisation driven differentiation (Lissenberg & MacLeod, 2016; Jackson et al., 2018; 97 

Lissenberg et al., 2019; Blundy, 2022; Boulanger & France, 2023; Li et al., 2024). In this 98 

study, we refer to interactions between melts and crystal mushes using the term “melt-mush 99 

reaction”. Evidence for melt-mush reaction has been largely based on textural features such as 100 

ragged or embayed crystal boundaries or cores, indicative of dissolution, and reaction-101 

relationships between mineral phases (Smith, 2014; Cooper et al., 2016; Lissenberg & 102 

MacLeod, 2016; Melekhova et al., 2017; Sanfillipo et al., 2020; Boulanger et al., 2021). 103 

Textural indicators of melt-mush reaction have been identified in plutonic xenoliths and 104 

equivalent plutonic rocks from active and exhumed arcs (Costa et al., 2002; Smith, 2014; 105 

Bouilhol et al., 2015; Cooper et al., 2016; Klaver et al., 2017; Melekhova et al., 2017; 106 

Camejo-Harry et al., 2018; Villares et al., 2022), mid-ocean ridge (MOR) settings 107 

(Lissenberg et al., 2013; Lissenberg & MacLeod, 2016; Sanfillipo et al., 2020; Zhang et al., 108 

2020; Boulanger et al., 2020, 2021; Ferrando et al., 2021; Boulanger & France, 2023), and 109 

ocean island volcanoes (Gleeson et al., 2020). Crystals and/or crystal zones that form during 110 

melt-mush reaction may also be identified through their distinctive enrichments in 111 

incompatible trace elements compared with crystal compositions produced by fractional 112 

crystallisation (Lissenberg & MacLeod, 2016; SanFillipo et al., 2020; Gleeson et al., 2020; 113 

Boulanger et al., 2021; Boulanger & France, 2023).  114 

Plutonic xenoliths are abundant in volcanic deposits of the Lesser Antilles arc (LAA), 115 

including the active volcanic island of St Vincent.  The (whole-rock) major and trace element 116 
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compositions of erupted lavas on St. Vincent have been interpreted to reflect fractional 117 

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

depths (Melekhova et al., 2015; 2019). Other crustal level processes such as country rock 119 

assimilation and magma mixing, which have potential to complicate interpretation of mush 120 

processes, have been shown to have negligible influence on St Vincent magma compositions 121 

(Heath et al., 1998; Tollan et al., 2012; Cole et al., 2019). In this study, we combine textural 122 

observations, chemical mapping and mineral trace element compositions to assess the record 123 

of crystallisation differentiation and melt-mush reaction processes in a suite of plutonic 124 

xenoliths from St Vincent. We show that in addition to fractional crystallisation, the plutonic 125 

xenoliths reveal cryptic melt-mush reaction processes operating in the mushy plumbing 126 

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

understanding the evolution of subduction zone magmas and influence the diversity of magma 128 

trace element compositions and the chemical heterogeneity of arc crust formed at subduction 129 

zones. 130 

 131 

PLUTONIC XENOLITH SAMPLES  132 

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

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

deposits on the flanks of La Soufrière volcano and coastal exposures on the eastern side of the 135 

island. Together with previous work, the plutonic xenolith collection from St. Vincent is now 136 

exceptionally large at about 140 samples. Seventeen xenoliths were selected as representative 137 

from the newly collected sample suite and initially assessed via optical petrology of 17 thin 138 

sections covering macroscopically identifiable textural diversity (Supplementary Table ST1). 139 

Using the classification scheme of Streckeisen (1976), the plutonic xenolith suite includes 140 

troctolites (5 samples), olivine gabbros (6 samples), hornblende-olivine gabbros (2 samples), 141 
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hornblende gabbros (1 sample) and gabbronorites (3 samples). Adcumulate textures (no 142 

interstitial melt or intercumulus mineral phases) are observed in olivine gabbros and 143 

gabbronorites. Troctolites and some olivine gabbros are characterised by the presence of 144 

interstitial glass lining crystal boundaries or as small pockets. Clinopyroxene forms a 145 

primocryst phase in olivine gabbros, gabbronorites and hornblende-olivine gabbros and 146 

occurs as an interstitial phase in two olivine gabbros. Interstitial amphibole in hornblende-147 

olivine gabbros is texturally associated with and replaces the rims of clinopyroxene and/or 148 

olivine, whereas amphibole in the hornblende gabbro appears euhedral (crystal shapes 149 

partially obscured by alteration). Here, we focus on samples containing clinopyroxene and/or 150 

amphibole due to their variable textural relationships with other phases. Following our 151 

textural assessment of the 17 xenoliths (Supplementary Table ST1), we selected four 152 

texturally distinctive plutonic xenoliths for a detailed textural and elemental study (Table 1) to 153 

assess the record of crystallisation differentiation and melt-mush reaction processes. 154 

 155 

ANALYTICAL METHODS   156 

The compositions of mineral phases were determined via chemical mapping of whole thin 157 

sections and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). 158 

These methods are summarised here. Further details can be found in Supplementary File 1. 159 

Thin Section Mapping 160 

Chemical maps of whole thin sections were acquired via Energy Dispersive X-ray 161 

Spectroscopy (EDS), using a Zeiss Sigma HD field emission gun (FEG) SEM with two 150 162 

mm2 Oxford Instruments X-Max energy dispersive silicon drift detectors at Cardiff 163 

University. Prior to analysis, the thin sections were coated with a conductive layer (~ 20 nm) 164 

of carbon. The maps were acquired using an accelerating voltage of 20 kV, aperture size 120 165 
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µm and working distance of 8.9 mm. The magnification was adjusted depending on the 166 

typical crystal size in thin section, resulting in a pixel size of 22-24 µm. Pixel dwell time was 167 

set at 20 ms for all sample maps. Raw data were background corrected using Oxford 168 

Instruments AZtec software prior to generation of quantitative element maps.  169 

The python GUI program “QUACK”, developed at Cardiff University (Loocke, 170 

2016), was used to process the background-corrected x-ray element maps generated in AZtec 171 

and produce maps of both the distribution of mineral phases and quantitative molar element 172 

ratios (plagioclase An, pyroxene and amphibole Mg#, olivine Fo). The software is available to 173 

download at https://mloocke.wixsite.com/qacd-quack, and full details regarding software 174 

development and testing via analysis of secondary standards are documented in Loocke 175 

(2016) (accessible online at https://orca.cardiff.ac.uk/id/eprint/97663/). 176 

           The phase distribution maps were used to calculate the mineral modal abundances, as 177 

area percentages, for each sample using the algorithms in the QUACK software. Plagioclase 178 

An, olivine Fo and pyroxene Mg# were quantified using the mineral specific regression 179 

equations (see Loocke, 2016 for full details). Amphibole Mg# was quantified using the 180 

general Mg# regression equation. Data quality of molar element ratio maps processed via 181 

QUACK was rigorously tested by Loocke (2016), via analysis of plagioclase, clinopyroxene 182 

and olivine standards with known An, Mg# and Fo. Percentage error on molar ratio 183 

measurements (deviation of mean measured value from accepted value of standard, expressed 184 

as a percentage) was determined as 0.20 % for plagioclase An, 0.59 % for clinopyroxene Mg# 185 

and 0.22 % for olivine Fo. The quantitative molar ratio maps in this study were acquired using 186 

the same SEM at Cardiff University (as Loocke, 2016) using near identical run conditions, 187 

therefore we infer that uncertainties on our molar ratio measurements are < 1%.  188 
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Sanfillipo et al. (2020) and Cooper et al. (2025) also used QUACK to quantify 189 

element maps of plutonic rock samples obtained at Cardiff University. These studies provide 190 

further evidence for the accuracy of this method. Plagioclase and diopside secondary 191 

standards analysed alongside samples by Cooper et al. (2025) were accurate to within 1.7% 192 

An, with a precision of ± 2.57 2SD, and accurate to within 0.4% Mg#, with a precision of 193 

±0.25 2SD, respectively. Sanfillipo et al. (2020) showed that An, Mg# and Fo values derived 194 

from their quantified element maps differed from values derived from Electron Microprobe 195 

spot analyses of the same crystals by < 2 %.  196 

 197 

LA-ICP-MS analyses 198 

The trace element compositions of clinopyroxene and amphibole were analysed by laser 199 

ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), using a Teledyne 200 

Analyte Excite Laser Ablation System coupled to a Thermo-Scientific X-Series 2 ICP-MS at 201 

Durham University. The laser was run with a fluence of 8.09 J/cm2, a repetition rate of 8 Hz, 202 

and a 75 µm square spot size. Helium was used as the carrier gas (flow rate ~1 L min-1), with 203 

Ar mixed in (~1 L min-1) prior to the introduction of the sample into the mass spectrometer. 204 

We analysed NIST SRM 612 glass (Jochum et al., 2011) as the calibration standard and 205 

USGS standard reference material BCR-2G as a secondary standard. Each batch of analyses 206 

consisted of 16-20 ablations, with standard analyses bracketing the clinopyroxene/amphibole 207 

analyses. For each individual analysis, 30 s of gas blank was measured followed by 40 s 208 

ablation of standard/target crystal. Data reduction was carried out using the software Iolite 209 

(Paton et al., 2011). The internal standard was Ca (wt %) – a constant value of 16 wt % Ca 210 

was used for clinopyroxene and 8.6 wt % Ca for amphibole, due to the minimal variation in 211 

CaO in plutonic xenolith clinopyroxene (CaO = 20.5-23.5 wt %) and amphibole (CaO = 11.2-212 
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12.3 wt %, see Supplementary File 1 for details). Repeat measurements of BCR-2G (n=32) 213 

showed that trace elements were measured within 15 % of preferred values (from the 214 

GeoREM database, Jochum et al., 2005, Supplementary Table ST3). Uncertainties on trace 215 

element data are provided both as internal 2SE (calculated by Iolite, shown in Supplementary 216 

Table ST2) and 2SD % (reproducibility). All 2SD % (calculated as 2SD/mean * 100) 217 

uncertainties, based on the reproducibility of measurements of BCR-2G (n=32), are less than 218 

15 % relative, excluding Ti (22 %), Cr (16 %) and Lu (23 %) (Supplementary Table ST3). 219 

 220 

RESULTS 221 

Petrography 222 

Olivine gabbro  223 

The mineral assemblage consists of plagioclase (69 %) and olivine (22 %) as primocryst 224 

phases with crystal size varying from 0.5-5 mm, with interstitial clinopyroxene (8 %) and 225 

minor magnetite (1 %). The crystallisation sequence is olivine - plagioclase - clinopyroxene - 226 

magnetite. The sample has a mesocumulate texture with films of glass lining most crystal 227 

boundaries (Figure 1a, Supplementary Figure S1). Close to the contact with the host lava, 228 

interstitial glass between crystals is slightly more abundant and appears interconnected with 229 

the surrounding glass (Supplementary Figure S1), suggesting that the host lava partially 230 

infiltrated the xenolith. However, the interstitial glass towards the interior of the xenolith may 231 

either be an infiltrated melt from the host or trapped melt which has quenched. In some parts 232 

of the sample, crystals separated by interstitial melt have a “jigsaw fit” appearance 233 

(Supplementary Figure S1), suggesting that the melt has pushed the crystals apart from each 234 

other.  235 

 236 
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Ol-Cpx gabbro  237 

The mineral assemblage consists of plagioclase (52 %), olivine (23 %) and clinopyroxene (25 238 

%) as primocryst phases (Figure 1b), with crystal size varying from 0.5-3 mm. The 239 

crystallisation sequence is olivine - plagioclase - clinopyroxene. The sample has an 240 

adcumulate texture (no interstitial melt) and well equilibrated, 120° crystal boundaries 241 

between the three primocryst phases are common (Supplementary Figure S1).  242 

 243 

Banded gabbro  244 

The mineral assemblage consists of plagioclase (58 %), olivine (2 %), and clinopyroxene (29 245 

%) as primocryst phases, plus interstitial amphibole (7 %) and magnetite (4 %), with crystal 246 

size varying from 0.2-3 mm. A key feature is the presence of a texturally and mineralogically 247 

distinct band, approximately 1 cm wide (Supplementary Figure S2). In thin section, the band 248 

is characterized by a generally smaller crystal size, melt and fluid inclusion rich plagioclase 249 

cores and clear rims and the absence of olivine (Figure 2a,d,e). This feature is hereon referred 250 

to as the “plag-cpx band”. The remainder of the sample outside the band is referred to as the 251 

sample “matrix” (Figure 2a). The matrix lacks interstitial glass. Well equilibrated contacts 252 

between (inclusion free) plagioclase and olivine (and some clinopyroxene) primocrysts are 253 

common (Supplementary Figure S2). Some matrix clinopyroxene display more irregular 254 

crystal shapes, indicative of additional intercumulus growth. Amphibole is distributed in 255 

patches within the sample matrix and notably only occurs outside the plag-cpx band. 256 

Amphibole is generally anhedral and typically found associated with and overgrowing the 257 

rims of clinopyroxene (Figure 2b,c) and occasionally, olivine.  258 

 259 

Poikilitic gabbro  260 
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The mineral assemblage consists of plagioclase (53 %), olivine (8 %), clinopyroxene (12 %), 261 

orthopyroxene (12 %), and amphibole (15 %) with minor interstitial apatite, oxides and very 262 

rare sulfides. Crystal size varies from 0.3-4 mm, with many crystals (particularly plagioclase) 263 

measuring < 1mm.  Two clinopyroxene size populations (> 1 mm euhedral, < 1 mm 264 

subhedral) are present.  A key feature is the presence of poikilitic amphibole throughout the 265 

sample, which replaces the embayed/rounded rims of clinopyroxene and/or olivine (Figure 266 

3a,b,d, Supplementary Figure S1). In several areas of the thin section, the poikilitic amphibole 267 

contain < 1 mm plagioclase inclusions, which do not show embayed crystal boundary 268 

junctions with the amphibole (Supplementary Figure S1), unlike the contacts between 269 

amphibole and clinopyroxene, suggesting that some plagioclase co-crystallised with the 270 

amphibole. Olivine is commonly altered to iddingsite. Where olivine is not enclosed by 271 

amphibole, it is typically rounded/embayed and enclosed by orthopyroxene (Figure 3c). 272 

Plagioclase exhibits a wide range of zoning patterns with some crystals displaying complex 273 

oscillatory zonation and relict/patchy cores (Figure 3e). 274 

 275 

Mineral major element compositions 276 

The compositional ranges (molar element ratios An, Mg#, Fo) of the main mineral phases in 277 

each plutonic xenolith sample are listed in Table 1 and illustrated in Supplementary Figure 278 

S3. In the olivine gabbro, olivine displays a narrow compositional range (Fo76-79) and 279 

plagioclase are characterised by high An contents (An89-98). Clinopyroxene varies from Mg# 280 

70-80. Clinopyroxene crystals show minor Mg# zonation with a patchy distribution of higher 281 

Mg# zones throughout the sample (Supplementary Figure S4). The Ol-Cpx gabbro also 282 

contains a narrow range of olivine compositions (Fo77-80) and plagioclase with high An (An90-283 
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100). Clinopyroxene varies from Mg# 72-81 and individual crystals show minor Mg# zonation 284 

(Supplementary Figure S4).   285 

Olivine in the banded gabbro varies from Fo72-76. Plagioclase displays lower An (An85-286 

91) within the plag-cpx band (Figure 4b) compared with the matrix (~ An90-97). Clinopyroxene 287 

within the plag-cpx band also have lower Mg# (69-74, Figure 4a,c), compared with the matrix 288 

(~ Mg# 73-80). Interstitial amphibole in the matrix have Mg# 62-70 (Supplementary Figure 289 

S3). 290 

Olivine in the poikilitic gabbro varies from Fo70-76. The An map for the poikilitic 291 

gabbro (Figure 5b) reveals the distribution of An variation in plagioclase in the sample and 292 

allows three populations to be identified, which are referred to as “high An”, “intermediate 293 

An” and “low An” in the remainder of the text. Rare high An (An85-90) plagioclase (yellow on 294 

Figure 5b), typically found as crystal cores, are sparsely distributed throughout. The 295 

intermediate An (An75-85) plagioclase population (orange on Figure 5b) are found as mantles 296 

to high An cores, as well as discrete crystals or crystal cores. The low An plagioclase (An60-75) 297 

population (blue on Figure 5b) form rims on intermediate An population cores or discrete 298 

crystals. The clinopyroxene Mg# map for the poikilitic gabbro (Figure 5a) highlights the 299 

presence of two compositionally distinct clinopyroxene populations, which correspond to the 300 

two size populations observed in the sample. The first population includes clinopyroxene with 301 

Mg# 80-90 (pink and yellow in Figure 5a), which generally consists of the larger (> 1 mm) 302 

clinopyroxene crystals. Some of these crystals show minor reverse zoning with cores of Mg# 303 

~82-85 and rims Mg# ~87-89. The second population (purple/blue in Figure 5a), 304 

corresponding to the smaller (generally < 1 mm) clinopyroxene crystals disseminated 305 

throughout the sample, have lower Mg# (70-80) with majority in the range Mg# 75-80. Some 306 

of these clinopyroxene display slight normal zoning with Mg# ~80 cores and Mg# ~76-78 307 

overgrowths. These populations will be referred to as the “high Mg# Cpx” population (Mg# > 308 
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80) and “low Mg# Cpx” population (Mg# < 80) in the remainder of the text. Poikilitic gabbro 309 

amphibole have Mg# 65-70 and orthopyroxene Mg# 72-75 (Supplementary Figure S3).  310 

 311 

Trace element chemistry of clinopyroxene and amphibole 312 

Full trace element data for clinopyroxene and amphibole can be found in Supplementary 313 

Table ST2. 314 

 315 

Clinopyroxene 316 

Here we focus on the abundances of REE’s, Zr and Y in clinopyroxene, which can 317 

discriminate between fractional crystallisation and melt-mush reaction in plutonic rocks 318 

(Lissenberg & MacLeod, 2016, Sanfillipo et al., 2020). Zirconium, Y and Ce broadly increase 319 

with decreasing Mg# (Figure 6a, b, c). Clinopyroxene from the olivine gabbro and Ol-Cpx 320 

gabbro have a similar range in Mg# and overlapping Zr, Y and Ce. Clinopyroxene in the 321 

banded gabbro matrix covers the same range but clinopyroxene within the plag-cpx band have 322 

elevated Ce and Zr relative to matrix, at lower Mg# (Figure 6). Clinopyroxene in the poikilitic 323 

gabbro spans the largest range of incompatible trace element concentrations. The lowest Zr, Y 324 

and Ce contents are found in the high Mg# Cpx, whereas the low Mg# Cpx from the same 325 

sample have higher Zr and Ce contents at a given Mg# compared with other samples.  326 

Clinopyroxene from the olivine gabbro, Ol-Cpx gabbro and banded gabbro matrix 327 

have broadly similar curved REE patterns, with low LREE, relatively flat M-HREE (La = 328 

0.15-0.4 µg/g, Yb = 1.04-1.96 µg/g, LaN/YbN = < 0.25, normalised to primitive mantle (Palme 329 

and O’Neill, 2003)), and small negative Eu anomalies (Figures 6 and 7). The plag-cpx band 330 

clinopyroxene have the same REE pattern as those from the banded gabbro matrix but are 331 

typically more REE enriched (La = 0.34-0.5 µg/g, Yb = 1.57-2.04 µg/g, LaN/YbN = < 0.25) 332 
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(Figure 6f, 7b). Most poikilitic gabbro high Mg# Cpx have similar REE patterns, but lower 333 

M-HREE contents, compared to clinopyroxene from other samples (La = 0.14-0.63 µg/g, Yb 334 

= 0.36-0.81 µg/g, LaN/YbN = 0.12-0.6). Poikilitic gabbro low Mg# Cpx have LREE enriched, 335 

almost flat REE profiles with similar M-HREE contents to clinopyroxene from other samples 336 

(La = 0.65-1.66 µg/g, Yb = 1.13-1.89 µg/g, LaN/YbN = 0.38-0.83) (Figure 6f, 7a). The 337 

concentrations of compatible elements such as Cr and Ni generally decrease with decreasing 338 

Mg# (Figure 6d, e). Poikilitic gabbro low Mg# Cpx show anomalously high Ni and Cr 339 

contents at a given Mg#.  340 

 341 

Amphibole 342 

Banded gabbro amphibole display a limited range in incompatible (Zr, Y, Ba, Nb) trace 343 

element concentrations (e.g. Nb = 0.6-1.1 µg/g, Figure 8a,b). In contrast, poikilitic gabbro 344 

amphibole are more enriched in incompatible trace elements and display a greater range (e.g. 345 

Nb = 8.5-12 µg/g, Figure 8a,b). Banded gabbro amphiboles are depleted in LREE relative to 346 

MREE/HREE (La = 0.59-0.87 µg/g, Yb = 2.08-3.38 µg/g, LaN/YbN = 0.16-0.23) and most 347 

have a small negative Eu anomaly (Figure 8d). Poikilitic gabbro amphibole are LREE 348 

enriched with almost flat REE patterns (La = 4.58-6.77 µg/g, Yb = 4.40-8.53 µg/g, LaN/YbN = 349 

0.4-0.97) (Figure 8d). Five of the amphibole analyses from this sample are more enriched in 350 

Sm-Yb and have Eu anomalies. Banded gabbro amphibole have low abundances of the 351 

compatible elements Cr and Ni (Figure 8c), whereas poikilitic gabbro amphibole are enriched 352 

in these elements. We compare our data to compositions of amphibole from a range of 353 

plutonic xenoliths from Martinique, Lesser Antilles (Cooper et al., 2016) which display 354 

similar phase proportions and textural characteristics to those in St. Vincent.   355 

 356 
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DISCUSSION 357 

In the following discussion, we attempt to infer the crystallisation conditions (pressure/depth-358 

temperature) of our plutonic xenoliths and the possible compositions of the melts from which 359 

they crystallised, through comparison with the products of crystallisation experiments, 360 

following similar approaches applied successfully for other LAA plumbing systems (e.g. 361 

Cooper et al., 2016; Camejo-Harry et al. 2018; Melekhova et al., 2019; Fedele et al., 2021). 362 

We consider experiments which used lavas from both the LAA and other similar arc settings 363 

as starting materials. 364 

We then use the estimated crystallisation conditions and our textural observations to 365 

guide our geochemical modelling of fractional crystallisation (FC) and melt-mush reaction. 366 

Our models focus on the REE compositions of clinopyroxene and amphibole, because mineral 367 

REE compositions have been shown to effectively distinguish between FC and melt-mush 368 

reaction processes in previous studies (e.g. Lissenberg & MacLeod, 2016; SanFillipo et al., 369 

2020; Boulanger et al., 2021). Below, we will start with the simplest sample textures and 370 

build up complexity only as required by modelling results. 371 

 372 

Evidence for fractional crystallisation 373 

 374 

Olivine gabbro, Ol-Cpx gabbro, banded gabbro matrix 375 

Comparison with experiments (Pichavant et al. 2018; Marxer et al., 2022) suggests that the 376 

plagioclase (An89-99) – olivine (Fo72-80) – clinopyroxene (Mg# 70-81) primocryst assemblage 377 

of the olivine gabbro, Ol-Cpx gabbro and banded gabbro matrix is consistent with 378 

crystallisation from a high-Al basalt melt with > 3.5 wt % H2O at 975-1050°C, 0.2-0.6 GPa 379 

(~6-18 km depth, Supplementary Table ST4), in the mid-upper crust (assuming a ~29 km 380 

thick crust, Melekhova et al. 2019). Due to the absence of disequilibrium textures, such as 381 
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embayed crystal cores or reaction relationships (e.g. amphibole replacing clinopyroxene rims) 382 

in the olivine gabbro and Ol-Cpx gabbro, we explored whether clinopyroxene REE 383 

compositions in these samples are consistent with fractional crystallisation from a basaltic 384 

parental melt (Models FC1 and FC2). 385 

We modelled fractional crystallisation using the Rayleigh fractionation equation: 386 

CL = F(D-1) * C0       [Eqn 1] 387 

where CL = concentration of trace element in melt, C0 = concentration of trace element in 388 

initial melt, F = fraction of melt remaining, D = bulk partition coefficient. 389 

We present two FC models to illustrate the effect of varying the input parameters, 390 

which are poorly constrained in mushy magmatic systems. We used mineral-melt partition 391 

coefficients calculated using the model of Brophy (2008), which allowed us to predict 392 

partition coefficients for the mineral phases in the plutonic xenoliths as a function of 393 

coexisting melt SiO2 content (Supplementary Table ST5). In experiments which reproduced 394 

the mineral assemblage and compositions of these samples (e.g. FM93, Marxer et al. 2022, 395 

Supplementary Table ST4), the co-existing melt is of basaltic composition. Hence, for models 396 

FC1 and FC2, we used partition coefficients at 49 wt % SiO2, appropriate for a basaltic melt. 397 

In model FC1, the crystallising assemblage is based on the mineral phase abundances in the 398 

Ol-Cpx gabbro (plagioclase:olivine:clinopyroxene:magnetite in proportions 55:23:20:2), 399 

while model FC2 is based on the olivine gabbro (plagioclase:olivine:clinopyroxene:magnetite 400 

in proportions 69:22:8:1). The initial melt composition (HAB melt 1, Supplementary Table 401 

ST6) for model FC1 was calculated from the composition of a low-Yb clinopyroxene from 402 

the Ol-Cpx gabbro using clinopyroxene-melt partition coefficients at 49 wt % SiO2. For 403 

model FC2, we used an initial melt composition (HAB melt 2, Supplementary Table ST6) 404 

with 20 % higher La and Ce than HAB melt 1. We consider our calculated melt compositions 405 
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realistic, as they are similar to reported REE concentrations for basaltic melt inclusions from 406 

St Vincent (Bouvier et al. 2022). 407 

The results of models FC1 and FC2 show that the range of clinopyroxene REE 408 

compositions in the Ol-Cpx gabbro, olivine gabbro and banded gabbro matrix are generally 409 

reproduced by up to 60 % crystallisation of olivine + plagioclase + clinopyroxene + magnetite 410 

(Figure 9). Clinopyroxene compositions from the Ol-Cpx gabbro are best reproduced by 411 

model FC1, while olivine gabbro and banded gabbro matrix clinopyroxene compositions are 412 

better reproduced by model FC2 using an initial melt with a slightly higher LREE content. 413 

The model results suggest that clinopyroxene in these samples formed via closed system 414 

fractional crystallisation from a basaltic parental melt.  415 

In the banded gabbro matrix, amphibole is texturally associated with and overgrowing 416 

the rims of clinopyroxene (Figure 2). This textural relationship indicates that amphibole 417 

formed via the peritectic reaction clinopyroxene + melt = amphibole, which may occur via 418 

two mechanisms; 1) reaction between trapped residual melt and clinopyroxene primocrysts 419 

during closed system crystallisation (e.g. Foden and Green, 1992; Chang et al., 2021) or 2) 420 

open system interactions between clinopyroxene primocrysts and percolating/migrating 421 

reactive melts (e.g. Foden & Green, 1992; Smith, 2014; Cooper et al., 2016). 422 

To test mechanism 1, we assessed whether amphibole with REE compositions 423 

matching the banded gabbro amphibole could crystallise from the residual melt after 60-70 % 424 

crystallisation of the banded gabbro matrix primocryst assemblage (olivine + plagioclase + 425 

clinopyroxene + magnetite), simulated by model FC2. In experiments which reproduced the 426 

banded gabbro matrix primocryst assemblage + amphibole (e.g. HAB7, Pichavant et al. 2002, 427 

Supplementary Table ST4), the co-existing melt is of basaltic andesite composition. 428 

Therefore, we calculated amphibole compositions using partition coefficients at 53 wt % SiO2 429 
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(Supplementary Table ST5). Figure 10e shows that amphibole crystallising from residual 430 

melts after 60-70 % crystallisation of the matrix primocryst assemblage closely match the 431 

banded gabbro amphibole REE compositions. Hence, we infer that the banded gabbro 432 

amphibole formed via a peritectic reaction between clinopyroxene and trapped interstitial melt 433 

during closed system crystallisation of the matrix. The banded gabbro amphibole REE 434 

patterns are distinct from the “interstitial” amphibole in plutonic xenoliths from Martinique 435 

(central LAA) (Figure 8d), which were formed via melt-mush reaction (Cooper et al., 2016). 436 

In Martinique, reactions with percolating melts formed amphiboles with greater enrichment in 437 

LREEs, and the resulting REE profiles are relatively flat (Figure 8d). Therefore, these 438 

distinctions rule out mechanism 2 and support our interpretation of a peritectic reaction 439 

between clinopyroxene and trapped interstitial melt during closed system crystallisation. 440 

 441 

Poikilitic gabbro 442 

Clinopyroxene with Mg# > 80, matching the high Mg# Cpx population in the poikilitic 443 

gabbro (Figure 5a), have been produced in crystallisation experiments using St Vincent high-444 

Mg basalt starting compositions at 1050-1200 °C, and both lower (1 GPa/~30 km depth) and 445 

mid-crustal (0.4 GPa/~12 km depth) pressures (Pichavant and Macdonald, 2007; Melekhova 446 

et al. 2015, Supplementary Table ST4). The high An85-90 plagioclase population (Figure 5b) 447 

and olivine (Fo70-76) are consistent with crystallisation from a high-Al basalt melt at 975-448 

1050°C, ~6-18 km depth (Pichavant et al. 2018; Marxer et al., 2022; Supplementary Table 449 

ST4). The intermediate and lower An (An60-85) plagioclase populations, low Mg# 450 

clinopyroxene, amphibole and orthopyroxene compositions are consistent with crystallisation 451 

from high-Al basalt to andesitic melts at 875-1000 °C, 5-12 km depth (Martel et al. 1999; 452 

Blatter et al. 2013; Pichavant et al. 2018; Marxer et al., 2023, Supplementary Table ST4).  453 
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In experiments, high Mg# clinopyroxene co-crystallises with high Fo (typically > 80) 454 

olivine and spinel (Pichavant and Macdonald, 2007; Melekhova et al., 2015) producing 455 

residual high-Al basalt melts. Since the poikilitic gabbro does not contain high Fo olivine or 456 

spinel, we infer that the high Mg# clinopyroxene represent a crystal cargo carried in a parental 457 

high-Al basalt melt, which crystallised the high An plagioclase and low Fo olivine. 458 

Alternatively, if high Fo olivine were also among the crystal cargo, these crystals could have 459 

re-equilibrated to lower Fo compositions. We suggest that the high Mg# clinopyroxene 460 

crystallised from primitive high-Mg basalt melts and that the trace element compositional 461 

variation within this crystal population could reflect variations in primitive magma 462 

compositions beneath St Vincent, which likely result from partial melting of a mantle source 463 

variably metasomatized by different slab derived fluids/sediment melts (Bouvier et al., 2010). 464 

The high An plagioclase are only found as crystal cores and olivine is rimmed by 465 

poikilitic orthopyroxene and amphibole. These textural relationships and the inferred 466 

crystallisation temperatures based on experimental comparisons (above) suggest that the high 467 

An plagioclase and olivine crystallised prior to the intermediate and low An plagioclase + low 468 

Mg# clinopyroxene + orthopyroxene + amphibole. We infer that the low Mg# clinopyroxene 469 

co-crystallise with the intermediate An plagioclase population, rather than with the high An 470 

plagioclase and olivine, due to the presence of small low Mg# Cpx inclusions in intermediate 471 

An plagioclase (Figure 3e). We modelled this latter crystallisation stage (model FC3) to 472 

assess whether the REE compositions of the poikilitic gabbro low Mg# clinopyroxene and 473 

amphibole are consistent with fractional crystallisation. 474 

  For model FC3, we used a crystallising assemblage of plagioclase + clinopyroxene + 475 

amphibole + orthopyroxene in proportions 50:10:20:20, estimated from the modal abundances 476 

of these crystal populations in the sample. In experiments which reproduced this assemblage 477 

(e.g. run 2390, Blatter et al. 2013, Supplementary Table ST4) the co-existing melt is of 478 
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andesitic composition. Assuming a KD(Fe-Mg)cpx/melt of 0.28 ± 0.08 (Putirka, 2008) and 479 

KD(Fe-Mg)opx/melt of 0.28 ± 0.04 (Beattie, 1993), melts in equilibrium with the low Mg# Cpx 480 

and orthopyroxene have estimated Mg# 40-58 and Mg# 38-49 respectively, within the range 481 

of andesite (Mg# 48-24) glasses from St Vincent scoria (Fedele et al., 2021). Amphibole in 482 

previously studied St Vincent plutonic xenoliths (Tollan et al. 2012) are in equilibrium with 483 

andesitic melts (58-63 % SiO2, calculated using the model of Humphreys et al. 2019).  484 

Therefore, we used partition coefficients for a coexisting melt with 59 wt % SiO2 (Brophy 485 

2008; Nandedkar et al., 2016 for amphibole, Supplementary Table ST5). We used the 486 

composition of a basaltic melt inclusion from St Vincent (svn4b-184, Bouvier et al. 2022; 487 

Supplementary Table ST6) as the initial melt composition, to represent the residual melt after 488 

initial crystallisation of the high An plagioclase and low Fo olivine.    489 

The range of REE compositions displayed by the poikilitic gabbro low Mg# 490 

clinopyroxene and amphibole are not well reproduced by model FC3 (Figures 11 and 12). In 491 

addition, poikilitic gabbro amphibole Ni concentrations show a positive correlation with La 492 

and Zr (Supplementary Figure S5). Based on typical partition coefficients from the GERM 493 

database (https://earthref.org/GERM), Ni is expected to be compatible in the crystallising 494 

assemblage while La and Zr are incompatible, which would result in a negative correlation 495 

between these elements in amphibole formed during fractional crystallisation. Despite the 496 

uncertainties regarding selection of the model input parameters, our modelling results using 497 

plausible inputs and the mineral compositions strongly suggest that the low Mg# 498 

clinopyroxene and amphibole are not products of fractional crystallisation.  499 

 500 

Evidence for Melt-mush reaction 501 
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Poikilitic gabbro 502 

The mineral textures in the poikilitic gabbro suggest that open system melt-mush reaction 503 

processes contributed to the petrogenesis of this sample. The high An plagioclase population 504 

takes the form of relict or patchy cores. These plagioclase textures, and the embayed 505 

appearance of the olivine and clinopyroxene rimmed by orthopyroxene and amphibole, 506 

closely resemble textures created by dissolution in experiments simulating melt-mush and 507 

melt-rock reaction (Yang et al., 2019; Wang et al., 2021). In similar experiments simulating 508 

contamination of a magma with foreign crystals and micro-xenoliths (Erdmann et al., 2010), 509 

many of the contaminant crystals (analogous to initial mush crystals in a melt-mush reaction 510 

scenario) acquired rounded/embayed textures akin to the poikilitic gabbro olivine and high 511 

Mg# clinopyroxene. Hence, we suggest that the high An plagioclase, olivine and high-Mg# 512 

clinopyroxene are derived from an initial mush modified by melt-mush reaction. The low 513 

Mg# clinopyroxene compositions are inconsistent with fractional crystallisation (Figure 11). 514 

Therefore, we suggest that these crystals formed as a reaction product, along with the 515 

intermediate An plagioclase surrounding relict high An cores, and poikilitic amphibole and 516 

orthopyroxene.  517 

We propose that the poikilitic gabbro records the following melt-mush reaction: 518 

olivine + high An plagioclase + high Mg# clinopyroxene + melt -> low Mg# clinopyroxene + 519 

intermediate An plagioclase + orthopyroxene + amphibole + melt 2. To test this hypothesis, 520 

we modelled this reaction (model AFC1) using the Assimilation-Fractional Crystallisation 521 

(AFC) equations of DePaolo (1981), following the approach of previous studies of melt-mush 522 

reaction in mid-ocean ridge gabbros (e.g. SanFillipo et al., 2020; Boulanger et al., 2020, 523 

2021; Ferrando et al., 2021).  524 
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AFC equation from DePaolo (1981): 525 

𝐶𝐿 = (𝐹−𝑍 + (
𝑟

𝑟−1
×

𝐶𝑎

(𝑍×𝐶0)
× 1 − 𝐹−𝑍)) × 𝐶0    [Eqn 3] 526 

where CL = concentration of trace element in melt, C0 = concentration of trace element in 527 

initial melt, Ca = concentration of trace element in assimilant,  F = fraction of melt remaining, 528 

Z = (r+D-1)/(r-1), D = bulk partition coefficient, r = rate of assimilation/rate of crystal 529 

fractionation.  530 

The equation explicitly accounts for trace element contributions from both the initial 531 

reactive melt and crystals in the pre-existing mush (the assimilant); therefore, we consider it 532 

appropriate for modelling our proposed melt-mush reaction scenario. 533 

It is difficult to determine the proportions of phases formed in our proposed reaction 534 

from textural inspection alone. For model AFC1, we infer a crystallising assemblage of 535 

plagioclase + clinopyroxene + amphibole + orthopyroxene in proportions 50:10:20:20, which 536 

approximates the relative proportions of the reaction product crystal populations in the 537 

poikilitic gabbro.  Model AFC1 was tested with up to 5 % variations in the mineral 538 

proportions listed above, which does not significantly change the results. Adjusting the 539 

mineral proportions has a less significant influence on model results than adjusting other 540 

parameters such as the “r” value, which we vary over a wide range of plausible values in our 541 

model (see below). Our proposed reaction product assemblage is likely in equilibrium with 542 

andesitic melts (see previous section), therefore, we used partition coefficients for a 543 

coexisting melt with 59 wt % SiO2 (Supplementary Table ST5).  544 

The presence of orthopyroxene replacing olivine rims suggests that the invading 545 

reactive melt had a relatively high SiO2 content, and the compositions of the inferred reaction 546 

product phases are similar to products of crystallisation experiments using andesite starting 547 

materials (Martel et al., 1999; Pichavant et al., 2018, Supplementary Table ST4). Available 548 
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trace element data for St Vincent melt inclusions only covers basaltic and dacitic 549 

compositions (Bouvier et al. 2022; Balcone-Boissard et al. 2023). To represent an andesitic 550 

initial reactive melt composition, we used the REE composition of an andesitic melt inclusion 551 

from the northern LAA island of St Kitts (Toothill et al. 2007) (“Kit 15”, Supplementary 552 

Table ST6). The REE content and ratios (La/Yb =1.9, Ce/Yb = 4.8) of this melt inclusion are 553 

similar to published values for St Vincent melt inclusions (La/Yb =1.6-2.3, Ce/Yb = 4.1-7.1, 554 

Bouvier et al. 2022; Balcone-Boissard et al. 2023) therefore we consider it a plausible input 555 

for our models.    556 

Published trace element data for St Vincent plutonic xenolith whole-rock or mineral 557 

compositions is very limited (only Dostal et al., 1983). Therefore, for the assimilant 558 

composition, we used the whole-rock REE composition of a plutonic xenolith from 559 

Martinique (sample MQ44, Cooper et al., 2016, Supplementary Table ST6). This sample 560 

contains plagioclase (An > 90, 78 %), olivine (Fo76-79, 16 %) and high Mg# (82-89) 561 

clinopyroxene (6 %), and thus approximates our inferred initial mush assemblage. 562 

  Model AFC1 reproduces the variation in REE compositions of the low Mg# 563 

clinopyroxene and most of the amphibole, using r = 0.55-0.8, after 30-70 % crystallisation 564 

(clinopyroxene, Figure 11) and r = 0.15-0.4, after 80-90 % crystallisation (amphibole, Figure 565 

12). The discrepancy in extent of crystallisation required to reproduce the clinopyroxene and 566 

amphibole compositions may reflect variations in the proportions of mineral phases 567 

crystallising as the reaction proceeds. The range of r values required to produce the mineral 568 

REE compositions may reflect localised variations in the extent of disequilibrium between 569 

initial mush crystals and infiltrating reactive melt (e.g. Ferrando et al. 2021), resulting in 570 

regions of preferential assimilation (higher r values).              571 

The combination of AFC models using realistic input parameters, and our detailed 572 

textural analysis of mineral phases strongly imply a role for melt-mush reaction in the 573 
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petrogenesis of the poikilitic gabbro. We infer that an initial mush composed of olivine + high 574 

An plagioclase + high Mg# clinopyroxene was infiltrated by an evolved, likely andesitic 575 

reactive melt (Figure 13, a). Melt-mush reaction triggered partial dissolution of the initial 576 

mush minerals, and crystallisation of the intermediate An plagioclase + low Mg# 577 

clinopyroxene + orthopyroxene + amphibole (Figure 13, b). Following melt-mush reaction, 578 

we propose that amphibole continued to crystallise from the residual melt, along with the 579 

An60-75 plagioclase (explaining the lower An plagioclase inclusions in poikilitic amphibole) 580 

and interstitial apatite (Figure 13, c). This interpretation is consistent with experiments 581 

simulating typical arc magma crystallisation sequences which produce amphibole + 582 

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

Marxer et al., 2022).  584 

 585 

Plag-Cpx band 586 

The “plag-cpx band” in the banded gabbro is one centimetre wide and distinguished from the 587 

surrounding matrix by the absence of olivine, lower Mg# clinopyroxene and lower An 588 

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

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

clinopyroxene crystals (Figure 4c). In these clinopyroxene crystals, the matrix portion of the 591 

crystals have higher Mg# than the portion in the band (Figure 4c). The lower Mg# 592 

compositions (Mg# 69-74) only occur within portions of clinopyroxene within the discrete 593 

band. The lower Mg# compositions are not represented elsewhere in the sample matrix. This 594 

suggests that the band formed via melt-mush reaction when a spatially constrained migrating 595 

melt interacted with the matrix primocryst clinopyroxene. We rule out the possibility that the 596 

band represents an intrusion through a solidified cumulate (i.e. a body of mush which has 597 

fully crystallised) because there is no evidence for brittle deformation or a chilled margin.   598 
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  The absence of olivine in the plag-cpx band and olivine-gabbro assemblage of the 599 

matrix is consistent with the reaction: olivine + plagioclase + clinopyroxene + melt -> 600 

plagioclase 2 + clinopyroxene 2 + melt 2, which is a common melt-mush reaction in mid-601 

ocean ridge magmatic plumbing systems (SanFillipo et al., 2020; Boulanger et al., 2021; 602 

Ferrando et al., 2021; Boulanger & France, 2023). We tested whether this melt-mush reaction 603 

can reproduce the REE compositions of the plag-cpx band clinopyroxene using model AFC2. 604 

For this model, we used a crystallising assemblage of plagioclase + clinopyroxene + 605 

magnetite in proportions 50:49:1, which approximates the relative mineral phase proportions 606 

of the plag-cpx band. We used partition coefficients for a coexisting melt with 49 wt % SiO2 607 

(Supplementary Table ST5), the HAB melt 2 initial melt composition (Supplementary Table 608 

ST6), and the same assimilant composition as model AFC1 (MQ44, Supplementary Table 609 

ST6), which approximates an initial olivine gabbro mush. 610 

  Model AFC2 closely reproduces the REE compositions of the plag-cpx band 611 

clinopyroxene, using r = 0.4, after 50-60 % crystallisation (Figure 10). Therefore, the model 612 

results support a melt-mush reaction origin for the plag-cpx band. It should be noted that 613 

using our chosen input parameters, fractional crystallisation of the plag-cpx band assemblage 614 

(r = 0 on Figure 10) can also quite closely reproduce the REE compositions of the 615 

clinopyroxene within the band. Hence, the clinopyroxene REE compositions and modelling in 616 

isolation do not provide unequivocal evidence for melt-mush reaction in this sample, without 617 

the textural context provided by the sample element map.  618 

We propose that the plag-cpx band formed through a “reactive infiltration feedback” 619 

mechanism (Ortoleva et al., 1987) (Figure 14). In this model, the flux of reactive supercritical 620 

hydrous melt through a porous crystal mush framework is greater in regions of initially higher 621 

porosity, causing the mush crystals to dissolve faster in these regions. This process results in 622 

positive feedback and focuses the flux of reactive supercritical hydrous melt into a narrower 623 
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region as more rock is dissolved. This concept may explain how reactive melts percolating 624 

through an initial olivine gabbro mush became focused into a centimetre wide region to form 625 

the plag-cpx band (Figure 14). Recent thermodynamic simulations of melt-mush reaction 626 

have demonstrated a similar melt channelisation process (Gleeson et al., 2023) and the same 627 

process was used to explain a mechanism by which dunite channels form in mantle peridotites 628 

(Kelemen et al., 1995). The thickness of such channels is variable but in examples from the 629 

Oman ophiolite, can be as low as one centimetre (Braun & Kelemen, 2002). Similar distinct 630 

centimetre sized bands interpreted to have formed via melt-mush reaction are found in MOR 631 

plutonic rocks (Lissenberg & MacLeod, 2016; SanFillipo et al., 2020; Ferrando et al., 2021) 632 

and layered intrusions (Namur et al., 2013; Hepworth et al., 2020) suggesting that this is a 633 

common process in mushy plutonic environments. 634 

 635 

Influence of melt-mush reaction on St Vincent magma compositions 636 

In Figure 15, we compare the estimated REE compositions of melts in equilibrium with 637 

plutonic xenolith mineral phases interpreted as melt-mush reaction products (plag-cpx band 638 

clinopyroxene, poikilitic gabbro low Mg# Cpx and amphibole) with St Vincent lavas (whole- 639 

rock) and melt inclusions. The equilibrium melts overlap both lava and melt inclusion 640 

compositions, suggesting that melt-mush reaction could cryptically influence magma trace 641 

element compositions in the St Vincent plumbing system. The overlap between equilibrium 642 

melts and lavas, which have trace element compositions consistent with FC (Heath et al. 643 

1998, Fedele et al., 2021) corroborates our geochemical modelling results for the banded 644 

gabbro, demonstrating that melt-mush reaction may not always produce melt or mineral trace 645 

element compositions that can be clearly distinguished from FC in arc plumbing systems. 646 

Similarly, buffering of melt major element compositions during the reaction process (e.g. 647 

Blundy, 2022) may obscure records of melt-mush reaction when investigating the 648 
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composition of glass and whole-rock samples. 649 

 650 

The plutonic xenolith record of the St Vincent plumbing system 651 

Comparison with experiments suggests that our plutonic xenoliths are derived from mush 652 

stored in the mid-upper crust within the plumbing system beneath St Vincent. Their textures 653 

and mineral compositions demonstrate that in addition to fractional crystallisation, melt-mush 654 

reaction processes operate and influence magma chemical evolution. Of the seventeen 655 

plutonic xenoliths initially assessed via optical petrology for this study (Supplementary Table 656 

ST1), only the two hornblende-olivine gabbros (banded and poikilitic gabbro) contain clear 657 

textural evidence for melt-mush reaction. Textures indicative of melt-mush reaction were not 658 

reported from St Vincent plutonic xenoliths (n=17) studied by Tollan et al., (2012), which 659 

have mineral Oxygen isotopic compositions consistent with FC and similar mineral 660 

compositions to our olivine gabbros (plagioclase An85-95, olivine Fo71-79, clinopyroxene Mg# 661 

75-81). Several of these samples contain amphiboles displaying well equilibrated contacts 662 

with other mineral phases (Tollan et al., 2012), in contrast to the amphibole replacing 663 

embayed clinopyroxene/olivine margins in our poikilitic gabbro sample. Lewis (1973) 664 

described < 1cm thick bands and layers in St Vincent plutonic xenoliths which broadly 665 

resemble the banded gabbro, and poikilitic amphibole/orthopyroxene replacing the rims of 666 

clinopyroxene/olivine have been reported (but not studied in detail) in individual St Vincent 667 

plutonic xenoliths (Hu et al., 2022; Weber et al., 2024).  668 

The low frequency of evidence for melt-mush reaction among the wider St Vincent 669 

plutonic xenolith suite studied to date may indicate that FC represents the dominant magma 670 

chemical evolution process in the plumbing system. However, exposed crustal sections of 671 

extinct arcs and layered intrusions show that melt-mush reaction often modifies highly 672 

localised regions of mush, which take the form of centimetre-decimetre thick bands with 673 
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distinct mineral assemblages, dispersed across 1-100’s of metres of outcrop (Namur et al., 674 

2013; Boulanger et al., 2021; Nixon et al., 2024). Therefore, it is plausible that portions of 675 

mush that have been modified by melt-mush reaction may be less likely to be sampled as 676 

plutonic xenoliths compared to unmodified portions of mush. 677 

 678 

Implications for magma chemical evolution in arc systems 679 

Several studies of plutonic xenoliths from the LAA and other active arc settings have 680 

established that fractional crystallisation is a key process controlling the chemical evolution of 681 

arc magmas (Arculus and Wills, 1980; Conrad and Kay, 1984; Tollan et al., 2012; Haase et 682 

al., 2014; Whitley et al, 2024). Plutonic xenoliths bearing textural and/or chemical evidence 683 

for melt-mush reaction have also been documented throughout the LAA (Stamper et al., 684 

2014; Cooper et al., 2016; Melekhova et al., 2017; Camejo-Harry et al., 2018, 2024), other 685 

active arc systems (Costa et al., 2002; Smith, 2014; Klaver et al., 2017) and exhumed arc 686 

crustal sections (Bouilhol et al., 2015; Villares et al., 2022; Li et al., 2024; Nixon et al., 687 

2024). Hence, we infer that melt-mush reaction, in addition to fractional crystallisation, is a 688 

common, and likely ubiquitous feature of mush dominated arc plumbing systems. Therefore, 689 

melt-mush reaction represents an important process contributing to the diversity of arc magma 690 

trace element compositions and for generating local heterogeneity in the trace element 691 

composition of arc crust formed at subduction zones. 692 

Our study shows that melt-mush reaction is a cryptic process in active arc systems and 693 

can only be identified through a detailed textural and chemical study of plutonic xenoliths. 694 

Our results also highlight that it can be difficult to distinguish mineral and melt compositions 695 

produced during melt-mush reaction from those produced during FC in arc systems. Our 696 

ability to identify and understand melt-mush reaction processes in arc plumbing systems 697 

could be advanced through future detailed studies of plutonic xenoliths, as well as 698 
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experimental studies which simulate melt-mush reaction and quantify mineral-melt trace 699 

element partitioning under arc crustal conditions (e.g. Nandedkar et al., 2016), and/or 700 

development of more advanced geochemical/thermodynamic models for simulating the 701 

complexities of melt-mush reaction.    702 

 703 

CONCLUSIONS 704 

 705 

In this study, we investigated a suite of plutonic xenoliths from St Vincent, Lesser Antilles 706 

arc, where lava compositions follow fractional crystallisation trends, to directly assess the 707 

processes controlling magma chemical evolution in the mush dominated plumbing system of 708 

an active arc volcano. We suggest that the absence of disequilibrium textures, mineral major 709 

element and clinopyroxene trace element chemistry of olivine gabbro xenoliths are consistent 710 

with fractional crystallisation in the mid-upper crust. In contrast, both the “banded gabbro” 711 

and “poikilitic gabbro” samples (hornblende-olivine gabbros) from the mid-upper crust 712 

contain textural and chemical evidence for melt-mush reaction. Clinopyroxene and amphibole 713 

trace element compositions in the “poikilitic gabbro” are best reproduced by assimilation-714 

fractional crystallisation models, simulating melt-mush reaction. The “banded gabbro” 715 

contains a centimetre wide band with distinct mineralogy and mineral chemistry to the 716 

surrounding olivine gabbro matrix, which we interpret to have formed via melt-mush reaction 717 

as reactive melts percolating through an initial olivine gabbro mush were focused into a 718 

channel. 719 

    Plutonic xenoliths displaying textural evidence for melt-mush reaction are relatively 720 

uncommon among the wider suite of St Vincent plutonic xenoliths analysed in our study and 721 

by previous authors.  St. Vincent lavas and plutonic xenoliths therefore suggest that fractional 722 

crystallisation is likely the dominant process controlling magma evolution within the 723 

plumbing system beneath St Vincent. However, our plutonic xenoliths demonstrate that melt-724 
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mush reaction is also a significant process operating in the St. Vincent plumbing system 725 

which cryptically influences the trace element compositions of St Vincent magmas. 726 

Our study highlights both the importance of studying the plutonic record alongside the 727 

eruptive record and combining geochemical modelling with a detailed evaluation of the 728 

textural relationships between mineral phases and the spatial records of mineral chemistry to 729 

investigate the processes controlling the chemical diversity of active arc plumbing systems. 730 

Textures indicative of melt-mush reaction have been observed in plutonic xenoliths 731 

throughout the Lesser Antilles and in other active arcs and exhumed arc crustal sections. We 732 

therefore suggest that melt-mush reaction is likely a ubiquitous process in arc plumbing 733 

systems, which exerts a cryptic control on the trace element compositions of subduction zone 734 

magmas and arc crust. 735 
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Figure captions 1023 

 1024 

Figure 1: a) Olivine gabbro thin section (PPL) overview. Gap between images represents a 1025 

small area of the thin section that was not imaged (~0.5 mm). b) Ol-Cpx gabbro thin section 1026 

(PPL) overview. Red scale bar = 5 mm. 1027 
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Figure 2: a) Banded gabbro thin section (PPL) overview with texturally distinct “plag-cpx 1030 

band” labelled (boundary marked by red dashed line). The remainder of the sample is referred 1031 

to as the sample “matrix”. Red scale bar = 5 mm. b) and c) PPL images of amphibole (brown) 1032 

overgrowths on the rims of clinopyroxene (pale green) from banded gabbro matrix. d) PPL 1033 

image of plagioclase and clinopyroxene within the “plag-cpx band”, highlighting the melt and 1034 

fluid inclusion rich plagioclase. e) PPL image of the boundary between the banded gabbro 1035 

matrix and “plag-cpx band” (red dashed line). White scale bars = 1 mm.  1036 
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Figure 3:  a) Poikilitic gabbro thin section (PPL) overview. Red scale bar = 5 mm.  b) PPL 1039 

image of zoned clinopyroxene (CPX) with poikilitic amphibole (Amph) replacing rim. Note 1040 

the ragged contact between clinopyroxene and amphibole. c) XPL image showing example of 1041 

poikilitic orthopyroxene (OPX) surrounding embayed olivine (OL). d) PPL image of 1042 

poikilitic amphibole surrounding both clinopyroxene and embayed olivine. e) XPL image of 1043 

zoned plagioclase (PLAG) with relict core outlined (yellow dashes). Correspondence with the 1044 

chemical map shows that this core has a high An content. The shape of the relict core is 1045 

suggestive of resorption. Note the clinopyroxene inclusions in the crystal zone outside the 1046 

relict core. White scale bars = 1 mm.  1047 
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Figure 4: a) Quantitative Mg# in clinopyroxene and b) quantitative An in plagioclase thin 1049 

section maps for banded gabbro. The dashed lines highlight the texturally distinct, “plag-cpx 1050 

band”. The QUACK software used to generate the maps outputs the Mg# and An values, 1051 

shown on the right of the maps, as decimals, e.g. An90 = 0.9, Mg# 80 = 0.8. c) Zoomed in 1052 

clinopyroxene Mg# map across the contact between the “plag-cpx band” and “matrix”. 1053 

 1054 

  1055 

ACCEPTED M
ANUSC

RIP
T

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/advance-article/doi/10.1093/petrology/egag014/8469610 by guest on 24 February 2026



 
 

Figure 5: a) Quantitative Mg# in clinopyroxene and b) quantitative An in plagioclase thin 1056 

section maps for poikilitic gabbro.  The QUACK software used to generate the maps outputs 1057 

the Mg# and An values, shown on the right of the maps, as decimals, e.g. An90 = 0.9, Mg# 80 1058 

= 0.8. 1059 

 1060 

 1061 

 1062 

 1063 

 1064 

ACCEPTED M
ANUSC

RIP
T

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/advance-article/doi/10.1093/petrology/egag014/8469610 by guest on 24 February 2026



 
 

Figure 6: a) Zr b) Y c) Ce d) Cr e) Ni vs Mg#, and f) La vs Yb, for clinopyroxene from the 1065 

plutonic xenolith samples. Black bar with circle shows 2SD % uncertainty. Error bars on 1066 

individual data points show internal 2SE uncertainty. Where error bars are not visible, 1067 

uncertainty is smaller than symbol size.  Uncertainty on Mg# values is inferred to be < 1 % 1068 

(see methods). 1069 
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Figure 7: Primitive mantle (Palme and O’Neill, 2003) normalized REE patterns for 1072 

clinopyroxene from a) poikilitic gabbro b) banded gabbro c) olivine gabbro d) Ol-Cpx 1073 

gabbro. For comparison, the compositional range of high Mg# clinopyroxene from the 1074 

poikilitic gabbro are shown (yellow shaded area) on panels b), c) and d). 1075 
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Figure 8: a) Zr vs Y b) Ba vs Nb c) Cr vs Ni for banded and poikilitic gabbro amphibole. 1078 

Black bars with circle show 2SD % uncertainty. Error bars on individual data points show 1079 

internal 2SE uncertainty. Where error bars are not visible, uncertainty is smaller than symbol 1080 

size. d) Primitive mantle normalized REE patterns for banded and poikilitic gabbro 1081 

amphibole. Shown for comparison are amphibole compositions from Martinique plutonic 1082 

xenoliths with different textural characteristics (“MQ” in legend, labelled shaded fields).  1083 

NCG = non-cumulate gabbro. Martinique plutonic xenolith amphibole data from Cooper et 1084 

al., (2016).  Primitive mantle normalizing values from Palme and O’Neill (2003).  1085 
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Figure 9: a) Ce b) Nd c) Sm d) Dy vs Yb for clinopyroxene from the Ol-Cpx gabbro, olivine 1087 

gabbro and banded gabbro matrix, compared with the clinopyroxene composition in 1088 

equilibrium with the melt in models FC1 and FC2. The modelled clinopyroxene compositions 1089 

were calculated from modelled melt compositions using partition coefficients at 49 wt % SiO2 1090 

(Supplementary Table ST5). Error bars on individual data points show internal 2SE 1091 

uncertainty. The FC1 and FC2 models are shown as symbols (diamond, cross), with each 1092 

symbol representing an increment of 10 % crystallisation (abbreviated to xtln). The symbols 1093 

marked “50 % xtln” represent the clinopyroxene composition in equilibrium with the melt 1094 

after 50 % crystallisation. The coloured stars indicate the composition of clinopyroxene in 1095 

equilibrium with the initial melt composition used for models FC1 and FC2. 1096 
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Figure 10: a) Ce b) Nd c) Sm d) Dy vs Yb for clinopyroxene from the plag-cpx band, 1099 

compared with the clinopyroxene composition in equilibrium with the melt in model AFC2. 1100 

The modelled clinopyroxene compositions were calculated from modelled melt compositions 1101 

using partition coefficients at 49 wt % SiO2 (Supplementary Table ST5). Error bars on 1102 

individual data points show internal 2SE uncertainty. Each circle on AFC model curves 1103 

represents an increment of 10 % crystallisation (abbreviated to xtln). The coloured star 1104 

indicates the composition of clinopyroxene in equilibrium with the initial melt composition 1105 

used for model AFC2. 1106 

e) Primitive mantle normalised REE compositions of banded gabbro amphibole (red) 1107 

compared with the composition of amphibole in equilibrium with the melt after 60-70% 1108 

crystallisation (abbreviated to xtln) in model FC2. The modelled amphibole compositions 1109 

were calculated from modelled melt compositions using partition coefficients at 53 wt % SiO2 1110 

(Supplementary Table ST5). Primitive mantle normalizing values from Palme and O’Neill 1111 

(2003).  1112 
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Figure 11: a) Ce b) Nd c) Sm d) Dy vs Yb for the poikilitic gabbro low Mg# clinopyroxene 1114 

compared with the clinopyroxene composition in equilibrium with the melt in models FC3 1115 

and AFC1 (r = 0.4, 0.55, 0.8). The modelled clinopyroxene compositions were calculated 1116 

from modelled melt compositions using partition coefficients at 59 wt % SiO2 (Supplementary 1117 

Table ST5). The range of r values shown for the AFC model represent upper and lower 1118 

bounds which encompass the sample data. Error bars on individual data points show internal 1119 

2SE uncertainty. Each circle on AFC and FC model curves represents an increment of 10 % 1120 

crystallisation (abbreviated to xtln). The coloured stars indicate the composition of 1121 

clinopyroxene in equilibrium with the initial melt composition used for models FC3 and 1122 

AFC1. 1123 
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Figure 12: a) Ce b) Nd c) Sm d) Dy vs Yb for the poikilitic gabbro amphibole compared with 1126 

the amphibole composition in equilibrium with the melt in models FC3 and AFC1 (r = 0.15, 1127 

0.3, 0.4). The modelled amphibole compositions were calculated from modelled melt 1128 

compositions using partition coefficients at 59 wt % SiO2 (Supplementary Table ST5). The 1129 

range of r values shown for the AFC model represent upper and lower bounds which 1130 

encompass the sample data. Error bars on individual data points show internal 2SE 1131 

uncertainty. Each circle on AFC and FC model curves represents an increment of 10 % 1132 

crystallisation (abbreviated to xtln). The coloured stars indicate the composition of amphibole 1133 

in equilibrium with the initial melt composition used for models FC3 and AFC1. 1134 
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Figure 13: Stage 1 – An evolved, hydrous reactive melt infiltrates an initial mush composed 1138 

of high An plagioclase, olivine and high Mg# Cpx.  1139 

Stage 2 – Chemical disequilibrium between the invading melt and initial mush triggers 1140 

reactions which leads to partial dissolution of the high An plagioclase, olivine and the high 1141 

Mg# Cpx. The reactions crystallise poikilitic orthopyroxene around partially dissolved olivine 1142 

and poikilitic amphibole around olivine and the high Mg# Cpx. Plagioclase An75-85 and the 1143 

low Mg# Cpx population also crystallise from the melt, which has been chemically modified 1144 

by reaction with the mush. A new plagioclase-orthopyroxene-clinopyroxene-amphibole mush 1145 

(with remnant An85-90 plagioclase, olivine and high Mg# Cpx) is formed. 1146 

Stage 3 – Late-stage crystallisation of residual evolved melts in the mush formed low An60-75 1147 

plagioclase, additional amphibole overgrowths and apatite.  1148 
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Figure 14: Schematic illustrating possible “reactive infiltration feedback” scenario for 1150 

formation of the plag-cpx band in the banded gabbro. A small region of higher porosity was 1151 

present in the initial olivine gabbro mush, allowing a greater flux of reactive melt, causing 1152 

faster dissolution in this region. Subsequently, new plagioclase and clinopyroxene 1153 

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

the plag-cpx band. 1155 
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Figure 15: REE compositions of melts in equilibrium with banded gabbro “plag-cpx band” 1158 

clinopyroxene, poikilitic gabbro low Mg# clinopyroxene and amphibole. The equilibrium 1159 

melt compositions were calculated using the following partition coefficients: banded gabbro 1160 

clinopyroxene – 49 wt % SiO2, poikilitic gabbro low Mg# clinopyroxene and amphibole - 59 1161 

wt % SiO2 (Supplementary Table ST5). Equilibrium melt compositions are compared with 1162 

whole-rock data for St Vincent lavas (Heath et al., 1998; Plank, 2005; DuFrane et al., 2009; 1163 

Fedele et al., 2021) and melt inclusions (MI’s) (Bouvier et al., 2010, 2022; Cooper et al., 1164 

2020; Balcone-Boissard et al., 2023). 1165 
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Table 1: Key petrographic and chemical characteristics of the four plutonic xenoliths analysed for mineral trace 1168 
element compositions in this study. The proportions of mineral phases were determined from thin section 1169 
chemical maps using the python GUI program “QUACK” (Loocke, 2016). Crystallisation depths were estimated 1170 
through comparison of plutonic xenolith mineral assemblages and compositions with the products of 1171 
crystallisation experiments (Supplementary Table ST4).  1172 

 1173 

Sample 

name and 

sampling 

location 

(latitude, 

longitude) 

Mineral 

assemblage 

and 

proportions 

Plag 

An 

Ol 

Fo 

Cpx 

Mg# 

Opx 

Mg# 

Amp 

Mg# 
Key textural features 

Textures 

support 

melt-mush 

reaction? 

Estimated 

crystallisation 

depth (km) 

 

Olivine 

gabbro 

(13˚ 17' 

52.7", 61˚ 

07' 05.7") 

Plag (69 %), 

Ol (22 %), 

Cpx (8 %), Mt 

(1 %) 

89-

98 

76-

79 

70-

80   

-Primocryst Plag and Ol, 

interstitial Cpx and Mt. 

-Interstitial melt films line 

most crystal boundaries 

No 6-18 

 

Ol-Cpx 

gabbro 

(13˚ 17' 

52.7", 61˚ 

07' 05.7") 

Plag (52 %), 

Ol (23 %), 

Cpx (25 %) 

90-

100 

77-

80 

72-

81   

-Primocryst Plag, Ol, Cpx.  

-Well equilibrated 120° 

contacts between 

primocryst phases common 

No 6-18 

banded 

gabbro 

(13˚ 19' 

37.3", 61˚ 

10' 17.6") 

Plag (58 %), 

Ol (2 %), Cpx 

(29 %), Mt (4 

%), Amph (7 

%) 

85-

97 

72-

76 

69-

80  62-70 

-Sample “matrix” contains 

Ol, Plag, Cpx primocrysts 

with interstitial Amph and 

Mt 

-Interstitial Amph found 

overgrowing rims of Cpx 

in matrix. 

-“plag-cpx band” cross-

cuts matrix, defined by 

smaller crystal size, 

inclusion rich plagioclase 

and absence of olivine. 

Yes – 

“plag-cpx 

band” with 

distinctive 

mineralogy 

and 

chemistry 

compared 

with 

matrix. 

~12 

 

poikilitic 

gabbro 

(13˚ 15' 

11.0", 61˚ 

07' 06.1") 

Plag (53 %), 

Ol (8 %), Cpx 

(12 %), Opx 

(12 %), Amph 

(15 %) (plus 

minor 

accessory 

oxides, apatite 

and sulfides) 

60-

90 

70-

76 

70-

90 
72-75 65-70 

-2 Cpx size populations (> 

1 mm euhedral, < 1 mm 

subhedral). 

-Poikilitic amph replaces 

embayed rims of Cpx and 

Ol, poikilitic Opx replaces 

embayed Ol rims  

-Zoned plagioclase with 

relict high-An cores  

Yes – 

relict high 

An 

plagioclase 

cores, 

poikilitic 

Amph and 

Opx 

replacing 

embayed 

Ol and 

Cpx rims 

High Mg# Cpx 

– 12 or 30, 

other mineral 

phases ~5-12 
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