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ABSTRACT

The Lesser Antilles volcanic arc is known for its magmatic diversity and unusually abundant
plutonic xenoliths. Xenoliths from Petit St. Vincent (Grenadines archipelago) are particularly
interesting because of their textural and petrogenetic range. Here we combine petrographic
observations, Electron Backscatter Diffraction (EBSD) analysis, major and trace element
chemistry of xenoliths and lavas, and geochemical and thermal modelling to explore_the
construction of arc crust beneath Petit St. Vincent.

Petit St. Vincent xenoliths are dominated by calcic plagioclase, clinepyroxene and
amphibole, and can be divided into two main categories, igneous and meta-igneous. Igneous
xenoliths typically have cumulate textures; meta-igneous xenoliths range texturally from
those that preserve vestiges of primary magmatic fabrics.to intensely deformed varieties
characterised by grain-size reduction and foliation develgpment. Meta-igneous xenoliths also
contain the most calcic plagioclase (Angg-100)¢

The presence of both meta-igneous and’igneous xenoliths provides evidence for
reworking of older arc crust and antecedent igneous intrusions. The latter have a protolith
composition similar to high-MgO, Tow-Sr picrites and high-Ca, high-Sr ankaramites from the
neighbouring islands of Petite’Martinique and Grenada. The meta-igneous xenoliths derive
from older, mafie.arc erust present at the onset of subduction. Trace element chemistry and
EBSD analyses of meta-igneous xenoliths are consistent with a complex history of re-melting
and defarmation mediated by chlorine-bearing H,O rich fluids (including melts). Thermal
modelling supports crustal reworking through repeated magma intrusions, and indicates that
the observed thermal structure and thickness of crust beneath Petit St. Vincent could have
developed on a timescale of approximately 4 million years at rates compatible with the
regional arc magma flux. Based on evidence from thermodynamic models and exhumed

ancient arc crust sections, Collins et al. (2020) have proposed that water-fluxed melting may
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be an important aspect of deep arc crust sections world-wide. Textures and mineralogy of
xenoliths from Petit St Vincent, including their characteristic high-An plagioclase, testify to

such a process beneath an active, intra-oceanic arc.

HIGHLIGHTS:
e Igneous and meta-igneous crustal xenoliths in volcanic rocks
e Highly calcic plagioclase (An>95) produced by partial melting of mafi¢crust
e Crustal evolution in young volcanic arcs
e Re-working of pre-existing crust induced by emplacement of H»O-rich picrite

magmas

INTRODUCTION

It is widly recognised that arc magmatism plays an importan role in formation and
evolution of continetal crust (e.g Taylor’and McLennan, 1995). The process of the arc crust
formation is driven primary.by-the addition of mantle derived basaltic magmas. However, arc
crust construction and long'term evolution involves melt differentiation, crustal melting, melt
instruction and possibly cumulate delamination. In principle all of these processes are evident
in exume-erustabsections of fossil arcs (e.g. Jagoutz and Kelemen, 2015), but they are
nutoriously difficult to deconvolve. The currently active arcs can be an anser, a window to
crust building processes provided that samples of naicent arc crust, such as t crustal xenolith
are available. The latter is abbundnat in the active Lesser Antilles oceacinc arc (e.g. Arculus
and Wills, 1980, Mellekhova et al. 2019), which is the focuse of theis study.

The Lesser Antilles intraoceanic island arc (Figure 1a) is renowned for its chemical

diversity of lavas and abundance of plutonic xenoliths (e.g. Arculus and Wills, 1980,
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Macdonald et al. 2000, Whight et al 2017). These two features provide complementary
insights into the evolution of arc crust: erupted lavas represent the end products of
differentiation of primary, mantle-derived melts over considerable time and depth, whereas
crustal xenoliths provide snapshots of different stages of magma evolution (e.g. Debari et al.,
1987, Kay and Kay, 1985, Spiess et al., 2017, Yamamoto et al., 2013, Smith, 2014;
Melekhova et al., 2019). Crustal structure can be highly variable due to lateral variations‘ia
mechanisms of melt generation and differentiation driven by differences in the delivery of
magmatic water along the arc, the architecture of subducted and overriding\plates, and the
composition and thermal structure of the mantle wedge. These features-are all evident in the
Lesser Antilles arc (e.g. Cooper et al., 2020, Schlaphorst et al., 2021, Braszus et al., 2021).
Similarities in the trace element signature of island arc lavas and bulk continental crust
suggest that continental crust formed by processes similar-to those taking place in island arcs
today (e.g. Barth et al., 2000, Jagoutz and Kelemen, 2015, Plank and Langmuir, 1998). Thus,
insights into arc crust construction have implications for crust formation more generally.

The recent shift from traditional concepts of melt-dominated crustal magma chambers
to vertically-extensive, mush-dominated architectures (e.g. Hildreth and Moorbath 1988,
Bergantz 1995, Cashman et.al., 2017) offers a new framework for understanding crust-
building processes. Anjimportant aspect of these mushy systems is that they grow over
hundreds of.thousands to millions of years through incremental additions (as sills or dykes)
of mantle-derived basalt to form a ‘hot zone’ in the mid- to deep crust (Annen et al., 2006).
Thus, as arc crust grows, new inputs of hot basalt encounter and react with earlier, cooler
erustal rocks. Such rocks may represent old, pre-existing crustal lithologies, or ancestral
magmas of the same arc-building episode. Evolved hot zone magmas can be produced both
by crystallisation of input basalts and (re)melting of crustal rocks (e.g. Jackson et al 2018,

Annen et al., 2006).
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Crustal architecture and crust-building magmatic processes can be deduced from
studies of exposed cross sections of accreted arcs (e.g. Burg et al., 1998, DeBari and Greene,
2011, Jagoutz, 2014, Otamendi et al., 2012). Exhumed, fossil arcs have the advantage over
active arcs of containing exposed sections of plutonic rocks from a wide range of crustal
depths extending all the way down to the crust-mantle boundary. Conversely, it is not always
straightforward to unravel the effect that post-magmatic and post-collisional processes have
had on resulting crustal structure and composition. An alternative, complementary approach
is to study the petrology and chemistry of active island arcs in combinatiorwith)geophysical
surveys of arc structure (e.g. Allen et al., 2019, Kodaira et al., 2007, Schlaphorst et al., 2018,
Shillington et al., 2013). Here we present a detailed petrographie, mineralogical, textural and
geochemical study of a diverse collection of crustal xenoliths frem Petit St Vincent,
Grenadines, Lesser Antilles (Figure 1). Our study of defermed and metamorphosed xenoliths
displaying a wide range of different microstructures and pristine igneous-textured xenoliths
has enabled us to establish the nature of post- and syn-magmatic crustal processes influencing
that are otherwise undetectable atthe'surface. We analyse the small-scale structures and
chemical changes that developed in response to deformation and fluid/melt interaction and
make comparisons to unmodified igneous rocks to explore the complexities of arc magmatic
processes at depth, Combining our observations with thermal and geochemical modelling
allows us to.identify processes that led to crust formation under Petit St. Vincent and, by

extrapolation, elsewhere in the Lesser Antilles.

GEOLOGICAL SETTING
The active Lesser Antilles volcanic arc, stretching from Saba in the North to Grenada in the
South, is the surface expression of westwards subduction of the North and South American

Plates beneath the Caribbean Plate (Figurela). Low subduction rates (~2 cm/yr) have resulted
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in limited magma production, with many volcanic islands being small in size and having low
eruption frequencies (Macdonald et al., 2000). A recent tectonic model for the evolution of
the Eastern Caribbean (Allen et al., 2019, Braszus et al 2021) has highlighted the importance
of multi-directional arc migration, outlining three separate subduction systems active at
different times: (i) Great Arc of the Caribbean (GAC) whose clearest expression is the
submarine Aves ridge (Cretaceous-Paleocene) west of the modern arc, (ii) Outer Arc'whese
remaining surface manifestation is the Limestone Caribbees (Paleocene-Eocene) and.(iii)
Lesser Antilles Arc (Miocene to present). Allen et al. (2019) propose that-the latest arc
migration, to form the present-day Lesser Antilles, would have encroached on a pre-existing
back-arc basin behind the now extinct Outer Arc. The oceanic Crust and sediments of this
spreading domain form the original basement on which the voleanic islands of the southern
Lesser Antilles were built. North of Martinique, greater erustal thicknesses rule out
significant back-arc spreading and imply the.development of those islands on older arc crust
of the overriding plate (presumably thickened by magmatism of the GAC). This model
highlights a clear distinction betweéen the basement of northern and southern Lesser Antilles
islands, which may account for along-arc differences in chemical and isotopic signatures of
erupted magmas (e.g. Macdonald et al., 2000).

Islands of.the Seuthern Grenadines archipelago are among the smallest in size of the
entire arc and.demonstrate little active tectonism or volcanism (Figure 1). This is in contrast
to adjacentilarger islands St. Vincent (to the North) and Grenada (to the South), and the
active submarine volcano Kick-‘em-Jenny near Grenada, which together emphasise the
volcanic gap’ represented by the Grenadines (Bouysse and Westercamp, 1990). Petit St.
Vincent is one such Grenadines island, located 64 km south of St. Vincent (Figure 1b).
Private ownership of the island has limited previous attempts at sample collection and

geological mapping; consequently Petit St. Vincent has been little studied. As with other
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subaerial islands of the Grenadines, Petit St. Vincent is no longer considered to be active,
with volcanism having taken place almost exclusively in the middle Miocene (Bouysse et al.,
1990). Petit St. Vincent lies close to Petite Martinique (Figure 1b) and the islets of Petite
Dominique, Fota and Umbrella. The ring-shaped archipelago likely marks out the summit

region of a much larger, submerged volcanic edifice.

ANALYTICAL METHODS

Initial petrographic analyses were carried out on thin sections of 19 coarse=grained xenoliths,
one dolerite and one basaltic lava collected during a 2011 field campaign. Fourteen
representative xenoliths were chosen for further analysis based ‘on textures and mineral
assemblages (Table 1). Modal abundances of the major mineral.phases were obtained by
point counting (1100 to 3000 points per sample) using asmechanical stage. Volume modes
were used to classify xenoliths following Streckeisen’(1976) (Table 1) and then converted to
mass modes using mineral densities (Figure,2)’(Deer et al., 2013). Where samples were too
altered to be point-counted with sufficient accuracy, mineral modes were not determined, and
no specific rocks names assigned (Table 1).

Polished, carbon-coated thin sections of representative xenoliths and lavas were
imaged using a HitachiS-3500N scanning electron microscope with backscattered electrons
obtained at.20.0x. 25 kV. Major element concentrations of minerals and 12 glassy
clinopyroxene-hosted melt inclusions (Mls), ranging in size from <10 to 50 pm, were
subsequently analysed with a Cameca SX100 electron microprobe. Mineral analytical
conditions included 20 kV accelerating voltage, 10 nA beam current and 1 um spot size; Ml
analyses used 20 kV accelerating voltage, 5 um-defocused spot, 4 nA beam current to
minimize alkali loss during analysis (Humphreys et al., 2006). Both techniques were

calibrated using oxide, mineral and metal standards. Full list of primary and secondary
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standards provided in Table Al. Ferric iron contents of minerals were estimated using the
stoichiometric methods of Droop (1987) for spinel, Lindsley (1983) for clinopyroxene, and
Holland and Blundy (1994) for amphibole.

Trace element concentration were analysed by laser ablation ICP-MS at the Open
University using a Photon Machines Analyte G2 193 nm excimer laser system, equipped with
a HelEx Il 2-volume cell coupled to an Agilent 8800 ICP-QQQ and following proceddres
established in Jenner and O’Neill (2012). Samples were ablated with a repetition rate.of 10
Hz and an energy density of 3.63 J/cm?. Helium carrier gas 0.9 I/min was thixed)downstream
in a mixing bulb with ~0.77 I/min Ar carrier gas. Depending on the size of the targeted
minerals, different spot sizes (85, 50 or 30 um) were chosen. Foxeach analysis, 30 seconds of
gas-blank were measured, followed by a 30 second ablation signal and a 40 second washout
period. Analyses were carried out in batches, with two analyses of reference material NIST
SRM 612 and two analyses of reference material BCR-2G conducted at the beginning and
end of each batch of ~20 unknowns. Thé ditect mass interference from **°Sn on **°In was
corrected for following the methods eutlined in Jenner and O’Neill (2012). During the first
stage of data reduction, NIST'SRM 612 was used for external calibration of data and %°Si was
used for internal calibration.of data. Signals were carefully evaluated and selected in lolite to
avoid inclusionssar mixing of signals into other phases with depth (Paton et al., 2011).
Typical analytical’'conditions and uncertainties are reported in Supplementary Table A5.

Five-basaltic lava samples were analysed by X-ray fluorescence spectrometry for
major and trace elements using a PANalytical Axios XRF spectrometer at University of
I-eicester (sample PSVL1b) and a Philips PW1480 XRF at Royal Holloway of London
(RHUL: samples PSV1 to 4). Rock powders were ignited at 950 °C at Leicester and 1100°C
at RHUL, yielding the loss on ignition reported. Major elements were analysed on fused

glass discs prepared with a Li-bearing flux at RHUL to minimize matrix effects. Trace
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elements were determined on pressed powder pellets, using a PVA binder with boric acid
backing at RHUL. Matrix corrections for trace elements at RHUL were calculated from
majore elements. Typical uncertainties at RHUL are reported at

https://www.royalholloway.ac.uk/research-and-teaching/departments-and-schools/earth-

sciences/research/research-laboratories/x-ray-fluorescence-laboratory/ for the current

PANalytical Axios; uncertainties were similar on the PW1480.

Electron back-scatter diffraction (EBSD) measurements of two samples(PS\.10, 11)
were carried out at University of Tokyo using a scanning electron microscope equipped with
an EBSD system (JEOL JSM-6510LV with Oxford HKL Channel5), at. 20 kV accelerating
voltage with a load current of 50-90 mA and a working distancéof 26 mm. EBSD patterns
were collected in low vacuum (10 Pa) mode. A potential problem with EBSD analysis of
lower symmetry minerals has recently been highlightedwhere the scanning direction and the
geometry of EBSD detector can lead to unexpeeted 180° rotations in the derived crystal
orientations (Miyake, 2016). We verified the appropriate configuration for the Tokyo SEM-
EBSD machine using a (0001) surface of ‘corundum where the crystal orientation was
determined from the external morphology of a well-formed crystal. Crystal preferred
orientation (CPO) plots wereperformed using the MTEX open-source software for Matlab
(Bachmann et al,.2010). EBSD mapping was used to determine mineral modes for PSV10

and PSV11;.these-are reported alongside point count modes in Table 1.

RESULT

Petrography

The xenoliths consist of plagioclase, clinopyroxene, orthopyroxene, hornblende, spinel and
ilmenite, together with minor iddingsitised olivine, and accessory apatite. The modally

dominant phase is plagioclase (Figure 2). Clinopyroxene is ubiquitous, but never the most
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abundant phase. One xenolith is plagioclase-free (PSV3), while two xenoliths are
hornblende-free (PSV13, PSV16). Oxide minerals (<8%) occur in 95% of samples. Although
magnetite is the predominant oxide phase in these xenoliths, ilmenite is the lone oxide in
PSV8 and PSV16. Only in PSV6 do magnetite and ilmenite coexist. Xenolith rock types
comprise minor hornblendites and gabbros, the latter consisting largely of the pyroxene-
hornblende variety (Table 1). Samples have a range of grain sizes from fine (<300 uni)\te
coarse (>3 mm). Mineral zoning is widespread. The relative crystallisation order of'xenoliths,
determined from textural observations of included and interstitial phases, iSwariable (Table
1).

The sole lava analysed in thin section (PSVL1) containsielivine, clinopyroxene and
magnesiochromite spinel phenocrysts. Olivine shows partial alteration to iddingsite around
grain rims and interiors; other phases are alteratiop-free:

Unlike xenoliths from other volcanoes of the/Lesser Antilles arc (Arculus and Wills,
1980; Melekhova et al, 2019), 30% of Petiti\St.Vincent xenoliths display striking deformation
microstructures effectively recording’'metamorphic/metasomatic reactions. Igneous textural
nomenclature is therefore not universally applicable. For these reasons, xenoliths are divided

into two main groups: ignéeus and meta-igneous.

Igneous xenoliths (spl + plag + cpx + hbl + ol + ap)

This-groupieontains the largest proportion (65%) of collected xenolith samples. Xenoliths are
medium (<3 mm) to coarse grained and may contain recrystallized interstitial melt. Igneous
textures range from orthocumulate to adcumulate based on the nomenclature of Wager et al.
(1960) (Table 1). Samples range from ultramafic (hornblendite, Figure 3a) to hornblende-
and/or plagioclase-dominated gabbros (Figure 3b, ¢). Spinel occurs mainly as inclusions (g

<500 um) and as cumulus grains (¢ <2 mm) in PSV19 (Figure 3c). Iddingsite (0.1%) is only
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observed in PSV14 as resorbed chadacrysts in poikilitic hornblende. Plagioclase (~44%)
when present is subhedral (g <2.5 mm) with sieve-textured cores. Clinopyroxene (~28%) is
generally subhedral (g <3 mm) and displays oscillatory and sector zoning (Figure 3c).
Replacement of clinopyroxene by hornblende is common (Figure 3c and d). Hornblende
occurs as oikocrysts, prismatic grains (¢ <6.5 mm) and subhedral intergranular grains (g <5
mm) (Figure 3). Intergranular hornblendes sometimes contain inclusions of spinel,
plagioclase and/or clinopyroxene (Figure 3c). In coarser grained samples, hornblende
crystallises slightly earlier in the assemblage. Igneous xenoliths can be further subdivided
into two groups based on hornblende textures: those with poikilitic hornblende, and those
dominated by subhedral hornblende (Table 1). The latter group‘eften shows replacement of
clinopyroxene by hornblende (Fig 3d). Melt inclusions (MIs) are common in this group, but

found mainly in clinopyroxene.

Meta-igneous xenoliths (spl + plag + ¢px % opx + hbl + ilm £ ap)

This group displays textures ranging from those showing relict primary magmatic fabrics
(Figure 4a) to those that are intensely deformed with associated grain-size reduction and
foliation development (Figure’4b-f). Grain sizes range from coarse to fine. Spinel (magnetite)
and ilmenite (<0:1%) are present as inclusions (¢ <800 um) and as microcrystalline
interstitialminerals, but are typically less abundant than in igneous xenoliths. In non-foliated
samples, plagioclase (~42-53%) is subhedral (g <6 mm) with sieve-textured cores and rims.
Infoliated samples, there are cases of sheared porphyroclastic plagioclase grains (g <2 mm)
showing internal deformation and recrystallization, occasionally replacing the entire original
large grain with small sub-grains (Figure 4c, d, ). Plagioclase-rich domains are typically
surrounded by pseudomorphed clinopyroxene, hornblende and orthopyroxene (PSV18)

domains. In some instances where plagioclase and clinopyroxene + hornblende domains
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meet, a mortar texture of fine crystals is observed (Figure 4c). Undeformed clinopyroxene in
PSV16 exhibits euhedral, prismatic grains (47%, g <7 mm) (Figure 4a) but in other samples
clinopyroxene grains generally show significant internal deformation (PSV18, Fig 4e).
Orthopyroxene is a minor mineral and present only in PSV18 and PSV10-2. Mls are
preserved only in one sample, PSV8 and hosted in clinopyroxene.

Other deformation microstructures include preferred crystal orientation (Figure4a)s
intra- and inter-granular microcracks filled with small mineral grains (Figure 4¢),
deformation twinning in plagioclase and truncating and interpenetrating grain contacts
(Figure 4b, d). The degree of foliation development and recrystallization shows a progression
from incipient (Figure 4c) through intermediate (Figure 4d) to mylonitised (Figure 4f), the
latter showing evidence of internal strain such as micro-boudinage of plagioclase-rich
domains, now fully recrystallised. Foliations are characterised by discontinuous layers of
plagioclase interspersed with clinopyroxene-hornblende domains wherein hornblende
occupies interstices between clinopyroxeneigrains as well as forming discrete small aligned
grains (Figure 4e and f). Post-deformation crystallisation of hornblende is observed in PSV18
(Figure 4e). Trails of oxide=rich layers are observed in PSV10-2.

In PSV6, microcrystalline (o <200 pm), equigranular and anhedral crystals of
plagioclase, clinepyroxene and hornblende are interspersed with larger subhedral grains of
plagioclase.(g.<3 mm) and hornblende (g <2.5 mm), without marked foliation (Figure 4d).
These distinct ‘megacrysts’ suggest textural overprinting. Megacrysts contain inclusions of
spinel, plagioclase, clinopyroxene and/or hornblende suggesting relatively late crystallisation.
lava (spl + ol + plag + cpx) and hypabyssal rock (spl+pl+ilm+cpx)

The single basaltic lava (PSVL1b) and single dolerite (PSV13) studied in thin section are

shown on Figure 3e and f. Hornblende is conspicuously absent from the phenocryst
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assemblage in both basalt and dolerite. Spinel (g <400 pwm) occurs as subhedral
microphenocrysts and inclusions.

The basalt contains subhedral/anhedral, partially iddingsitized olivine (g <2 mm) and
subhedral clinopyroxene phenocrysts (g <1.3 mm). Some crystals show embayed edges and
resorbed interiors. Clinopyroxene grains are subhedral with oscillatory zoning and often
corroded interiors. Phenocryst aggregates (glomerocrysts, @ <2.5 mm) in basalt occur-as beth
monomineralic (olivine- and clinopyroxene-only) and polymineralic (spinel, olivine.and
clinopyroxene) clusters. Plagioclase exists as subhedral laths in the groundmass (e<700 um),
but never as a phenocryst. The groundmass (<56 % by volume) consists of microlites of
phenocrysts. Mls are lacking.

The dolerite displays medium grained, porphyritic texture with euhedral/subhedral
clinopyroxene embedded in an irregular mesh of plagioclase grains. Clinopyroxene shows
normal and fine oscillatory zoning, and oftenccontains melt inclusions. Some of the

plagioclase and clinopyroxene grains are completely resorbed. Spinel and ilmenite coexist.

Major element chemistry.

Full mineral analyses for Petit'St. Vincent xenoliths and lava are presented in Table 1A.
Unpublished data.from,Butt (2012) for PSV19, PSV10 and PSV17 are also included. For
PSV14, the.iddingsitized nature of olivine prevented analysis. For spinel and clinopyroxene,
Mg# s expressed as 100Mg/(Mg + Fe?*) and for hornblende, Mg is expressed as
100MG/(Mg + Fe™2. For the most part, compositional clustering corresponds to the above

texturally-defined groupings.

Plagioclase
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Plagioclase data are presented in Figure 5. Xenolith plagioclases from the igneous
group have a generally narrow compositional range (Angs.gs) except for those in PSV12
where some rim compositions extend to Anss. Plagioclase from the meta-igneous group has a
very wide compositional range, Angg.43. PSV10-2 contains the most calcic plagioclase of any
xenolith, Angg. Normal zoning is dominant in both xenolith groups. Reverse zoning is rare
and insignificant, with rimward increases of only 2 to 4 mol% An (e.g. PSV20 Angg t0%ANgy)-
There is no clear correlation between iron concentration and An content in both igneous and
meta-igneous xenoliths (Figure 5a). Potassium concentrations decrease with, increasing An
(Figure 5b).

Plagioclase composition in the meta-igneous group varies with texture. There is a
marked compositional change from relict igneous plagioclase to-newly re-crystallised parts of
the same grain. This is, best seen in sample PSV17(Figure 4b) where plagioclase An content
increase by almost 20%, from Anz; in relict ores to-Angg in late-stage plagioclase. Newly
formed plagioclase also contains less Fe and K'{Figure 5a andb ). There are two, texturally
distinct generations of plagioclase‘in PSV6 (early equigranular and late anhedral crystals),
however compositionally the two generations are indistinguishable. In PSV10-2 we did not
find any original grains; the.sample is completely re-crystallised to new, highly calcic
compositions (Angg) suggesting that the process captured in PSV17 has proceeded to
completion.in.PSV10.

Microlite plagioclase from lava has a narrow range in compositions (Angz_gz) with
minimal zoning, in contrast to extensively zoned plagioclase phenocrysts from dolerite (Angz.
55). Fe concentrations in dolerite (PSV13) increase with decreasing An until An;3 (Fe 0.036
pfu) after which Fe contents gradually decrease with decreasing An (Figure 5a), probably

reflecting the onset of ilmenite or titanomagnetite crystallisation. There is a clear divergence
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at ~Ang, in Fe contents of plagioclase from meta-igneous xenoliths and plagioclase from

lava, dolerite and igneous xenoliths (Figure 5a).

Pyroxene

In the igneous xenoliths clinopyroxenes are diopside with a range in Mg# from 92 to 73,
while in the meta-igneous xenoliths the range in Mg# is 96 to 65 (Table Al). Normal zening
is prevalent in both xenolith groups, with rimward decreases of up to 16% Mg#1e.gwPSV10-
2 Mg#85 to Mg#69). Reverse zoning is rare with rimward increases up to-only 3% Mg# (e.g.
PSV3 Mg# 89 t1092). Oscillatory zoning is a recurrent feature in the igneous xenoliths.
Calcium content shows no discernible trend with Mg# (Table AL).

Clinopyroxene phenocrysts from lava and dolerite have,Mg# ranges from 98 to 77
and 85 to 75, respectively, and, in common with the igneous xenoliths, the compositions are
diopside. Normal zoning is predominant with rimward decreases of <21% (e.g. Mg#98 to
Mg#77). Calcium contents do not vary.significantly with Mg# (Table Al).

Clinopyroxene of the metatigriequs xenoliths are depleted in Ti and Al'Y

compared to
those of the igneous xenoliths;.lavas and dolerite (Figure 6a). There is a divergence in
compositional trends of clinopyroxenes at Ti contents of ~ 0.015 (p.f.u. Figure 6a) and two
almost parallel trends ean be identified: the first is defined by clinopyroxenes from lava,
hornblende-free.xenoliths and xenoliths with subhedral hornblende; the second comprises
clingpyroxenes from dolerite and xenoliths with poikilitic hornblende. Clinopyroxene from
dolerite shows a continuous sequence of core to rim variations based on Mg#. The evolution
follows a loop and is illustrated by the green arrow on Figure 6a. In Figure 6b, we show Ti vs
Al" for clinopyroxenes from fractional crystallization experiments of Ulmer et al. (2018) and

Nandedkar et al. (2014), carried out on a basaltic starting compositions. These experimental

studies span an extensive range of magmatic temperatures and therefore represent well the
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differentiation sequence of clinopyroxene, which displays similar loops to those observed in
the igneous xenoliths (Figure6a). In detail, the shape of the differentiation loop is controlled
by the crystallising assemblage. The onset of amphibole crystallization at 1080°C (blue
diamond, (Ulmer et al., 2018) Figure6b) changes the relationship between Ti and Al'Y. In the
experimental sequence of (Nandedkar et al., 2014) the change is more subtle as a result of
plagioclase crystallization following prolonged crystallisation of olivine + clinopyroxéne:
Orthopyroxene, only found in meta-igneous xenoliths PSV18 and PSV10-2has’a
compositional range of Engy g, (Mg#s, s4). Tetrahedral aluminium and Ti centents are low
(0.04-0.01 pfu and 0.005-0.001 pfu) and negatively correlated with Mg#. There is no

correlation between Ca content (0.03-0.05) and Mg# (Table 1A).

Amphibole

Xenolith amphiboles are magnesiohastingsite’and edenite according to the classification
scheme of Leake et al. (1997). Amphibole s restricted to magnesiohastingsite in the igneous
xenoliths, whereas in the meta-igneous xenoliths composition are mainly edenite with a few
compositions transitional to. magnesiohastingsite. We use the collective term hornblende to
describe all amphiboles in‘the’studied rocks. Meta-igneous xenolith hornblendes extend to
slightly higher Mg# than those from igneous xenoliths; 84 to 62 and 82 to 57 respectively
(Figure 7a)..Normal and reverse zoning are common in the two xenolith groups with both
rimward deereases and increases of <7% (e.g. PSV3 Mg#7o to Mg#77; PSV8 Mg#gs to
Mugto). The meta-igneous group shows a general decrease in Al'Y (pfu) with increasing Mg
(Figure 7a). Al'Y contents in this group extend to very low concentrations. These features are
similar to those described by Blundy and Holland (1990) for amphiboles from Adamello
Batholith, Italy, where they were interpreted in terms of oxidation (increasing Mg#) during

cooling (decreasing Al'Y) rather than simple magmatic differentiation. The igneous group
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shows no clear correlation between Mg# and Al', and the range of Al'Y is higher than the
meta-igneous group, but more limited in range suggesting higher (and sustained)
crystallization temperature.

Chlorine concentrations in xenolith hornblendes are elevated (< 0.33 wt.%), with
those from the igneous xenoliths having higher concentrations than those from the meta-
igneous xenoliths. Chlorine concentrations increase with K,O for hornblendes from both
groups (Figure 7b). However, the igneous group hornblendes show a much steeper slope for a
Cl vs K,0 plot, compared to the meta-igneous group. The lowest concentrations)of Cl and

K>O are in strongly deformed meta-igneous xenoliths PSVV10 and PSV18.

Spinel

Xenolith spinel compositions are predominantly titaniferous magnetite (Table Al, FigureAl).
Dolerite (PSV13) also contains magnetite, but with notably higher Ti contents (Figure Al). In
contrast, spinels from Petit St. Vincentfavayare'Mg- and Cr-rich (Mg#s7_34;Cr#ez41; Figure
Al). Comparable Cr contents (Cr#az.45)are only observed rarely in igneous xenoliths,
notably PSV3 and PSV14. Spinels are relatively rare in meta-igneous xenoliths, so analyses
are more limited. Unusually,.meta-igneous xenolith PSV6 contains Cr-rich spinel (Cr#7_ss)

with low Mg# (5-9).

Bulkrock cempositions

Five Petit St. Vincent lavas were analysed for whole-rock major and trace elements.

In Figure 8 bulk rock major element data for Petit St. Vincent from this study (Table A2,
Supplementary) and whole-rock lava data from other Grenadines volcanoes (Bequia,
Kick‘em-Jenny, Kick-‘em-Jack, Canouan and Mustique), Grenada and St. Vincent are shown

for comparison. The whole-rock data and petrographic observations show that Petit St.
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Vincent lavas are Mg-rich basalts compositionally very similar to picritic lavas from other
Grenadines islands, St Vincent and Grenada (Figure 8).

Bulk rock major element compositions of xenoliths were calculated from point-
counted mineral mass modes and averaged mineral compositions. Uncertainties on the
recalculated whole-rock compositions in Figure 8 were fully propagated from standard
deviations of mineral compositions and point count modes. Bulk rock compositions for
PSV10 and PSV18 could not be determined because samples were too altered to be'point
counted accurately. Our inability to measure the major element composition, of iddingsitised
olivine for PSV14 also prevented bulk rock calculations. The meta-igneous xenoliths are
lower in FeO, in keeping with their low Fe-Ti oxide contents, and higher in SiO, than the

igneous xenoliths.

Xenolith melt inclusions
Melt inclusions in clinopyroxene were found in dolerite (PSV13) and both xenolith groups.
Melt inclusions are clear to pale brewn in transmitted light and vary in shape from rounded to
irregular. They often have gas-bubbles, which may contain substantial concentrations of CO,.
Melt inclusions have low Kdr¢.mg Values with their clinopyroxene hosts compared to
experimental Kdwalues: This suggests that melt inclusions have undergone some post-
entrapment.crystallisation. Corrections for post-entrapment crystallisation (addition of host
mineral baeck to melt inclusion until equilibrium reached), made using an experimental Kd
value of 0.28 (Melekhova et al. 2017), range from 1 to 11%. Corrected and uncorrected melt
inclusion compositions are reported in Table A3.

Melt inclusions EPMA totals are >91 wt.%, implying a substantial fraction of
dissolved volatiles. Corrected melt inclusions compositions normalised to 100% anhydrous

vary from 61.9 to 69.4 wt.% SiO, and 0.6 to 2.3 wt.% MgO (Figure 8a). Overall, melt
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inclusions describe a fractionation trend from andesite to dacite (Figure 8). Such
compositions are more evolved than xenolith whole-rock compositions, but resemble dacite
and trachyandesite from the adjacent island of Petite Martinique (Rojas-Agramonte et al.,
2017, Figure8). The most evolved melt inclusions (>68.1 wt.% SiO;) were found in the meta-
igneous xenolith group. Melt inclusions from dolerite (PSV13) are high both in K,O and
Na,0, 4.4 — 5.4 and 5.0 — 7.2 wt.% respectively (Figure 8e and f).

Chlorine contents in Petit St. Vincent melt inclusions are remarkably high: 0:4.t0 0.9
wt.%, especially when compared to melt inclusions from Bequia and St. Kitts, <0.4 and 0.3
wit% respectively. Melt inclusions from igneous xenoliths and dolerite contain, on average,
higher CI concentrations than from meta-igneous xenoliths, albeit we have melt inclusions

from only one sample (PSV8). Sulphur contents are high, ranging from 260 to 3900 ppm.

Intensive parameters

Knowledge of magma storage conditions imterms of T-P—H,O—fO, for xenoliths and lavas is
important for understanding the magmatic system beneath Petit St. Vincent. A combination
of geothermooxybarometers 'was applied to xenoliths (Table 2): magnetite-ilmenite
(Andersen and Lindsley, 1985, Ghiorso and Evans, 2008), hornblende-plagioclase (Holland
and Blundy, 1994) and,clinopyroxene-orthopyroxene (Putirka, 2008, Wells, 1977).
Temperature.and fO, estimates for co-existing oxides were made using the ILMAT program
of LePage (2003) with the Lindsley and Spencer (1982) method for recalculation. The most
calcic plagioclase that can be used in the hornblende-plagioclase thermometer is Angp.
Although some xenolith plagioclases contain higher anorthite contents, only temperatures
calculated using An<90 are reported. Post entrapment crystallisation (PEC) effects prevent
the use of mineral-melt thermometers. The olivine-spinel oxybarometer of Ballhaus et al.

(1991) was applied to the lava (Table 2). Major element data for touching rims and/or

220z 1Mdy g1 uo 1sanb Aq 1.8££9G9/cc0oeba/Abojonad/ge0L 0L /10p/a]01 e-aoueApe/ABojosjad/woo dno-olwapede//:sdiy wouy papeojumoq



included phases and their hosts were used in most hornblende-plagioclase and all olivine-
spinel calculations to ensure textural equilibrium in zoned phases. For hornblende-plagioclase
in PSV18 and all samples containing clinopyroxene-orthopyroxene and spinel-ilmenite,
grains were never contiguous, therefore in these cases, all combinations of grain pairs in each
sample were used for calculations and the results averaged. A nominal value of 500 MPa was
used where a pressure estimate was needed for temperature calculations. This was deemed
acceptable based on crustal reconstruction under the southern part of Lesser Antilles
(Melekhova et al., 2019).

We were only able to calculate pressures for one xenolith (PSV8) using cpx-opx
barometery (Putirka, 2008). The pressure range for this meta-igneous sample is 397 — 457
MPa (Table 2).

There is good agreement (x61 °C) between differentithermometers applied to the same
samples. Xenolith temperatures range 790-1039,°C,While the lava records higher
temperatures of 1014-1095 °C. The broad temperature range of xenoliths is consistent with
the diversity in textural groups suggesting contrasting formation histories. For the most part,
there is a general decline inemperatures from the igneous to the meta-igneous group,
although all estimated temperatures are supra-solidus suggesting the presence of melt during
deformation. Oxygen fugacity (fO2) estimated for xenoliths ranges from 0.5 to 1.8 log units
above the NNO buffer. For the lava, fO, ranges from 2.7-2.9 above NNO, suggesting that it

is more oxidised than the xenoliths.

Frace element chemistry
Selected trace element data for minerals and rocks are plotted in Figures 9 to 12. Data are
plotted either as mass fraction concentrations (ppm) or as primitive upper mantle-normalised

REE concentrations (Figure 10) using values of Palme and O'Neill (2003). For more detailed
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descriptions of the geochemistry of lavas from Grenada and the Grenadines the reader is
referred to White et al. (2017). In this context, Petit St. Vincent lavas (Table A2) display
trace element patterns that are very similar to M-series picrites from Grenada. To illustrate
the mineral trace element data from Petit St. Vincent we have chosen elements that best
illustrate key characteristics and evolutionary trends, noting where appropriate other elements
that show similar behaviour. Strontium is used for the abscissa on all mineral plots, as'this

element best brings out the differences between xenolith types and lavas.

Plagioclase

Plagioclases are enriched in LREE with well-developed Eu anomalies (not shown). Strontium
contents are highly variable, from <1000 ppm in meta-igneousxenoliths to >1000 ppm in
igneous xenoliths, however within each xenolith group there is considerable variation (Figure
9). Lava plagioclases have intermediate Sr cantents around 800 ppm, zoning from higher
values in the cores to lower in the rims/Thehighest Sr contents are found in plagioclases
from igneous xenolith PSV20, whichreach extreme values of ~2500 ppm, indicative of
crystallisation from Sr-rich4melts, Similar to the C-series, ‘ankaramitic’ lavas of Grenada
(Thirlwall et al, 1996; White-et al. 2017). The La (and other LREE) content of these
plagioclases is censistently low (1-3 ppm La), in contrast to all other igneous xenolith
plagioclase.that:have lower Sr, that extend along an orthogonal trend to >7 ppm La (Figure
9a).,Core torim zoning in plagioclase from PSV12 records a more than two-fold increase in
Law, This evolution is reminiscent of the evolution of M-series, “picritic’ lavas from Grenada
(Figure 9a inset — Thirlwall et al., 1996; White et al. 2017). Broadly similar behaviour is
evident in Ba, although the Ba enrichment of the igneous xenoliths relative to PSV20 and
intra crystal zoning are less pronounced (Figure 9b). This is consistent with the observation

that C- and M-series lavas have proportionately less divergent Ba contents (Figure 9b inset —
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Thirlwall et al., 1996; White et al. 2017). The two igneous xenolith plagioclase trends share a
common origin with the Petit St. Vincent lava plagioclases for Sr, LREE and Ba, as noted
also for whole-rock data (Figure 9a,b inset). Rubidium (not shown) shows similar behaviour
to Ba. In terms of the trace elements Li (Figure 9c) and Cu (Figure 9d), there is no discernible
difference between PSV20 and the other igneous xenoliths. Li contents for all igneous
xenoliths cluster around 2 ppm (Figure 9¢ — no Li data are available for the lavas). Cu
contents are highly variable in the igneous xenoliths and in the lava, reaching >80 ppm-is one
plagioclase grain from lava. Lead contents of igneous xenolith plagioclaseSy(not)shown) are
uniformly at or below detection limits, whereas lava phenocrysts have 30 to 45 ppm Pb.

The meta-igneous xenoliths also form two discrete groupings, Three of the xenoliths
(PSV6, PSV10, PSV18) have low Sr and La (Figure 9a),.but highly variable Ba and Li,
extending to concentrations well in excess of any jgheous.xenolith plagioclases (Figure 9b,
c). In contrast, plagioclases from meta-igneous %enolith PSV8 are very similar to the low-Sr
group of igneous xenoliths. This is consistent with PSV8, a granoblastic pyroxene-
hornblende gabbro, showing relatively few textural indications of metamorphism other than
recrystallization (Figure 4c).” Cu contents of the meta-igneous xenoliths are highly variable,
with an overall range comparable to the igneous xenolith plagioclases (Figure 9d).

In summary, plagioclases in igneous xenoliths appear to reflect crystallisation from
distinct magma batches beneath Petit St. Vincent, similar to the C- and M-series lavas of
Grenada. Metamorphism, as evidenced texturally, appears to have depleted plagioclases in Sr
and, enriched them in Ba and Li in a manner that is not observed in lavas from Grenada. An
exception is meta-igneous xenolith PSV8 whose plagioclases seem to more closely preserve

an igneous geochemistry despite textural evidence of recrystallization.

Clinopyroxene
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In terms of REE there is a clear difference between clinopyroxenes from igneous and meta-
igneous groups (Figure 10a, b). Clinopyroxenes from igneous xenoliths and lava (PSVL1b)
show similar, convex-up REE patterns with slight enrichments in MREE (Nd-Sm) compared
to LREE and HREE and modest to absent negative Eu anomalies (Figure 10a). The spread in
REE contents of xenolith clinopyroxenes exceeds that of the lavas, which show general
enrichment in phenocryst rims relative to cores. The most REE-depleted xenolith
clinopyroxenes, which overlap lava clinopyroxenes almost precisely, are foundin PS\/3. This
is the most primitive xenolith in terms of its mineral chemistry (e.g. clinopyroxene Mg#) and
plagioclase-free pyroxene hornblendite assemblage (Figure 3a and Table 1). REE patterns of
PSV20 and other igneous xenoliths are very similar, consistent with'the broad similarity of
REE patterns in C- and M-series lavas observed by White et al;,(2017)

Clinopyroxenes from the meta-igneous group shew a much larger range in REE
concentration than the igneous xenoliths and{avas. As for plagioclases, there are two
groupings of meta-igneous xenoliths. PSV6, PSV10 and PSV18 are notably depleted in all
REE, with relatively spiky patternS,due to low concentrations (below PUM) for most REE.
Both negative and positive Eu-anomalies are observed. A single clinopyroxene from PSV6 is
enriched in La. Such depleted’REE patterns do not resemble those expect for precipitation
from any reasonable melt composition, suggesting significant chemical modification during
metamorphism..The exception is clinopyroxenes from PSV8 that show a distinctive REE
pattern with-enrichments in LREE relative to MREE and HREE. Although more consistent
with crystallisation from melt, this pattern is nonetheless distinct from igneous xenoliths
(Figure 10a), despite similarities between PSV8 plagioclases and those of igneous xenoliths
(Figure 9).

In terms of individual trace elements (Figure 11) broadly similar features emerge to

those shown by plagioclases (Figure 9), although with some key differences. PSV20
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clinopyroxenes are again enriched in Sr relative to other igneous xenoliths, but show much
less variability in the incompatible lithophile elements La (Figure 11a), Zr (Figure 11c) and
Ta (Figure 11d) which vary by factors of ~9, ~16 and ~30 respectively, across the igneous
group. Hafnium and Nb behave similarly to Zr and Ta respectively. For individual samples
variation in these trace elements correlates approximately with Al,O3 content of the
clinopyroxenes, which is higher in rims than in cores, as indicated for selected sampleSin
Figure 11a,c. Clinopyroxene aluminium content is known to increase the clinopyroxene-melt
partition coefficients for high-charge cations, with the greatest effect for the,more highly
charged cations (e.g. Wood and Blundy, 2001), consistent with the data.in Figure 11 for La**
to Zr*" to Ta>". Consequently, some of this trace element variability in clinopyroxene is a
result of changing partitioning behaviour, rather than simply an.increase in melt trace element
concentration. Petit St. Vincent lava clinopyroxenes show.-a comparable (or greater) wide
range in La, Zr and Ta content to the igneous¢xenoliths that again correlates with Al,O3
content. For Li (Figure 11b) variabilityis more’muted, consistent with its lower charge, and
greater in the Petit St. Vincent lava.clinopyroxenes than in any of the igneous group
xenoliths. The most primitive igneous xenolith, PSV3, is characterised by very low contents
of all trace elements.

Meta-igneous elinopyroxenes are consistently displaced to lower Sr, including those
from PSV8,.which no longer resemble igneous clinopyroxenes as was the case for
plagioclases-(Figure 9). The considerable variability in La (Figure 11a) and Zr (Figure 11c) in
PSV8 clinopyroxenes is correlated with Al,O3 content. Notably, the range in Li contents of
meta-igneous clinopyroxenes (Figure 11b) is much greater than for all other clinopyroxenes,
with the highest concentrations in intensely deformed PSV10 (Figure 11b). Clinopyroxenes

from this xenolith are also highly enriched in Cu, Pb Sn and In (not shown). Extended, PUM-
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normalised trace element patterns for all Petit St. Vincent xenolith clinopyroxenes are

presented in Supplementary Figure A2.

Amphibole
Amphiboles from igneous xenoliths show strikingly similar patterns to clinopyroxene but
with slightly higher overall REE contents and almost no Eu anomaly (Figure 10c). Dueito-the
small size of amphibole rims only single rim analysis was possible (from PSV3); which
shows slight depletion in LREE compared to cores. MREE and HREE caontentration in
amphibole from PSV20 are slightly lower compared to the rest of the igneous group. Petit St.
Vincent lava does not contain any amphiboles for comparison. Amphiboles from meta-
igneous xenoliths show considerable variability with both LREE-depleted and —enriched
patterns and Eu anomalies. These patterns are hardto reeoncile with any simple process of
igneous differentiation.

In terms of selected trace elements(Figure 12), igneous amphiboles are enriched in
Sr compared to meta-igneous amphiboles, with the highest concentrations again seen in
PSV20. The spread in Zr (Rigure 12a) and La (Figure 12b) contents of the igneous group is
less than that of clinopyroxenes (Figure 11a, ¢). This is consistent with less variable partition
coefficients for these elements into amphiboles, which are controlled by Ca partitioning
between amphibole and melt (Nandedkar et al., 2016) rather than Al,O3 content. Thus the
observed variability likely reflects variability in melt CaO content, rather than strong crystal-
chemical effects on partitioning, as seen for clinopyroxene. The extended trace element
patterns for amphiboles from igneous xenoliths (Supplementary Figure A3) show broadly
coherent patterns for all elements except for Cr, Th and U. Cr is a highly compatible element
during Cr-spinel fractionation, whereas U and Th are highly incompatible. Thus, although the

dispersion in Cr contents may be ascribed to crystallisation, this is not a plausible explanation
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for the variability in U and Th, which extends over almost two orders of magnitude for
igneous xenoliths. Furthermore, there is a marked change in Th/U with decreasing Th from
Th/U > 1 at high Th, to Th/U <1 at low Th. There is also a change in the relative fractionation
of Sr from adjacent LREE (Pr, Nd), with the development of both negative and positive Sr
anomalies, the latter most pronounced in PSV20. These distinctive incompatible trace
element behaviours will be discussed in the context of magma differentiation processesiin-a
later section. Again, amphiboles from primitive igneous xenolith PSV3 have the lowest
concentrations of all trace elements.

Meta-igneous amphiboles show great variability (up to a factor-of 100) in Zr, La, Li
and Ba at low, but variable, Sr content. PSV8 again has lithophile trace element contents (Ba,
La, Zr) that resemble igneous grains, but with lower Sr (Figurey22). In contrast to plagioclase,
meta-igneous amphiboles show a very limited range of Ba-Contents (Figure 12d); Rb (not
shown) shows similar behaviour. Lithium (Figuke 12C) contents are significantly higher than
in the igneous group. The extended tracé element patterns of meta-igneous amphiboles
(Supplementary Figure A3) display,at least one order of magnitude variability in all
incompatible elements as welkas Cr. The latter variability is comparable to that of the
igneous xenolith amphiboles.An general, the extent of variability increases with increasing
incompatibility,from Se’to Th. U and Th show extreme depletion, but unlike the igneous
amphiboles.Th/U 1s consistently >1 even in the most depleted grains. Likewise, Sr is always
depleted relative to adjacent REE, Pr and Nd. Rb/Ba ratios change from <1 to >1 with
inereasing depletion. Rb and Ba contents are both higher and lower than in igneous
amphiboles (Figure 12d).

In both igneous and meta-igneous amphiboles there is considerable variability in Li
(Figure 12c), Cu, Zn and Pb (Table A4). The correlated behaviour of these elements, despite

their different incorporation into silicate and sulphide minerals suggests the presence of small
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amounts of saline fluid inclusions (brines) in the analysed volume because all of these trace
elements are known to complex strongly with chloride ligands (Kouzmanov et al., 2012). As
far as possible these brine inclusions have been filtered from the time-averaged LA-ICP-MS

signal. However, the likely presence of brines at these conditions is noteworthy.

Electron back-scattering diffraction (EBSD) results

To better understand the trace element chemistry from minerals in the igneous and meta-
igneous xenoliths in the context of their microstructural characteristics we‘performed EBSD
analyses on two representative samples: pyroxenite hornblende gabbro-(PSV11, Fig. 3d) and
mylonitic amphibolite (PSV10, Fig. 4f). These two samples correspand to end members of
the xenolith microstructural range we present here. Results are plotted as crystal preferred
orientation (CPO) patterns, alongside photomicrographsyin Figure 13.

PSV11 shows a well-developed igneausifabric consistent with crystal precipitation
from melt and subsequent settling. Plagioclase’grains show a clear flow foliation under the
optical microscope (Fig, 13a,b). The plagioclase CPO is typical for magmatic fabrics with a
concentration of the (010) poles, normal to the twin planes (Fig. 13a), oriented perpendicular
to the foliation and the poles.to (100) and (001) forming girdles parallel to the foliation (Fig.
14a) (Satsukawaet al 2014). Clinopyroxene shows a similar, albeit less intense, flow-related
alignment.ln.contrast, the amphibole CPO is somewhat weaker with a less well-developed
girdle. Thevamphibole commonly has cores of clinopyroxene and well-formed crystal faces.
These features suggest the CPO of the amphibole is controlled by the original orientations of
the clinopyroxene grains either through topotactic replacement or epitactic overgrowth
under static conditions rather than directly reflecting magmatic flow. This interpretation is

consistent with petrographic observations (Fig. 3d and 13b).
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PSV10 shows a quite different microstructure from PSV11 with pervasive grain size
reduction of the original plagioclase and clinopyroxene associated with development of a
clear foliation. The local presence of relict clasts of both plagioclase and clinopyroxene with
strong undulose extinction and well-developed subgrains suggests that grain size reduction
was due to dislocation formation and migration (Fig. 13d). Despite this evidence for strong
plastic deformation the CPO patterns for the plagioclase and clinopyroxene of PSV11 are
almost random (Fig. 13f). The development of strong CPO patterns is a characteristic.of
deformation accommodated by dislocation creep and their absence in this-strongly deformed
sample implies different deformation mechanisms were active. Grain boundary sliding
suppresses the development of CPO patterns and can largely obliterate former CPO patterns
in arock (Wallis et al. 2011). Grain boundary sliding needs to occur in tandem with an
accompanying mechanism able to fill the gaps thatOpemdue to the misfit of grains as they
slide past one another. Suitable mechanisms aressolid state diffusion or solution

and precipitation facilitated by flow of & fltid or melt. Detailed observations of the strongly
deformed domains (Fig. 13e) showtheyydominantly consist of bimodal mixtures of either
plagioclase with smaller grains of clinopyroxene, or clinopyroxene with similar-sized grains
of amphibole. Some of the'small amphibole grains are aligned, whereas others appear to fill
in pore-space areund clinopyroxene grains. This behaviour is reflected in the amphibole CPO
(Fig. 13f),.which shows a concentration of (001) poles and weak girdle development normal
to (100) and-(010). In contrast to PSV11, the amphibole CPO does not mimic that of
clinopyroxene. These features of the amphiboles CPO can be explained as the result of
oriented growth within dilational space opened up as grains slid past one another possibly
accentuated by mechanical rotation of needle shaped grains. The long axis of the

amphibole corresponds closely to the concentration of (001) poles and indicates the direction

of maximum extension.
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Mechanical mixing of grains during grain boundary sliding is possible but the fine-scale
mixing of plagioclase and clinopyroxene grains is present even in relatively weakly deformed
domains. If plagioclase-clinopyroxene mixing was due solely to mechanical processes then
high strain domains should be more greatly mixed than others. This is not observed. The
weak CPO patterns for plagioclase and amphibole in PSV10 support the idea that
deformation subsequent to subgrain formation was accommodated by sliding along thepew.
grain boundaries (Fig. 14b). A striking feature of the plagioclase-rich domains is the.presence
of tiny voids at grain triple-junctions (Fig. 13e), suggestive of the originalpresence of fluids
during recrystallization. Fluid infiltration may have been promoted by the formation of gaps

between the grains as they slid past one another.

DISCUSSION AND INTREPRETAION

Textural Evidence for Fluid-fluxed melting

The above microstructural observations“including crystallographic and shape preferred
orientation types suggest that defermation took place in the presence of an intergranular fluid
or melt resulting in the crystallization of secondary phases in dilational sites between
recrystallized grains in both.pyroxene- and plagioclase-rich domains.

In additien to demonstrably magmatic primocrysts of amphibole, such as those in
igneous xenoliths PSV3 (Figure 3a) and PSV20 (Figure 3b) there is strong petrographic
evidence ofilater formation of amphibole at the expense of clinopyroxene, plagioclase and
oxides in both igneous (Figure 3c,d) and meta-igneous xenoliths (Figure 4a-f). Amphibole
formation is likely to have occurred via incongruent, melt-forming reactions of the type: cpx;
+ ply + ox; + fluid = amph % pl, £ cpx, + 0x, + melt. The reactant hydrous fluid could derive
internally, due to enrichment during crystallisation, or externally through addition of fluids

from another magmatic source. That source could also provide heat. Regardless of the fluid

220z 1Mdy g1 uo 1sanb Aq 1.8££9G9/cc0oeba/Abojonad/ge0L 0L /10p/a]01 e-aoueApe/ABojosjad/woo dno-olwapede//:sdiy wouy papeojumoq



source, progressive development of the above reaction could generate poikilitic amphibole
(Figure 3c) or amphibole pseudomorphs after clinopyroxene (Figure 3d), consistent with
inheritance of clinopyroxene CPO fabrics by amphibole (Figure 13c). These textures can be
envisaged forming at supra-solidus magmatic conditions, producing amphiboles with
magmatic chemical signatures (Figure 10c) that resemble those of precursor magmatic
clinopyroxene in terms of REE (Figure 10a). However, other chemical features of the‘igneeus
amphiboles, such as their U-Th systematics noted above, suggest a more complex origin than
simple, closed system magmatic crystallisation. This will be explored in mere detail below.
In contrast, meta-igneous xenoliths PSV8, PSV18, PSV6 and PSV10 have
clinopyroxene (Figure 10b) and/or amphibole (Figure 10d) traceselement characteristics quite
unlike igneous xenoliths (or Petit St Vincent lavas). These xengliths are extensively re-
equilibrated, but are undoubtedly metamorphic rocks with-original igneous protoliths. The
depleted nature of the incompatible elementsdnymeta-igneous amphiboles (e.g. Th, U, La,
Nb, Ta) is suggestive of some partial melting accompanying metamorphism, and is consistent
with our EBSD analyses that imply.the presence of an intragranular fluid or melt phase
(Figure 13e,f) during deformation. Melting may have been triggered by the addition of
aqueous fluids that passed‘along grain boundaries or fractures developed during deformation.
The influx of sueh a fluid is evidenced by elevated Li contents in meta-igneous amphibole
and clinopyroxene compared to igneous xenoliths (Figure 11 and 12). The wide variety of
traceelement patterns within individual amphiboles from single samples is indicative of poor
diffusive re-equilibration. It is significant that amphibole grains in PSV10 display both
positive and negative anomalies for Pb and Li (Supplementary Figure A3) and these are
associated with clinopyroxene grains that show a large scatter in the concentrations of the
same elements (Supplementary Figure A2). All these reaction textures and Al-poor nature of

the meta-igneous amphiboles (Figure 7a) indicate lower temperatures than those of the
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igneous xenoliths, mineral thermometry (Table 2) indicates supra-solidus conditions (>790
°C). We envisage amphibole formation in a dynamic environment (high temperature shearing
in a crystal mush state) for formation of these meta-igneous xenoliths.

Some meta-igneous xenoliths (e.g. PSV8) have mineral trace element and
recalculated major element compositions that resemble the igneous xenoliths. Other meta-
igneous xenoliths, notably PSV10, are chemically quite distinct and may represent pre-
magmatic basement crust, rather than precipitates from any particular erupted magma.If this
is correct these samples may be significantly older than the present day magmas)erupted on
Petit St. Vincent. Geochronology would help test this idea; but such ages are not available
and no zircon was observed in the studied samples in thin sectigm or\in mineral separates. As
the original magmatic composition of these rocks is likely to have been modified by
metamorphic processes, it is not possible to deduce theiroriginal compositions from mineral

trace element chemistry alone, other than to infer a broadly mafic, igneous protolith.

Origin and evolution of igneous%enoljths
The trace element patterns of minerals from the igneous xenoliths are sufficiently coherent to
be used to explore both thesmagmatic origin of the constituent minerals and the igneous
processes that shaped their chemical evolution. Possible processes include closed system
fractional and.eguilibrium crystallisation, and fractional and equilibrium partial melting, as
well-as open system crustal assimilation and melt percolation, and diffusion, all of which may
hawve operated during the history of the igneous xenolith suite.

To interpret mineral trace element compositions in terms of magmatic processes
requires knowledge of mineral-melt partition coefficients for as wide a range of analysed
trace elements as possible. Because partition coefficients (Ds) vary as functions of mineral

and melt chemistry and the prevailing intensive variables (P-T-fO;) during crystallisation, it
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IS important to use a consistent set of Ds rather than simply mix and match Ds from different
systems obtained under different conditions. For this reason, we focus on amphibole for
which the experimentally-determined Ds values of Nandedkar et al. (2016) provide an
internally consistent parameterisation for 27 of the trace elements analysed in our study, over
a range of temperatures (1010 to 730 °C) at 0.7 GPa pressure, conditions broadly consistent
with those of the igneous xenoliths.

For each trace element, i, Nandedkar et al. (2016) parameterise the partition

coefficient (D;) as a function of the Ca partition coefficient (Dca):
In(D;j) = Ailn(D¢a) + B; 1)

where A; and B; are constants derived by multiple regression of the experimental data specific
to each trace element. For all trace elements studied here, except K, Rb and Ti, these values
(and their uncertainties) are those providedtin Table 7 of Nandedkar et al. (2016). For Ti we
simply fitted the same experimental dataset of Nandedkar et al. (2016), to obtain the fit
parameters: At =1.11+0.11% By = 0.507+0.095. For Rb, we assumed a constant Dgy, (0.090),
as only two experiments were‘analysed for this element.

Parameterisation’in terms of D¢, is advantageous because the CaO content of
amphibole.is.relatively constant (~11.5 = 0.5 wt%) and the CaO content of potential parent
magmas, as-recorded by lavas (Figure 8), is known. To reduce the number of parameters that
can,be independently varied, we have further parameterised D¢, as a reciprocal function of
temperature, T, using the Nandedkar et al. (2016) experimental data (T in Kelvin):

66621366
D¢, = ex (—

— 483 +033) (2a)
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The partition coefficient for K was also fitted to reciprocal temperature rather than D¢, as

this provides a better parameterisation of the Nandedkar et al. (2016) data:

Dy = exp (6.15 + 0.49 — ZE2250)

- (2b)
The calculated Ds values for the 26 trace elements, along with their uncertainties propagated
from fitting errors on A; and B; are presented in Suplimementary Figure A5 for'a
representative D¢, = 1.7 (970 °C). Note that all Ds are of similar precision (£30% relative)
except for U (80%), Th (90%) and Pb (~100%). The very large errets on\Ds for the last three
elements means that the calculated melt compositions should.be\treated with caution, likely
because factors other than D¢, alone influence their partitien coefficients.

To improve the uncertainty on the calculated vvalues of Dy and D1, we have explored
alternative parameterisation approaches to the Nandedkar et al. (2016) data. We find that
weighted regression D, and the ratio'B /Dy against reciprocal temperature (T in Kelvin)

yields an improved fit, as follows (1%s.d. uncertainty):

1897312348

Dry = exp (- ~ 1935 % 2.00) (3a)

DTh/DU = exp (2222 291 +0.77) (3b)

These expressions lead to an increase in D, with decreasing temperature, and a cross over
from D+, /Dy >1 to <1 at 810 °C, in accord with the experimental data of Nandedkar et al.

(2016).
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Parent melt for igneous xenoliths
As a first step we used equation (1) to explore the trace element pattern of possible parent
melts for igneous xenolith amphiboles, varied D¢, between 1 (~12 wt% CaO in melt = basalt;
Figure 8) to 6 (~2 wt% CaO = dacite) and compared the calculated trace elements to a
database of 290 lavas from Grenada and the Grenadines. The best match of calculated and
natural melt composition came using D¢, = 1.70 (T= 970°C) for all igneous xenolith
amphiboles. The corresponding CaO in the melt is 7£0.5 wt%, which equates to andesite
lavas of this segment of the Lesser Antilles arc (Figure 8), and accords with,the upper end of
the compositional range of melt inclusions in the igneous xenoliths (i.e..2.2 to 6.8 wt% CaO;
Supplementary Table A3). For the five igneous xenoliths (PSV3,PSV12, PSV14, PSV19,
PSV20) the calculated average trace element patterns (Figure 15) show a remarkable match
to a trachyandesite (PM2b) and dacite (PM2a) from the'adjacent island of Petite Martinique
(Figure 2). No comparable match could be obtained for any other of the 290 lavas, giving us
confidence that the amphiboles in the xenoliths crystallised from melts of this approximate
composition. To further illustrate-this'point we show also in Figure 14 a typical andesite
(GR5) from Grenada. Here.the lJower LREE and Pb are distinct from Petite Martinique lavas,
and appreciably lower tharthose calculated for all reasonable values of D¢,. For comparison,
it is worth noting.that the near-liquidus mineralogy of H,O-saturated, compositionally-similar
andesite (R1R).from the island of Martinique at 930 °C, 227 MPa, NNO+2 (Martel et al.,
1999) is plagioclase (Angy) + amphibole + clinopyroxene + magnetite, in good agreement
with the mineralogy of Petit St. Vincent igneous xenoliths (Figure 3).

Although Figure 14 provides a valuable constraint on the broad chemical character of
the melts responsible for the igneous xenoliths, it does not satisfactorily explain the observed

spread of trace element concentrations, or the distinctive behaviour of U, Th and Sr, and the
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tendency of amphibole rims to be more trace element-depleted than their cores (Figure 10c).

These features point to additional processes operating on the igneous xenoliths.

Incongruent fractional melting
Extreme depletions in highly incompatible elements such as U and Th, without concomitant
variation in less incompatible elements, such as LREE, Sr and Ba cannot be explained hy-any
form of fractional crystallisation without invoking U-Th-rich mineral phases that are.not
observed in the xenoliths. Conversely, fractional melting can account for,this behaviour, as
well for the observation that amphibole rims tend to be more depleted than cores. The change
in the behaviour of Sr during melting is suggestive of incongruent melting, whereby Sr is
released from plagioclase during melting and sequestered by preduct amphibole, creating a
progressive positive Sr anomaly with increasing LREE depletion. To explore these processes,
we performed more complex trace element modelling. The main focus of the model was U-
Th and Sr-Y ratios as these element paifs best capture the distinctive chemical signature of
the igneous amphiboles.

Mathematically, incongruent fractional melting can be approached in a number of

formulations. We have used.those of Shaw (1979) to calculate for each trace element, i, the

composition of amphibele (Campn) in equilibrium with incrementally extracted fractional melt:

o h Dt h Fpt (ﬁ_l)

amph __ “amp _rr

== (1- ) @)

Where F is melt fraction, and for each i Cy is initial concentration in the source, D is the
amph-melt partition coefficient, Dy is the bulk partition coefficient weighted according to
mineral abundances in the source, and P is the partition coefficient weighted according to the

mineral contribution (p,) to the melt. For the purposes of our calculations we use a single
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melting reaction of the form p; + p, + p3 = 1 melt. In the case of incongruent melting the
coefficients p, can be either positive or negative, for phases consumed by and produced by,
respectively, the melting reaction.

We used the mineral-melt partition coefficients of Nandedkar et al (2016) for
amphibole; for all other phases of interest (clinopyroxene, plagioclase) we express their
mineral-melt Ds relative to those of amphibole, i.e. Dcpxjamph and Dpjagampn. Weight fractions
of amphibole, clinopyroxene and plagioclase in the source are denoted Xampn, Xépx; Xpiag; their
contributions to the melt are denoted Pamph, Pepx, Pplag- 1N the absence of orthopyroxene from
the igneous xenoliths we do not consider this mineral in our calculations. Similarly, we do
not consider magnetite because of its low abundance and negligible contribution to the
partitioning behaviour of any of the incompatible trace elements considered. Hence Xampn +

Xepx + Xplag = 1, and Coq can be expressed as:

Cé = Ccllmph(thzmph + Xépx ) Dclpx/amph + lealag ) Dzl)lag/amph) (5a)

Dy can be expressed as:

D(l; = D(lzmph(lemph + Xcipx ’ Dépx/amph + le)lag ’ D;l)lag/amph) (5b)

and(P can be expressed as:

Pi = Dtllmph (pélmph + pépx ’ Dépx/amph + p;)lag ’ Dzl)lag/amph) (SC)

Values of D¢pyampn Were taken from analyses of coexisting clinopyroxene and amphibole in

igneous xenoliths. For the modelling we adopted average values from xenolith PSV14; for
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the REE the Dcpyamph Values were smoothed (<10% relative) to yield a variation with ionic
radius consistent with the lattice strain model of clinopyroxene-melt partitioning (Wood and
Blundy, 1997). For plagioclase we obtained Dyjag-merr Using the equations of Dohmen and
Blundy (2014) at the temperature of interest with the following values: Angs plagioclase,
Dca/Dna = 5. Note that D¢, is obtained from the ratio of CaO in plagioclase divided by that.in
melt at the temperature of interest according to Equation (2a). For La we set Dyjagrampr to.the
value observed for plagioclase-amphibole pairs in PSV14; for all other REE Dyjaq Was
determined by the lattice strain model of Dohmen and Blundy (2014). For'Eu we assumed
that 85% of Eu was present as Eu®* and 15% as Eu®* using the lattice strain approach of
Aigner-Torres et al (2007) to calculate the weighted mean Dgy. Bpjagiampn 1S then obtained by
dividing Dpjag by Dampn as calculated from equation (1). Eor the;source we set Xamph, Xcpx and
Xplag 10 typical values for the igneous xenoliths, i.e0.30y,0:44 and 0.26 respectively (Figure
3). The full set of modelling parameters is given,in Table 3.

We adopted PSVV19_ hbICI7 (Supplementary Table Al and A4) as the composition of
the least-depleted initial amphibole, i-e. Campn in equation (5a). Thus, the only unknown
variables in Equation (4) are’F, which can be varied systematically, and p. Textural evidence
presented above indicates that'the incongruent melting reaction proceeds by the addition of
hydrous fluids te.gabbreic protoliths, melting plagioclase and clinopyroxene to form
amphibole.and.melt. Thus, pampn IS Negative and pepyx and ppiag are positive. We can estimate
the magnituee of Pamph, Pepx @Nd Ppiag from the 5 kbar H,O-saturated melting experiments of
(Helz, 1973, Helz, 1976) on a 1921 Kilauea tholeiite. We do this by comparing her run
product modes with the anhydrous mineral assemblage of the starting material. The latter was
calculated by mass balance, using the mineral compositions in Yoder and Tilley (1962), i.e.
32% clinopyroxene, 12% olivine (Fogs), 45% plagioclase (Ansp) and 7% magnetite. The

differences in phase proportions between run products and starting materials then yields the
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stoichiometry of the net H,O-fluxed melting reaction at the temperature of interest, i.e. the
effect of adding H,O-rich fluid to a hot dry gabbro. The H,O-saturated solidus for this
composition is 690°C (Helz, 1976). For the temperatures of interest of Petit St. Vincent
xenoliths (850-1000 °C; Table 3), Helz’s experiments yield the following reactions,

normalised to 1 mass unit of melt (‘ox’ denotes magnetite + ilmenite):

825°C 1.8 cpx + 0.6 oliv+ 0.4 ox + 2.3 plag = 4.2 amph + 1 melt

875°C 1.2 cpx +0.50liv+ 0.3 ox + 1.8 plag = 2.9 amph-+ 1 melt

930°C 0.7 cpx + 0.3 oliv + 0.2 ox + 1.5 plag = 1,8 amph + 1 melt

970°C 0.6 cpx + 0.2 oliv + 0.200%+ 1.3 plag = 1.4 amph + 1 melt

Using the same approach,broadly similar values were obtained from the 2 kbar
water-saturated experiments of Koepke et al. (2004) on a mid-ocean ridge olivine gabbro,
albeit with the additional invelvement of orthopyroxene. Although the exact melting
conditions and startingyeompositions for Petit St. Vincent igneous xenoliths will differ from
those of Helz s experiments, the overall stoichiometry of her flux-melting reactions (i.e.
positive ppiag > 2Pcpx and negative pampn) IS consistent both with textural evidence and the
trace element patterns in amphibole. Thus, rather than attempt to parameterise the flux-
melting reaction coefficients, for all calculations we adopted a fixed stoichiometry lying

within the overall range presented above, but excluding olivine and oxides for simplicity:

1.3 cpx + 2.2 plag = 2.5 amph + 1 melt (6)
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Our modelling does not preclude the involvement of olivine and oxides (xorthopyroxene), as
seen experimentally, but these phases are either too low in abundance in Petit St. Vincent
xenoliths or too poor in the modelled trace elements to materially affect the results.

Using reaction (6) to model the impact of melting on amphibole trace element
compositions, we focussed on the distinctive behaviour of U-Th and Sr-Y, specifically‘the
increase in Th/U with decreasing Th (Figure 15a) and increasing Sr/Y with decreasing. Y
(Figure 15b). For U-Th equations (3a) and (3b) show an increase in Dy, with decreasing
temperature, and a cross-over from Dp/Dy>1 to <1 at 810 °C. This change in D,/Dy is
critical to explain the U-Th behaviour of the igneous amphiboles, whereby Th/U increases as
melting proceeds. We varied temperature to obtain the best fit. We find that a range of values
from 970 to 850 °C can account for the observed span iniamphibole Th/U and Th
concentration, suggesting that the igneous xenoliths experienced melting over this range of
temperatures, consistent with amphibole-plagioclase thermometry (Table 2. The lowest
temperatures correspond to PSV20\(Figure 3b), while the highest temperatures correspond to
primitive xenolith PSV3 (Eigure 3a).

By extension to the'entire trace element suite, we can then calculate the amphibole
trace element patterns'produced by melting reaction (6). Results of these calculations, for two
representative pairs of temperature and F are shown in Figure 16a and compared to selected
igneous amphibole rim analyses. The calculated behaviour is an excellent match to that seen
in‘the entire igneous amphibole suite (Supplementary Figure A3, Table A4), except for K and
Rb at the highest melt fractions modelled. The good match constitutes an independent test of
the proposed melting reaction. The total degree of fractional melting required to explain the
data is < 20% (Figure 17 a, b). A striking feature of the calculated trace element behaviour is

the development of a strong positive Sr anomaly in PSV20 amphiboles as a result of a high
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degree of partial melting (~20%) close to the point of plagioclase exhaustion. At that point
the Sr content (and Sr/Y ratio) of the amphibole (and coexisting partial melt) is maximised.
Higher degrees of partial melting of PSV20 are consistent with the lower modal abundance of
plagioclase in this xenolith (Figure 2) and the rimward increase in An content of plagioclases
described above.

Melting reaction (6) describes relatively high-temperature (850-970 °C) flux-melting
of a hornblende gabbro protolith whereby addition of H,O-rich fluid drives incongruent
melting by consuming plagioclase and clinopyroxene (positive ppiag and pépx) and producing
amphibole (negative pampn). We do not explicitly model the addition of-fluid on the
assumption that the added fluid does not contribute to the overall trace element budget.
However, as the added fluid is unlikely to be pure H,O, it will make some contribution to the
overall budget of elements, in particular highly soluble ehlorine and alkalis, including Rb and
K. H,0 is dissolved in product melt, as well as‘incorporated into product amphibole in
reaction (6). As the total H,O content of these phases is just a few weight percent, so the
stoichiometric coefficient of H,O-6n the left hand side (pr20) will be small compared to pyag

and pepx.

Origin and evolution'ef meta-igneous xenoliths

The greater.chemical variability of the amphiboles in meta-igneous xenoliths (Figure 10d,;
Supplementary Figure A3) warrants a slightly different approach. Calculations using the
amphibole-melt Ds of Nandedkar et al. (2016) for a range of plausible D¢, values did not
yield a good match for any meta-igneous amphibole to any known lava erupted in the
Grenadines or Grenada. The observation suggests that these xenoliths may be of exotic
origin, as proposed by White et al., (2017) for hornfelsed meta-igneous xenoliths from

Grenada. Possible protoliths include fragments of older arc crust, or vestiges of the over-
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riding Caribbean plate (e.g. Allen et al., 2019). Alternatively, the meta-igneous xenoliths may
have been initially amphibole-free, in which case all amphibole is produced by reactions such
as (6) and was never precipitated directly from magmas erupted in the Grenadines.

Despite the lack of a suitable parental magma match to the xenoliths of the meta-
igneous suite we can, nonetheless, perform fractional melting calculations to shed light on
magmatic processes that shaped the meta-igneous suite. The approach we have takenis
similar to that described above. Although orthopyroxene is a minor, relict constituent.of some
meta-igneous xenoliths we have again chosen not to include it in the calculations as it has
very little influence on the results. Depyampn are taken from xenolith PSV10, again smoothed
in accordance with the lattice strain model for REE. We adoptedhthe\same approach to
Dplagiampn @s for the igneous suite, but with Ansg to reflect.the less calcic plagioclase rims in
the meta-igneous xenoliths (Figure 5). The startingphase,proportions are not well constrained
by the xenoliths themselves due to extensiveye*equilibration and amphibolitisation. We have
adopted an approximately 50:50 mixture ofiplagioclase (Xpiag = 0.52) and clinopyroxene (Xcpx
= 0.44) with very minor amphibole,(Xampn = 0.04), consistent with gabbro xenoliths found
elsewhere in the Lesser Antilles (Melekhova et al. 2019). However, a wide range of
amphibole-free starting modes (xorthopyroxene or olivine) works equally well. The dearth of
amphibole in the-protolith is consistent with textural relationships of the meta-igneous
xenoliths (Eigure 4) indicating that amphibole formation tends to be late and associated with
deformation-and melting rather than primocrystic. We used reaction (6) to describe melting
stoichiometry. All parameters used for geochemical modelling are provided in Table 3.

As for the igneous xenoliths, we started with the U-Th and Sr-Y systematics. The
Th/U ratios of the least-depleted igneous and meta-igneous xenoliths are similar (Figure 15a),
indicating that that this ratio was consistent between the protoliths of the two xenolith types.

Conversely, the Sr/Y ratio of the meta-igneous xenoliths is lower than that of the igneous

220z 1Mdy g1 uo 1sanb Aq 1.8££9G9/cc0oeba/Abojonad/ge0L 0L /10p/a]01 e-aoueApe/ABojosjad/woo dno-olwapede//:sdiy wouy papeojumoq



xenoliths (Figure 15b), consistent with a different protoloith for the two xenolith types. PSV8
appears to have characteristics intermediate between the two protoliths, as deduced
previously from its distinctive mineral chemistry (Figures 9 to 12). We therefore took as the
starting point for the meta-igneous xenolith calculations the least depleted meta-igneous
amphibole PSV6_hbl7.

In contrast to the igneous amphiboles, meta-igneous amphiboles show decreasing
Th/U with decreasing Th (Figure 15a) and modest increase in Sr/Y with decreasing®Y_(Figure
15b). The former observation requires a higher Dy, and a different sense of\U-Th
fractionation, i.e. Dty/Dy>1, than for the igneous xenoliths. Equations (3a) and (3b) show that
both requirements can be met with lower melting temperatures,iin accordance with the lower
temperatures for meta-igneous xenoliths from thermometry (Table 2); a value of 800 °C best
fits the data. The calculated trace element behaviour produced by low-temperature flux-
melting reaction (6) is shown for U-Th and Sr-¥,in Figure 15a and b respectively. The
estimated melt fraction is <10%. Modeledtrace element patterns for two representative
values of F are plotted in Figure 16b-alongside two additional amphiboles from PSV6 for
comparison. As for the igneous amphiboles the calculated behaviour provides a very good
match to the amphibole data,-except for Pb, where we do not reproduce the strong negative
anomaly in the most depleted amphiboles. It is unclear if this reflects uncertainty in Dpy, for
amphibole.(Supplementary Figure A5), or crystallisation of another phase, such as sulfide,

that sequesters Pb.

Crustal melting in hot zones
Thermal and experimental modelling show that magmatic underplating at the base of the
crust significantly modifies crustal thermal structure and mechanical properties, enhancing

deformation and strain localization in an extensional environment (Corti et al., 2003, Furlong
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and Fountain, 1986, Fyfe, 1992, Gans, 1987, White and Mawer, 1992, Wilshire, 1990).
EBSD analyses of Petit St. Vincent xenoliths have also shown that metasomatic reactions and
deformation were contemporaneous and enhanced by fluid addition. Van Rijsingen et al.
(2021) showed, based on GPS data along the Lesser Antilles arc, small but detectable along-
arc extension which is supported by observations of active normal faulting.

Our petrological study of Petit St. Vincent xenolith supports the existence of a ‘hot'zene’
located in the mid to deep arc crust beneath Petit St. Vincent. Such hot zones grow by the
incremental emplacement into the crust of mantle wedge-derived hydrous-basaltymagmas.
Differentiation in the hot zone occurs by a combination of crystallisation and melting (Annen
et al., 2006). Melting involves unrelated, older overlying and intercalated arc crust, as well as
antecedent intrusions that have previously solidified. Beneath Petit St. Vincent the evidence
for pre-existing arc crust is limited to some meta-igneous,xenoliths; there is no xenolithic
evidence for older sialic crust and radiogenicsetope data for the Grenadines indicate little
involvement of such material (e.g. White etial 2017). Melting processes involve the addition
of both heat and hydrous fluids released)by the basalts as they cool and solidify, thus both
thermal and chemical (flux) melting occurs over a range of hot zone temperatures. The latter
process, also termed percolative reactive flow (Jackson et al., 2018), is evidenced by the
modelled trace element.€volution of the Petit St. Vincent xenolith suite (Figure 15).

The fluids.involved in chemical melting in the hot zone are unlikely to be pure H,O or
H,0<CO, mixtures. Chlorine concentration in melt inclusions (<0.9 wt%; Supplementary
Takle A3) is higher than in any other Grenadine island (e.g. Bequia, >0.4 wt%, Camejo-
Harry et al., 2018), but similar to Grenada itself, 1.1 to 2.6 wt% (Bouvier et al., 2010).
Chlorine concentrations in Petit St. Vincent meta-igneous amphiboles are higher than those in
igneous xenoliths at a given K,0O content, but decrease with increasing degree of deformation

and metasomatism (Figure 7b). Similarly, concentrations of Li (Figure 12b), Pb and Rb

220z 1Mdy g1 uo 1sanb Aq 1.8££9G9/cc0oeba/Abojonad/ge0L 0L /10p/a]01 e-aoueApe/ABojosjad/woo dno-olwapede//:sdiy wouy papeojumoq



(Supplementary Figure A3) in meta-igneous minerals are both high and variable. Thus, melt
inclusions and mineral chemistry in both igneous and meta-igneous xenoliths, as well as
microtextures (Figure 13e) imply the coexistence of Cl-bearing hydrous fluids.

Further evidence for melting of basaltic lithologies comes from the very high anorthite
content of plagioclase, up to Anjgo in some xenoliths. Calcic plagioclase is common in arcs
(e.g. Danyushevsky et al., 1997, Melekhova et al., 2017, Panjasawatwong et al., 1995,
Ushioda et al., 2014) and the Lesser Antilles is no exception (Arculus and Wills; 1980). The
origin of very calcic plagioclase (An > 95) has long been debated, as it is hard to reconcile
with any crystallisation process from basaltic magmas with realistic CaO and Na,O contents.
An alternative explanation is H,O-fluxed fractional melting of plagioclase-bearing gabbros or
cumulate rocks, which is inferred from the textures and trace element signatures of Petit St.
Vincent xenoliths. Such a process results in very high An,plagioclase by simultaneously
reducing the liquidus temperature and sequestering Na into the melt. Our trace element
modelling (Figure 15b) shows that this/processalso leads to extreme Sr enrichments in melts
just prior to plagioclase exhaustion, the point at which the An content of residual plagioclase

is maximised.

Thermal modelling

To explore the"above processes in light of the Petit St. Vincent xenolith data we have run
numerical simulations in which hydrous basalt (4.5 wt% H,0) sills are emplaced into arc
crust (Annen et al., 2006). We consider two varieties of arc crust. In the first case we
eonsider amphibolitic crust that melts via dehydration melting, as previously modelled by
Annen et al. (2006). In the second case we consider basaltic crust that has the same
composition and H,O content as the input basalt. This simulates the process of H,O-fluxed

melting because 4.5 wt% is much more H,O than could be stored sub-solidus in a crustal
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rocks. Thus our models capture the two extremes of crustal melting envisaged; thermal
melting (heating of crust) and chemical melting (addition of H,O to hot crust). The melting
relationships of hydrous basalt magma and amphibolite crust are shown in Supplementary
Figure A5; no account of changing temperature-melt fraction (T-F) relationships with
pressure is taken. Other constraints for the thermal model are similar to Melekhova et al.
(2013). We estimated the thickness of pre-existing crust of 10 km based on the thickness‘of
Grenada Basin crust (Christeson et al., 2008). Sills were emplaced randomly between 8and
12 km depth. Random sill emplacement allows for screens of older crust, such as represented
by some meta-igneous xenoliths, to become trapped.

The model was tested with different rates of sill emplacement. We best reproduce the
observations in terms of temperature, melting degree, and finaherust thickness by emplacing
one 300 m basalt sill every 60 kyr over 3.8 Myr. This cogresponds to a net rate of crustal
growth of 5 km/Myr and results in a crustal thickening of 19 km in agreement with the
current depth to the Moho of 29 km (M¢elekhova et al. 2019). Jicha and Jagoutz (2015)
estimate that the magma production rate,in the Lesser Antilles arc is 162 km® per Myr per km
of arc. Thus, for a hot zoneavith @ 40 km? footprint beneath Petit St. Vincent (the
approximate dimensions ofithe bathymetric anomaly beneath the archipelago; Figure 1), the
total crustal thickeningyrate is addition is just over 4 km/Myr comparable to the modelled
value. We.do.not track the evolution of fluids exsolved during basalt crystallisation, to the
extent that'H,0 is conserved at all depths within the model. Thus, we simulate flux melting
simply by reheating solidified basaltic crust in the presence of 4.5 wt% H,O. In nature we
would expect significant H,O-rich fluid migration through the hot zone driving remelting of
hot, but dry crustal layers. However, this process is not amenable to simple modelling with

fixed T-F relationships.
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Model results are presented in Figure 17. The initial geotherm at the onset of hot zone
development is shown in Figure 17a. The temperature close to the top of the hot zone, at a
depth of ~13 km reaches ~950 °C, consistent with igneous xenolith thermometry (Table 2).
After 3.8 Myr of sill emplacement the geotherm is perturbed to higher temperatures (Figure
17b). Re-melting in the hot zone occurs in both the pre-existing amphibolite (meta-igneous)
and the antecedent intrusive (igneous) portions. After 3.8 Myr, the dehydration melt fractien
in the amphibolitic crust is <0.12, which is less than that of the surrounding basalticisills
(Figure 17c). Conversely, for the case of basaltic crust, the fluxed melt fraction is <0.25
(Figure 17d), which is, by definition, identical to that of the surrounding basaltic sills due to
their same T-F relationships (Supplementary Figure A5). Thesemelt fractions are consistent
with the trace element modelling presented in Figure 15,.and the overall temperature
variation in our modelled hot zone (700-950 °C) matches,that recorded by the Petit St.
Vincent xenoliths (Table 2) and that inferred{from the trace element modelling of U-Th and
Sr-Y behaviour (Figure 15). Partial melts of,amphibolite crust are predicted to lie at
shallower depths (11-21 km) where the temperatures are higher than for the flux melts depths
(11-27 km) than meta-igneoUs.crust. Unfortunately, we do not have the requisite pressure
resolution for our Petit St. \incent xenoliths to test this hypothesis.

Overall, ourwmodelresults demonstrate the greater efficacy of flux melting than
dehydration.melting, while confirming that both styles of melting are likely to operate in arc
hot zones. Note, however, that most melt in the simulations is produced through
crystallisation of the basalt sills rather than melting of older crust, albeit this process also

likely involves percolative reactive flow of hydrous fluids and melts (Jackson et al., 2018).

CONCLUSIONS
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Xenoliths from Petit St. Vincent, Grenadines, provide insights into the construction of sub-
arc crust. The presence of metamorphic- and igneous-textured xenoliths evidences the
involvement of both older arc crust and antecedent igneous crust. The latter has a protolith
composition similar to magmas erupted on the neighbouring island of Petite Martinique,
which is possibly part of the same volcanic edifice as Petit St. Vincent (Figure 1), while the
former is tentatively ascribed to older, mafic arc crust present at the onset of subduction,
Different types of arc magmas are implicated in crustal growth beneath St. Vingentpincluding
representatives of both the C- (ankaramite) and M- (picrite) series magmas‘erupted on
Grenada to the South. An important feature of the xenoliths is the evidence for reworking
through the combined addition of heat and hydrous fluids withina crustal section that grows
by incremental addition of mantle-derived basaltic magmas. Evidence for crustal reworking
includes trace element evolution in xenolith amphibolesithat cannot be reconciled with a
simple crystallisation history, crystal fabrics indicative of fluid-induced deformation, and the
occurrence of very calcic, refractory plagioelase. Thermal models of incremental magma
emplacement into the middle crust\beneath a 10-km thick layer of older, mafic crust, indicate
that the thermal structure and thickness of the sub-arc crust beneath Petit St. Vincent could
have developed on a timeseale of approximately 4 Ma at rates compatible with the regional
arc magma fluxsIhe thermal model successfully replicates xenolith temperatures and
dimensions.of the-arc crust beneath Petit St. Vincent, and supports the reworking of arc crust
through repeat magma intrusions. An important aspect of crustal reworking is the operation
ofhoth thermal and chemical melting occasioned by the supply of both heat and H,O-rich
fluids from the intruding basalts. Amphibole trace element chemistry from xenoliths can
provide a faithful record of these processes, as noted previously by Smith (2014). Based on
thermodynamic models and exhumed arc crust sections, Collins et al. (2020) have proposed

that water-fluxed melting may be an important aspect of sialic arc crust sections world-wide.
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The xenoliths from Petit St. Vincent testify to such a process occurring in young, mafic crust

beneath an active, intra-oceanic arc.
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Table 1. Classification, minerals, crystallisation sequences and descriptions of Petit St.

Vincent samples
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plag

cp
X
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X

ap | Crystallis
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n
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Where no rock name is assigned, samples were not point counted or too deformed/altered to be point
counted with sufficient accuracy

Cumulate textural designations (after Wager, Brown, and Wadsworth (1960)) are given for igneous
xenoliths

X, mineral phase present but sample was not point counted; -, mineral phase absent; ol, olivine; plag,
plagioclase; cpx, clinopyroxene; opx, orthopyroxene; hbl, hornblende; spl, spinel; ilm, ilmenite; ap,
apatite; MI, melt inclusion, tr- less than 0.5wt%.
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Table 2. Calculated intensive parameters for Petit St. VVincent rocks
Sample Group Method Phases | T (°C) P ANNO
(MPa)
PSVL1 lava Ballhaus et al. (1991) ol-spl 1014- 500 2.65-
1095 2.87
PSV13 hypabyssal (Andersen and Lindsley, spl-ilm 936 - 0.5
1985)*
PSV13 (Ghiorso and Evans, 2008) | spl-ilm 985 - 1.1
PSV13 (Putirka, 2008) cpx-lig 965 - -
PSV20 igneous Holland and Blundy (1994) hbl- 960-971 500 -
plag
PSV1 966-1023 -
PSV14 963 -
PSV12 847-1039 -
PSV8 Meta- Holland and Blundy (1994)* | hbl- 912-936 500 -
plag
PSV6 igneous (Andersen and Lindsley, spl-ilm | 803-847% - 1.37-
1985)" 1.77
PSV6 (Ghiorso and Evans, 2008) | spl-ilm [\"\848:883 - 1.48-
1.67
PSV6 Holland and Blundy (1994)* | hbl- 799-874 500 -
plag
PSV18 Holland and Blundy (1994)* | hbl- 790-849 500 -
plag
PSV18 (Wells, 1977) CpX- 904-914 - -
opX
PSV18 (Putirka,2008) cpXx- 910-929 397- -
opX 457
"Lindsley and Spencer (1982) oxide formula'vecalculation
“[edenite + albite = richterite + anorthite]
500 - assumed pressure
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Table 3. Trace elements modelling parameters
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Model Igneous amphiboles Igneous Meta-igneous amphiboles
amphiboles
T (°C) 850 970 800
source
mineralog
y
Xamph 0.30 0.30 0.04
Xplag 0.44 0.44 0.52
Xcpx 0.26 0.26 0.44
melting
reactions
pamph -2.50 -2.50 -2.50
pplag 2.20 2.50 2.50
pcpx 1.30 1.00 1.00
An(plag) 0.85 0.85 050
Kd(plag) | 5.00 5.00 5:00
partition
coefficien
ts
amph/ | plag/amp | cpx/amp | amph/ | plag/amp™|epx/amp | amph/ | plag/amp | cpx/amp
L h h L h h L h h
source Netal | DB14 PSV14 Netal | DB14 PSV14 Netal | DB14 PSV10
Rb 0.10 0.035 0.010 0.10 0.032 0.010 0.10 0.054 0.010
Ba 0.408 | 0.219 0.015 0.194 " | 0526 0.015 0.585 | 0.282 0.025
Th 0.086 | 0.046 0.810 0:0%7 ,0.237 0.810 0.189 | 0.021 0.235
U 0.081 | 0.049 0.850 0.012' | 0.331 0.850 0.204 | 0.020 0.466
Nb 0.78 0.005 0.022 0.40 0.010 0.022 1.06 0.004 0.007
Ta 0.59 0.003 0.060 0.38 0.005 0.060 0.73 0.003 0.007
K 0.16 0.339 0.064 0.34 0.109 0.064 0.11 0.629 0.100
La 0.31 0.176 0.708 0.16 0.353 0.708 0.44 0.321 0.147
Ce 0.67 0.064 0.632 0.30 0.146 0.632 0.99 0.102 0.132
Pb 0.30 1.050 0.243 0.07 4.169 0.243 0.60 0.912 0.382
Pr 1.17 0.028 0.641 0.50 0.069 0.641 1.76 0.040 0.139
Sr 0.49 7.04 0.173 0.42 5.25 0.173 0.52 8.96 0.656
Nd 2.04 0.012 0.600 0.83 0.032 0.600 3.14 0.015 0.133
Sm 369 0.004 0.646 1.47 0.010 0.646 5.74 0.004 0.153
Zr 1.07 0.001 0.843 0.38 0.003 0.843 1.77 0.001 0.240
Hf 1.67 0.001 0.929 0.76 0.001 0.929 2.42 0.000 0.165
Eu 4.30 0.135 0.688 1.60 0.233 0.688 6.93 0.112 0.161
Ti 5.66 0.0053 0.430 2.99 0.0100 0.430 7.70 0.0039 0.158
Gd 5.07 0.0015 0.691 2.15 0.0042 0.691 7.68 0.0014 0.177
Th 5.96 0.0009 0.669 2.38 0.0029 0.669 9.27 0.0008 0.171
Dy 6.20 0.0006 0.702 2.48 0.0020 0.702 9.65 0.0005 0.183
Y 6.14 0.0005 0.725 2.20 0.0019 0.725 10.06 | 0.0004 0.184
Ho 6.35 0.0005 0.718 2.48 0.0015 0.718 9.99 0.0003 0.189
Er 6.12 0.0003 0.729 2.35 0.0012 0.729 9.71 0.0002 0.198




Tm 5.54 0.0003 0.819 2.24 0.0010 0.819 8.58 0.0002 0.224
Yb 5.23 0.0002 0.841 1.98 0.0009 0.841 8.37 0.0001 0.225
Lu 5.08 0.0002 0.829 1.81 0.0008 0.829 8.35 0.0001 0.217

N et al - Nandedakar et al (2016), DB14 - D(plag/L) from Dohmen & Blundy (2014). Values
in italics are estimated or interpolated, cpx/amph values are smoothed to conform to lattice
strain model.
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FIGURE CAPTIONS

Figure 1. Map showing the topography of the southern part of Lesser Antilles volcanic arc,
comprising Grenada, St. Vincent and Grenadines archipelago in between. Kick-‘em-Jenny
submarine volcano is denoted as a grey triangle. Inset maps show (a) the Lesser Antilles arc;
and (b) the location of Petit St. Vincent, Petite Martinique and several small islets that form'a
circular archipelago. Bathymetry data are from NOAA website.

Figure 2. Modal proportions by mass of minerals in Petit St. Vincent dyke rock; lava.and
xenoliths with their textural groupings. Xenoliths are listed in order of decreasing plagioclase
An content downwards within a texturally defined group. Modes for PSV10 and PSV11
obtained using EBSD imaging; all others from manual point-counting. Note presence of Angg
plagioclase in mylonitic xenolith PSV10.

Figure 3. Photomicrographs of igneous xenolith textures;(a) Plagioclase-free pyroxene
hornblendite (PSV3, PPL-plain polarised light);(b) Prismatic hornblende and sieve-textured
plagioclase in mela pyroxene-hornblende gabbro (PSV20, PPL); (c) Sector zoned
clinopyroxene and hornblende oikacrystwith plagioclase chadacrysts in pyroxene-
hornblende gabbro (PSV19; PPL); (d) Foliated pyroxene-hornblende gabbro showing
uralitization of clinopyroxene‘to hornblende and formation of euhedral hornblende (PSV11,
PPL); (e) Hornblende-free dolerite with euhedral clinopyroxene and sieve-textured
plagioclase(RSV13, PPL); (f) Lava with phenocrysts of partial iddingsitized olivine, zoned
clinppyroxene and plagioclase (PSVL1b, XPL- cross polarised light).

Figure 4. Photomicrographs of meta-igneous xenolith textures. Degree of deformation,
recyrstallisation and metamorphism increases from (a) to (f). (a) Gabbro with strong crystal
preferred orientation of clinopyroxene and plagioclase (PSV16, PPL); (b) Anhedral
plagioclase ‘megacrysts’ in equigranular, microcrystalline groundmass of hornblende +

clinopyroxene + plagioclase showing evidence of late-stage coarsening. Microcrystalline
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grain edges show interpenetrating contacts (PSV6, PPL); (c) Foliated xenolith with well-
developed granoblastic texture and internally-deformed and recrystallized plagioclase
domains (PSV8, PPL). Note vertical inter-granular microcrack on right-hand side of image
filled with newly formed clinopyroxene and hornblende; (e) Sheared mosaic of plagioclase
grains with post-deformation hornblende (PSV18, XPL); (e) Plagioclase ‘megacryst’
displaying intact core and recrystalised rim (PSV17, XPL); (f) Strongly deformed mylonitic
xenolith with clinopyroxene and hornblende porphyroclasts showing evidence of internal
strain, such as asymmetric microboudinage, and plagioclase-rich and clineyroxene-rich
domains (PSV10, PPL).

Figure 5. Variation in plagioclase composition in terms of (a) Fe.and (b) K atoms per
formula unit (pfu) for Petit St. Vincent xenoliths and lava. Meta<igneous xenolith samples
shown with open blue symbols; igneous xenoliths with red; filled symbols; dolerite (PSV13)
with green, filled circles; and lava (PSVL1b)Wwith black diamonds. Typical analytical
uncertainties for Fe and K, based on the"counting statistics are 3.2 and 1.5% respectively.
Propagated averaged uncertainties‘on'the’An number is £ 1.1 mol%. Note progressive
evolution of An content of plagioclase in dolerite (PSV13) with change in Fe content
indicating differentiation, and’negative correlation of Fe with An for majority of meta-
igneous xenolith.demopstrating solid-state recrystallisation processes. Exceptions are PSV10
and PSV1Z.thatexperienced recrystallization during partial melting. Highlighted dark (core)
and light blue (rim) diamonds show core-rim evolution in PSV17.

Figure 6. Variation in clinopyroxene compositions in terms of tetrahedral aluminium (Aly)
atoms pfu versus Ti atoms pfu for (a) Petit St. Vincent xenoliths and lava, and (b) fractional
crystallisation experiments of Ulmer et al. (2018) and Nandedkar et al. (2014). Symbols in (a)
as in Figure 5. Numbers next to symbols in (b) are temperatures in °C. Green and black

arrows on (a) and (b) denote magmatic evolution trends.
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Figure 7. Variation in amphibole compositions for Petit St. Vincent xenoliths in terms of (a)
tetrahedral aluminium (Al,y) atoms pfu versus Mg#; and (b) wt% CI versus K;O. Igneous
xenoliths in filled red symbols; meta-igneous in open blue symbols with PSV10 and PSV17
distinguished. Decreasing Al,y with increasing Mg# is indicative of cooling and oxidation in
meta-igneous amphiboles. Unpublished data from Butt (2012) are included.

Figure 8. Major element variations in Petit St. Vincent lavas, igneous and meta-igneous
xenoliths (calculated from mineral modes and compositions), and xenolith meltinclusions
(M1 — PEC-corrected). Xenoliths denoted as triangles; Ml as coloured crosses; lavas as black
diamonds. Grey symbols denote compositions of M-series and C-series.Javas from Grenada
and other southern Lesser Antilles arc lavas (St Vincent, Grenada, Grenadines) for
comparison (GEOROC database and Camejo-Harry et al., 2018-and 2019). One standard
deviation uncertainties on recalculated xenoliths whole-roek are fully propagated from
uncertainties on mean mineral compositions and,modal proportions.

Figure 9. Trace element concentrations’in plagioclase from Petit St. Vincent lava and
xenoliths plotted against Sr: (a) Laj(b) Ba; (c) Li; and (d) Cu (one plagioclase phenocryst
from lava contains 80 ppm.Cu). Igneous xenoliths shown as orange symbols with Sr-rich
plagioclases from PSV20 highlighted in red; meta-igneous xenolith in blue open symbols;
phenocrysts from.lavasn black. Insets in (a) and (b) show whole-rock variation for C-series
‘ankaramites’ (ted) and M-series ‘picrites’ (grey) from Grenada (Thirlwall et al., 1996; White
et al;; 2017); as well as Petit St. Vincent lavas. Corresponding differentiation trends are
superimposed on the plagioclase data in (a). Cores and rims for some phenocryst and xenolith
plagioclases are illustrated on (a). Note that plagioclase from PSV8 differs from plagioclase

from other meta-igneous samples, resembling more closely igneous plagioclases.
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Figure 10. Rare earth element patterns of clinopyroxene and amphibole from Petit St.
Vincent xenolith and lava normalised to primitive mantle values (Palme and O’Neill 2003):
(a) and (b) clinopyroxene from igneous (orange and red lines) and meta-igneous xenoliths
(blue lines), respectively, compared to clinopyroxene from lava (green lines); (c) and (d)
amphibole from igneous and meta-igneous xenoliths, respectively. Note the enrichment of
LREE in PSV8 both in amphibole and clinopyroxene relative to the rest of meta-igneous
xenoliths. REE depletion in amphibole rim from PSV3 is indicated in (c).

Figure 11. Chemistry of clinopyroxenes from Petit St. Vincent lava and xenoliths for
selected trace elements plotted against Sr: (a) La, (b) Li, (c) Zr and (d)Ta. Symbols as in
Figure 9. As for plagioclase, note Sr enrichment in clinopyroxene from PSV20. Aluminium-
poor cores and Al-rich rims for some phenocryst and xenolith plagioclases are illustrated on
(a). The increased range of concentration from La>*'to Z¢*”to Ta>" in the igneous xenolith
and lava clinopyroxenes is consistent with thekanown dependence of clinopyroxene-melt
partition coefficients on cation charge,

Figure 12. Chemistry of amphibolesfrom Petit St. Vincent xenoliths for selected trace
elements plotted against Srx(a).Zr, (b) La, (c) Li and (d) Ba. Symbols as in Figure 9 except
for lavas that lack amphibole./Note the extreme variation (factor ~100) in La (and other
LREE) in meta-igneous-amphiboles.

Figure 13..Textures and crystallographic fabrics of representative igneous (a-c) and meta-
igneous (d-f) xenoliths. Igneous pyroxene-hornblende gabbro xenolith PSV11: (a)
Phetomicrograph in XPL of showing E-W aligned plagioclase; (b) same image in PPL
showing interstitial amphibole and amphibole overgrowth on clinopyroxene; (c) contoured
pole EBSD figures for the main mineral components showing concentrations in terms of
multiples of uniform distribution. This sample shows no clear microstructural evidence for

subsolidus deformation, but does display a clear magmatic layering that is oriented roughly
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NE-SW, perpendicular to the concentration of poles to the (001) planes of plagioclase and
clinopyroxene. The weaker fabric in amphibole reflects topotactic overgrowth on
clinopyroxene. Images were taken from an area of ~15 x 22 mm. The number of indexed
points, J-index and M-index for the three different minerals are: plagioclase (14608, 4.8392,
0.1100), clinopyroxene (5759, 3.9596, 0.0782) and amphibole (4122, 2.9435, 0.0308).
Mylonitic meta-igneous xenolith PSV10: (d) photomicrograph in PPL showing domains.of
recrystallised plagioclases enveloped by microcrystalline clinopyroxene; (e) high-
magnification photomicrograph in PPL displaying amphibole both filling pare-space between
clinopyroxene grains and forming discrete oriented grains. Note triple junctions between
plagioclase grains, suggestive of the former presence of intergranular fluid; (f) contoured
pole figures for the main mineral components showing concentgations in terms of multiples
of uniform distribution. The deformation-related foliation.is oriented E-W. The grain size is
much smaller than PSV11 and an imaged area of 700" x 500 um was sufficient to obtain a
representative result. The number of indexed points, J-index and M-index are: plagioclase
(90211, 1.6168, 0.0091), clinopyréxene) (89026, 1.7238, 0.0142) and amphibole (51404,
1.4015, 0.0102).

Figure 14. Averaged, PUM-normalised trace element patterns for melts calculated to be in
equilibrium with-amphiboles in five igneous xenoliths (PSV3, PSV12, PSV14, PSV19,
PSV20) using.method described in text. Error bars are 1 sd of the mean. Note remarkable
mateh between calculated trace element patterns and trachyandesite (PM2b) and dacite
(PMZ2a) lavas from the adjacent island of Petite Martinique. Distinctive chemistry of a
Grenada andesite (GR5) shown for comparison. Whole-rock data from Rojas-Agramonte et

al. (2017). Uranium and Th highlighted for clarity.
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Figure 15. Modelled and observed behaviour of (a) Th-U and (b) Sr-Y in amphibole during
incongruent, fluid-fluxed partial melting of clinopyroxene and plagioclase at three
representative temperatures (grey and black lines). Igneous xenoliths shown in red, meta-
igneous in blue, with individual xenoliths PSVV20 and PSV8 highlighted for clarity. Melting
progressively depletes amphiboles in Th and Y and modifies Th/U and Sr/Y ratios. The offset
between the Sr/Y ratios of igneous and meta-igneous amphiboles in (b) reflects different
source lithologies, with PSV8 having intermediate characteristics. Tick marks on medel
curves denote 2% increments in degree of melting from 0 to 18%. See textfor description of
the method. Error bars denote fully propagated analytical uncertainties: All concentration
normalised to PUM.

Figure 16. Extended, PUM-normalised trace element patterns produced by incongruent
partial melting of clinopyroxene and plagioclase acCording to Reaction (6) for (a) igneous
xenolith amphiboles and (b) meta-igneous xenolith amphiboles. Starting (enriched)
amphibole composition for melting models'shown as solid black lines; selected depleted
amphiboles shown as black dashed\lines. Model calculations shown as coloured lines denote
5% melting (F=0.05) at 970 °C and 18% (0.18) melting at 850 °C for igneous xenoliths in (a)
and 10% melting (0.10) at'800 °C and 5% (0.05) melting at 800 °C for meta-igneous
xenoliths in (b).\Note lew degree of melting required to generate positive Sr anomaly in
igneous amphibele (PSV20, PSV3). Strontium, U and Th highlighted for clarity.

Figure 17.\Numerical simulation of sequential basalt sill emplacement into 10 km-thick sub-
arecrust. One 300 m sill was emplaced randomly every 60 kyr between 8 and 12 km depth.
(a) Initial temperature profile. (b-d) Conditions after 3.8 Myr of sill emplacement and crustal
thickening by 19 km. Sills are shaded grey. Location of partially-melted screens of crust is a
consequence of the random emplacement scheme. (b) Temperature profile. (c) Melt fraction

for the case an amphibolite crust undergoing dehydration melting. (d) Melt fraction for the
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case of a basaltic crust with 4.5 wt% of H,0, simulating H,O-fluxed melting. Note the
greater crustal melt fraction (red lines) in (d) compared to (c), although most melt is

generated through crystallisation of the basalt sills themselves (blue dashed lines).

Supplementary Figures

Figure Al. Variation in spinel composition for Petit St. Variation xenoliths and lava.imterms
of (a) Ti atoms per formula unit; (b) Cr# (100Cr/(Cr + Al)); (c) Fe**# (100Fe**/(Fe*.+ Cr +
Al)); (f) Al# (100AI/(Al + Fe** + Cr)) versus Mg# (Mg/(Mg+Fe?")). Legerid same as Figure

6.

Figure A2. Extended PUM-normalised trace element patterns for (a) igneous and (b) meta-

igneous xenolith clinopyroxenes.

Figure A3. Extended PUM-normalised‘trace elements patterns for (a) igneous and (b) meta-

igneous xenolith amphiboles.

Figure A4. Calculated amphibole-melt partition coefficients (Dampn) used in modelling,
calculated for a representative D¢, = 1.7. Values calculated according to method described in
text using.data from Nandedkar et al. (2016). Error bars denote 1 sd uncertainties; large

uncertainties for Pb, U and Th discussed in the text.

Figure A5. Melt function versus temperature (F-T) relationship used in the numerical
simulation of sill emplacement for amphibolite (at two different pressures) and hydrous

basalt crust. The injected basalt has the same F-T relationship as the hydrous basalt.
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Fig. 4.
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Fig. 8.
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Fig. 12.
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Fig. 13. (a,b,c)
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Fig. 13. (d.e,f)

Plagioclase
(100)

220z 1udy g1 uo 1senb Aq | 8££9G69/cc0oeba/Abojonad/e60L 0 L/10p/alo1le-aoueape/ABojosad/wod dno-olwapede//:sdjiy wol papeojumoq



Fig. 14.
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Fig. 15. (a)
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Fig. 15. (b)
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Fig. 17.
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