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ABSTRACT

This study investigates the petrological and metasomatic processes that lead to carbon enrichment in
peridotites from Sal Island, Cape Verde. Geochemical and mineralogical analyses reveal a heterogeneous
lithospheric mantle, consisting of harzburgites showing ultrarefractory compositions indicative of 20%-
40% melting degrees, as well as fertile spinel lherzolites. Evidence of metasomatism is demonstrated by
the formation of reaction coronae around dissolving orthopyroxene, consisting of olivine, clinopyroxene,
spinel, and interstitial phonolitic glass, together with trachytic/phonolitic glass + carbonate (calcite, arag-
onite, and dolomite) microveins associated with CO, fluid-rich melt inclusions (Type I and II) cutting
through olivine and orthopyroxene. The widely differing proportions of silicate and carbonate compo-
nents in inclusions likely reflect heterogeneous trapping of melt/fluid and degassing CO,.
Thermobarometric data indicate equilibration temperatures from 950 to 1060 °C in harzburgites and
up to 1200 °C for reaction coronas in harzburgites and lherzolites, with pressures reaching the aragonite
stability field (~2.2-3.5 GPa, or 66-106 km depth). These observations indicate the infiltration at the base
of the lithosphere of a silicate-carbonate melt enriched in alkalies, Al, and volatiles (Cl, S, F, N, P). In
microveins, the silicate glass composition (e.g., K and Ti content) is consistent with experimental partial
melts derived from carbonated sediments with a minor addition of a carbonated eclogite. Enrichments in
major and trace elements in clinopyroxene in harzburgites and lherzolites suggest at least two significant
metasomatic events involving alkali-rich silicate-carbonate melts at the base of the lithosphere, and CO,-
rich fluid, alkali-rich silicate melts in the deep lithosphere, close to pressure conditions of the carbonate
ledge. The introduction of recycled carbon into the upper mantle beneath the Cape Verde archipelago
likely occurred during the multiple subduction events that affected the region in the half a billion years
leading to the Pangea assembly. Major mobilisation of crustal components, generation of carbonate-rich
melts, and subsequent lithospheric metasomatism were triggered by the Oligocene thermal perturbation

associated with the Cape Verde mantle plume.
© 2025 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on
behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

2017; Miller et al., 2019). Carbon transport and fixation in the
upper mantle impact the geophysical properties of the mantle,

The Earth’s mantle contains 10 to 14 times more carbon than all
surface reservoirs, playing a pivotal role in regulating the global
carbon cycle on the planet over geological timescales (Shcheka
et al., 2006; Dasgupta and Hirschmann, 2010; Foley and Fischer,

* Corresponding author.
E-mail address: maria.frezzotti@unimib.it (M.L. Frezzotti).

https://doi.org/10.1016/j.gsf.2025.102179

the onset of mantle melting, and, ultimately, CO, volcanic degas-
sing (Gaillard et al, 2008; Frezzotti and Touret, 2014;
Hammouda and Keshav, 2015). Changes in the chemical or thermal
state of the upper mantle, whether due to subduction, rifting, man-
tle upwelling, or mantle plumes, can cause the upper mantle to
behave as a carbon sink or a significant carbon source (Gibson
and McKenzie, 2023). There is a wealth of detailed knowledge on
deep carbon processes in the mantle wedge of subduction zone
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magmas (e.g., Kelemen and Manning, 2015; Plank and Manning,
2019; Manning and Frezzotti, 2020; Farsang et al., 2021; Maffeis
et al., 2023, 2024). Oceanic island basalts (OIBs) are also charac-
terised by enrichment in volatiles, mainly CO,, and incompatible
trace elements and are more oxidised compared to mid-ocean
ridge basalts (MORB; Dasgupta and Hirschmann, 2010; Wong
et al., 2019; Aiuppa et al., 2021), raising questions on possible car-
bon enrichment processes in the oceanic upper mantle by plumes,
by recycling of ancient subducted oceanic crust and sediments (i.e.,
long term storage in the upper mantle), and on the role of metaso-
matic melts in deep carbon transport.

The Cape Verde Archipelago is one of the crucial locations for
addressing deep carbon geodynamics in the oceanic upper mantle.
Recent research has reported extremely high CO, contents (2.0 -
2.7 wt.%) in primitive magmas (DeVitre et al., 2023; Lo Forte
et al., 2024a), and relatively large volumes of intrusive and effusive
carbonatites are present on six of the ten islands in this archipelago
(Doucelance et al., 2010; de Ignacio et al., 2012). According to Sun
and Dasgupta (2023), Cape Verde represents a carbon-rich mantle
source, and primitive OIB magmas may contain up to 8.8 wt.% and
12.8 wt.% of CO, at the source. Several lines of geochemical evi-
dence suggest that this volatile enrichment reflects, at least in part,
the contribution of recycled carbon components. Heavy §'3C values
inferred for the primary magma beneath Fogo (Lo Forte et al.,
2024b), radiogenic Sr-Pb isotopes in magmas (Doucelance et al.,
2010), and recent Ca isotope data from southern Cape Verde
islands carbonatites (Amsellem et al, 2020) all support the
involvement of subducted carbonate-rich lithologies. At the same
time, noble gas compositions in magmas (3*He/*He up to 15.5 Ra;
Mourdo et al., 2012) and 6'3C values in northern Cape Verde
islands carbonatites (from —8%o to —4.2%0; Madeira et al., 2010)
point to a deep, relatively undegassed source. This combination
of signatures indicates a hybrid mantle reservoir (Doucelance
et al., 2010; Villaseca et al., 2025) containing both primordial and
recycled components.

However, the mechanisms and pathways by which carbon is
transferred, stored, and remobilised in the mantle beneath Cape
Verde remain an open question. The Cape Verde lithospheric man-
tle shows anomalous thermal properties and complex seismic pro-
files (Wilson et al., 2010; Carvalho et al., 2022). Geophysical data
reveal a transition from continent-style to ocean-style magnetic
anomalies in correspondence with the easternmost island of the
archipelago (O'Reilly et al., 2009), which also shows positive
anomalies in S-wave velocities in the 100 175 km depth range rel-
ative to the mantle tomography model of Begg et al. (2009)
(Fig. 1a). A high-velocity seismic anomaly is interpreted either as
due to a thick, stable and depleted lithospheric root or due to a
thinner thermally rejuvenated mantle (e.g., Lodge and Helffrich,
2006; Vinnik et al., 2012; Carvalho et al., 2019). Mantle peridotite
xenoliths from Santo Antdo, Santiago, and Sal Islands reveal a
heterogeneous lithosphere consisting of variably metasomatised
spinel lherzolites and ultra-depleted spinel harzburgites
(Ryabchikov et al., 1995; Mendes et al., 2004; Bonadiman et al.,
2005; Simon et al., 2008; Martins et al., 2010). At Sal Island, Si-
undersaturated ultramafic melts similar to proto-kimberlite melts
have been proposed as metasomatic agents (Bonadiman et al.,
2005) in the absence of a carbonate component. Conversely, meta-
somatic carbonates, CO,, phlogopite, and amphibole are reported
in peridotites from the Santiago and Santo Antao Islands
(Mendes et al., 2004; Martins et al., 2010).

Therefore, the connections between mantle metasomatic pro-
cesses, lithosphere refertilisation, and carbon enrichment in the
upper mantle need further investigation. In this study, we combine
mineral chemistry, thermobarometry, and fluid/melt inclusion
analyses on spinel harzburgitic and lherzolitic xenoliths from Sal
Island to determine the petrological structure of the lithospheric
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mantle and identify the carbon-bearing metasomatic agents and
mineral assemblages, along with their pressure-temperature con-
ditions. These findings provide new insights into the structure,
thermal state, and carbon pathways of the lithospheric mantle
beneath Cape Verde, with wider implications for understanding
deep carbon cycling in intraplate oceanic environments.

2. Geological setting and previous studies

The ten islands of the Cape Verde archipelago are situated in the
central Atlantic off the West African margin. The Moho below the
Jurassic-Cretaceous (120 140 Ma) Atlantic oceanic crust varies in
depth, ranging from about 13 km beneath Sal Island in the east
to about 10 km beneath Brava and Santo Antdo Islands in the west
(Fig. 1a, b; Lodge and Helffrich, 2006; Vinnik et al., 2012; Carvalho
et al., 2019). Onshore along the West African Margin, west-dipping
thrust belts such as the Mauritanides and the Rokelides testify to
ancient subductions in a region later affected by the opening of
the central Atlantic Ocean in the Mesozoic (Fig. 1a).

Although the onset of magmatism is hypothesised to have
begun around 40 50 Ma (Mitchell et al., 1983), the oldest outcrop-
ping magmatic products on the easternmost Sal Island date around
26 Ma. An increase in activity is recorded from approximately
12 Ma, continuing to the present in the western islands of Fogo
and Brava (e.g., Torres et al., 2002; Holm et al., 2008; Barker
et al., 2021). This magmatic activity consists of dominant, rela-
tively primitive SiO,-undersaturated products, including basanites,
nephelinites, alkaline basalts, melilites, and tephrite, along with
subordinate trachytes and phonolites (e.g., Gerlach et al., 1988;
Jorgensen and Holm, 2002; Holm et al., 2006; Torres et al., 2010).
Intrusive and effusive carbonatites have been reported on six of
the ten islands (i.e., Maio, Santiago, Fogo, Brava, Sdo Nicolau, and
Sdo Vicente Islands), dating from 10 Ma to 11 Ma to recently
0.25 Ma at Brava (Holm et al., 2008; Madeira et al., 2010; Barker
et al.,, 2021).

Cape Verde'’s primitive magma geochemistry suggests mantle
partial melting occurring at depths from 60 90 km to 110 135 km
or even up to about 150 km: within the garnet stability field
(Gerlach et al., 1988; Holm et al., 2006; Torres et al., 2010; Sun
and Dasgupta, 2023). Primitive magmas display significant isotopic
variability (Fig. 1b), which is interpreted as a result of mixing
between HIMU (“high p,” indicating mantle enriched by recycled
oceanic crust or carbonates; e.g., Chauvel et al.,, 1992; Stracke
et al.,, 2003; Castillo, 2015) and a depleted mantle signature, a
DMM (Depleted Mid-ocean ridge Mantle; e.g., Hart, 1988; Stracke
et al., 2003) component, in the northwestern islands (Santo Antdo,
Sdo Vicente and S3o Nicolau). Recent work further emphasises a
FOZO (i.e., Focal Zone; Hart et al., 1992) component in the older
products of the northern islands (Villaseca et al., 2025 and refer-
ences therein). Conversely, the southeastern islands (Fogo, Santi-
ago, and Maio) show a mixture of EM1 (Enriched Mantle 1,
indicative of a mantle affected by recycled sediments or lower
crust material; Hart, 1988; Boyet et al., 2019) and HIMU (Gerlach
et al.,, 1988; Doucelance et al., 2003; Holm et al., 2006; Barker
et al, 2010, 2014; Martins et al, 2010; Torres et al., 2010;
Mourdo et al., 2012b). Additionally, Brava Island shows the evolu-
tion of HIMU + DMM components into HIMU-EM1 components
over time, and Sal Island shows evidence of HIMU + EM1 + DMM
components (Torres et al., 2010; Mourdo et al., 2012; Fig. 1b).

Helium isotope systematics (R/Ra up to 12.85) indicate a largely
undegassed, lower mantle plume source beneath the Northern
Islands (Doucelance et al., 2003; Madeira et al., 2010; Mourao
et al., 2012), while a MORB-like mantle beneath the Southern
Islands (Doucelance et al., 2003; Lo Forte et al., 2024b). 5!3C values
from Cape Verde carbonatites range from —8.0%o to —4.2%o, consis-
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Fig. 1. (a) Regional map showing the position of the Cape Verde Archipelago relative to the nearby West African Craton and related sutures and thrust belts of its western
margin. The red dashed line represents the boundary between ocean-style and continent-style magnetic anomalies (redrawn from O'Reilly et al. (2009)), while the thinner
dashed blue lines represent contours of percentage variation of Vs (relative to 4.5 km/s) between 100 and 175 km of depth from the mantle tomography model of Begg et al.
(2009). The thin dashed black line delimiting the light grey area represents the West African continental shelf. (b) Sketched map of the Cabo Verde Archipelago, with the
island’s isotopic groupings inspired by Barker et al. (2014) and modified according to Torres et al. (2010), and (c) a simplified geologic map of Sal, with the sampling locations
marked by stars. Map modified from Silva et al. (1990). HIMU stands for high p, DMM stands for Depleted Morb Mantle; EM1 stands for Enriched Mantle 1.

tent with derivation from a deep, non-recycled mantle source
(Madeira et al., 2010). In contrast, 5'3C values up to —0.4%. pre-
dicted for primary magma beneath Fogo suggest isotopically heav-
ier carbon (Lo Forte et al., 2024b). Combined with recent light and
marine carbonate-like Ca isotope data from southern Cape Verde
islands carbonatites (Amsellem et al., 2020), this points to a possi-
ble recycled carbonate component in the Cape Verde mantle
source. Several studies indicate that the plume beneath Cape Verde
is compositionally zoned both laterally and vertically: a more
depleted FOZO- and DMM-like domain feeds the northern islands,
whereas an enriched, HIMU- and EM1-influenced domain feeds the
southern islands (Escrig et al., 2005; Lo Forte et al., 2024b;
Villaseca et al., 2025). This compositional heterogeneity likely
reflects differential incorporation of ancient recycled components
into the plume at depth, as well as variable interaction with the
overlying lithosphere during melt ascent.

Peridotite xenoliths from Santo Antdo, Santiago, and Sal Islands
reveal a heterogeneous lithosphere composed of spinel lherzolites
and ultra-depleted spinel harzburgites, equilibrated at tempera-
tures ranging from 930 °C to 1210 °C and pressures between 1.3
GPa and 2.1 GPa near the spinel-garnet transition in the simplified
CMAS system (Ryabchikov et al., 1995; Bonadiman et al., 2005).
Across the archipelago, peridotites have been variably enriched
and refertilised (Mendes et al., 2004; Bonadiman et al., 2005;
Simon et al., 2008; Martins et al., 2010). At Sal Island, spinel lher-
zolites reflect an enriched mantle affected by a very low degree of
partial melting (~4%; Bonadiman et al., 2005). Conversely, ultrade-
pleted spinel harzburgites have been interpreted as evidence for a
sub-lithospheric, buoyant, ancient, and depleted continental man-
tle (SCLM), likely of cratonic origin (Bonadiman et al., 2005; Simon
et al., 2008; O'Reilly et al., 2009; Coltorti et al., 2010). Most lherzo-
lites show metasomatic processes and refertilisation through the
reaction of orthopyroxene and clinopyroxene with ultramafic sili-
cate melts enriched in alkalies and volatiles, similar to proto-
kimberlite melts (Bonadiman et al., 2005). Silicate alkaline glasses
and CO, fluid inclusions were found in spinel harzburgites from

Santo Antdo Island (Mendes et al., 2004), while metasomatic car-
bonates, phlogopite, and amphibole were reported in spinel peri-
dotites from Santiago Island (Martins et al., 2010). Carbonates
and hydrous potassic metasomatic phases have not been reported
in Sal peridotites.

3. Methods

We used 100-pm-thick sections to study fluid and melt inclu-
sions in peridotite samples selected for the present study. Major
and minor elements in minerals and glasses were analysed using
a super-probe electron microscope with five-wavelength disper-
sive spectrometry (WDS) at the Dipartimento di Scienze della Terra
“A. Desio”, Universita degli Studi di Milano. An accelerating voltage
of 15 kV combined with a beam current of 5nA and a spot mode
was used as instrumental conditions for the mineral phases. The
elements analysed were Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, Na, K, Ni, Cl,
Fand S.

In-situ trace element characterisation of orthopyroxene and
clinopyroxene was performed by laser ablation inductively cou-
pled plasma mass spectrometry (LA-ICP-MS; single-detector quad-
rupole iCAP RQ, Thermo Fisher Scientific) at the Dipartimento di
Scienze della Terra “A. Desio”, Universita degli Studi di Milano.
The laser ablation system is an Analyte Excite 193 nm ArF excimer
laser microprobe equipped with a HelEx Il volume sample chamber
for fast washout. Laser spot size ranges from 10 to 40 pm. A laser
fluence of 6.0 JJcm? and a repetition rate of 10 Hz were used for
both standards and unknowns. Ablated particles were transported
to the ICP-MS using PTFE tubing with He gas at a flow rate of 0.54
and 0.36 L/min into the sample chamber and the HelEx II cup,
respectively. The sample and He mixture were mixed with Ar using
a Y-connection before introduction into the ICP-MS. Each spot was
analysed for a total of 110 s, which included 40 s of background
analysis (comprising 10 s of laser warm-up) and 60 s of laser abla-
tion measuring isotope peak intensity, followed by 10 to 20 s of
washout time. The standards used were NIST SRM 612 and USGS
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GSD-2 g, which served as external standards and quality controls.
Andesitic glass ARM3 (Wu et al., 2019) was used solely for quality
control. Data reduction was performed using the Glitter software
for recalculations, employing the SiO, and CaO values of the anal-
ysed phases as internal standards.

Raman spectra on inclusions and glass microveins were
acquired with a HORIBA LabRAM HR Evolution Raman System at
the Dipartimento di Scienze dell’Ambiente e della Terra, Universita
degli Studi di Milano-Bicocca. The spectrometer system features an
800 mm focal distance and is coupled with an air-cooled
1024 x 256 pixel CCD detector cooled by the Peltier effect
to —70 °C. Single-point analyses have been performed using a lin-
early polarised solid-state green laser source at 532.06 nm, with
a nominal 300 mW output, set to 75 mW using a 25% neutral den-
sity filter. Raman spectra acquisition was performed with a
backscattered geometry, focusing the laser beam within fluid
inclusions to a depth of up to 20 um beneath the sample surface
with a transmitted light Olympus BX41 microscope. A 100X objec-
tive with a long working distance was used for all the acquisitions
to enhance spatial resolution (<1 um?). The confocal pinhole was
set to a 100 pm diameter, and a 600 grooves per millimetre grating
was adopted, with a fixed accumulation time of 40 s. Raman spec-
tra baseline removal and fitting were performed using Fytik 1.3.1
(Wojdyr, 2010), and spectra fitting was performed with the built-
in function PseudoVoigt for both solid and fluid phases. Quantita-
tive analyses of gaseous phases are obtained using the method
described by Frezzotti et al. (2012).

4. Petrography

The investigated peridotite samples are from the Island of Sal,
sampled in two nephelinitic to basanitic necks (Morrinho do
Acucar and Morrinho do Filho; Fig. 1c) in the island’s northern part,
dated at 11.23 £ 0.09 Ma (Holm et al., 2008). We collected 43 peri-
dotite xenoliths from the two volcanic necks. As previously docu-
mented (Bonadiman et al., 2005, 2011; Shaw et al., 2006), most
xenoliths from this locality show evidence of infiltration by the
host lava. Consequently, we carefully selected 12 samples that
exhibited no lava infiltration at either the sample or micro-scale.
Seven samples are spinel harzburgites (SAL1G, SAL3H, SAL1S,
SAL3A, SAL2C, SAL3F, SAL3D; Fig. 2a) and five samples are spinel
lherzolites (SAL1X, SAL1F, SAL3G, SAL1A, SALE; Fig. 2a).

Protogranular (Mercier and Nicolas, 1975) spinel harzburgites
(4 - 8 cm in size) consist of olivine (70% - 86%), orthopyroxene
(10 - 28 vol.%), clinopyroxene (traces — 4 vol.%), and spinel (<0.1
- 3.4vol.%; Table 1; Fig. 2a). Coarse-grained porphyroclastic olivine
(Olp, 1-10 mm) exhibits a prismatic to equant shape and the pres-
ence of kink bands (Fig. 3a). Interstitial olivine neoblasts (<
0.2 mm) are rare. Orthopyroxene porphyroclasts (Opxp, 1 -
9 mm) have a tabular to equant habit (Fig. 3b), often showing kink
bands and clinopyroxene exsolution lamellae in their cores.
Clinopyroxene (Cpxp) is present as tiny and, rarely, as large crystals
(0.2 - 2 mm; Fig. 3¢). Cpx shows orthopyroxene exsolution lamel-
lae, with one sample showing exsolution lamellae of orthopyrox-
ene and spinel. Rare spinel (Splp) occurs as small (<0.1 mm)
inclusions within Olp or as interstitial holly leaf crystals (reaching
up to 0.6 mm) with local and thin spongy rims (Splspg); spinel is
absent in sample SAL1G.

The petrographic characteristics of lherzolites are similar to
those described in previous studies (Bonadiman et al., 2005,
2011). Spinel lherzolites (4 - 8 cm in size) show protogranular
(Mercier and Nicolas, 1975) to poikilitic textures and consist of oli-
vine (62 - 68 vol.%), orthopyroxene (22 - 30 vol.%), clinopyroxene
(7 - 13 vol.%), and spinel (< 0.1 vol.%; Table 1; Fig. 2a). Olivine por-
phyroclasts (Olp) are large (1 — 3 cm) and show undulose extinction
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with local kink bands. Olp grains are often poikilitic and include
orthopyroxene (Opxp; 0.2 - 3.0 mm) and clinopyroxene (Cpxp;
0.1 - 2.5 mm; Fig. 2b, c). Rarer Cpx and Opx porphyroclasts are also
observed, showing undulose extinction (0.1 - 1.0 mm). Clinopyrox-
ene consistently shows spongy rims (Cpxspg; Fig. 2d); in one sam-
ple, SAL3G, all clinopyroxene is spongy. This feature has been
previously interpreted as resulting from partial melting during
ascent in the host lava (e.g., Shaw et al., 2006; Bonadiman et al.,
2011). Rare spinel is present as small (< 0.1 mm) inclusions in
Olp but can reach up to 0.5 mm when found as rare interstitial holly
leaf crystals with local and thin spongy rims (Splspg).

In harzburgites and lherzolites, Opx shows disequilibrium tex-
tures and variable resorption and is surrounded by microveins
and coronae of variable thickness (Figs. 2c and 3b). Microveins
(0.03 - 0.2 mm) rimming Opx are observed in all samples, forming
an interconnected intergranular network in rocks. In harzburgites,
coronae up to 1.0 mm thick are also observed around relic Opx.
Coronae and microveins consist of fine-grained aggregates (0.01
- 0.10 mm) of clinopyroxene (Cpxy), olivine (Oly;), spinel (Spwm),
and subordinate glass (Gly; Fig. 3d). The metasomatic mineral
phases show euhedral to subhedral habits, suggesting equilibrium
with the infiltrating melt. Gly is always interstitial, suggesting
trapping of residual melt following the crystallisation of Oly, Cpxy
and Spy, but it is frequently altered (Fig. 3d). Fluid and melt inclu-
sions microstructurally associated with microveins and coronae
are also observed and reported below. Spongy clinopyroxene
occurs far from these domains (Fig. 2d).

5. Fluid and melt inclusions and glass microveins

In olivine and orthopyroxene of harzburgites and lherzolites,
fluid and melt inclusions show a distribution pattern in clusters
and short trails, typically departing from interstitial metasomatic
microveins, and large coronae around Opx. These distributions
indicate that olivine and orthopyroxene trapped metasomatic flu-
ids and melts at distinct stages of orthopyroxene destabilisation
and reaction.

5.1. Type I — silicate glass — carbonate + CO,—(CO)-N, fluids
microveins and inclusions in olivine

In lherzolites and harzburgites, olivine hosts dendritic intra-
granular thin microveins (1-5 pm in thickness) consisting of
colourless and transparent silicate glass, along with subordinate
prismatic or rounded carbonates (1 - 5 pm in size; Fig. 4a, b, c).
Associated with these microveins, olivine porphyroclasts preserve
Type I fluid-rich melt inclusions (1 - 10 pm), typically extending
from the glassy microstructures (Fig. 4a, b, c). These multiphase
inclusions contain variable proportions of CO,-rich fluid (30-
90 vol.%), quenched glass and daughter mineral phases (Fig. 4a-
e). Raman spectroscopy identifies a CO,-rich fluid component
(73-99 mol.%) with high and variable N, (1 - 23 mol.%; Fig. 5a
and inset) and, rarely, minor CO (<1 - 6 mol.% in harzburgites
and < 2 mol.% in lherzolites). Mineral phases are identified by
Raman analysis (e.g., Frezzotti et al., 2012) as Cr-spinel, Mg-
calcite, pyrite, molybdenite and rare clinopyroxene and graphite
(Fig. 5a, b, ¢, d).

In Type I microveins and inclusions, the silicate glass Raman
spectra show bands at 490 and 970 cm™!, consistent with alkaline
glass, trachytic or phonolitic in composition (Fig. 5b; Frezzotti
etal., 2012). Two EMPA analyses (Table 2) in inclusions (GLjnc) give
phonolitic and rhyolitic compositions (Fig. 6) with high SiO,, Al,03,
Na,0, K,0 and TiO, (57.48 - 69.62 wt.%, 14.89 - 21.01 wt.%, 5.21 -
9.03 wt.%; 7.14 - 7.94 wt.%; 0.26 - 1.71 wt.%, respectively; all val-
ues given on a volatile-free basis) and low Ca0O, MgO and FeO (0.13
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Fig. 2. (a) Classification diagram showing the studied mantle xenoliths and the literature data from Cape Verde. Reference mantle compositions are from Sun (1982),
McDonough (1990), Workman and Hart (2004), Simon et al. (2008) and Nishio et al. (2023). Melting trends are from Oliveira et al. (2020) and Cape Verde published mantle
xenoliths data are from Ryabchikov et al. (1995) and Bonadiman et al. (2005). SCLM stands for Subcontinental Lithospheric Mantle; DMM stands for Depleted Morb Mantle;
PM stands for Primitive Mantle. Ol stands for olivine; Opx stands for orthopyroxene; Cpx stands for clinopyroxene; Sp stands for spinel. (b) Combined crossed and parallel
polarisers photomicrographs displaying the characteristic poikilitic texture of lherzolites where large centimetric Olp oikocrysts include Cpxp and Opxp. The typical
metasomatic reaction zone in lherzolites is also visible. (¢) BSE image of corroded and Opxp in lherzolites, surrounded by a thin reaction corona, in SAL1X. (d) BSE image of
CpXspg rims typically appear around a preserved Cpxp core and corresponding sketch in the inset.

- 0.44 wt.%; 0.62 - 1.3 wt.%; 0.97 - 1.25 wt.%, respectively). The
glass is peralkaline (Al = 1.09 - 1.12; Fig. 6¢; Table 4) with CI con-
tent up to 4600 ppm and totals of 94.7% — 99.3% (Table 2). These
totals, combined with broad OH stretching features in the Raman
spectra of glass (not shown), suggest H,O contents in the range
of units wt.%.

In glass, prismatic carbonates are identified as Mg-calcite and
calcite (Raman bands at 1088, 715, 286, and 159 cm™!, and 1086,
713, 279, and 152 cm™!, respectively). In some samples (e.g.,
SAL1G), aragonite is also identified (Raman bands at 1086, 712,

708,208, 181, 155, and 145 cm™!, respectively; Fig. 5d, f). Rounded
carbonates display broad and weak Raman bands at 1097 and
1088 cm™!, corresponding to the fundamental v; modes of dolo-
mite and Mg-calcite, respectively (Fig. 5d, f). The broad and weak
nature of these bands (FWHM 12 - 16 cm™!) and the relative
broadness and weakness, or absence, of the other significant v,
vz and v4 bands indicates a high degree of crystallographic disor-
der and intergrowth at the (sub) micrometre scale (Fig. 5d and
inset). Since Ca-Mg carbonate melt does not quench a glass, we
interpret these aggregates as likely quench products of carbonate
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Table 1

Mineral modal proportions of rock-forming minerals in Sal peridotitic xenoliths.
Sample Olivine Orthopyroxene Clinopyroxene Spinel Lithology
Sal1S 71 28 1 0.1 Hzb
Sal3H 75 21 1 3.4 Hzb
Sal2C 70 26 4 0.1 Hzb
Sal3A 71 27 2 0.1 Hzb
SAL3F 72 25 3 0.1 Hzb
Sal1G 84 16 0.1 0.1 Hzb
SAL3D 86 10 4 0.5 Hzb
Sal1E 62 30 8 0.1 Lhz
Sal1A 65 27 8 0.1 Lhz
Sal1X 67 22 11 0.1 Lhz
Sal1F 66 22 12 0.1 Lhz
SAL3G 68 25 7 0.1 Lhz

melts. EPMA data (Table 3) indicate variable content of MgO (0.34
- 10.2 wt.%), FeO (0.48 - 4.22 wt.%) and SiO, (0.24 - 8.13 wt.%).
Na,O concentrations exceed K,0 (Na,O: < 0.01 - 2.23 wt.%; K;0:
< 0.01 - 0.10 wt.%). High Cl (up to 2910 ppm) and S (SO3 up to
3740 ppm) are present; in one analysis, the F content is 2640 ppm.

5.2. Type Il - silicate glass — clinopyroxene — apatite + CO,—(CO) fluids
in relic orthopyroxene

A second population of fluid-rich melt inclusions (Type II) are
restricted to relic Opx, which occurs as small clusters (up to
0.2 mm in diameter) and short intragranular trails (up to ~ 4
mm in length) extending from grain boundaries where coronae
of Cpxy + Oly + Sply + interstitial GLy develop (Figs. 3b and 4f).
Type Il inclusions (1 - 25 pm in size) contain CO,-rich fluid and sil-
icate glass in highly variable proportions, suggesting heteroge-
neous trapping of a fluid-saturated melt (Frezzotti, 20071;
Esposito, 2021). Daughter minerals in the glass (Fig. 4f-i) include
phosphates, clinopyroxene, olivine, and Cr-spinel; carbonates are
noticeably absent. Trails of CO,-rich fluid inclusions (size 2 -
30 pm) also occur in the same Opx domains, often showing
decrepitation textures (Viti and Frezzotti, 2001).

The glass in Type II inclusions shows Raman features that are
similar to those of Type I inclusions in olivine (bands at 450 and
970 cm™!; Fig. 5e). EMPA analyses (Table 2) show that, compared
to Type I, Type II glass is dominantly trachytic, enriched in K,0O
(413 - 12.28 wt.%; Fig. 6), depleted in TiO, and Na,O (0.26 -
0.44 wt.%; 0.96 - 7.09 wt.%, respectively), and peraluminous (ASI
0.98 - 1.32; A1 0.67 - 0.92; Fig. 6¢). Cl is up to 1200 ppm, and totals
range from 89.0 wt.% to 100 wt.%.

Phosphates are dominated by Cl-rich apatite, identified by
Raman bands at 962, 603, 591, 579, and 431 cm™~'. The v, apatite
mode is downshifted from 966 to 961 cm~! with broad peaks
(FWHM = 13 - 16 cm™!), indicative of low F/Cl ratios (<0.3;
Fig. 5e). Additional phosphates are tentatively identified based on
their fundamental vibrations as whitlockite (CagMg(PO3OH)
(PO4)s, doublet at 975 and 960 cm™!; Tonov et al., 2006) and brian-
ite (Na,CaMg(P0O,),; 985, 604, 586, 570, 1130, 1175 cm™!; lonov
et al., 2006; Litasov and Podgornykh, 2017; Fig. 5e). Raman analysis
also identified rare chalcopyrite. In harzburgites, Type II inclusions
fluid phase consists of CO, with 1 - 17 mol.% CO (Fig. 5a), while in
lherzolites it is nearly pure CO,. N, is absent. Rare highly crys-
talline graphite is identified (Fig. 5a), and CO,-CO mixtures occa-
sionally show amorphous carbon formation during laser heating,
indicating metastability under analysis conditions.

6. Mineral chemistry

Selected samples have been analysed for in situ mineral and
glass major elements composition. Average compositions are

reported in Tables 4 and 5, and corresponding chemical variation
diagrams for minerals are presented in Fig. 7. The complete dataset
is available in Supplementary Data Table S1.

6.1. Harzburgites

In harzburgites, Olp has averages Mg# (=Mg/[Mg + Fe?*]|% molar)
per sample (here onward, unless differently specified, composi-
tional data are given as ranges of averages, with corresponding
1o, in each sample) from 90.5 (£0.2) to 91.4 (+0.3), high NiO falls
along the Mantle Array (averages around 0.36 + 0.04 wt.% - 0.41

+ 0.04 wt.%; Takahashi, 1986; Fig. 7a), and CaO is low (averages
around 0.01 = 0.01 wt.% - 0.07 = 0.05 wt.%; Fig. 7b). OpXp is ensta-
tite, showing a high Mg# from 91.3 + 0.5 to 92.8 + 0.7, generally
low, although variable, Al,03 (around 1.88 * 0.09 wt.% - 4.21 = 0.
16 wt.%; Fig. 7¢), and high Cr,05 (0.43 + 0.06 wt.% - 0.83 £ 0.01 w
t.%) and CaO (0.68 + 0.11 wt.% - 1.39 £ 0.58 wt.%). In five samples
(Sal3H, SAL1S, SAL3F, SAL2C, SAL3A), Cpxp is diopside (Xwo = 0.4
6+ 0.02 - 0.48 + 0.02; Fig. 7d), with negligible aegirine component
(NaFe3*Si,0q; Xapg<0.01). Cpxp is characterised by high Mg# from
93.4 + 0.3 to 93.9 £ 0.3, and variable Cr,05 (0.84 * 0.12 wt.% - 0.
92 + 0.07 wt.%), while Al,03, Na,0, and TiO; are low (1.93 + 0.25
wt% - 2.46 + 0.12 wt.%, 0.04 + 0.03 wt.% - 0.16 + 0.03 wt.% and
0.01 £ 0.02 wt.% - 0.08 £ 0.03 wt.%, respectively; Fig. 7e, f, g). In
two harzburgites, which show the highest Ol contents (Ol: 84 -
86 vol.%, SAL1G and SAL3D; Table 1), Cpx is Mg-augite to diopside
(Xwo: 0.42 = 0.01 - 0.45 + 0.00; Fig. 7d) with a higher aegirinic
component (Xagg = 0.04). Mg-augite has relatively low Mg#, rang-
ing from 90.1 £ 0.3 to 91.4 + 0.9, while TiO, and Na,O are high (av-
erages around 0.15 + 0.02 wt.% - 0.17 + 0.17 wt.% and 0.95 + 0.
14 wt.% - 1.10 + 0.68 wt.%, respectively; Fig. 7f, g).

Rare Spp is Cr-spinel and has low Mg# (averages around
68.7 + 2.7 - 72.1 £ 1.0) and high Cr# (averages around 45.1 + 0.0
- 51.2 £ 0.1; Cr#=Cr/[Cr + Al]% molar; Fig. 7h). In sample SAL3D,
Spp has the highest Mg# (average around 79.5 + 1.7) and the lowest
Cr# content (16.2 + 0.5; Fig. 7h). Spongy rims (Spspc) around Spp in
harzburgites have a wide and scattered compositional range, char-
acterised by lower Mg# (ranging from 50.6 to 76.1) and much
higher Cr# contents (from 46.4 to 96.2).

6.2. Lherzolites

Lherzolite mineral chemistry is consistent with previous studies
(Bonadiman et al., 2005, 2011; Shaw et al., 2006). In lherzolites, Ol
has high Mg# ranging from 89.0 + 0.1 to 90.4 + 0.1, close to that of
harzburgites SAL3D and SAL1G. NiO content falls within the Oli-
vine Mantle Array (averages around 0.31 + 0.07 wt.% - 0.37 £ 0.0
4 wt.%; Fig. 7a; Takahashi, 1986), and CaO is low (averages around
0.15+0.01 wt.% - 0.18 £ 0.02 wt.%; Fig. 7b). Porphyroclastic Opx is
enstatite, and has Mg# from 89.6 + 0.4 to 90.9 + 0.5, high Al,0O5 (5.
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Fig. 3. (a) Combined crossed and parallel polarisers photomicrographs displaying the typical protogranular texture of harzburgites. (b) Corroded and relic Opxp in
harzburgites, surrounded by a thick reaction corona in SAL1G. The photo was obtained using a convergent lens. The inset contains a microstructural sketch clarifying the
extent of the reaction corona. (c) BSE image of typical interstitial Cpxp with exsolution lamellae of Opx at the core. (d) BSE images of a microgranular reaction zone around
Opxp in harzburgites where Cpxy;, Oly and an interstitial glass (but also the altered one) are visible and show the overgrowth and the corrosion of Cpxy over Opxp. Mineral
abbreviations as in Fig. 2.
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Fig. 4. (a) Typical dendritic glassy + fluid microvein in Olp. (b, c) Dendritic glassy + carbonate trail with aragonite and dolomite crystals. (d) Photomicrograph of a Type I
inclusion containing carbonate and a fluid mixture of CO, and N,. (e) Photomicrograph of Opxp where multiple melt and fluid inclusions trails with birefringent solids depart
from a metasomatic domain. (f) The BSE image shows fluid (empty voids) and melt inclusions without crystals, representing examples of GLyc in Opxp in contact with a
metasomatic reaction coronae. On the right is visible the typical appearance of altered GLy;. (g, h) Photomicrographs of Type II inclusions containing in varying proportions
silicate glass, apatite, spinel, disordered carbon, and a fluid mixture of CO, and CO. (i) BSE image of a carbonate within a Type Il melt inclusion in which the glass has been

altered. Mineral abbreviations as in Fig. 2.

25 £ 0.09 wt.% - 5.38 + 0.06 wt.%), Cr,03 (0.92 + 0.05 wt.% - 0.95
+ 0.04 wt.%) and CaO contents (1.61 * 0.04 wt.% - 1.76 £ 0.03 wt.
%; Fig. 7c; Table 4). Cpx is Mg-augite in composition (Xwo:
0.35+0.00 - 0.37 £0.01; Fig. 7d) with an appreciable aegirine com-
ponent (Xagc = 0.04). Cpx has a substantially lower Mg# (87.7 + 0.2
- 89.0 £ 0.4) than Ol and Opx. It has high Al,03 (6.19 + 0.18 wt.% —
6.27 + 0.13 wt.%; Fig. 4e), Cr,05 (1.29 £ 0.06 wt.% - 1.46 + 0.05 wt.%
), Na,0 (1.01 £ 0.07 wt.% - 1.16 + 0.07 wt.%; Fig. 7f), and TiO,
(0.57 £ 0.08 wt.% - 0.65 + 0.04 wt.%; Fig. 7g). Spongy rims in Cpx
(Cpxspg) are Mg-augite with a negligible aegirinic component

(Xaec < 0.02) (Fig. 7d). Relatively to cores, they show an increase
of Mg# (from 88.6 + 0.2 to 90.2 + 0.3) and Cr,03 (1.38 + 0.12 wt.
% - 1.56 £ 0.11 wt.%), and a decrease of Al,03 (4.37 + 0.53 wt.% —
4.61 + 1.05 wt.%; Fig. 7e), Na,0 (0.36 + 0.10 wt.% — 0.40 + 0.05 wt.
%) and TiO, (averages around 0.58 + 0.13 wt.% — 0.67 = 0.09 wt.%).
These data suggest a depletion in fusible components, indicating
that spongy rims in Cpx are derived from partial melting during
xenolith heating on ascent in the host lava (e.g., Shaw et al.,
2006; Bonadiman et al., 2011). In SAL3G, the composition of Opxp
(higher Mg# and Cr,03; and poorer in Al,O3 than Opxp in other
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harzburgites), coupled with the lack of preserved Cpxp, now fully
substituted by Cpxspg, suggest that this sample has been intensely
affected during entrainment in the host lava. Spp is Al-spinel with
Mg# (71.9 £ 0.0 - 76.2 * 1.6) and Cr# (averages around 25.7 = 0.0 -
26.3 * 0.6). Spongy rims (Spspg) around Spp, like in harzburgites,
have a broad and scattered compositional range with lower Mg#
(ranging from 66.6 to 78.4) and higher Cr# (ranging from 18.9 to
74.3).

6.3. Metasomatic coronae and microveins

Mineral phases in coronae and microveins show similar compo-
sitions in harzburgites and lherzolites. Oly; Mg# ranges from
89.1 + 0.3 to 91.9 * 0.3, similar to or slightly higher than primary
Ol porphyroclasts in lherzolites and harzburgites. NiO is consider-
ably lower (0.18 + 0.03 wt.% - 0.27 £ 0.00 wt.%; Fig. 7a; Table 5),
and CaO is higher (0.12 + 0.01 wt.% - 0.20 + 0.04 wt.%; Fig. 7b).

Metasomatic Cpxy; is Mg-augite to diopside (Xwo = 0.38 £ 0.01 -
0.45 * 0.02; Fig. 7d), with a high aegirinic component (Xagc = 0.01

0.06). Cpxy has high Mg# (averages 91.6 + 0.6 to 94.3 + 0.3), and
high and variable Na,O and Cr,05 (0.38 + 0.04 wt.% - 1.52 + 0.23
wt.%; 0.78 + 0.28 wt.% — 3.33 + 0.79 wt.%; Fig. 7f). Al;05 and TiO,
are low (0.15 £+ 0.02 wt.% - 1.87 £ 0.43 wt.%, and 0.05 = 0.05 wt.
% — 0.58 + 0.07 wt.%, respectively; Fig. 7e, g). Clinopyroxene in
microveins and coronae around Opx is similar to “primary” Mg-
augite in two harzburgites (SAL1G and SAL3D), although with
higher Mg#. At the same time, it differs considerably in composi-
tion from Mg-augite in lherzolites (Fig. 7e-g). Euhedral Sply
(Fig. 7h) are Cr-spinel, with variable composition Mg# (ranging
from 70.2 to 78.8) and Cr# (ranging from 30.4 to 53.1).

In both harzburgites and lherzolites, interstitial glass in coronae
(Gly; Figs. 2c and 3d; Fig. 6) has high SiO,, Al,05 and K,0 (64.5 -
67.6 wt.%, 13.4 - 17.3 wt.%, 15.7 - 17.2 wt.%, respectively; all val-
ues given on a volatile-free basis; Fig. 6; Table 2). Na,0, Ca0, and
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Average major element compositions (wt.%) of primary olivine, orthopyroxene, clinopyroxene and spinel in each analysed sample. The complete dataset can be found in

Supplementary Data Table S1.

Sample SALIG  SAL3A  SALIG SAL1G SAL1G SAL1G SAL1G SAL1G SAL1G SAL2C  SAL2C SAL1X
Analysis # 2 6 4 BIS-1 6 BIS-22 BIS-4 S60-16  S$65-23  S15-8 $25-18  S50-3
Lithology Hzb Hzb Hzb Hzb Hzb Hzb Hzb Hzb Hzb Hzb Hzb Lhz
Microstructural Position GLinc GLinc GLinc GLinc GLinc GLinc GLinc GLy GLy GLy GLy GLym
in Ol in Ol in Opx in Opx in Opx in Opx in Opx
Si0, 57.09 65.86 60.52 53.14 58.49 64.28 66.61 64.11 66.1 66.16 64.55 63.72
TiO, 1.7 0.15 0.26 0.27 0.27 0.42 0.39 0.09 0.18 0.1 0.09 0.18
Cr,05 0 0.09 0.05 0.07 0.08 0.06 0 0 0.02 0.03 0.03 0.01
Al,03 20.87 14.09 23.34 17.34 22.1 15.38 16.34 14.6 13.61 13.89 14.82 17.06
FeO 1.1 1.34 2.44 1.31 2.25 1.49 1.29 0.66 0.72 0.63 0.6 0.6
MnO 0.02 0.02 0.02 0 0.01 0.01 0.03 0.02 0.03 0.02 0 0.03
MgO 0.62 1.26 0.41 3.17 0.78 2.67 2.44 0.17 0.21 0.37 0.44 0.89
Ca0 0.44 0.13 0.31 1.04 0.31 0.21 0.21 0 0 0.06 0.03 0.28
Na,0 8.97 493 7.06 411 6.29 0.93 1.08 0.8 0.78 0.98 1.21 0.42
K,0 7.89 6.75 5.12 8.43 413 11.37 12.28 16.67 16.09 16.11 15. 98 15.48
cl 0.46 0.05 0.09 0.12 0.1 0.12 0.1 0 0.01 0.01 0.03 0.08
SO; 0.06 0 0.03 0 0.05 0 0 0.02 0 0 0 0.01
F 0.09 0 0 0 0 0 0 0 0 0.02 0 0
Total 99.3 94.67 99.64 89 94.85 96.93 100.76  97.15 97.81 98.38 97.78 98.75
Alumina Saturation Index ~ 0.87 0.9 1.32 0.98 1.44 1.08 1.06 0.75 0.73 0.73 0.77 0.95
Alkalinity Index 1.12 1.09 0.74 0.92 0.67 0.9 0.92 1.33 1.37 1.37 1.3 1.02
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Average major element compositions (wt.%) of metasomatic and secondary olivine, clinopyroxene and spinel in each analysed sample. The complete dataset can be found in

Supplementary Data Table S1.

Sample SAL3A SAL3A SAL3A SAL3A SAL3A SAL3A SAL3A
Analysis # 12 15 16 21 24 25 11
Lithology Hzb Hzb Hzb Hzb Hzb Hzb Hzb
Sio, 5.39 8.13 3.94 6.71 0.24 5.79 2
TiO, 0.05 0.08 0.05 0.04 0.01 0.02 0
Cr,03 0.07 0 0 0.01 0.01 0.02 0.03
Al,05 0.07 0.14 0.06 0.02 0.01 0.01 0.03
FeO 2.15 4.22 1.54 0.72 0.48 0.51 1.16
MnO 0.05 0.03 0.07 0.01 0 0 0.12
MgO 4.51 10.12 2.88 2.47 0.35 0.88 4.67
Ca0 49.53 40.94 51.96 51.74 54.37 47.49 41.2
Na,0 0.1 0.03 0 0.01 0.05 0.15 2.23
K,0 0.01 0 0 0 0.01 0 0.1

cl 0.04 0.29 0.07 0.01 0 0.01 0.05
SO, 0.04 0.03 0.05 0 0 0.02 0.37
F 0 0 0 0 0 0 0.26
Total 62.01 64.02 60.62 61.74 55.52 54.9 52.24
Mg# 78.9 81.04 76.92 85.91 56.02 75.27 87.72

TiO, content are low (0.4 - 1.3 wt.% and < 0.01 - 0.28 wt.%, and
0.05 - 0.34 wt.%, respectively). GLy is peralkaline (Allumina Satu-
ration Index, ASI = 0.68 - 0.95; Alkalinity Index, Al = 1.02 - 1.47;
Fig. 6¢). GLy glass has little to no Cl (<0.08 wt.%) and a total of
95.2 wt.% and 99.7 wt.%.

6.4. Trace elements

We analysed Cpx and Opx in four harzburgites (SAL3H, SAL2C,
SAL1S, SAL3D) and in three lherzolites (SAL1F, SAL1X, SAL1E) for
in-situ trace elements by LA-ICPMS, with the aim of retrieving
the melting degree of the mantle below Sal and identifying any
eventual metasomatic enrichments in the primary minerals. Meta-
somatic minerals and glasses were not analysed because they were
too small to avoid contamination from the host or surrounding
phases. Trace element compositions of minerals have been
reported in Supplementary Data Table S1, and corresponding Prim-
itive Mantle Normalised (PM-normalised) incompatible elements
and Chondrite normalised (Ch-normalised) Rare Earth Elements
(REE) patterns are reported in Fig. 8. Elements below the detection
limit are not plotted in the relevant figures nor reported in Supple-
mentary Data Table S1.

In harzburgites, the multi-element PM-normalised plot (Fig. 8a)
of primary diopsidic Cpx incompatible trace elements shows a
depleted pattern, with most analyses showing some Large Litho-
phile Elements (LILE) and High Field Strength Elements (HFSE)
below the detection limit. Light REE (LREE) in Ch-normalised plot
(Fig. 8b) are strongly depleted relative to Heavy REE (HREE) (e.g.,
Lan/Yby = 0.005 - 0.267), consistent with high degrees of melt
extraction. However, in some samples, the presence of a bland,
concave upward LREE pattern and positive Pb and Ti anomalies
suggests incipient metasomatic refertilisation in harzburgites.
Opx shows similarly steep REE depletion, with LREE and MREE
mostly below the detection limit, consistent with high degrees of
melt extraction from 20% to 40% relative to a primitive mantle
composition (Fig. 8c).

Primary Mg-augite in one harzburgite sample (SAL3D) is
enriched in LILE, such as Th, U, and LREE, while HFSE (Nb, Ta, Zr,
Hf and Ti) show negative anomalies. In this sample, Mg-augite
trace element fractionation patterns resemble those associated
with carbonatitic metasomatism or silicate melt, on porous flow
(Coltorti et al., 1999; Grégoire et al., 2000; Moine et al., 2004).
Mg-augite has a convex REE pattern in Ch-normalised plots with
a flat MREE-HREE slope (Lan/Yby = 4.67 - 7.43; Fig. 8a, b). In this
sample, OpXp in Sal3D shows a concave upward REE pattern: MREE
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and HREE record melt extraction between 5% and 15%, while LREE
show slight enrichment, pointing to a metasomatic overprint
(Fig. 8c). Conversely, primary Mg-augite in lherzolites show incom-
patible trace element enrichment with a convex-downward pat-
tern (Fig. 8a). LILE and HFSE (except Ti) are depleted relative to
REE. LREE enrichment relative to HREE in PM-normalised and Ch-
normalised plots (Lan/Yby = 0.89 - 1.57; Fig. 8a, b). In Cl-
normalised plots, Mg-augite Cpxp is characterised by a convex pat-
tern that reflects more fertile compositions than typical primitive
mantle composition. Opxp from lherzolites shows REE contents
higher than primitive mantle compositions (Fig. 5¢), although LREE
are depleted relative to MREE and HREE.

7. Geothermobarometry

In lherzolites and harzburgites, we applied the Opx-Cpx Fe-Mg
exchange thermometer by Brey and Kohler (1990), combined with
the Ca-in-Ol barometer of Kohler and Brey (1990) and the empiri-
cal Ca-Mg#-in-0l barometer of Shejwalkar and Coogan (2013). Cal-
culations were performed iteratively using the compositions of the
cores of primary olivine (Olp), orthopyroxene (Opxp), clinopyrox-
ene (Cpxp), and the composition of metasomatic olivine (Oly),
clinopyroxene (Cpxy) and the rims of orthopyroxene in contact
with the metasomatic domains. Results report uncertainties as
the combination of the standard deviation of individual analyses
and the intrinsic error of the thermobarometric equations. The
complete dataset is reported in Supplementary Data Table S2.

The calculated temperatures show a bimodal distribution
(Fig. 9a and b) that is outside the geothermometer intrinsic error.
The first cluster is obtained from representative core compositions
of Olp, Opxp, and Cpxp, as well as the composition of Cpx exsolution
in Opxp in five harzburgites (SAL3H, SAL1S, SAL2C, SAL3D, SAL1G),
with temperatures ranging from 958 + 15 °C to 1061 + 27 °C, clus-
tering around 1000 1025 °C. Notably, the least metasomatised
samples, SAL1S and SAL3H, display the lowest temperatures at
958 + 15 °C and 974 * 50 °C, respectively. Conversely, sample
SAL1G, which exhibits the most extensive textural evidence of
metasomatic reactions, shows a higher temperature of approxi-
mately 100 °C, with a clustering at 1061 + 27 °C. Thermometers
were not applied to primary lherzolite mineral assemblages since
Cpxp composition is out of equilibrium with Opxp (Kdmg-re OpX-
Cpx < 0.78). The second cluster of temperatures, calculated from
mineral assemblages in metasomatic paragenesis in three harzbur-
gites (SAL1G, SAL2C, SAL3H) and three lherzolites (SAL1E, SAL1X,
SAL1F), ranges from 1140 % 15 °C to 1200 + 25 °C.
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Table 4

Composition (wt.%) of included glass (GLinc) and selected interstitial glasses inside metasomatic reaction coronae (GLy). The complete dataset can be found in Supplementary Data Table S1.

Sample SAL1S SAL3H SAL2C SAL3A SAL3F SAL1G SAL3D SAL1E SALTF SAL1X SAL3G
Lithology Hzb Hzb Hzb Hzb Hzb Hzb Hzb Lhz Lhz Lhz Lhz

Mineral Olp Olp Olp Olp Olp Olp Olp Olp Olp Olp Olp

n 8 c 10 c 4 c 3 c 5 c 9 c 5 G 3 G 5 G 3 G 4 G
Si0, 41.54 0.52 40.92 0.33 41.23 0.27 40.55 0.48 41.84 0.4 40.5 0.41 41.59 0.26 41.03 0.1 41.22 0.26 40.14 0.3 41.11 0.22
TiO, 0.02 0.02 0.03 0.03 0.01 0.03 0.01 0.02 0 0 0.01 0.01 0.02 0.02 0.03 0.03 0.01 0.02 0.01 0.01 0.03 0.03
Al,05 0.02 0.01 0.01 0.01 0 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.12 0.13 0.05 0.01 0.08 0.01 0.05 0.03
Cr,05 0.02 0.03 0.02 0.03 0.02 0.03 0.03 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.05 0.05 0.06 0.02 0.1 0.03 0.13 0.05
FeO 8.81 0.12 8.51 0.5 8.24 0.32 8.78 0.06 8.77 0.17 9.29 0.28 9.38 0.23 9.38 0.14 9.66 0.09 10.64 0.15 8.84 0.2
MnO 0.15 0.03 0.13 0.03 0.14 0.02 0.13 0.03 0.12 0.02 0.17 0.05 0.12 0.03 0.14 0.02 0.14 0.04 0.15 0.02 0.11 0.03
NiO 0.4 0.03 0.36 0.04 0.39 0.04 0.34 0.04 0.41 0.04 0.35 0.05 0.38 0.03 0.31 0.07 0.35 0.04 0.37 0.04 0.4 0.06
MgO 51.14 0.23 50.5 1.05 49.27 0.12 50.9 0.26 50.92 0.24 49.45 1.07 50.31 0.4 49.39 0.23 48.93 0.74 48.14 0.32 50.2 0.27
Cao 0.01 0.01 0.02 0.03 0.05 0.06 0.07 0.05 0.04 0.02 0.06 0.02 0.06 0.04 0.16 0.01 0.15 0.01 0.18 0.02 0.16 0.02
Total 102.1 0.42 100.51 1.34 99.36 0.32 100.84 0.62 102.12 0.14 99.87 1.64 101.89 0.73 100.61 0.19 100.58 0.73 99.81 0.62 101.02 0.52
Forsterite 0.91 0 0.91 0.01 0.91 0 0.91 0 0.91 0 0.9 0 0.9 0 0.9 0 0.89 0 0.88 0 0.9 0
Fayalite 0.09 0 0.09 0 0.09 0 0.09 0 0.09 0 0.09 0 0.09 0 0.1 0 0.1 0 0.11 0 0.09 0
Mg# 91.19 0.11 91.36 0.51 91.42 0.29 91.18 0.02 91.18 0.14 90.46 0.23 90.53 0.18 90.37 0.14 90.03 0.15 88.97 0.07 91.01 0.17
Sample SAL1S SAL3H SAL2C SAL3A SAL3F SAL1G SAL3D SAL1E SAL1F SAL1X SAL3G
Lithology Hzb Hzb Hzb Hzb Hzb Hzb Hzb Lhz Lhz Lhz Lhz

Mineral Opxp Opxp Opxp Opxp Opxp Opxp Opxp +OpXgx Opxp Opxp Opxp Opxp

n 9 (¢ 18 G 7 G 6 G 3 G 11 (e 11 G 20 G 7 G 6 G 10 G
Si0, 57.59 0.62 56.64 034 56.72 0.31 56.19 0.31 57.47 0.53 5636 0.6 56.6 0.22 53.96 024 5447 0.29 53.01 0.26 5494 039
TiO, 0.02 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.04 0.03 0.05 0.02 0.26 0.04 0.29 0.04 0.29 0.02 026  0.04
Al,05 2.24 0.15 2.08 028 22 0.13 1.88 0.09 234 0.03 247 044 4.21 0.16  5.36 0.14 5.25 0.09 5.38 0.06 3.9 0.12
Cr,05 0.7 0.12 0.69 0.14 0.7 0.09 0.66 0.07 0.83 0.01 0.62 0.11 0.43 0.06 0.95 0.04 0.92 0.05 0.92 0.03 1.16  0.06
Fe,05 0.16 046 0.64 0.57 035 0.33 0.99 0.55 0.14 0.25 1.01 0.58 0.31 0.45 0.46 036 O 0 0.41 0.27 0.38 0.4
FeO 5.57 047 482 047 497 0.3 4.77 0.52 5.57 0.26 494  0.68 5.75 0.4 5.66 0.37 6.1 0.13 6.38 0.26 5.17 0.39
MnO 0.15 0.04 0.13 0.03 0.14 0.03 0.15 0.03 0.12 0.02 0.16  0.03 0.13 0.02 0.13 0.03 0.14 0.03 0.15 0.03 0.11 0.04
NiO 0.11 0.05 0.09 004 0.11 0.04 0.09 0.04 0.12 0.06 0.09 0.04 0.08 0.08 0.11 0.04 0.1 0.04 0.09 0.06 0.14  0.02
MgO 34.17 0.4 34.27 0.72 33.84 0.63 34.27 046  34.15 0.18 34.23 0.51 33.91 0.23 3159 029 31.01 028  30.65 0.07 324 0.21
Cao 1.39 0.58 1.08 0.23 1.35 0.42 1.21 0.57 1.29 0.36 0.81 0.31 0.68 0.11 1.6 0.04 1.61 0.03 1.76 0.03 1.69 0.03
Na,O0 0 0.01 0.01 0.02 0.01 0.02 0.03 0.03 0.03 0.03 0.15 0.26 0.03 0.03 0.13 0.06 0.15 0.01 0.1 0.06 0.17 0.06
Total 102.08 045 100.45 0.71 100.39 0.75 100.25 0.39 102.09 04 100.88 0.76 102.18 0.14 100.2 0.42 100.04 034 99.14 035 100.3 0.43
Wollastonite  0.03 0.01 0.02 0 0.03 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.01 0 0.03 0 0.03 0 0.04 0 0.03 0
Enstatite 0.89 0.01 0.9 0 0.89 0.01 0.89 0.01 0.89 0.01 0.89 0.01 0.89 0 0.87 0 0.86 0 0.85 0 0.88 0
Ferrosilite 0.09 0 0.08 0 0.08 0 0.08 0 0.09 0 0.09 0.01 0.09 0 0.1 0 0.1 0 0.11 0 0.09 0
Aegirine 0 0 0 0 0 0 0 0 0 0 0.01 0.01 0 0 0 0 0.01 0 0 0 0.01 0
Mg# 91.64 0.65 92.68 0.72 92.37 039 9275 072 916 0.36 92.53 0.97 91.33 0.53 90.88 0.53 90.06 0.2 89.57 0.38 91.77 0.55
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Sample SAL1S SAL3H SAL2C SAL3A SAL1G SAL3D SAL1E SALTF SAL1X
Lithology Hzb Hzb Hzb Hzb Hzb Hzb Lhz Lhz Lhz

Mineral Cpxp Cpxp Cpxp Cpxp +CpXgx Cpxp +CpXgx Cpxp Cpxp Cpxp Cpxp

n 9 (e 12 G 3 G 5 c 7 (¢ 13 G 9 (e 6 G 6 G
SiO, 54.38 0.54 53.14 0.76 53.7 0.52 53.57 0.42 53.4 0.72 53.89 0.26 51.76 0.18 51.94 0.34 50.77 0.3
TiO, 0.01 0.02 0.02 0.03 0.08 0.03 0.01 0.03 0.17 0.07 0.15 0.02 0.65 0.04 0.59 0.06 0.57 0.08
Al,03 2.46 0.12 2.01 0.22 2.33 0.15 1.93 0.25 3.22 1.08 4.67 0.26 6.27 0.13 6.25 0.21 6.19 0.18
Cry05 0.92 0.07 0.84 0.12 0.92 0.06 0.86 0.08 1.45 0.41 0.66 0.08 1.44 0.05 1.46 0.05 1.29 0.06
Fe,03 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
FeO 2.27 0.15 2.02 0.25 1.99 0.05 2.17 0.18 2.89 0.24 2.89 0.08 39 0.05 3.86 0.11 4.48 0.1
MnO 0.07 0.03 0.08 0.02 0.08 0.01 0.06 0.03 0.1 0.03 0.08 0.02 0.1 0.04 0.12 0.04 0.11 0.04
NiO 0.04 0.04 0.05 0.04 0.06 0.03 0.04 0.04 0.04 0.03 0.06 0.04 0.08 0.04 0.09 0.04 0.05 0.03
MgO 17.92 0.36 17.51 0.64 17.03 0.45 17.82 0.52 17.27 1.9 16.47 0.16 17.65 0.1 17.56 0.47 17.92 0.08
Cao 23.46 0.57 23.58 0.92 23.85 0.12 23.24 0.88 20.27 0.47 21.81 0.18 17.21 0.13 17.35 0.14 16.55 0.08
Na,0 0.04 0.03 0.07 0.03 0.16 0.03 0.08 0.08 1.1 0.68 0.95 0.14 1.09 0.08 1.16 0.07 1.01 0.07
K0 0.01 0.01 0 0.01 0.01 0.01 0 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0 0 0
Total 101.58 0.7 99.32 0.81 100.21 0.28 99.78 0.37 99.93 0.96 101.63 0.55 100.14 0.23 100.37 0.75 98.92 0.43
Wollastonite 0.47 0.01 0.48 0.02 0.48 0.01 0.46 0.02 0.42 0.01 0.45 0 0.37 0 0.37 0.01 0.35 0
Enstatite 0.5 0.01 0.49 0.02 0.48 0.01 0.5 0.02 0.49 0.04 0.47 0 0.52 0 0.52 0.01 0.53 0
Ferrosilite 0.04 0 0.03 0 0.03 0 0.04 0 0.05 0 0.05 0 0.07 0 0.07 0 0.08 0
Aegirine 0 0 0 0 0.01 0 0 0 0.04 0.03 0.04 0 0.04 0 0.04 0 0.04 0
Mg# 93.39 0.34 93.93 0.59 93.83 0.31 93.60 0.3 91.36 0.87 91.05 0.26 88.97 0.13 89.00 0.35 87.70 0.22
Sample SAL1S SAL3H SAL2C SAL3F SAL3D SAL1E SALTF SAL1X
Lithology Hzb Hzb Hzb Hzb Hzb Lhz Lhz Lhz

Mineral Splp Splp Splp Splp Splp Splp Splp Splp

n 1 c 8 c 2 c 2 c 8 c 4 c 4 c 1

Si0O, 0.03 0.02 0.01 0.01 0.01 0.02 0.01 0.05 0.02 0.19 0.02 0.18 0.02 0.12

TiO, 0 0.03 0.02 0.03 0.04 0.02 0 0.12 0.06 0.91 0.16 0.81 0.04 0.9

Al,05 32.98 28.25 0.75 27.85 0.17 27.87 0.09 54.28 1.86 44.77 1.49 43.71 1.69 42.69

Cr,04 40.38 438 0.61 42.58 0.28 43.56 0.06 15.58 0.34 23.17 0.32 23.25 0.09 22.04

Fe,05 0 1.21 0.73 1.6 1.01 1.91 0.08 1.34 1.64 1.78 2.06 3.17 2.03 3.31

FeO 12.39 12.87 1.11 11.27 0.45 12.53 0.05 9.35 0.86 10.79 1.01 10.67 0.9 12.24

MnO 0.06 0.09 0.03 0.04 0.06 0.11 0.01 0.08 0.04 0.06 0.03 0.07 0.03 0.06

NiO 0.16 0.08 0.05 0.11 0.01 0.09 0.06 0.29 0.05 0.25 0.12 0.28 0.06 0.31

MgO 16.13 15.83 0.77 16.34 0.43 15.96 0.02 20.33 0.53 19.17 0.64 19.13 0.42 17.56

Total 102.13 102.17 0.23 99.81 0.49 102.05 0.16 101.46 1.59 101.13 0.26 101.26 0.9 99.23

Mg# 69.89 68.65 2.72 72.09 0.95 69.41 0.08 79.49 1.72 75.99 1.97 76.18 1.59 71.89

Cr# 45.09 51 0.87 50.63 0.01 51.19 0.08 16.16 0.48 25.78 0.55 26.32 0.6 25.72
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Table 5

Composition (wt.%) of carbonates associated with included glass inside opened melt inclusions.
Mineral Splu Splspe Splspe Splspe Splspc Splspg Splspe Splspg
n 6 c 3 c 2 G 3 G 1 G 1 c 3 c 3 c
SiO, 0.14 0.04 0.19 0.32 0.03 0.04 0.05 0.02 0.16 0.18 0.16 0.11 0.11 0.06
TiO, 0.35 0.16 0.08 0.1 0.01 0 0.75 1.03 0.64 0.11 1.53 0.57 11 0.46
Al,03 31.03 6.85 25.74 7.58 29.04 0.09 13.39 8.6 1.78 47.32 21.61 11.29 42.78 7.77
Cry03 33.92 4.87 45.49 8.43 42.45 0.36 55.15 9.14 66.45 25.62 47.77 10.08 25.18 8.7
Fe,03 7.19 2.6 1.35 1.02 2.7 0.38 4.59 2.24 2.29 0 0.23 0.2 2.55 1.89
FeO 10.79 0.94 14.44 1.24 10.39 0.61 14.07 333 17.26 9.66 13.5 1.88 11.24 1.84
MnO 0.1 0.06 0.09 0.06 0.08 0.01 0.07 0.07 0.25 0.07 0.09 0.07 0.1 0.03
NiO 0.2 0.07 0.11 0.03 0.06 0.08 0.1 0.06 0.06 0.09 0.06 0.06 0.24 0.1
MgO 17.37 139 14.7 1.18 17.56 0.37 13.92 232 9.9 19.29 15.28 2.36 18.95 15
Total 101.12 0.5 102.19 0.27 102.3 0.04 102.09 0.86 98.81 102.37 100.32 13 102.32 0.12
Mg# 74.07 2.84 64.41 3.12 75.06 1.05 63.67 7.51 50.55 78.07 66.62 5.16 74.98 3.73
Cr# 42.78 7.85 54.53 9.92 49.51 0.09 73.93 12.5 96.16 26.64 60.69 13.94 28.53 8.74

Pressure estimates span a broad range, with values from the
same sample that are roughly inside the geobarometer intrinsic
error, with slightly higher values in harzburgites (Fig. 9c and d).
In three harzburgite samples (SAL1G, SAL3H, SAL1S), Cpxp-Olp cou-
ples record the highest pressures between 3.5 + 0.4 and 3.3 + 0.6
GPa, or between 106 * 13 and 103 + 17 km, assuming a mantle
density of 3.3 g/cm® and an overlying oceanic crustal thickness of
12 km, assuming a density of 2.9 g/cm® (rock densities from
Winter (2014). Calculated depths agree with the finding in one
harzburgite (SAL1G) of aragonite in metasomatic domains, which
is stable at pressures > 2.7 - 3.3 GPa (i.e,, roughly > 85 - 105 km,
between 1000 and 1200 °C; Zhao et al, 2019). Metasomatic
domains in samples SAL1G and SAL3H indicate near-isobaric con-
ditions at 3.2 + 0.4 GPa. Lower pressures are recorded for the pri-
mary assemblages and associated metasomatic domains of two
harzburgite samples (SAL3D and SAL2C), from 2.6 + 0.6 GPa (or
80 + 17 km) to 2.2 + 0.3 GPa (or 66 £ 9 km). In lherzolite samples
(SAL1F, SAL1E, and SAL1X), the pressure estimates for metasomatic
mineral assemblages range from 2.7 + 0.4 GPa to 2.5 + 0.4 GPa (or
83 + 14 km to 76 + 13 km depth).

8. Discussion
8.1. Nature of the lithosphere beneath Sal Island

The lithosphere beneath Sal Island is heterogeneous, consisting
of spinel lherzolites and ultradepleted spinel harzburgites, as
reported by several studies on Cape Verde mantle xenoliths (e.g.,
Bonadiman et al., 2005; Simon et al., 2008; Neumann and Simon,
2009; Coltorti et al., 2010). We also found that harzburgites indi-
cate extensive melt extraction, as evidenced by a generally low
modal abundance of clinopyroxene, which is typically less than
3 vol.%, and high Mg# in olivine, orthopyroxene, clinopyroxene,
and spinel. The trace element pattern distribution in primary Cpx
and Opx suggests at least 20% to 40% melt extraction in these rocks
(Fig. 8).

Presented iteratively computed thermobarometric estimates
(see Supplementary Material) indicate a thick lithosphere, consist-
ing of fertile lherzolites and ultradepleted harzburgites sampled
from ~ 66 to 83 km and of deeper harzburgitic roots down to about
106 km (Fig. 10). Independent evidence supporting high-pressure
conditions for the origin of studied peridotites is provided by the
presence of aragonite in Type [ microveins in harzburgites, which
is stable from pressures greater than 3.0 to 3.3 GPa (> 95 -
105 km; Zhao et al.,, 2019) at metasomatic temperatures around
1100 - 1200 °C (Fig. 10a). Notably, the calculated pressures in
the deepest harzburgitic rocks fall at the transition between the
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spinel-garnet and spinel stability fields for a depleted harzburgitic
mantle (Fig. 10a; see figure caption for computation details).

Calculated depths significantly exceed the typical lithosphere-
asthenosphere boundary (LAB) beneath ocean islands, generally
at less than 80 km depth (Rychert and Shearer, 2009; Schmerr,
2012). Mantle xenolith-derived depths align with seismic tomog-
raphy studies, which image LAB depths from 90 to 125 km
beneath the eastern islands of Cape Verde (Cazenave et al., 1988;
Lodge and Helffrich, 2006; Vinnik et al., 2012; Lodhia et al,
2018; Liu and Zhao, 2021; Fig. 10b) and with predicted primitive
magma generation depths of 110 - 150 km beneath Sal (Torres
et al.,, 2010; Sun and Dasgupta, 2023; Villaseca et al., 2025). The
relevant thickness and ultra-depleted nature of peridotites suggest
that at least the roots of the mantle lithosphere beneath Sal Island
could be subcontinental in origin, consistent with the style of mag-
netic anomalies observed in correspondence with the easternmost
island of the archipelago (O'Reilly et al., 2009). Domains of ultrar-
efractory mantle have been previously identified at Cape Verde,
interpreted as remnants of an ancient, cratonic, or subcontinental
lithosphere (Fig. 11a; Bonadiman et al., 2005; Simon et al., 2008;
Neumann and Simon, 2009; Coltorti et al.,, 2010). The chemical
characteristics of some of the studied harzburgites, which plot
along the Oceanic Mantle Melting Trend of Boyd (1980) coupled
with Cr# in spinel are more akin to an off-craton composition
rather than a cratonic one (Fig. 11b and c; Boyd, 1989; Pearson
et al.,, 2003; Bernstein et al., 2006), in line with the presence of
ancient thrust belts along the western margin of the West African
Craton (Fig. 1a).

8.2. Metasomatic evolution

Previous studies of peridotites from Sal Island, particularly lher-
zolites, have documented widespread metasomatism by a
kimberlite-type ultramafic melt, evolving toward SiO,-saturated,
K-rich mafic compositions (e.g., lamproite; Bonadiman et al,
2005). According to these authors, metasomatism observed in peri-
dotites originating at depths from approximately 40 to 70 km is
associated with the crystallisation of olivine, clinopyroxene, spinel,
and K-feldspar, along with significant enrichment in REE. However,
the metasomatic textures and chemical compositions of minerals
and glass in deeper peridotites (from 66 to 106 km) from the cur-
rent study suggest at least two main metasomatic events involving,
respectively, alkali-rich silicate-carbonate melts and CO,-rich sili-
cate melts. Textural and compositional evidence for these metaso-
matic agents is preserved in both mineral assemblages and in
inclusions and glass + carbonate microveins within olivine and
orthopyroxene.
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Metasomatic reactions are particularly evident in harzburgites
with low clinopyroxene content, where disequilibrium textures -
such as tiny metasomatic olivine, clinopyroxene, spinel, and glass
forming thick coronae around dissolving orthopyroxene porphyro-
clasts - are indicative of largely incomplete reactions between a
metasomatic melt and orthopyroxene porphyroclasts (compare
Figs. 2c and 3b, d). While the metasomatic phases exhibit the typ-
ical mineralogical trends associated with reactions involving Si-
undersaturated melts, we do not observe enrichments in major
and trace elements that would typically result from metasomatism
by ultramafic silicate melts rich in alkalies. Instead, the major and
trace element compositions of primary Mg-augite in harzburgites,
metasomatic coronae, and microveins suggest that the metasoma-
tism might have been influenced by carbonate-rich melts (Yaxley
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et al, 1991, 1998; Rudnick et al., 1993; Kogarko et al., 1995;
lonov et al., 1996). Mg-augite has low Ti and Al contents but high
Mg#, Na and Cr contents. Moreover, the Cr# of Spy and Ca in Oly
are high. The trace-element composition is characterised by
enrichments in LILE, LREE, and Sr, and substantial depletion of
HFSE. The Ti/Eu vs Lay/Yby ratios range approximately from 3000
to 4700 for Ti/Eu and from about 4.7 to 7.4 for Lay/Yby. Such inter-
mediate Ti/Eu vs Lay/Yby ratios between carbonatitic and silicate
melt metasomatic signatures indicate metasomatism by mixed
silicate-carbonate melts (Fig. 11d; Green and Wallace, 1988;
Rudnick et al., 1993; Yaxley et al., 1998; Coltorti et al., 1999;
Hammouda and Laporte, 2000; Uenver-Thiele et al., 2017).

Direct evidence of the melts responsible for metasomatism is
preserved in Type I and Type II inclusions and microveins. Type [
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inclusions record infiltration by a silicate-carbonate melt. These
inclusions, hosted in olivine, consist of volatile-rich phonolitic to
rhyolitic glass, carbonates, and a CO,-(CO)-N, fluid phase. The sil-
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icate glass shows high concentrations of SiO, (57.5 - 69.6 wt.%),
Al,05 (14.9 - 21.0 wt.%), Na,O (5.2 - 9.0 wt.%), K0 (7.1 - 7.9 wt.
%), and Cl (up to 4600 ppm). Associated carbonate phases include
dolomite, Mg-calcite, calcite, and aragonite. Carbonates are also
enriched in Cl (up to 2910 ppm), S (SOs up to 3740 ppm), and F
(up to 2640 ppm), supporting their origin from an alkali-,
volatile-, and carbonate-rich melt. Type I inclusions thus represent
the earliest record of metasomatic agents in the deep lithosphere.

Type Il inclusions, hosted in relic orthopyroxene near Cpx + Ol +
Sp + Gl reaction coronas, indicate a more evolved stage of metaso-
matism, where carbonate-silicate melts react with orthopyroxene
to form Cpx, Ol, Sp, and release CO,, as shown by classical experi-
mental (e.g., Green and Wallace, 1988; Yaxley et al., 1998) and nat-
ural (Rudnick et al., 1993) observations. These inclusions consist of
silicate glass, CO,-rich fluid, and daughter minerals (Cpx, Ol, apa-
tite, whitlockite, brianite), but notably lack carbonates. At this
stage, the silicate glass shows strong enrichment in K;O (4.1 -
12.3 wt.%) and depletion in Na,O and volatiles, while other major
elements remain fairly constant. The reduction in volatile content
and absence of carbonates reflect degassing during reaction with
orthopyroxene, marking a more advanced stage of metasomatic
evolution. The plot of silicate glass composition on an ASI vs Al dia-
gram (Fig. 12¢) reveals a linear trend among melt compositions of
both Type I and II inclusions. This trend indicates evolution from
moderately peralkaline phonolites and rhyolites to peraluminous
trachytes. The primary driver of this trend is the decoupling of
alkalies: K,O increases sharply, while Na,O decreases steadily,
with Al,O3 remaining relatively constant. This pattern likely results
from the crystallisation of metasomatic Mg-augite with the
observed increase in aegirine component, characterised by high
Na,0 and low Al,03 content, in harzburgites.

In contrast, “primary” Mg-augite (7 - 13 vol.%) in lherzolites is
rich in Al,O3 and TiO, and has low Mg#, in disequilibrium with the
relatively high Mg# of Ol and Opx. Additionally, incompatible trace
elements and REE abundances in lherzolite Mg-augite are compa-
rable to, or even exceed, those in the clinopyroxene of a primordial
mantle reservoir (Fig. 8). The Ti/Eu ratios are quite high, as are Lay/
Yby ratios (Fig. 11d). These characteristics indicate that lherzolites
mostly record metasomatic refertilisation by silica-undersaturated
silicate melts. This silicate metasomatism essentially obliterated
the chemical signature of carbonate-silicate metasomatism. Evi-
dence for carbonate-silicate metasomatism in lherzolites is locally
preserved only in Cpxy, Oly; and Spy in intergranular microveins
and in both Type I and II inclusions.

Therefore, Sal Island peridotites record a multi-stage metaso-
matic evolution. Silicate melts rich in carbonate, volatiles, and
incompatible elements - i.e., proximal to carbonatitic composition
- have percolated into the lithospheric mantle from depths greater
than 106 km.

Metasomatism at this stage does not significantly modify the
paragenesis (Opx > Cpx) or the major-element chemistry of rocks,
but considerably enriches and fractionates the incompatible ele-
ments’ budget. This is evident in the nearly fourfold increase in
the Lay/Yby ratio in metasomatised harzburgites (compare pri-
mary diopsides with Mg-augites in harzburgites in Fig. 11d).

Although the infiltration of carbonate-rich silicate melts in the
lithosphere could ultimately lead to the conversion of harzburgites
and lherzolites into orthopyroxene-free wehrlite (Yaxley et al.,
1991; Dautria et al.,, 1992), wehrlites have not been observed
among the studied peridotites; in harzburgites, metasomatic reac-
tions appear to be frozen, and CO,-rich fluids are exsolved. As pre-
viously discussed, wehrlitisation is irrelevant in the deep
lithosphere, where extensive CO, degassing by orthopyroxene con-
sumption and clinopyroxene production is considerably hindered
(e.g., Kamenetsky and Yaxley, 2015; Stone and Luth, 2016;
Sharygin et al., 2017; Aulbach et al., 2020; Yaxley et al., 2022).
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Fig. 9. Histograms reporting estimated temperatures and pressure distribution for analysed mantle xenoliths, with data based on sample, lithology and microstructures. In
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At shallower depths, from approximately 70 - 80 km onward,
that is above the carbonate ledge (e.g., Eggler, 1978a, 1978b;
Dalton and Presnall, 1998), alkali- and aluminium-rich silicate
melts, along with CO,, enrich the rock chemistry and mineralogy
in the Cape Verde mantle (e.g., Barker et al., 2023). As a result,
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the clinopyroxene content in most peridotites sampled at these
depths increases, and peridotite chemistry approaches a primitive
mantle composition. Although not conclusive, this evolution sug-
gests that a single alkali-rich silicate-carbonate parent metaso-
matic melt evolved into alkali-rich silicate melt and CO, fluid on
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and Metas stand for metasomatic.

ascent by progressive silica enrichment as a result of reaction with
the deeper portion of the lithospheric mantle beneath Sal, differen-
tiation processes, such as carbonate and phosphate crystallisation,
and, eventually, extensive carbonate degassing above the carbon-
ate ledge (~2.2 - 2.6 GPa, equivalent to ~ 70 — 80 km; Eggler,
1978a, 1978b; Dalton and Presnall, 1998), Alternatively, it may
have occurred by carbonate-silicate immiscibility processes (e.g.,
Frezzotti et al., 2002a, 2002b; Berkesi et al., 2023), or by dilution
with additional silicate components increasing melt volume.

8.3. On the nature of carbon-rich metasomatic agents

In the lithosphere and the underlying asthenosphere, silicate-
carbonate melts can be generated by the melting of carbonated
peridotites, carbonated eclogite, and carbonated metasediments
(e.g., Dasgupta et al., 2006; Dasgupta et al., 2007; Thomsen and
Schmidt, 2008; Gerbode and Dasgupta, 2010; Grassi and Schmidt,
2011; Tsuno and Dasgupta, 2011; Kiseeva et al., 2012). The compo-
sition of silicate glass in Type I and Il inclusions differs from that of
melts produced by carbonated peridotite melting (Fig. 12a, b).
Experimental melts from carbonated peridotites typically show
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higher Mg and Ca contents in the silicate component, along with
significantly lower alkalies — in particular K — and Ti concentra-
tions (Dasgupta et al., 2007; Fig. 12a and b). Also, carbonates in
type I inclusions and microveins are less Mg-rich (on average
MgO = 3.7 wt.%) than carbonates in peridotite melting experiments
(i.e., ~13 — 14 wt.%; Dasgupta et al., 2007). While these character-
istics do not rule out an origin from low degrees of melting of a car-
bonated peridotite, the high K,O/TiO, ratios in the silicate glass
suggest the involvement of a melt component derived from recy-
cled carbonated lithologies, such as metasediments and/or eclog-
ites. At Sal Islands, metasomatic silicate-carbonate melts show a
major element composition indicative of a significant contribution
from recycled carbonated sediments (GLjyc; compare carbonated
sediment melts and carbonated eclogite and carbonated peridotite
melts in Fig. 12a, b). Silicate-carbonate melts from sediments at P
of 3.0 - 5.0 GPa and T of 1150 - 1350 °C are Ca-, Na-, and K-rich
and contain 7.2 wt.% to 9.2 wt.% CO, as carbonate (Thomsen and
Schmidt, 2008; Grassi and Schmidt, 2011; Tsuno and Dasgupta,
2011). A further contribution from carbonated eclogite melts could
explain the high Ti content in some glass compositions (Gerbode
and Dasgupta, 2010; Kiseeva et al., 2012). Additionally, silicate
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glass and carbonates are enriched in Cl, N, S, and P, which are abun-
dant in deep metasediments (Barnes et al., 2018; Frezzotti and
Ferrando, 2018; Scambelluri et al., 2019; Li et al., 2020; Harris
et al,, 2022).

This finding agrees with the isotope geochemistry data from
magmas. At Cape Verde, several authors have suggested that the
isotopic signature of magmas reflects a hybrid mantle reservoir
containing both primordial and recycled components, such as sub-
ducted carbonate-rich crustal lithologies (Gerlach et al., 1988;
Hoernle et al., 2002; Doucelance et al., 2003, 2010; Holm et al,,
2006; Barker et al., 2010, 2014; Martins et al.,, 2010; Villaseca
et al., 2025). In particular, the HIMU isotopic signature is mainly
attributed to the recycling and ageing of altered oceanic crust.
Additionally, the EM1 isotopic signature of southern and eastern
archipelago magmas is considered to involve contributions from
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recycled sediments, although it may also indicate interaction with
subcontinental lithospheric mantle. The heavy §'3C (-0.4%o) for
CO, from undegassed magmas from Fogo and the Ca light marine
carbonate-like isotope signature in carbonatites from Brava islands
further support the involvement of sedimentary carbon (Amsellem
et al., 2020; Lo Forte et al., 2024Db).

8.4. Geodynamic carbon enrichment of the lithosphere beneath Cape
Verde

A significant question is how the carbon-rich crustal compo-
nents might have been preserved at sub-lithospheric depths. The
geographical location of the Cape Verde archipelago (Fig. 1a) may
help explain the continental off-craton nature of the lithospheric
roots beneath Sal and the deep carbon enrichment processes
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revealed by the present study. Since the Neoproterozoic, this mar-
gin of the West African Craton has witnessed multiple subduction
and collision events during both the Neoproterozoic to Cambrian
Pan-African orogenic cycles and the closure and subduction of
the Rheic Ocean in Devonian to Permian times (370 - 280 Ma),
on the assembly of Pangea (e.g., Villeneuve and Marcaillou, 2013;
Villeneuve et al., 2024, and references therein). Recycled compo-
nents could have been introduced and stored in the mantle during

20

one or more subduction events that have taken place west of the
West African Craton. Such a rough age for the formation of such
a reservoir would align with the modelled age (400 Ma) of the
recycled sedimentary component in OIB magmas (Doucelance
et al., 2010).

These processes suggest carbon storage occurs over time below
the lithosphere-asthenosphere boundary (LAB) at depths shallower
than roughly 180 km, where conditions are sufficiently oxidised to
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enable carbonate stability, above the EMOD/G oxygen buffer
(Enstatite-Magnesite-Olivine-Diamond/Graphite; ~ Stagno  and
Frost, 2010; Stagno et al., 2013; Luth and Stachel, 2014). Notably,
our data emphasise the involvement of carbonate-rich metasedi-
ments, which are known to form diapirs that tend to reach the base
of the lithosphere (Ducea et al., 2022). This enriched carbon reser-
voir in the shallow mantle beneath the archipelago, which formed
sometime between the Neoproterozoic Pan African Orogeny and
the Permian closure of the Rheic Ocean, has been primed for reac-
tivation at any time by geodynamic events (e.g., Malusa et al.,
2018; Tamburello et al., 2018), whether related to tectonics or a
rising plume (Courtillot et al., 2003; Anderson, 2005; Fig. 13).
Undegassed magmas from Cape Verde contain high levels of
CO,, ranging from 2.0 wt.% to 2.7 wt% at ~ 0.8 - 1.0 GPa
(DeVitre et al., 2023; Lo Forte et al., 2024a). According to the mod-
elling by Sun and Dasgupta (2023), Cape Verde primitive magmas
at the source are predicted to be among the richest in CO, within
the OIB magmas, with an average CO, content of 9.12 + 1.78 wt.
% at 3.9 4.3 GPa. Following their modelling approach (see Supple-
mentary Data), it is estimated that approximately 2788 + 544 ppm
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of CO, should be present in the Cape Verde mantle source. Notably,
the estimated average CO, content of the OIB mantle plume is con-
siderably lower, ranging from about 1240 to 1467 ppm of CO, (Sun
and Dasgupta, 2023; Dasgupta and Aubaud, 2025) to around ~ 1550
- 1750 ppm of CO; at roughly 100 — 120 km of depth (Aiuppa et al.,
2021). This discrepancy supports the possibility of an additional
carbon reservoir in the upper mantle beneath Cape Verde.
Hoernle et al. (2002) and Doucelance et al. (2010) proposed that
the isotopic characteristics of Cape Verde magmas could be
explained by the addition of 3 wt.% of old (1.6 Gyr to 0.4 Gyr)
metasedimentary and eclogitic components to the Cape Verde
mantle source (Fig. 13). By mass-balancing the addition of 3 wt.%
of a recycled metasomatic silicate-carbonate component, contain-
ing from 7.2 wt.% to 9.2 wt.% of CO, (averaging around 7.8 wt.%;
Thomsen and Schmidt, 2008; Grassi and Schmidt, 2011; Tsuno
and Dasgupta, 2011), it is observed that metasomatic melts could

contribute up to 5.0°5¢ kg of CO, per m of peridotite. This contri-
bution would further increase the carbon budget of the Cape Verde

asthenospheric mantle by 193023 ppm, effectively doubling the
CO, budget of the average OIB mantle source proposed by Sun
and Dasgupta (2023).

The melting of carbonate peridotite begins when the mantle
temperature exceeds the carbonated mantle solidus, resulting in
a melt fraction that depends on the amount of CO, present in the
mantle (Dasgupta et al, 2013). At the CO, concentrations proposed
for the OIB mantle, it could generate sufficient carbonate-silicate
melt to form an interconnected network of melts in the astheno-
sphere, constrained at its base only by redox freezing (Stagno
et al, 2013). Once generated, carbonate melt components are
highly mobile and can infiltrate the lithosphere, migrating along
grain boundaries and inducing metasomatic reactions, primarily
through the dissolution of orthopyroxene, thereby gradually
enriching the lithosphere in CO, (e.g., Kamenetsky and Yaxley,
2015; Stone and Luth, 2016; Sharygin et al., 2017). CO, fluids, in
contrast, have significantly lower mobility and tend to remain in
rocks (Frezzotti and Touret, 2014) along grain boundaries, which
can be tapped by rising magmas.

9. Conclusions

This study investigates the processes of carbon enrichment in
the chemically heterogeneous lithospheric mantle beneath Sal
Island, Cape Verde, which consists of ultradepleted spinel harzbur-
gites and spinel lherzolites. The harzburgites are characterised by
high degrees of partial melting (20% - 40%), as indicated by high
modal olivine content, elevated Mg#, very low clinopyroxene
abundance, and depleted signatures of incompatible elements.
The primary mantle mineral assemblages have equilibrated at
temperatures ranging from approximately 950 to 1060 °C at 66
to 106 km depth. Metasomatic processes occurred at higher tem-
peratures, between 1140 and 1200 °C. Evidence of metasomatism
is observed in reaction coronae, which consist of tiny grains of oli-
vine, clinopyroxene, spinel, and interstitial glass, surrounding dis-
solving orthopyroxene as a result of interaction with an
infiltrating melt. Enrichments in major and trace elements in
clinopyroxene in harzburgites and lherzolites suggest at least
two significant metasomatic events involving alkali-rich silicate-
carbonate melts and CO,- and alkali-rich silicate melts. These
metasomatic carbonate-rich melts contain recycled subducted
components, specifically carbonated sediments and eclogites. Clear
evidence of carbonate-silicate melt infiltrating the deep litho-
sphere is observed in the melt and fluid within inclusions and
microveins.

Our findings evidence the major control of regional geodynam-
ics in carbon enrichment processes beneath the Cape Verde archi-
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pelago, governing carbon transport to the asthenosphere through
the multiple subduction and collision events that affected this
western margin of the West African Craton and creating
carbonate-enriched domains over millions to billions of years.
Reactivation by upwelling of the carbonated asthenosphere pro-
duced carbonate-rich silicate melts that migrated upward and
metasomatised the overlying thick lithospheric mantle. A signifi-
cant outcome of metasomatism is deep lithospheric CO, degassing.
These processes significantly contribute to the carbon budget of
the upper mantle beneath the Cape Verde Islands, which is the
source of OIB magmas.
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