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▪ Equilibrium olivine-melt Mg isotopic fractionation explains high
δ26Mg values in arc lavas

X.-N. Liu1*, R.C. Hin1, C.D. Coath1, M. van Soest2, E. Melekhova3, T. Elliott1

Abstract https://doi.org/10.7185/geochemlet.2226

We determined equilibrium Mg isotope fractionation between olivine and melt
(Δ26/24MgOl/melt) in five, naturally quenched, olivine-glass pairs that were selected
to show clear textural and chemical evidence of equilibration. We employed a
high-precision, critical mixture double-spiking approach to obtain a weighted mean
of Δ26/24MgOl/melt=−0.071 ± 0.010 ‰, for values corrected to a common olivine-
glass temperature of 1438 K. As function of temperature, the fractionation can be
expressed as Δ26/24MgOl/melt= (−1.46 ± 0.26) × 105/T2. The samples analysed have
variable H2O content from 0.1 to ∼1.2 wt. %, yet no discernible difference in
Δ26/24MgOl/melt was evident. We have used this Δ26/24MgOl/melt to revisit the puzzling
issue of elevated Mg isotope ratios in arc lavas. In new Mg isotope data on sample

suites from the Lesser Antilles and Mariana arcs, we show that primitive samples have MORB-like Mg isotope ratios while the
evolved samples tend to have isotopically heavier compositions. The magnitude of this variability is well explained by olivine
fractionation during magmatic differentiation as calculated with our new equilibrium Δ26/24MgOl/melt.
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Introduction

A burgeoning literature in the mass-dependent variability of
major rock forming elements in magmatic samples have the
potential to provide novel constraints on source mineralogy
and melting processes (e.g., Teng et al., 2017; Soderman et al.,
2022), but in many cases the key parameter of isotopic fractiona-
tion, i.e. the fractionation factor between solid andmelt, is insuf-
ficiently well constrained to make the most of the observations.
In large part, mineral-melt fractionation factors have been deter-
mined by the magnitude (or absence) of isotopic variability in
sample suites that show well behaved differentiation trends.
Although valuable, this strategy convolves the natural complex-
ity of magmatic fractionation with the determination of frac-
tionation factors. A more direct method is to measure the
isotope ratios of coexisting equilibrated mineral-melt pairs.
This poses the difficulty of obtaining precise measurements on
small samples that are demonstrably in equilibrium.

As the third most abundant element in the silicate Earth,
there is much interest in the Mg isotopic systematics of magmatic
rocks for improving our understanding of igneous processes and
broader planetary evolution (e.g., Teng et al., 2010; Hin et al.,
2017; Teng, 2017). In interpreting the relatively small isotopic var-
iations inMg, it is critical to determine a precise fractionation factor
between olivine, the major mineral host of Mg, and melt. This
parameter is expressed as Δ26/24MgOl/melt, defined as δ26MgOl

− δ26Mgmelt, where δ26Mg is the relative difference in 26Mg/24Mg
between sample andDSM-3 reference standard.Once determined,

Δ26/24MgOl/melt can be used in conjunction with inter-mineral
fractionation factors to model Mg isotopic variability in magmatic
processes. While inter-mineral fractionations can be determined
observationally or by ab initio methods, numerical modelling of
isotopic exchange between mineral and melt structure is not
straight-forward, which has motivated our empirical approach.

There have been two previous attempts to measure
Δ26/24MgOl/melt. The absence of systematic Mg isotopic variation
in a suite of whole rocks with variable MgO contents from
Kilauea Iki (Teng et al., 2007) is often cited as evidence for the
absence of Mg isotope fractionation during crystallisation.
Yet, strictly, this study placed a maximum bound on Mg isotope
fractionation during differentiation, namely |Δ26/24MgOl/melt|≤
0.07‰. Schiller et al. (2017) analysed the Mg isotopic composi-
tions of olivines and rapidly cooled groundmass (dominantly
intergrown plagioclase and clinopyroxene) from an angrite
meteorite (NWA1670). These authors also reprocessed Mg iso-
tope measurements of olivine and groundmass from Teng et al.
(2011) to calculate a fractionation factor. Yet, the latter had been
originally used to illustrate the effects of diffusive fractionation of
Mg isotopes in the chemical potential gradient of zoned miner-
als. Although Schiller et al. (2017) reported those samples closest
to elemental Fe-Mg equilibrium, these samples evidently do not
constitute an equilibrium assemblage necessary for reliable
determination of a fractionation factor. Equally, the bulk olivine
phenocrysts in NWA1670 are not in equilibrium with the
groundmass, given their Mg/(Mgþ Fe) decrease from ∼0.9 in
their core to ∼0.6 in their rim (Jambon et al., 2008).
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Here, we employ the high precision attainable using criti-
cal mixture double-spiking (Coath et al., 2017; Hin et al., 2017) to
determine Δ26/24MgOl/melt for five carefully selected, equilibrated
olivine-glass pairs from ocean island and mid-ocean ridge
basalts. Using this value, we then explore the subtly elevated
δ26Mg in arc lavas (Teng et al., 2016) with new analyses of a suite
of samples from the Lesser Antilles, as well as a set of archetypi-
cal mafic samples from the Mariana arc.

Olivine-melt fractionation factor

We selected samples with petrographic, equilibrium olivine tex-
tures in naturally quenched glass fromKilauea (Hawaii), subma-
rine eruptions from Pitcairn and mid-ocean ridge basalts from
the Pacific and Indian oceans (for details, see section 1.1 of
the Supplementary Information, SI). Prior work on the Hawaii
and Pitcairn samples (Jeffcoate et al., 2007) showed an absence
of Li isotopic fractionation across the olivine phenocrysts,
documenting an absence of late-stage diffusive fractionation.
From these potentially suitable samples we then selected
individual olivine crystals with a variability in Fo< 1 % across
the full cross-sectional electron microprobe profile of the crystal
(Fig. 1a). We rejected any olivine which had an olivine-glass
Fe-Mg exchange coefficient outside the range of equilibrium
values (Ulmer, 1989), namely KD

Ol/melt(Fe-Mg) from 0.28 to
0.32 (Fig. 1b).

We analysedmicro-drilled spots (cones of 100 μmdepth and
largest diameter) in these olivines and hand-picked coexisting glass
and processed the samples for Mg isotope analysis by critical mix-
ture double-spiking as reported in Hin et al. (2017). This method
yields a long-term reproducibility of 0.027‰ (δ26Mg, 2 s.d.) based
on repeated BHVO-2 analyses (see SI section 2.3). We used the
pooled δ26Mg of each phase to yield Mg isotope differences
betweenolivine andmelt (i.e. glass) for each of the five basalt sam-
ples (Table S-1). Olivine thermometry (Putirka, 2005) indicates
that equilibration temperatures of the five samples varied between
1379 and 1481 K (see SI section 1.2). Using a 1/T2 scaling, we cor-
rected the isotope differences to a single, average temperature of
1438 K, yielding Δ26/24MgOl/melt between −0.045 ± 0.036 ‰ and
−0.086 ± 0.016‰ (Fig. 1b, Table S-2). These values are consistent
with each other and yield a weighted mean of Δ26/24MgOl/melt=
−0.071 ± 0.010 ‰ or Δ26/24MgOl/melt= (−1.46 ± 0.26)× 105/T2

(T in Kelvin). For the first time, we thus show that olivine in equi-
libriumwithmelt is significantly enriched in lightMg isotopes and
we recommend that our olivine-melt fractionation factor should

Figure 1 (a) Backscattered electron microscope image of an
olivine-glass pair (PN3-10), together with electron microprobe tra-
verse of olivine Fo content. (b)Measured Δ26/24MgOl/melt, corrected
to a common temperature (1438 K), plotted against Fe-Mg distri-
bution coefficients.

Figure 2 δ26Mg against MgO for (a) Lesser Antilles lavas from Teng et al. (2016) and (b) Lesser Antilles and Mariana lavas from this study.
MORB reference value is −0.24 ± 0.01 ‰ (2 s.e.); see Supplementary Information section 3.4.

Geochemical Perspectives Letters Letter

Geochem. Persp. Let. (2022) 22, 42–47 | https://doi.org/10.7185/geochemlet.2226 43

https://www.geochemicalperspectivesletters.org/article2226/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2226/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2226/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2226/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2226/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2226/#Supplementary-Information
https://doi.org/10.7185/geochemlet.2226


be considered when modelling Mg isotope fractionation in
magmatic process. We also tried to experimentally determine
Δ26/24MgOl/melt but this attempt unfortunately failed, most likely
due to thermal diffusion (see SI section 1.3).

TheHawaiian and Pitcairn samples havewater contents of
∼0.1–0.4 wt. % (e.g., Hauri, 2002) and ∼1.2 wt. % (Aubaud et al.,
2006), respectively. MORB samples generally have low water
contents around 0.1 to 0.2 wt. % (e.g., Sobolev et al., 1996).
Water decreases the Mg-O coordination number of silicate melt
(Mookherjee et al., 2008), which may lead to a preference for
heavier isotopes. Nonetheless, the Δ26/24MgOl/melt determined

from Hawaiian, Pitcairn and the three MORB olivine-glass pairs
are all within the analytical error (Fig. 1b). The absence of a dis-
cernible effect on the fractionation factor for water contents up to
1.2 wt. % leads us to assume that water has a limited effect on
Δ26/24MgOl/melt.

Elevated δ26Mg in arc lavas

Teng et al. (2016) analysed arc lavas from Martinique, Lesser
Antilles, and reported δ26Mg slightly higher than MORB

Figure 3 (a) Frequency density plot of δ26Mg of subducted materials. (b) Modelled δ26Mg against H2O from mixing depleted mantle
with dehydration fluids and hydrous melt. (c)Modelled δ26Mg against 143Nd/144Nd frommixing depleted mantle with subducted sediments
(See SI section 3.5 for more details).
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(Fig. 2a), which they attributed to subduction zone processes.
As discussed by Teng et al. (2016), however, it is not clear that
subduction zone components have the leverage to sufficiently
perturb the δ26Mg of themantle wedge, givenmixing constraints
from other elemental and isotopic tracers. To further explore this
intriguing phenomenon, we have made high precision, critical
mixture double-spiked analyses of Lesser Antilles samples from
a wider range of islands, including rare primitive lavas from the
southern arc. We also analysed a well characterised set of sam-
ples from the Mariana arc (see SI sections 3.2, 3.3). Our new
measurements show the Lesser Antilles lavas have MORB-like
δ26Mg in the most MgO-rich samples, while more evolved lavas
have δ26Mg up to 0.12‰ higher (Figs. 2b, S-5). All the Mariana
arc lavas plot together with the lessmafic Lesser Antilles samples
(Fig. 2b, Table S-5). To better understand the causes of the higher
δ26Mg in some arc lavas, we initially concentrate on the Lesser
Antilles example, for which we have samples with a wider com-
positional range.

First, we reconsider the possible role of subduction com-
ponents (Fig. 3a). The results of binarymixing calculations (see SI
section 3.5 for details) between the sub-arc mantle and potential
subduction inputs are illustrated in Figure 3b, c. Fluids released
from subducted oceanic crust and serpentinite are naturally
water-rich, over 50 wt. % and 80 wt. % H2O respectively, while
the MgO concentrations of these fluids are generally low, less
than 1 wt. % in oceanic crust dehydration fluid and about
6 wt. % in serpentinite dehydration fluid (Manning, 2004; Kessel
et al., 2005; Scambelluri et al., 2015). Hydrous melts generated
from eclogite are again enriched in water (over 15 wt. %) but
also low in Mg (less than 2.5 wt. %) (Gervasoni et al., 2017).
The amount of these slab-derived fluid phases added to the
mantle wedge is constrained by a maximum 2 wt. % H2O in
the mantle source (assuming at most 10 wt. % H2O in primitive
arcmagmas and 20%partial melting degree). As a result, theMg

isotopic perturbation of the arc lava source is inappreciably influ-
enced by plausible contributions of slab-derived fluids (Fig. 3b).
The subducting sediments are isotopically heavier than MORB
(Fig. 3a), but a contribution over 90 wt. % sediment would
be required in the source of the Lesser Antilles lavas to reproduce
the highest δ26Mg. Such an amount of sediment is equally incon-
sistent with the 143Nd/144Nd of the arc lavas (Fig. 3c).

Our high precision analyses allow some structure to be
discerned in the variability of δ26Mg in the Lesser Antilles
samples, which can have been caused by neither weathering
nor variable melting depths (see SI section 3.6). The most strik-
ing feature is a systematic relationship between δ26Mg andMgO
content (Fig. 2b), which implies a role for magmatic differentia-
tion in fractionating Mg isotopes. When dealing with the effects
of differentiation in bulk samples, however, it is important to
evaluate crystal accumulation. This is especially marked for
Mg given the high MgO contents of olivine. Therefore, we ana-
lysed the compositions of olivine crystals in our Lesser Antilles
samples. Three samples (WIC19, LSS1 & LAS1) have unexpect-
edly Fo-rich, xenocrystic olivines compared with their bulk Mg#
(Fig. 4a, SI section 3.7). Moreover, disequilibrium textures
between olivine crystals and groundmass are observed in the
thin sections of these samples (Fig. 4b).

We have divided Lesser Antilles arc samples into four
groups (Fig. 4a, c, d). Five samples with high MgO are dubbed
“primitive”, as detailed petrological experiments have identified
such compositions are plausibly in equilibrium with the mantle
wedge (see SI section 3.2). They have δ26Mg values within error
of MORB (Fig. 4c). Seven samples are grouped as “evolved” and
display elevated δ26Mg values. The three samples that contain
Fo-rich olivine xenocrysts are named “xeno” and these also have
MORB-like δ26Mg values. A single troctolite sample, LAE3, is
labelled “cumulate”. The Mariana samples are all geochemically

Figure 4 (a) Electron microprobe analyses of Lesser Antilles olivines plotted in groups according to bulk Mg# of host magmas. (b) Thin-
section images of disequilibrium olivines in “xeno” group samples. (c) Modelled δ26Mg evolution during two main differentiation paths.
(d) Modelled effect on δ26Mg of cumulate olivine addition to an “evolved” sample composition.
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similar to the “evolved” group and also have elevated δ26Mg
values.

Unlike in theMarianas, the magma differentiation paths of
Lesser Antilles arc lavas are well constrained (see SI section 3.8).
Two liquid lines of descent have been identified: one involves co-
crystallisation of olivine and clinopyroxene at high pressure, while
at low pressures, olivine is the only liquidus phase (e.g., Stamper
et al., 2014). We model the variations in δ26Mg that result from
these two differentiation trends using our new Δ26/24MgOl/melt

and Δ26/24MgCpx/melt (derived by combining Δ26/24MgOl/melt with
literature Δ26/24MgCpx/Ol, SI section 3.9). Both 20 % olivine frac-
tionation (Ol line) and the co-crystallisation of 20 % olivine
and 20 % clinopyroxene (OlþCpx line) reproduce the elevated
δ26Mg of many evolved lavas (Fig. 4c), as a result of olivine crys-
tallisation. The lower δ26Mg data of the “xeno” samples are well
reproduced by olivine accumulation (Fig. 4d) in more evolved
samples. The composition of the troctolite cumulate (LAE3) is
consistent with its crystallisation from a melt with elevated
δ26Mg≈−0.16‰ given ourΔ26/24MgOl/melt. We infer that the rel-
atively lowMgO and high δ26Mg of theMariana samples (Fig. 2b)
reflect a differentiation process similar to that experienced by the
Lesser Antilles “evolved” samples.

In conclusion, we have replicated elevated δ26Mg in Lesser
Antilles arc lavas and further shown this to be a common char-
acteristic inMariana arc lavas. However, our more precise analy-
ses reveal that the elevated δ26Mg is only evident in more
evolved, basaltic andesite compositions. Using the equilibrium
Δ26/24MgOl/melt we determined, we can model the increase in
δ26Mg from MORB-like values in primitive arc lavas as a natural
consequence of magmatic differentiation. This illustrates the
importance of a well determined solid-melt fractionation factor
in interpreting subtle differences in stable isotope ratios.
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1. Olivine-Glass Pair Samples 

1.1 Sample selection and drilling 

Five olivine-glass pairs from naturally quenched oceanic basalt were chosen to constrain the olivine-melt Mg isotopic 

fractionation factor. Two of them are from OIB samples (PN3-10 and AH-1) and three are from MORB samples (5/15g, 

D27-3 and 37DS-1). PN3-10 is picritic basalt from the Pitcairn hotspot (Hekinian et al., 2003; Bourdon and Van Orman, 

2009 and references therein) and AH-1 is a basalt from a historic Pu’u O’o flow, Kilauea, Hawaii (Jeffcoate et al., 2007). 

5/15g is from the southwestern Indian Ridge (Robinson, 1998). D27-3 is from the mid-Atlantic ridge (Niu and Batiza, 

1994; Graham et al., 1996; Regelous et al., 2009) and 37DS-1 is from the South Kolbeinsey ridge in the Atlantic Ocean 

(Devey et al., 1994). 

Li isotopes are a sensitive indicator of potential, late-stage diffusive perturbation of phenocryst compositions 

(e.g., Parkinson et al., 2007; Gallagher and Elliott, 2009) which may also affect Mg isotope ratios (Teng et al., 2011; 

Oeser et al., 2015). The absence of zoning in Li isotopes in olivine in the two OIB samples (Jeffcoate et al., 2007, and 

unpublished data) was therefore a major motivation to select these two samples. 

For MORB samples pristine olivine grains were also analysed by electron microprobe for their chemical 

compositions. We selected the olivines with Fo variation less 1 % and Fe-Mg distribution coefficient in equilibrium 

with the host glass (i.e. KD
Ol/melt(Fe-Mg) in the range 0.28–0.32; Ulmer, 1989) (see Table S-6). 

Fragments of OIB samples were mounted in epoxy prior to sanding and polishing to expose olivine and glass 

(see Fig. S-1 for an example of PN3-10 fragments). Olivines in MORB samples were hand-picked under an optical 

binocular microscope and then set in epoxy resin and polished. Olivines in OIB and MORB samples were drilled using 

a New Wave Research micro-mill. We obtained separate aliquots from four olivines for PN3-10, three olivines for AH-
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1, two olivines for 5/15g and 37DS-1, and a single grain of olivine was drilled for sample D27-3. Conical tungsten-

carbide drill bits were pre-cleaned by sonication in acetone followed by sonication in high-purity water. For each olivine 

sample, four or five spots of 100 μm depth and 100 μm (top of cone) width were drilled with a ~5 μL droplet of Milli-

Q water (purified water with a resistivity of 18.2 MΩ cm) covering the surface to collect the drilled olivine powder. The 

water-olivine slurry was transferred with a 20 μL pipette tip into pre-cleaned PFA beakers after each drilled spot. 

Subsequently, HF-HNO3 mixtures were added for digestion. 

Glass samples from PN3-10 were also obtained by micro-drilling (15 drill spots, see Fig. S-1). Glass from 

MORB and AH-1 were obtained by hand-picking glass chips under a binocular microscope with the criterion of totally 

transparent glass, with clean surfaces and obvious glassy lustre. The picked chips were then cleaned in an ultrasonic 

bath with acetone and Milli-Q water three times separately. 

 

 

Figure S-1 Locations of microprobe profiles in olivine and drill spots in olivine and glass in PN3-10. Glass 2 was 

rejected as the drill did not align well and therefore this sample contains some olivine. Unlabelled microprobe profiles 

are on olivine that did not meet our selection criteria for chemical equilibrium (see main text and SI Section 1.1). 

 

1.2 Temperature estimates for olivine-glass pairs 

Since the olivine-glass pairs are all in equilibrium, we use the olivine thermometer of Putirka (2005) and Putirka et al. 

(2007), which is mainly based on the partitioning of Mg and Fe between olivine and glass, to estimate the olivine 

saturation temperature (Roeder and Emslie, 1970). We used their equations for Mg and Fe both with and without 
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composition dependence (Putirka, 2005; Putirka et al., 2007). We found that the calculated results from the different 

equations are consistent with each other (less than 50 °C difference). Considering the analytical uncertainties of Fe and 

Mg contents in olivine (usually 1 % relative error) and the resulting temperature uncertainties, this 50 °C difference is 

negligible, and we thus use the average value of calculated temperatures (Table S-2). 

1.3 Attempt of determining olivine melt fractionation factor through experiment 

As well as using natural samples (Section 1.1), we also tried to constrain the olivine-melt Mg isotopic fractionation 

factor through previously published experiments that investigated differentiation of a high-MgO primitive basalt from 

St Vincent, Lesser Antilles (Melekhova et al., 2013, 2015). We selected experiment RSV49_2 (Fig. S-2) with initial 

water content of 0.6 wt. %. The glass water content in this experimental run product is similar to natural samples 

analysed in this study. The experiment material was contained in an Au-Pd double capsule (Fig. S-3), aimed to minimise 

chemical potential gradients in H2O, and was carried out at 1350 °C and 1.0 GPa (Melekhova et al., 2015). It is believed 

to have attained chemical equilibrium (Fe-Mg exchange coefficient). It has only glass in the inner capsule and unzoned 

olivine and melt in outer capsule (see details in Melekhova et al., 2015). Olivine grains, found at one edge of the 

presumably cooler outer capsule, are unzoned and around 100 m in diameter (Fig. S-2). Samples of these olivine grains 

and glass from different parts of the charge (Fig. S-3) were obtained by micro-drilling using New Wave Research micro-

mill, about five 50 to 100 m drilling spots for olivine and about five 200 m drilling spot for glass sample (Fig. S-3), 

in the same manner as described in Section 1.1. 

 

 

Figure S-2 BSE image of RSV49_2 with olivine (dark grey) and glass (grey). 

 

There are significant Mg isotope differences in glass across the experimental sample. We attribute these 

differences to isotopic fractionation by thermal (Soret) diffusion in the thermal gradient of the experimental charge 

(Richter et al., 2008, 2009). About 0.6 ‰ δ26Mg difference was observed in the glass from one side of the outer capsule 

to another (Fig. S-3). The glass samples with low Mg isotope ratios also have lower Mg/Ca ratio, as also found in the 

experiments on thermal diffusion performed by Richter et al. (2008, 2009). The physical distance from one side to 

another side is about 7mm. Assuming that the 0.6 ‰ δ26Mg variation is caused by thermal diffusion, a temperature 

gradient of ~10 °C must have been present during the experiment, based on the experimental thermal diffusion 

sensitivity  of 0.036 ‰/°C/amu obtained by Richter et al. (2008). This is a typical temperature gradient for piston-

cylinder experiments (e.g., Pickering et al., 1998). We also infer from the chemical gradients and the presence of olivine 

solely in the end of the capsule with highest Mg/Ca and δ26Mg that one end of the charge was the hottest and the other 

the coldest. Specifically, the significant Mg isotopic fractionation by thermal diffusion makes the experimental material 

in RSV49 unsuitable to constrain the equilibrium Mg isotope fractionation factor between olivine and melt, but in 

general this example points to the challenge of laboratory determination of this parameter. 
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We stress that it has long been recognised that the effects of thermal diffusion evident in the small length scales 

of typical petrological experiments are rarely replicated for the much less extreme temperature gradients of natural 

samples (Lesher and Walker,1986). Indeed, Mg isotope fractionation by thermal diffusion has never been identified in 

natural samples. A study of komatiite Mg isotope compositions (Dauphas et al., 2010) argued that there was no evidence 

for the influence of thermal diffusion, while Xu et al. (2020) argued on a theoretical basis that natural thermal gradients 

cannot lead to Mg isotope fractionation in basaltic melt as it is usually buffered by other kinetic effects. Critically, the 

randomly sampled drill spots of glass sampled in our OIB sample PN3-10 (Fig. S-1) show all these glass samples have 

consistent Mg isotope compositions, implying a lack of Mg isotopic fractionation by thermal diffusion (Table S-1). 

 

 

 

Figure S-3 Mg/Ca and Mg isotopic compositions in various locations of experiment RSV49_2 and a cartoon of its 

starting state. The symbols in the compositional plots (Mg/Ca and Mg isotope ratio) are aligned in the y-axis with their 

positions in the sketch of the experimental charge of RSV49_2 (after the experiment). Dark grey is the sample material 

(glass and olivine) and light grey is the Au-Pd capsule. The circles represent the drill spots of olivine and glass samples. 

Each sample analysed for δ26Mg is a mixture of several drilling spots, e.g., gl5 is the mixture of six 200 m drill spots. 

Note that this experiment material is made by mixing various, purified oxides, which is why its Mg isotope ratio is 

outside the range of most natural terrestrial samples. The 2 error bars for δ26Mg and Mg/Ca ratio data are smaller than 

the symbols. Mg/Ca ratio was measured from the digested drilled materials on an Element 2 in the Bristol Isotope Group. 
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Table S-1 Magnesium isotope compositions of picked olivine-glass pairs from natural samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S-2 Mg isotope fractionation factors between olivine and melt, as calculated based on mean olivine and glass 

compositions of the samples in Table S-2. Δ26/24MgOl/melt = δ26MgOlivine − δ26Mgglass. 

 Δ26/24MgOl/melt (‰) (raw) Temperature (K) Δ26/24MgOl/melt (‰) (corrected)* KDOl/melt (Fe-Mg) 

AH1 −0.088 ± 0.016 1425 ± 80 −0.086 ± 0.016 0.28 ± 0.02 

PN3-10 −0.070 ± 0.016 1379 ± 64 −0.064 ± 0.016 0.28 ± 0.03 

37DS-1 −0.043 ± 0.036 1481 ± 81 −0.045 ± 0.036 0.32 ± 0.02 

27DS-1 −0.065 ± 0.038 1471 ± 104 −0.068 ± 0.038 0.32 ± 0.04 

5/15g −0.061 ± 0.027 1436 ± 34 −0.060 ± 0.027 0.29 ± 0.02 

Weighted mean  1438 ± 81 −0.071 ± 0.010#  

*Corrected to the temperature of 1438 K. 

# The weighted mean (−0.071 ± 0.010 ‰) is calculated from ∑
𝑥̅

𝑆2
∑

1

𝑆2⁄  with variation of two times√1 ∑
1

𝑆2⁄ . 

Sample ID 26MgDSM-3 (‰) Pooled 2 s.e. N 

AH1_ol3 −0.245 0.020 8 

AH1_ol5 −0.233 0.020 8 

AH1_ol6 −0.242 0.020 8 

AH-1 Olivine, mean −0.240 0.011 24 

AH1_glA −0.155 0.016 12 

AH1_glB −0.150 0.016 12 

AH-1 glass, mean −0.152 0.011 24 

PN3-10 LGr_ol2 −0.342 0.021 7 

PN3-10 MGr_ol2 −0.324 0.021 7 

PN3-10 MGr_ol4 −0.330 0.021 7 

PN3-10 SGr_ol −0.308 0.021 7 

PN3-10 Olivine, mean −0.326 0.011 28 

PN3-10 Glass 1 −0.264 0.028 4 

PN3-10 Glass 3 −0.243 0.028 4 

PN3-10 Glass 4 −0.285 0.023 6 

PN3-10 Glass 5 −0.234 0.021 7 

PN3-10 Glass, mean −0.256 0.012 21 

37DS-1 Ol_1 −0.259 0.029 6 

37DS-1 Ol_10 −0.264 0.029 6 

37DS-1 Olivine, mean −0.262 0.020 12 

37DS-1 glass −0.219 0.029 6 

D27-3 Ol_3 −0.289 0.029 6 

D27-3 glass −0.224 0.024 8 

5/15g Ol_4 −0.301 0.013 9 

5/15g Ol_5 −0.304 0.013 9 

5/15g Olivine, mean −0.303 0.009 18 

5/15g glass −0.242 0.025 10 
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2. Analytical Methods 

2.1 Microprobe measurements  

Compositions of olivine and basaltic glass were measured on a CAMECA SX100 electron microprobe at University of 

Bristol. All data were calibrated to a variety of silicate and oxide standards. Analyses were made using a 20 nA probe 

current, 1 µm spot size and 10 s counting times (20 s counting times were used for low concentration elements like Ni). 

Transects over olivine in OIB (PN3-10 and AH-1) and three MORB samples (5/15g, 37DS-1 and D27-3) were set with 

10–25 μm spacing between individual spots. The sum of all oxides is 100 ± 2 % (see Tables S-6 and S-7). 

 

2.2 Sample digestion and column chemistry 

For the arc lavas, about 50 mg of bulk rock powder of each sample was digested using purified 28 M HF and 15 M 

HNO3 (3:1 by volume) in cleaned 30 mL Savillex Teflon beakers on a hotplate at 150 ℃. The digestion of glass 

fragments and drilled olivine materials uses the same procedure but in smaller-size beakers (15 mL or 7 mL). Solutions 

were dried down and re-dissolved in purified 10 M HCl to digest insoluble fluorides. After complete digestion, all 

samples were dissolved in 1 M HNO3 to yield solutions with Mg concentrations of 250 μg mL−1 for ion exchange 

chemistry. Magnesium was separated from matrix elements with two passes through Biorad AG50W-X12 cationic 

exchange resin. The procedure used here is modified from previous protocols used at the University of Bristol (Pogge 

von Strandmann et al., 2011; Hin et al., 2017) in order to maximise removal of some matrix elements (e.g., potassium), 

given the focus of this study on more incompatible element rich lavas as opposed to the previous, meteorite- and 

peridotite-focussed work. The ion exchange elution scheme is given in Table S-3 and element elution profiles are 

illustrated in Figs. S-4 and S-5, showing that the Mg concentration peak is well-separated from other matrix elements. 

Purified 15 M HNO3 and 30 % hydrogen peroxide (Romil Ltd, SpA grade) were used to attack any potential organics 

after column chemistry. Yields were monitored based on collected ‘splits’ before and after the Mg aliquot in each 

column and were over 99.92 % for all the samples. After the complete chemical separation procedure, the concentration 

ratios (by mass) between Mg and matrix elements are >700 for K, >800 for Fe, >100 for Mn, >450 for Ti, >750 for Ca 

and >450 for Al. Ratios of Mg to Li, Ni, Cr and V were >1000. The full procedural Mg blank was less than 5 ng which 

is negligible compared to 50 μg Mg in the processed samples. 
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Figure S-4 Elution profile of the first magnesium column separation with 2.5 mL Biorad AG50W-X12 resin. Splits of 

1 mL were taken before and after collecting magnesium to monitor the magnesium yield (see Table S-3). 

 

 
Figure S-5 Elution profile of the second magnesium column separation with 0.25 mL Biorad AG50W-X12 resin. The 

loaded sample was purified in the first column before loading onto this second column. Splits of 1 mL were taken before 

and after collecting magnesium to monitor the magnesium yield (see Table S-3). 
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2.3 Mg isotope analysis 

Details of Mg isotope analysis using the critical mixture double-spike method were described by Hin et al. (2017). In 

brief, measurements were performed on a Thermo-Finnigan Neptune (serial no. 1020) multi-collector inductively 

coupled plasma mass spectrometer (MC-ICPMS) with a combination of Jet sample and H skimmer cones run in medium 

resolution mode (M/M  4000, 5–95 % peak height definition) following critical double-spiking of all samples (Coath 

et al., 2017). Using a Savillex PFA nebuliser and Apex HF sample introduction system, a 1 µg mL−1 Mg sample solution 

in 2 wt. % HNO3 yielded intensities of 4  10−9 A to 7  10−9 A on 24Mg (uptake rate about 40 μL min−1), while the 24Mg 

intensity of the ‘on-peak’ blank is lower than 1  10−12 A. The data we report for each sample represent the mean of four 

to eight (usually six) individual runs (i.e. each sample run 4–8 times; N in Table S-3), each consisting of 20 cycles of 

8.4 seconds. An individual run (i.e. N = 1) consumes about 0.11 μg magnesium. Between every two to three individual 

sample runs, we make a similar run of a spiked standard. Three individual runs of unspiked DSM-3 were performed at 

the start, the middle and the end of the sequence to obtain the necessary estimates of the instrumental fractionation factor 

(Coath et al., 2017). A whole sequence containing 10 samples takes about 24 hours. 

Mg isotope data are reported against reference standard DSM-3 and uncertainties are two times the standard 

error of the mean, determined by a homoscedastic approach that pools data of all the standards and samples (Hin et al., 

2017). Counting statistics dictate that if more data are collected, measurement precision should improve as s.d./√N. 

Consequently, if the precision of our measurements is limited by counting statistics, we are justified in using standard 

errors of the mean instead of taking a more conservative approach of using the 2 s.d. of sample measurements, as is 

conventional in sample-standard bracketing (Teng, 2017). A way to test if our approach is valid is to compare the 2 s.e. 

for a sample based on repeated runs within an individual sequence (e.g., N = 6) with the 2 s.d. of that same sample run 

in sequences over a longer term. This is explored in Fig. S-6, using our BHVO-2 data. We show that the 2 s.e. of ±0.026 ‰ 

for the mean of N = 6 repeats in one analytical session is indistinguishable from the 2 s.d. of ±0.027 ‰ for 16 of such 

BHVO-2 session means analysed in 16 analytical sessions spread over the course of over one year. 

Mg isotope data of olivine-glass pair samples are tabulated in Table S-1, and Mg isotope data of arc lava samples 

are shown in Table S-5. Three arc samples (LAG4, LAG2 and LAS1) were analysed in duplicate, including sample 

digestion, column purification, mixing with spikes and mass-spectrometric analysis, and yielded repeat values within 

the cited 2 s.e. uncertainties (Table S-5). Two international rock standards (BHVO-2 and JP-1) were measured together 

with other samples in this study and their Mg isotope compositions agree with Hin et al. (2017) and the recommended 

value of Teng (2017) (Table S-5). 

 

 

Figure S-6 Long-term variations in the magnesium isotope composition of rock standard BHVO-2, indicating a 

reproducibility of 0.027 ‰ (2 s.d.). 
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Table S-3 Mg column chemistry purification protocol. Note that the loading solution contains ~50 μg Mg. The “Mg 

collection” solution from the 1st column was dried and re-dissolved in 0.4 M HCl for loading onto the 2nd column. 

1st column: 2.5 mL Biorad AG50W-X12 2nd column: 0.25 mL Biorad AG50W-X12 

cleaning 6 M HCl, Milli-Q H2O cleaning 6 M HCl, Milli-Q H2O 

precondition 4 mL 1 M HNO3 precondition 1 mL 0.4 M HCl 

load sample 0.2 mL 1 M HNO3 load sample 0.2 mL 0.4 M HCl 

wash 2 × 0.5 mL 1 M HNO3 wash 2 × 0.5 mL 0.4 M HCl 

Ti, Al, Fe wash 7.5 mL 0.5 M HF K wash 11 mL 0.4 M HCl 

K wash 31 mL 1 M HNO3 before-split 1 mL 0.4 M HCl 

before-split 1 mL 1 M HNO3 Mg collection 5 mL 1 M HCl 

Mg collection 9 mL 2 M HNO3 after-split 1 mL 1 M HCl 

after-split 1 mL 2 M HNO3 cleaning 6 M HCl, Milli-Q H2O 

cleaning 6 M HCl, Milli-Q H2O   

 

 

3. Oceanic Arc Lava Samples 

3.1 Geological background 

The Lesser Antilles arc is formed by the convergence of the Atlantic and Caribbean plates. It extends about 800 km 

from Grenada in the south to Saba in the north and has been an active volcanic arc since the upper Eocene (Fig. S-7a) 

(Briden et al., 1979). One of the most significant characteristics of this arc is its transition from a typical oceanic arc in 

the north to a more complex subduction setting in the south (Allen et al., 2019). In the north, a package of <1 km of 

sediments, predominantly pelagic, descends into a clearly defined trench whereas in the south there is a thick (>10 km) 

accretionary prism, comprised of turbidites derived from the south American craton (Westbrook et al., 1984). These 

abundant sediments play an important role in influencing the trace element composition of magmas in the southern arc 

(White and Dupré, 1986; van Soest et al., 2002; Carpentier et al., 2008), although the process by which this occurs is 

much disputed. The case has been alternatively made for crustal assimilation (Thirlwall and Graham, 1984; Davidson 

and Harmon, 1989; van Soest et al., 2002; Bezard et al., 2014) and incorporation of sediment into the mantle sources of 

the arc lavas (White and Dupré, 1986; van Soest, 2000; Carpentier et al., 2008; Labanieh et al., 2012; Tang et al., 2014). 

The Mariana arc is a relatively simple intra-oceanic arc formed by the westward subduction of the Pacific Plate 

beneath the Philippine Sea Plate (Fig. S-7b), which isolates the present arc from terrigenous material input. A 

sedimentary package of ~500 m is subducted beneath the arc, which is argued to variably contribute to the magmas of 

the different islands but not in a systematic manner along arc (e.g., Elliott et al., 1997). 
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Figure S-7 Maps of (a) the Lesser Antilles (after Labanieh et al., 2012) and (b) the Mariana Trench (after Stewart, 

1980) arc systems. The islands highlighted in orange indicate those studied in this work. 

 
3.2 Lesser Antilles samples 

Our Lesser Antilles samples have Mg# from 77 to 45 and range from silica undersaturated, high-MgO basalts to basaltic 

andesites. All samples are porphyritic lavas, except for LAE3 which is a troctolite cumulate xenolith, from Statia. 

Mineral assemblages of each sample are presented in Table S-7. We analysed 11 arc samples from a suite documented 

in detail by van Soest (2000) and van Soest et al. (2002) and an additional five high-MgO primitive arc basalts from the 

Lesser Antilles. 

A priority of the work by van Soest (2000) was to analyse He isotopic compositions of the lavas. As a result, 

their sampling focused on the youngest (to avoid post-eruptive He ingrowth) and relatively mafic samples (that contain 

olivine phenocrysts, which most effectively trap magmatic He). These criteria well suit the aims of our study. 

Magnesium isotope ratios are readily fractionated by weathering (Teng et al., 2010b; Pogge von Strandmann et al., 

2008), especially in sub-tropical environments such as the Lesser Antilles. Working on the youngest, freshest samples 

helps guard against potential perturbation by weathering. Equally, analysing mafic samples should minimise changes in 

the Mg isotope composition that might occur during more complex, late-stage differentiation. 

The Lesser Antilles arc is unusual in having examples of plausibly primitive arc basalts (Thirlwall et al., 1996; 

Stamper et al., 2014a, 2014b; Melekhova et al., 2013, 2015; Camejo-Harry et al., 2019). The primitive samples we 

studied include two picrites from Grenada, AMG6103 (Thirlwall et al., 1996) and LAG4 (van Soest, 2000), two high-

MgO basalts from St. Vincent, RSV51 and RSV52 (Robertson, 2002), and another one from Kick ’em Jenny (KEJ011-

2, Sigurdsson and Shepherd, 1974). Of these five samples, AMG6103 is argued to represent a primary mantle melt 

parental to more evolved Grenada lavas, as based on petrological experiments (Stamper et al., 2014a, 2014b). LAG4 is 

primitive given its highly forsteritic (Fo up to 90) olivine phenocrysts which are not mantle xenocrysts (given their 

relatively elevated Ca, see Section 3.7). RSV51 and RSV52 are typical high-MgO basalts from St. Vincent and similar 

to another St. Vincent basalt (RSV49), which was experimentally determined to be a primary mantle melt (Melekhova 

et al., 2013, 2015): it has a composition consistent with a partial melt of hydrous peridotite at 1.5 GPa, which on 

differentiation can reproduce the compositions of more evolved magmas found at St. Vincent (Melekhova et al., 2013, 

2015). The Kick ’em Jenny sample (KEJ011-2) is also argued to represent a primitive arc magma in equilibrium with 

mantle peridotite (Camejo-Harry et al., 2019). 

In our more differentiated samples, phenocryst assemblages are usually dominantly comprised of plagioclase 

and clinopyroxene but in LSS1 oxy-hornblende is the major phenocryst. Olivine phenocrysts are less abundant, typically 

~10 % in the more mafic samples (although up to 20 % in LAG4) but more commonly less than 5 % in the more evolved 

samples. 
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Figure S-8 Compositional variations in Lesser Antilles and Mariana arc lavas used in this study. (a) MgO (wt. %) vs. 

CaO (wt. %) and (b) MgO (wt. %) vs. Al2O3 (wt. %). The solid curve in (a) represents olivine fractionation from a 

magma of picritic basalt composition and the dashed curves are vectors for olivine + clinopyroxene fractionation (from 

Macdonald et al., 2000). (c) and (d) Primitive mantle normalised trace element ‘spider diagrams’ of Lesser Antilles 

(KEJ011-2 is not included because of the lack of trace element data) and Mariana samples, respectively. The dark line 

represents N-MORB, data from Klein (2003). (e) Primitive mantle normalised REE distribution pattern of Lesser 

Antilles samples. The solid lines represent Grenada samples and dashed lines represent samples from the other islands. 

The REE patterns of four primitive arc magma samples from Grenada (AMG6103 and LAG4) and from St. Vincent 

(RSV51 and RSV52) are highlighted as solid and dashed red lines, respectively. (f) Primitive mantle normalised REE 

distribution pattern of Mariana samples. All the normalisation values are from Sun and McDonough (1989). In all panels, 

the data of Lesser Antilles arc lavas are from van Soest (2000), Robertson (2002), Thirlwall et al. (1996) and Sigurdsson 

and Shepherd (1974). The data of Mariana arc lavas are from Elliott et al. (1997). A cumulate troctolite sample (LAE3) 

is highlighted in panels (a) and (b). 
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Figure S-8 highlights some compositional features of our samples. The wide range of MgO contents in our 

Lesser Antilles lavas helps define their history of differentiation, which will be discussed below in Section 3.8. All 

Lesser Antilles lavas have clear geochemical signatures of subduction with positive lead and negative niobium 

anomalies (Fig. S8c). Unusually, Grenada arc lavas, including the two primitive magma samples (AMG6103 and LAG4, 

highlighted in solid red lines), have steeply inclined REE slopes in Figure S8e, which is indicative of melting in the 

garnet stability field (Shimizu and Arculus, 1975; van Soest, 2000; Stamper et al., 2014a). Most arc lavas from other 

islands have ‘flat’ REE patterns (including the two primitive magma samples from St. Vincent of RSV51 and RSV52, 

highlighted dashed red lines), suggesting these melts were generated at shallow depth where spinel is the stable 

aluminium-bearing mineral (van Soest, 2000; Stamper et al., 2014a). 

 

3.3 Mariana samples 

We analysed 10 samples documented in Elliott et al. (1997) from Guguan, Pagan and Agrigan in the Central Island 

Province. The Mariana samples were collected for a U-series study and so are all very young (<10 ka). Moreover, they 

have (234U/238U) activity ratios within error of unity (Elliott et al., 1997; Avanzinelli et al., 2012), documenting a lack 

of perturbation by alteration. Our samples are all basaltic andesites with Mg# of 40–50. They show limited variation in 

MgO vs. CaO and Al2O3 space (Fig. S-8a, b), which inhibits identifying their differentiation paths. Previous work on 

Mariana arc lavas and cumulates argued that magmas followed multiple differentiation paths, with major element 

variations dominantly controlled by crystal fractionation (Woodhead, 1988). In general terms, the Mariana samples lie 

towards the low MgO end (~4 wt. %) of the liquid lines of descent defined by the Lesser Antilles samples (Fig. S-8a, 

b). Relative trace element abundances indicate a strong subduction influence (Fig. S-8d). They also have ‘flat’ primitive 

mantle normalised REE patterns implying melting in the spinel stability field (Fig. S-8f). While the detailed petrogenesis 

of Mariana arc lavas is different to the Lesser Antilles, both systems have archetypical characteristics of island arc lavas, 

reflecting inputs from slightly different subducting assemblages (Plank and Langmuir, 1988). 

 

3.4 Defining the reference δ26Mg value of MORB 

Given the limited database of Mg isotope compositions for MORB samples analysed by the critical mixture double-

spike method (Hin et al., 2017), we use the sample-standard bracketing literature data from Teng et al. (2010a) and 

Bourdon et al. (2010) to define a reference δ26Mg value for MORB. There are 51 samples with δ26Mg between −0.17 ± 

0.04 ‰ and −0.31 ± 0.07 ‰ (Fig. S-9). The data pass a Shapiro-Wilk test (p = 0.185 for α = 0.05), implying that they 

are normally distributed, as is also suggested by a normal probability Q-Q plot (Fig. S-10). Thus, we can treat the MORB 

as a single population and take the weighted mean and error of these 51 data to obtain a mean δ26Mg for MORB of 

−0.24 ± 0.01 ‰ (2 s.e.). We note that this value agrees well with the three MORB critical mixture double-spike data 

from Hin et al. (2017) and with the three MORB glasses we analysed in this study (Table S-2). 
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Figure S-9 Literature Mg isotope data of MORB (Teng et al., 2010a; Bourdon et al., 2010). The grey bar depicts their 

weighted mean (−0.24 ± 0.01 ‰) calculated from ∑
𝑥̅

𝑆2
∑

1

𝑆2⁄  with variation of √1 ∑
1

𝑆2⁄ . 

 

 
Figure S-10 Normal probability quantile-quantile (Q-Q) plot of 51 literature Mg isotope data of MORB samples. The 

data lie approximately on a straight line, which suggests they are normally distributed. 
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3.5 Subduction mixing model 

Subducted slab components have variable Mg isotopic compositions, but most variation is restricted to −0.6 ‰ to  +0.2 ‰ 

(Fig. 3a) (Huang et al., 2015; Teng et al., 2016; Hu et al., 2017; Liu et al., 2017; Zhong et al., 2017; Huang et al., 2018). 

Critical in understanding the influence of these components on the mantle wedge is constraining the amount of Mg 

transferred from a slab, because the mantle wedge represents a large source of Mg that is difficult to perturb significantly. 

To this end, we performed binary mixing calculations between mantle and the subduction zone inputs. The input 

parameters are given in Table S-4 and below we briefly justify some of our choices for these compositions. 

In Fig. 3b, H2O content was chosen to constrain the maximum input of subduction dehydration fluid because 

its proportion in dehydration fluids is relatively well-constrained (Manning, 2004; Kessel et al., 2005; Scambelluri et 

al., 2015; Gervasoni et al., 2017) and the depleted mantle is usually anhydrous (e.g., Gose et al., 2009). Since H2O 

contents in primitive arc magmas are less than 10 wt. % (Grove et al., 2012), typically ~4 wt. % (Plank et al., 2013), 

and degrees of partial melting are estimated to be about 10–20 % (Plank and Langmuir, 1988; Turner et al., 2006), the 

H2O content in the mantle source should be less than 2 wt. % (upper limit) because H2O is highly incompatible (e.g., 

Tenner et al., 2009). MgO contents in hydrous melts and fluids are from experimental studies (Manning, 2004; Kessel 

et al., 2005; Scambelluri et al., 2015; Gervasoni et al., 2017). None of the mixing curves in Fig. 3b have significantly 

perturbed δ26Mg values with mantle wedge [H2O] < 2 wt. %. 

Some recent studies of Mg isotope compositions in metamorphic rock have invoked that fluids from serpentinite 

dehydration have MgO as high as 39.8 % (e.g., Huang et al., 2020). These are the levels of MgO found in peridotites 

and there is no experimental support for such extremely Mg-rich fluid compositions, so we do not consider them here. 

Even assuming serpentinite dehydration fluids are implausibly rich in MgO (16.1 wt. %, the value used in the mixing 

model by Huang et al., 2020) and have an extremely high δ26Mg value (~0.95 ‰, the highest value in serpentinite fluid 

speculated by Chen et al., 2016), obtaining δ26Mg as observed in arc lavas still requires 20 % fluid contribution. This 

would increase the H2O content in the mantle source of arc lavas to over 10 wt. % (serpentinite dehydration curve in 

Fig. 3b), which is untenable (Grove et al., 2012; Plank et al., 2013). 

In Fig. 3c, the amount of sediment input is constrained by the Nd isotope ratio because both mantle and primitive 

melt have distinct Nd isotope ratios compared to sediments (Labanieh et al., 2012). The MgO content, Mg isotope ratio 

and Nd isotope data of subducted sediments follow the parameters used by Teng et al. (2016). 

 

3.6 Weathering and melting depth influence on the δ26Mg 

Given the mobility of Mg during weathering, potential disturbance of Mg isotope ratios by secondary alteration is an 

important consideration. Weathered residues typically have elevated δ26Mg as isotopically light Mg is preferentially lost 

to river systems (Tipper et al., 2006; Pogge von Strandmann et al., 2008; Teng et al., 2010b). To guard against this 

problem, we selected some of the youngest samples both from the Lesser Antilles and Mariana arc systems, although 

not all our Lesser Antilles samples are perfectly pristine. We use loss on ignition (LOI) as a rough estimate of the 

abundance of secondary minerals. In Figure S-11a, it can be seen that there is no systematic relationship between LOI 

and δ26Mg. Importantly, some of our samples with elevated δ26Mg show some of the lowest LOI, which implies a limited 

role of secondary alteration in causing the higher δ26Mg value in arc lavas. Samples from the earlier study of Teng et al. 

(2016) range to higher LOI, although again there is no clear relationship with δ26Mg (Fig. S-11b). 

The Lesser Antilles are unusual in containing magmas with compositions ranging from alkaline basalts in 

Grenada to more typical arc lavas further north in the arc. These differences in major element abundances, also linked 

to contrasting rare earth element patterns (Fig. S-8e), have been attributed to different depths and degrees of melting 

(Shimizu and Arculus, 1975; van Soest, 2000; Stamper et al., 2014a). We can test if this variability in melting process 

has a significant influence on δ26Mg by comparing our primitive lavas from Grenada and St. Vincent, which span this 

compositional range. These samples all have indistinguishable and MORB-like δ26Mg regardless of [La/Yb]N. The lack 

of correlation in Fig. S-12 supports a lack of melting depth effect. 
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Table S-4 Parameters used in subduction mixing models (see Fig. 3b, c in the main text for results). 

 Value Reference 

Hydrous eclogite melt 
MgO = 2.5 % Gervasoni et al. (2017) 

H2O = 15 % Gervasoni et al. (2017) 

δ26Mg = 0.10 ‰ Wang et al. (2020) 

Serpentinite dehydration fluid 

MgO = 16.1 %, Huang et al. (2020) 

H2O = 80 % Scambelluri et al. (2015) 

δ26Mg = 0.95 ‰ Chen et al. (2016) 

Altered oceanic floor dehydration fluid 

MgO = 1 % Wang et al. (2017) 

H2O = 50 % Kessel et al. (2005) 

δ26Mg = 0.26 ‰ Wang et al. (2017) 

Depleted mantle: 

MgO = 37.8 % McDonough and Sun (1995) 

H2O = 0 % e.g., Gose et al. (2009) 

δ26Mg = –0.240 ‰ Hin et al. (2017) 
143Nd/144Nd = 0.51301 Labanieh et al. (2012) 

Nd = 0.02 ppm Labanieh et al. (2012) 

Subducting sediments 

MgO = 2.55 % Plank (2014) 

δ26Mg = –0.06 ‰ Teng et al. (2016) 
143Nd/144Nd = 0.51181 Labanieh et al. (2012) 

Nd = 7.9 ppm Labanieh et al. (2012) 

Primitive melt end member 

MgO = 15 % Mean of five primitive samples, this study 

δ26Mg = –0.242 ‰ Mean of five primitive samples, this study 
143Nd/144Nd = 0.51301 Labanieh et al. (2012) 

 Nd = 1.34 ppm Labanieh et al. (2012) 

 

 

 

Figure S-11 (a) Loss on Ignition (LOI) against δ26Mg for Lesser Antilles samples of this study (no available LOI data 

for LAE3, LAV2 and KEJ011-2). Values for LOI are not available for the Mariana samples but none of their major 

element totals differ from 100 % by more than 0.5 % (Elliott et al., 1997) indicating comparably low LOI. (b) LOI 

against δ26Mg of Lesser Antilles samples from Teng et al. (2016). The grey bar represents the mean Mg isotope ratio of 

MORB reference (−0.24 ± 0.01 ‰). 
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Figure S-12 Plots of primitive mantle normalised La/Yb ratio vs. δ26Mg of Lesser Antilles samples (trace element data 

for KEJ011-2 is not available). Solid circles represent Grenada samples, dashed circles are samples from other islands. 

Primitive samples are highlighted in red (LAG4 and AMG6103 from Grenada; RSV51 and RSV52 from St. Vincent). 

 

3.7 Olivine phenocrysts in Lesser Antilles samples 

Given the important role of olivine on the Mg budget of lavas, we analysed the olivine compositions of a representative 

set of olivine bearing samples from the Lesser Antilles (full set of analyses reported in Table S7). These analyses provide 

important information on the origin of the olivine crystals in the different petrographic groups (primitive, xeno, evolved 

and cumulate), identified in the main text. 

The compositions of primitive olivines are defined by the analyses of the sample LAG4. LAG4 has abundant 

olivine phenocrysts (~20 %) and its bulk chemical composition is similar with the other primitive samples (i.e. RSV51, 

RSV51, KEJ011-2, and AMG6103) (Sigurdsson and Shepherd, 1974; Thirlwall et al., 1996; van Soest 2000; Robertson, 

2002). The bulk sample chips of other primitive samples were not available. These olivines from LAG4 are Fo- and Ni-

rich but have 0.1–0.3 wt. % CaO, implying they are a result of magmatic crystallisation rather than mantle xenocrysts. 

Olivine crystals from three samples in the ‘Xeno’ group (WIC19, LSS1 and LAS1) are similarly Fo- and Ni-rich, yet 

the bulk lavas are more differentiated and have lower bulk Mg# (~64 to 70) than the primitive samples (~77) (Table S-

5). In the one thin section we have of these samples (see Fig. 4b), LSS1 shows a typical reaction relationship between 

olivine and groundmass. Such textural and chemical evidence for disequilibrium argues that olivine crystals in WIC19, 

LSS1 and LAS1 samples (i.e. the ‘Xeno’ samples) are entrained, xenocrystic, cumulate olivines (i.e. magmatic; Fig. S-

13a) rather than phenocrysts from its host magma. Olivine analyses of all other, more evolved samples (including 

troctolite cumulate LAE3) have olivines with a wide range of lower Fo, relatively high CaO and low NiO (Fig. S-13). 
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Figure S-13 Electron microprobe data of olivine crystals in Lesser Antilles samples. Plotted with Fo vs. (a) CaO content 

and (b) NiO content. See Table S-7 for data. 

 

3.8 The liquid line of descent of Lesser Antilles arc lavas 

To model Mg isotope fractionation during magmatic differentiation, we need to determine the liquid line of descent of 

the magmas. Considering the complicated differentiation history of many arc lavas, we focus on the early differentiation 

stage, which is possible in the Lesser Antilles case due to the presence of primitive arc lavas in this location. We initially 

consider the samples from Grenada, where magmatic differentiation has been studied in detail (e.g.,Thirlwall et al., 

1996; Macdonald et al., 2000; Stamper et al., 2014a, 2014b). Two differentiation series have been identified (C-series 

and M-series), which are evident on a plot of MgO vs. CaO (Fig. S-14a). M-series basalts from Grenada differentiated 

under high pressure conditions (P > 1.3 GPa, Stamper et al., 2014b), which resulted in cocrystallisation of olivine and 

clinopyroxene and consequently decreases in both Mg and Ca in the evolving magma. C-series basalts are relatively 

CaO-enriched and experimental petrology suggests that C-series basalts result from low pressure crystallisation where 

the olivine stability field is expanded relative to clinopyroxene (Stamper et al., 2014b), resulting in increasing CaO 

contents in the melt as it evolves until clinopyroxene crystallisation sets in. As shown in Fig. S-14a, our three 

differentiated Grenada lavas (LAG2, LSG5 and LSG8, “Evolved” group) are typical of the most Ca-enriched basalts of 

the C-series. Experiments show such magmas are formed by removal of ~20 % olivine and minor spinel as the only 

liquidus phases from a primitive magma (Stamper et al., 2014b). 

Similar differentiation paths under polybaric condition are also identified in both Bequis and St. Vincent Island 

of Lesser Antilles (Tollan et al., 2012; Melekhova et al., 2015; Camejo‑Harry et al., 2018). Studies of other Lesser 

Antilles islands do not clearly identify two liquid lines of descent like the C- and M-series, but still argue that 

crystallisation of olivine and clinopyroxene accounts for petrological observations (Cooper et al., 2016; Melekhova et 

al., 2017). This is also evident in the MgO vs. CaO plots (Fig. S-14b). The trends evident in the C- and M-series defined 
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in Grenada can been seen more generally in all Lesser Antilles lavas where C-series corresponds to the Ol crystallisation 

(simplified as “Ol line”) and M-series corresponds to the Ol + Cpx crystallisation (simplified as “Ol + Cpx line”) (Fig. 

S-14b). 

Our “Evolved” samples lie after the CaO inflection point of the Ol line (two samples with lowest MgO may 

belong to the Ol + Cpx line trend, but this is not well-distinguished for the low MgO samples). The three “Xeno” samples 

(WIC19, LSS1, LAS1) appear to lie on Ol + Cpx line trend. As discussed in the main text and Section 3.7 above, the 

three “Xeno” samples have xenocrystic olivine phenocrysts (Figs. 4b, S-13). Therefore, we propose that rather than 

having evolved from primitive lavas through olivine + clinopyroxene crystallisation, the three “Xeno” samples have 

been produced by adding primitive cumulate olivine to more differentiated lavas, as shown in Fig. S-14b. We are not 

arguing that all the samples on the Ol + Cpx line are derived from adding cumulate olivine to more evolved samples, as 

petrographic and experimental studies strongly support cocrystallisation of olivine and clinopyroxene in producing M-

series lavas (e.g., Thirlwall et al., 1996; Macdonald et al., 2000; Stamper et al., 2014a, 2014b). Yet the petrographic 

and geochemical observations (Fig. 4b, Fig. S-13) in our three “Xeno” samples make a clear case for olivine 

accumulation in these samples, causing coincidental overlap with the Ol + Cpx line trend. 

 

 

 
Figure S-14 (a) CaO vs. MgO of Grenada samples. Background grey dots are Grenada samples from literature (online 

GEOREC database). Grey dots define two liquid lines of descent, C-series and M-series. (b) CaO vs. MgO of all Lesser 

Antilles samples, which show similar differentiation trends to Grenada C-series (Ol crystallisation) and M-series (Ol + 

Cpx crystallisation). An olivine addition arrow indicates a mechanism through which ‘Xeno’ samples could be produced. 

 

3.9 The Mg isotope fractionation during magma differentiation modelling 

We set the initial δ26Mg of the primitive magma as −0.242 ‰, which is the average value of measured Mg isotope ratios 

of five primitive magma samples. We use a primitive MgO content of 15 wt. % (also the average MgO content of our 

five primitive magma samples). We calculated two differentiation paths, co-crystallisation of 20 % olivine and 20 % 

clinopyroxene and 20 % Ol-only fractionation to represent both endmember liquid lines of descent. The percentages of 

crystallisation are based on the experimental study of Stamper et al. (2014b). We used the following equations (modified 

after DePaolo, 1981) to describe fractional crystallisation: 

cl
i
 = c0

i
F

Di - 1 

δ26Mgresidual melt = δ26Mginitial + 1000 Di ln(F) ln(26/24αsolid/melt) 

cl
i and c0

i  are MgO contents in residual and initial melts; F is the liquid mass fraction; Di is Mg distribution coefficient 

between the solid phase and melt (4.44 for olivine-melt, Beattie, 1994; 2.11 for Cpx-melt, Adam and Green, 2006). 
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26/24αsolid/melt = exp[(Δ26/24Mgsolid/melt)/1000]. 26/24MgOl/melt = −0.071 ‰ (1438 K, this study). 26/24MgCpx/melt (0.039 ‰) is 

calculated from 26/24MgCpx/Ol + 26/24MgOl/melt, where 26/24MgCpx/Ol (0.11 ‰) is from the average of literature data 

(Handler et al., 2009; Yang et al., 2009; Huang et al., 2011; Liu et al., 2011; Pogge van Strandmann et al., 2011; Xiao 

et al., 2013, 2016; Lai et al., 2015; Liu et al., 2017; Stracke et al., 2018). Given the dominant control of olivine on 

removal of Mg from the evolving liquid and its greater fractionation relative to melt compared to clinopyroxene, the 

calculations are most strongly controlled by our new value of 26/24MgOl/melt. 

In keeping with the earlier discussion, the “Xeno” samples were modelled with olivine accumulation (Fig. 4d). 

Composition of the accumulated olivine: MgO of 45 % and δ26Mg of −0.313 ‰ (olivine crystallised from primitive melt 

whose δ26Mg is −0.242 ‰ and considering 26/24MgOl/melt of −0.071 ‰). 
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Table S-5 Magnesium isotope ratios of Lesser Antilles and Mariana arc lavas. 

 26MgDSM-3 (‰) Pooled 2 s.e. N MgO (wt. %) Mg# Grouping Location 

Lesser Antilles arc basalts 

LAG4 −0.245 0.030 8 17.31 77.4 Primitive Grenada 

rpt −0.244 0.024 8     

mean −0.245 0.019 16     

RSV51* −0.256 0.025 8 15.61 75.25 Primitive St. Vincent 

RSV52* −0.227 0.024 8 15.06 74.85 Primitive St. Vincent 

KEJ011-2* −0.231 0.030 6 10.46 73.64 Primitive Grenadines 

AMG6103* −0.253 0.025 8 15.28 73.79 Primitive Grenada 

WIC19 −0.254 0.028 6 10.40 70.53 Xeno Grenadines 

LSS1 −0.241 0.024 4 7.37 63.89 Xeno Saba 

LAS1 −0.230 0.021 5 8.01 66.01 Xeno Saba 

rpt −0.232 0.024 8     

mean −0.231 0.017 13     

LSG8 −0.184 0.029 8 7.06 56.82 Evolved Grenada 

LSG5 −0.178 0.024 4 8.55 61.62 Evolved Grenada 

LAG2 −0.142 0.030 8 6.86 55.77 Evolved Grenada 

rpt −0.189 0.036 6     

mean −0.162 0.023 14     

LAV2 −0.155 0.029 8 4.15 47.67 Evolved St. Vincent 

LSMO7 −0.154 0.029 8 5.39 53.95 Evolved Martinique 

GUAD511 −0.191 0.029 8 6.61 54.65 Evolved Guadeloupe 

LSK2 −0.187 0.029 8 4.20 45.21 Evolved St. Kitts 

LAE3 −0.231 0.029 8 7.72 72.25 Cumulate Statia 

Mariana arc basalts 

AGR2 −0.106 0.022 6 4.98 44.21  Agrigan 

AGR4b −0.139 0.030 4 4.80 46.18  Agrigan 

PAG1 −0.112 0.022 6 5.45 46.97  Pagan 

PAG3 −0.139 0.022 6 5.25 45.96  Pagan 

GUG3 −0.164 0.031 6 3.36 40.13  Guguan 

GUG4 −0.188 0.031 6 5.22 50.20  Guguan 

GUG6 −0.155 0.031 6 3.99 44.15  Guguan 

GUG9 −0.172 0.031 6 4.23 45.42  Guguan 

GUG11 −0.154 0.031 6 3.38 41.81  Guguan 

GUG13 −0.174 0.031 6 3.47 41.55  Guguan 

Rock standards 

BHVO-2 −0.202 0.008 81     

JP-1 −0.221 0.016 23     

MgO and Mg# data of Lesser Antilles arc lavas are from van Soest (2000) except samples labelled with an asterisk (*), which are from Thirlwall 

et al. (1996), Robertson (2002), and Sigurdsson and Shepherd (1974). Mariana arc lavas are from Elliott et al. (1997). 

rpt refers to a repetition of the whole chemical and analytical process, including digestion, column chemistry and instrument analysis. 
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Supplementary Tables (as Excel files) 
 

Table S-6 Microprobe data and BSE images of the olivine and glass of olivine-glass pair samples. 

 

Table S-7 Mineral assemblages and microprobe data of olivine in Lesser Antilles samples. 

 

Tables S-6 and S-7 are available for download (Excel) from the online version of the article at 

https://doi.org/10.7185/geochemlet.2226. 
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