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ARTICLE INFO ABSTRACT

Edited by\Dr Fang-Zhen Teng It has been hypothesized that Ni isotope heterogeneities in ultramafic xenoliths, mid-ocean ridge basalts (MORB)

and ocean island basalts (OIB) might originate from recycled components. Eclogitic and blueschist facies ul-

Keywords: tramafic, basaltic, and gabbroic lithologies from the SW Alps have Ni isotopic compositions (5°*/°®Ni) extending
St.able isotopes from -0.5 to +0.3 %o, overlapping well with the values found in oceanic basalts and mantle xenoliths. The
gll:tl; ijo hism Queyras blueschist facies metagabbros display the lightest Ni isotope compositions (-0.5 to +0.2 %o), correlating
SerpentiIrEtes negatively with enrichment in fluid mobile elements such as Li and Sb, consistent with isotopic fractionation

during metasomatism. The Zermatt eclogites and Allalin gabbros define a more restricted range of 8°*/®Ni, with
metabasalts (-0.2 to +0.1 %o) lighter than metagabbros (+0.1 to +0.3 %o); the latter overlapping with published
results for typical un-metasomatized lherzolites and harzburgites. Eclogitic serpentinites from Monvisoare
similar (5°%/°®Ni = 0.0 to +0.3 %o). Only metasediments are isotopically heavy (8%%/58Ni = +0.1 to +0.7 %o),
except for one greenschist facies metagabbro from Chenaillet (+0.7 %o). Published data for seafloor alteration of
oceanic crust do not explain the variations. Indeed, abyssal serpentinites from the Atlantic Ocean, included for
comparison as a putative Ni-rich recycled protolith, display highly variable 3°*/°®Ni (+0.3 to +1.2 %), heavier
than any reported MORB, OIB or ultramafic xenoliths, and with an apparent hyperbolic relation with
18705/1880s, possibly reflecting ancient sulfide removal or some form of alteration process in antiquity. Sub-
duction of high pressure metamorphic mafic assemblages like those of the SW Alps provide an enriched source
component with light §°%/°®Ni that could contribute to the Ni isotope heterogeneity found in MORB, OIB, and
peridotite and pyroxenite xenoliths.

Mantle recycling

1. Introduction

The Earth’s mantle contains 97 % of the nickel in the silicate Earth
(McDonough and Sun, 1995), reflecting the similarity in charge and
ionic radius of Ni and Mg, hence strong compatibility of Ni during
melting. Nickel isotopic compositions do not fractionate significantly
during mantle melting (Klaver et al., 2024; Saunders et al., 2020).
Despite this, plus the overwhelming budgetary dominance of the mantle,
Ni stable isotope data for unaltered basalts and peridotite xenoliths
define a range of values that far exceed the limits of analytical uncer-
tainty (8%%/38Ni = —0.19 %o to +0.36 %s; Klaver et al., 2020; Saunders
et al., 2022, Saunders et al., 2020; Wang et al., 2021; Yang et al., 2023)
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with lighter §%%/%8Ni associated with indicators of incompatible element
and Fe enrichment (Klaver et al., 2020; Saunders et al., 2020, 2022).
Even lighter §°%/°8Ni is found in some pyroxenites, extending to —0.38
%o (Saunders et al., 2020).

Some pyroxenites are thought to represent recycled basaltic oceanic
crust (e.g. Zhang et al., 2019). Therefore, to explore whether this un-
expected mantle heterogeneity is caused by recycling of ocean floor
materials we have studied relict slab sections (meta-ophiolites) from the
Western Alps that preserve evidence for blueschist and eclogite facies
conditions, and that were metamorphosed and obducted during the
Alpine orogeny. These Alpine meta-ophiolites record well-defined pro-
grade metamorphic conditions that are taken to be representative of a
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P-T path for subducting mafic oceanic crust and exhibit varying degrees
of slab metasomatism, from fluids derived from proximal subducting
sediments (Inglis et al., 2017). Such features, combined with extensive
literature data, e.g. Dale et al. (2007, 2009), Debret et al. (2016a) and
Inglis et al. (2017), make this sample set ideal for studying how such
large-scale metamorphism could fractionate the Ni isotope compositions
of subducted materials. We compare the Ni isotope composition of high
pressure and temperature (HP-HT) lithologies to pre-existing datasets
for altered oceanic crust (Gall, 2011; Gueguen et al., 2013) and new data
on serpentinized Ni-rich abyssal peridotites from the 15° 20N Fracture
Zone area on the Mid-Atlantic Ridge. The behaviour of Ni in subduction
zones is not well understood, so these results provide insights into the
processes that cause elemental Ni redistribution and isotope fraction-
ation relevant to the sources of arc volcanism.

2. Geological setting and sample descriptions
2.1. Subducted ocean floor

The Western Alps are a natural laboratory for studying fluid-
mediated transfer during subduction (Scambelluri and Philippot,
2001). Alpine meta-ophiolites were metamorphosed at typical subduc-
tion zone P-T conditions, and preserve their prograde metamorphic
history (Agard, 2021). These meta-ophiolites are mainly composed of
serpentinites enveloping metagabbros. They were highly hydrated and
serpentinized during an oceanic stage in a distal continental margin or
mid-ocean ridge environment, prior to partial dehydration during pro-
grade metamorphism (Agard, 2021). We selected twenty high-pressure
rocks from four localities across the Western Alps, namely the Chenail-
let ophiolite, the Queyras Schiste Lustrés complex, and the Monviso and
Zermatt Zaas meta-ophiolites. These record various P-T conditions, from
greenschist to eclogite facies, and simulate a subduction P-T gradient
(see Supplementary Figure 1 for location and P-T record). An extended
geological background is provided in the Supplementary Information (SI
1.1)

The Chenaillet Massif is an obducted ophiolite forming a klippe
sitting structurally on the Queyras Schiste Lustrés nappes, 6 km west of
Briangon (France). It mainly preserves low-pressure ocean floor para-
geneses that range from amphibolite to greenschist facies P-T conditions
(e.g. Debret et al., 2016b). The sample analysed (PR4) here is an un-
deformed, coarse grained gabbro comprising mainly plagioclase, clino-
pyroxene and brown amphibole with minor (<10 %) actinolite (Inglis
et al., 2017).

The Queyras Schistes Lustrés complex consists of 10 % meta-
ophiolites and 90 % of metasedimentary rocks strongly deformed dur-
ing alpine subduction. It is thought to be derived from a sedimentary
wedge (Tricart and Schwartz, 2006). The complex can be divided in
three tectono-metamorphic units recording increasing P-T conditions
from east (0.9 to 1.1 GPa and 320-370 °C) to west (2 GPa and 400-470
°C; e.g. Schwartz et al, 2013). The Queyras meta-ophiolites are
considered to represent an open system where fluids released during
meta-sediment dehydration infiltrated the surrounding rocks during
subduction, resulting in extensive HP-HT fluid-rock interaction between
different lithologies (e.g. Debret et al., 2016a). For this study, we
selected six blueschist metagabbros (QE10, BB1, RV7, CE12, TR6, TR9)
and one blueschist metasediment (RV5). The Queyras metagabbros are
mainly composed of magmatic clinopyroxene relics, low-pressure
amphibole (e.g., hornblende, actinolite), ilmenite, titanite, glauco-
phane, lawsonite and chlorite with variable amounts of albite, epidote,
and quartz. Textural relationships show that glaucophane and lawsonite
(+ epidote, quartz) replaced low pressure amphibole and plagioclase
assemblages with increasing P-T conditions from west to east (Debret
et al., 2016b). The Queyras metasediments are mainly made of para-
gonite, phengite, chlorite, carpholite, lawsonite, chloritoid, glauco-
phane, and quartz.

The Monviso meta-ophiolite is an eclogitic mafic/ultramafic unit
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extending over 30 km along strike at the French-Italian border (Sup-
plementary Figure 1). There are limited metasedimentary rocks
observed at this locality (<10 %). It is separated from the blueschist-
facies Queyras Schistes Lustrés Complex to the west by a ductile
normal fault. Despite its length, the Monviso Massif largely preserves the
structure of the oceanic lithosphere with homogeneous P-T conditions of
520-570 °C and 2.6-2.7 GPa for the entire meta-ophiolite (Caurant
et al., 2023). We selected two meta-serpentinites (Vis1F, Vis5b) and two
metasediments (Vis 18-13, Vis 18-17) for this study. The Monviso
meta-serpentinites are formed by the eclogite facies olivine, antigorite,
=+ titanoclinohumite paragenesis resulting from brucite breakdown at
HP-HT (Schwartz et al., 2013). The Monviso metasedimentary rocks
typically display the eclogite-facies kyanite-jadeite-garnet paragenesis
(Herviou et al., 2023).

The Zermatt Zaas complex is located further north, in Switzerland. It
represents continuous oceanic slices with ultramafic, mafic, and meta-
sedimentary lithologies metamorphosed at eclogite facies conditions.
Metagabbro and metabasalt samples from the Allalin gabbroic body
(S01/5G, S02/83viiiG, S01/35iix) and the Mattmark moraine (S01/
40viix, S02/85ixE, S01/40vx, and S02/85ixB) were selected for this
study (Inglis et al., 2017). Samples S01/5G and S02/83viiixG are fresh
gabbro preserving a primary gabbroic mineral assemblage with no evi-
dence of HP-HT overprint (‘ocean-like’ in figures hereafter). Eclogitic
samples (S01/35iix, S01/40viix, S02/85ixE, S01/40vx) display classic
eclogite assemblages of garnet, omphacite, paragonite, glaucophane,
and phengite while sample S02/85ixB displays evidence of retrograde
metamorphism. The metamorphic climax of the Allalin gabbro (S01/5G,
S02/83viiiG, S01/35iix) and the Mattmark moraine (S01/40viix,
S02/85ixE, S01/40vx, and S02/85ixB), is 2.5 GPa and 610 °C, which
contrasts with Zermatt Saas Pfulwe location at ~0.25 GPa and 550-600
°C (Inglis et al., 2017).

2.2. Abyssal serpentinites

The abyssal serpentinites are from two drill cores in the 15° 20N
Fracture Zone area on the Mid-Atlantic Ridge collected during ODP Leg
209 (See Supplementary Figure 2). In general, harzburgites from Hole
1274A are fresher than 1268A, and 1274A dunites are more highly
serpentinized than harzburgites from the same core (Kelemen et al.,
2004a). A more extensive geological background is provided in the
Supplementary Information (SI 1.2).

The 1268A ultramafic lithologies exhibit an unusual continuous
decrease in orthopyroxene between harzburgite and dunite, rather than
the more usual bimodal distribution (Kelemen et al., 2004b). Osmium
isotopes provide evidence that the melting that formed the residual
harzburgites at Hole 1274A occurred up to 2 Gyr ago followed by
decompression related melt extraction and percolation under the mod-
ern MOR (Harvey et al., 2006). In Hole 1268A, samples have been
affected by pervasive serpentinization and overprinting by pervasive
talc alteration (steatitization) under static conditions (Bach et al., 2004).
Bach et al. (2004) suggest that the talc alteration in Hole 1268A is due to
silica metasomatism mobilized during high-temperature (>350 °C)
fluid-rock interactions in harzburgites and gabbros. Klein and Bach
(2009) proposed a maximum temperature of 300 °C for the serpentini-
zation at Hole 1268A and 200 °C in 1274A based on bimodal Co dis-
tribution in pentlandites. Sulfides are only present in veins in Hole
1274A up to 0.4 % modal percent, compared to abundant sulfides in
Hole 1268A (Kelemen et al., 2004b).

We have analysed 3 samples from Hole 1268A of which two are talc-
altered serpentinites and the third a serpentinized harzburgite. Of the 6
samples from Hole 1274A, 4 are serpentinized harzburgites and 2 ser-
pentinized dunites.

3. Analytical methods

Analytical work was carried out in the Department of Earth Sciences,
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University of Oxford and in the Novel Isotopes in Climate, Environment,
and Rocks (NICER) laboratories of Lamont-Doherty Earth Observatory
(LDEO), Columbia University. Nickel purification was carried out in a
metal-free clean laboratory using the three-stage ion exchange chemis-
try described in Saunders et al. (2022, 2020), based on Gall et al. (2012),
using PTFE heat shrink micro-columns of diminishing size (615 pl, 250
pl, and 120 pl).

Nickel isotope compositions were determined by measuring °°Ni,
60Ni, ®'Ni, and ®Ni in pseudo-high resolution on either a Nu Plasma HR
MC-ICPMS (Oxford), or a Nu Plasma Sapphire MC-ICPMS in High Energy
mode (LDEO), with each Faraday collector using a 10~'! Q resistor. The
analysed masses were measured on the low mass peak shoulder in order
to avoid variable polyatomic interferences, especially on mass 58. Mass
57 was monitored for correction of the isobaric interference of >®Fe on
58Ni. A statistical rejection removed data that was outside acceptable
range (2 standard error) from the online calculations. To further reduce
the effect of any residual uncorrected polyatomic interferences or matrix
effects, samples and standards were intensity matched to give a total Ni
signal of ~15 V (Oxford) to ~35-55 V (LDEO). Data reduction for the
deconvolution of the double spike was performed online followed by
offline normalisation to the bracketing standard NIST SRM986. Nickel
concentrations were calculated by isotope dilution from the
fractionation-corrected double spiked Ni isotopic composition.

The accuracy and precision of our methods were assessed by
repeated analysis of USGS reference materials and in house Fe-Ni sul-
fides in each analytical session. At least one USGS reference material
(BHVO2, BIR1a, PCC1, or DTS2) was processed with each sample batch
and analysed over more than one session. Based on the above analyses of
rock reference materials the within-laboratory reproducibility, equiva-
lent to external reproducibility of this study was assessed as +0.06 %o (2
0). This was equal to the maximum 2 standard deviations from the
repeated replicates of USGS rock standards. This uncertainty is used for
all representative error bars in the figures in this paper. Extended in-
formation on methods, including values obtained for the analysis of
reference materials and standard solutions, is provided in the Supple-
mentary Information (SI 2).
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4. Results

Nickel concentrations and isotopic compositions are presented in
Tables 1 and 2 and compared with published data for a variety of
potentially relevant lithologies and reservoirs in Fig. 1. The studied
samples cover a wide range in Ni concentrations from 53 to 3070 pg.g’l,
with highest concentrations, as expected, in the serpentinites. Nickel
concentrations in metabasalts are lower on average than an average for
their protoliths, whereas for metagabbros there is no significant differ-
ence. The 3 metabasalts average 68 + 17 pg.g~ ' (2SE) compared with a
MORB average of 98 + 2 ug.g ! (2SE, n = 2679) (Gale et al., 2013). The
14 metagabbro samples average 188 + 66 pug.g~ ' (2SE), comparable to
the gabbro average in Godard et al. (2009) of 158 pg.g~'. The four
olivine metagabbros (metagabbros with Mg#>0.8, (Inglis et al., 2017))
average 323 + 73 pg.g~! (2SE), comparable with the published olivine
gabbro average of 305 = 40 pg.g ! (2SE, n = 72) (Godard et al., 2009).
The 10 metagabbros with Mg# between 0.7 and 0.8 average 118 + 30
pug.g ! (2SE). Given the variability within pristine gabbros and basalts,
these data do not indicate Ni loss. There is no significant difference in Ni
concentration between the abyssal serpentinites (1649 to 2170 pg.g™ 1)
and some mantle estimates, e.g., 1860 pg.g’1 (Palme and O’Neill, 2007).

The §°0/58Ni for the Alpine meta-ophiolite samples in this study also
span a wide range from —0.50 + 0.02 %o to +0.76 + 0.08 %o. Distinct
lithologies and locations display very different isotopic compositions,
even for specific sub-types (e.g. those samples that had basaltic or
gabbroic protoliths).

The average 5°*/®Ni for the metamorphic samples in this study is
+0.13 + 0.60 %o (2SD, n = 20), and basaltic / gabbroic types average
§%0/58Ni = 10.07 £ 0.58 %o (2SD, n = 15). When combined with the
literature eclogite data of Wang et al. (2021) the meta-igneous average is
8°0/8Ni = +0.06 + 0.48 %o (25D, n = 22). Metasediments from this
study preserve the largest range in Ni isotope compositions (5°/°8Ni =
+0.09 %o to +0.76 %o, n = 3), consistent with the wide range of pub-
lished marine sediment data (—0.79 %o to +2.50 %o, average 500758 —
+0.50 £ 1.15 %o, n = 137, 2SD; Ciscato et al., 2018; Fleischmann et al.,
2023; Little et al., 2020; Pasava et al., 2019; Porter et al., 2014). Eclogite
facies samples are heavier in §°%/°®Ni than blueschist facies samples of
the same protolith lithology. Specifically, eclogite metagabbros average
80%8Ni = +0.21 + 0.16 %o (n = 7, 2SD) whereas blueschist

Table 1
Metamorphosed samples with Ni isotope data, Ni concentration by isotope dilution, and n = number of replicate analyses with 2SD on those replicates.
Sample Lithology Facies General location Ni conc by ID (pg.g™1) 590/58Ni (%0) 2SD n
Vis 18-13 metasediment eclogite Monviso 75.1 +0.759 0.075 3
Vis 18-17 metasediment eclogite Monviso 57.5 +0.357 0.053 2
Vis1F serpentinite eclogite Monviso 3070 +0.042 0.051 5
Vis5b serpentinite eclogite Monviso 1566 +0.286 0.052 9
RV5 metasediment blueschist Queyras 55.9 +0.085 0.015 3
QE10 metagabbro blueschist Queyras 226.7 —0.040 0.023 3
BB1 metagabbro blueschist Queyras 88.3 —0.371 0.047 4
RV7 metagabbro blueschist Queyras 134.7 +0.008 0.076 5
CE12 metagabbro blueschist Queyras 87.4 —0.483 0.029 5
TR6 metagabbro blueschist Queyras 67.9 +0.192 0.040 3
TR9 metagabbro blueschist Queyras 67.0 —0.013 0.024 3
S01/40viix metagabbro (olivine) eclogite Zermatt, Mattmark 343.3 +0.292 0.042 3
S02/85ixE metagabbro eclogite Zermatt, Mattmark 133.8 +0.240 0.060 3
S02/85ixB metagabbro eclogite, with evidence of late retrogression Zermatt, Mattmark 165.3 +0.147 0.032 3
S01/40vx metagabbro (olivine) eclogite Zermatt, Mattmark 286.5 +0.182 0.043 3
S02/75iiR metabasalt eclogite Zermatt, Pfulwe 63.3 +0.058 0.027 2
S02/75iiiR metabasalt eclogite Zermatt, Pfulwe 87.2 —0.175 0.021 3
S02/41v metabasalt eclogite Zermatt, Pfulwe 52.8 —0.105 0.055 3
S01/35iiix metagabbro eclogite Zermatt, Allalin 121.6 +0.325 0.031 2
S01/5G metagabbro (olivine) ocean-like Zermatt, Allalin 483.3 +0.165 0.019 4
S02/83viiixG metagabbro (olivine) ocean-like Zermatt, Allalin 338.0 +0.080 0.052 4
PR4 metagabbro greenschist / ocean-like Chenaillet 86.4 +0.749 0.043 7
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Table 2
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Abyssal serpentinite data with Ni isotope data, Ni concentration by isotope dilution, and n = number of replicate analyses with 2SD on those replicates.

Hole Core  Lith Grid reference Depth in core (cm) ~ Metres below sea floor (mbsf) ~ Niconcby ID (ug.g™")  8°*®Ni (%)  2SD n

1268A 8R1 serpentinite (talc- 14°50 N 45°25'W 28-35 44.28 1688 +0.460 0.074 4
altered)

1268A 16R2  serpentinite (talc- 14°50 N 45°25'W  88-94 84.49 1650 +0.427 0.016 3
altered)

1268A  2R2 serpentinized 14°50 N 45°25'W  27-35 15.19 1664 +0.497 0.072 2
harzburgite

1274A  4R1 serpentinized 15°38 N 46°40W  30-36 21.6 1938 +1.177 0.089 3
harzburgite

1274A  7R1 serpentinized 15°38 N 46°40W  68-74 36.48 1715 +0.402 0.022 2
harzburgite

1274A 12R2  serpentinized 15°38 N 46°40W  35-41 59.75 1905 +0.397 0.036 3
harzburgite

1274A 17R2 serpentinized 15°38 N 46°40'W 27-33 88.57 1703 +0.394 0.051 2
harzburgite

1274A  8R1 serpentinized dunite 15°38 N 46°40W  72-88 40.72 2171 +0.278 0.024 3

1274A  25R1 serpentinized dunite 15°38 N 46°40W  63-69 137.13 1716 +0.918 0.053 2

e Metagabbro/metabasalt e Metasediment

Ni (ng.g?)

1.E+00 1.E+01

eEclogite (serpentinite) aSerpentinite

1.E+03 1.E+05

+ + 2.0

Seawater
1E-4to 1E-3 pg.g*

MORB (altered)

Arc basalt———

N/

Deep sea sed p\10rp

Hydrothermal crusts

Pyroxenite

Sed rock marine

05

SNi (%)

0.5

Laterite etc 10

15

Mn sed

2.0

Fig. 1. Nickel isotopic compositions for the data presented in this paper (solid symbols) relative to literature equivalents (open symbols) Serpentinites references
(Dong et al., 2024; Gall, 2011; Gueguen et al., 2013; Machado et al., 2023; Spivak-Birndorf et al., 2018; Wang et al., 2021). Also shown: solid zones for other high
temperature lithologies (Gall, 2011; Gall et al., 2017; Gueguen et al., 2013; Klaver et al., 2020; Ratié et al., 2015; Saunders et al., 2022, Saunders et al., 2020; Wang
et al., 2021; Yang et al., 2023), and patterned zones for other seafloor related and altered lithologies relative to the above (Ciscato et al., 2018; Fleischmann et al.,
2023; Gall, 2011; Gueguen et al., 2021, Gueguen et al., 2013; Gueguen and Rouxel, 2021; He et al., 2023; Little et al., 2020; Machado et al., 2023; Pasava et al., 2019;
Porter et al., 2014; Ratié et al., 2016, 2015; Spivak-Birndorf et al., 2018; Sun et al., 2024). Seawater references (e.g. Archer et al., 2020; Cameron and Vance, 2014;
Lemaitre et al., 2022; Takano et al., 2022, 2017; Wang et al., 2019). Eoarchean peridotites and intraplate igneous materials are not shown.

metagabbros average 5%0/58Ni = —0.12 + 0.47 %o (n = 6, 2SD); and
eclogite facies metasediments average 8°*/®Ni = +0.56 =+ 0.40 %o (n =
2, 2SD), whereas the single blueschist facies metasediment has 5%0758Ni
of +0.09 %o (n = 1). Excluding the two metagabbros with preserved
primary mineral assemblages (S01/5G and S02/83viiixG) barely
changes the average eclogitic metagabbro §°%/%®Ni to 40.24 + 0.13 %o
(n=5, 2SD). Eclogitic metabasalts (average §%0/58Ni = —0.07 + 0.20 %o,
n = 3, 2SD), are between eclogitic metagabbros and blueschist meta-
gabbros in Ni isotopic composition. The two eclogitic serpentinites give
results of 8°%/°8Ni = +0.04 %+ 0.05 %o (5 replicate analyses) and +0.29 +
0.05 %o (9 replicate analyses), also between eclogitic metagabbros and
blueschist metagabbros in Ni isotopic composition. The average §%/°®Ni
for Zermatt metagabbros with Mg# < 0.8 (40.24 + 0.11 %o, 2SD, n = 2)
and Mg# > 0.8 (+0.24 + 0.15 %o, 2SD, n = 3) are identical. Average

unmetasomatised mantle peridotite (+0.14 + 0.11 %o; 2SD, n = 44;
Klaver et al. 2020; Saunders et al., 2020; Wang et al., 2021) falls be-
tween these two samples. The single greenschist-facies meagabbro from
this study contrasts starkly with other high-temperature samples from
both this study and from the literature, with a §°%/°®Ni of +-0.74 + 0.04
%o (2SD on 7 individual analyses). This locality is not associated with
Alpine metamorphism, the greenschists reflecting a later overprint
(Inglis et al., 2017). However, it provides evidence that high- and
low-pressure metamorphic processes and fluids have influenced the Ni
isotopic compositions very differently.

From the blueschist Queyras locality, two metagabbros from medium
temperature (340-360 °C) and four from high temperature (380-470
°C) domains were sampled. The medium temperature samples (CE12 =
—0.48 %o, QE10 = —0.04 %o), define a smaller range than the high
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temperature domain samples (BB1 = —0.37 %o, TR9 = —0.0 1 %0, RV7 =
+0.01 %o, TR6 = 4+0.19 %0). The high temperature metasediment sample
falls within the high temperature metagabbro range (RV5 = +0.09 %o).

Of the Zermatt Saas samples, two gabbros with primary mineral as-
semblages (‘ocean-like’, Allalin) have 5%0/58Nii of +0.17 %0 (S01/5G) and
+0.08 %o (S02/83viiixG). Of the remaining metagabbros the sample
with the lightest 85*/°®Ni (4-0.15 %) has evidence of late retrogression
(S02/85ixB), whereas the sample with the heaviest 5°0/58Njj is also from
Allalin (S01/35iiix = +0.33 %o). Of the metabasalts from Zermatt Saas,
two are from the rim of the same pillow basalt (S02/75iiR = +0.06 %o
and S02/75iiiR = —0.18 %o), whereas the last is from a massive basalt
(S01/41v = —0.11 %o).

At the Monviso locality, as with the samples from Queyras, the
metasediments have the heaviest 5°*/°®Ni determined (Vis18-17 =
+0.36 %o, Vis18-13 = +0.76 %o), whereas two eclogite-facies serpen-
tinites with mantle protoliths are lighter (Vis1F = +0.04 %o, Vis5b =
+0.29 %o).

Of the abyssal serpentinites, the overall range in §°*/°®Ni is consis-
tently heavy (+0.28 %o to +1.18 %o) compared to previously reported
data for samples of basaltic ocean floor material (—0.22 %o to +0.19 %o,
(Gall, 2011; Saunders et al., 2022; Wang et al., 2021). Harzburgitic
serpentinites range in 559/58Ni between +0.39 %o and +1.18 %o (average
= +0.57 + 0.61 %o,) and dunitic serpentinites range from +0.28 %o to
+0.92 %o (average +0.60 + 0.64 %o). Samples from Hole 1268A average
+0.46 &+ 0.06 %o (n = 3), with no resolvable difference from those of
Hole 1274A (+0.59 + 0.66 %o (n = 6)). Two samples from 1268A are talc
altered but their average composition of +0.44 + 0.03 %o, is within
uncertainty, identical to that of non-talc altered serpentinized samples,
which average +0.58 & 0.61 %o. All these abyssal serpentinites have
strikingly heavy Ni isotopic compositions compared with any ultramafic
xenoliths yet reported (Gall et al., 2017; Klaver et al., 2020; Ratié et al.,
2015; Saunders et al., 2020; Wang et al., 2021) (Fig. 1).

5. Discussion: the causes of Ni isotopic fractionation

5.1. Nickel isotopes in abyssal serpentinites and ancient silicate-sulfide
fractionation

The Ni isotopic compositions of the abyssal serpentinites are highly
variable, extending to values that are heavier (+0.28 %o to +1.18 %o)
than anything previously reported for mantle-derived materials. These
samples are variably serpentinized and so an obvious first question is
whether this reflects interaction with isotopically heavy Ni from
seawater (weighted average 6°%/°®Ni = +1.37 %o: Archer et al., 2020;
Cameron and Vance, 2014; Lemaitre et al., 2022; Little et al., 2020;
Takano et al., 2022, 2017; Wang et al., 2019)). This seems unlikely
because the Hole 1274A harzburgites are less serpentinized than the
associated dunites (Kelemen et al., 2004a), yet the 560/58Ni is similar.
Furthermore, the concentration of Ni in seawater is so low (averaging
2.93 x 107* pg.g7! Archer et al., 2020; Cameron and Vance, 2014;
Lemaitre et al., 2022; Takano et al., 2022; Wang et al., 2019) that
altering the Ni isotopic compositions from normal mantle to such heavy
values would require water / rock ratios of the order of 10°. Addition-
ally, there is no significant Ni loss in this sample suite compared to
average pristine protolith concentrations. Therefore, seawater alteration
is, at first sight, an unlikely mechanism for producing heavy §°*/°®Ni in
abyssal serpentinites. Nonetheless, major variations in &°%/°8Nj,
including heavy values, have been recorded in heavily weathered ser-
pentinites (Machado et al. 2023).

A second possible explanation is that variations in 5°*/°®Ni are
affected by sulfide alteration. Nickel concentration is not correlated with
S abundance in abyssal peridotites from these cores (Supplementary
Figure 3) regardless of the absence or presence of talc alteration. This
seems to rule out late-stage sulfide mineralisation as an agent of Ni
isotope fractionation. For the three samples with S data in our 5°*/°8Ni
dataset, no significant relationship is observed. Sulphur in
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unserpentinized mantle is usually restricted to 200 =+ 50 pg.g~* (Palme
and O’Neill, 2007). Sulfide as a discrete phase is present at <0.03 modal
%, of which pentlandite, the only primary mantle sulfide that carries a
significant wt. % of Ni, is only a small fraction. Sulphur contents in the
abyssal serpentinites of this study (n = 3) are highly variable from
“normal” mantle values up to 0.55 wt. % (Paulick et al., 2006). Talc
alteration in Hole 1268A samples is associated with a marked increase in
S abundance. Sulfide mineralization differs in its nature by locality, with
the S from Hole 1268A being hosted primarily in veins and up to 3 wt. %
in bulk material (Miller, 2007), whereas veins in 1274A have a
maximum of 0.4 % sulfide (Kelemen et al., 2004a) and substantially
lower S concentrations overall. Both sites exhibit evidence of heavy Ni
isotope compositions, but no association is seen between heavier
550/%8Ni and more extreme S abundances attributable to the hydro-
thermal fluids associated with talc formation (Paulick et al., 2006). In
recent work on intraplate basalts, Dong et al. (2024) used Cu to monitor
sulfide involvement in mantle melting on §°/58Ni - a relationship which
is not observed in this work (Supplementary Figure 4).

A clue to the possible cause of the heavy §%*/°®Ni in abyssal peri-
dotite samples lies in the Os isotopic compositions. In fact, this is the only
parameter that shows a systematic relationship with §%%/°®Ni. Six of the
samples studied, all from Hole 1274A, have associated Os isotopic data
(Harvey et al. 2006), which define an apparent hyperbolic trend be-
tween the mass dependent §5*/°®Ni fractionation and radiogenic
18705/1880s, with the heaviest §°%/°®Ni associated with unradiogenic
Os, and vice versa (Fig. 5). This relationship is the opposite of that ex-
pected from seawater alteration. The '870s/'%80s of present-day
seawater is about 1 (e.g. Gannoun and Burton, 2014) so cannot
explain the heavy §°*°®Ni endmember, which is associated with
ancient, mantle-like unradiogenic 870s/!%80s of 0.118. Seawater
1870s/1880s has changed over time and was as low as 0.4 in the Paleo-
cene (Ravizza et al., 2001). The Os isotopic composition of seawater
prior to this is not well constrained but is expected to include a major
component of radiogenic Os from continental erosion. Conversely, an
1870s/1880s of 0.118, associated with heavy §°%/°®Ni is exactly what is
to be expected as the time-integrated effect of low "Re/*®80s, pre-
dicted for strongly depleted mantle. The relationship with Os isotope
composition also precludes a diffusion process for the observed Ni iso-
topes fractionation, as there would be no cause for diffusion to affect
both isotope systems in this way, given that Os is corrected for isotopic
fractionation.

One possible explanation is that these heavy Ni isotope compositions
predate seafloor alteration, and that the oceanic crust and upper mantle
contain ancient, strongly depleted peridotites, with unusually heavy %%/
58Ni. The apparent hyperbolic trend in Fig. 5 is too strongly curved to
reflect simple mixing. This would require an orders of magnitude dif-
ference in [Os] between the two end members, whereas the measured
serpentinite concentrations vary by only a factor of 5 (Harvey et al.
2006). There also is no known mechanism for achieving this trend via
silicate-melt fractionation (Klaver et al., 2024, Klaver et al., 2020;
Saunders et al., 2020). However, sulfides often carry isotopically light
500758 (Gueguen et al., 2013; Hofmann et al., 2014; Pasava et al.,
2019; Smith et al., 2022) as well as fractionated Re/Os (e.g. (Dale et al.,
2007)). Ancient equilibrium fractionation with a sulfide liquid with high
Re/Os and light 55*/°8Ni, could potentially leave a silicate residue, with
variable Re/Os and isotopically fractionated Ni. There are no functional
relationships discernible between [Ni] and either Ni isotopic composi-
tion, or '70s/1880s. However, the 870s/!880s does show a broad trend
with 187Re/1®0s that might relate to fractionation at around 1 Ga
(Harvey et al. 2006). Therefore, the present Ni concentrations presum-
ably reflect in part more recent unrelated disturbances, such as from
extensive seawater alteration.

Such heavy 5°/°8Ni is unusual in mantle-derived samples (Gall et al.,
2017; Saunders et al., 2022; Wang et al., 2021; Yang et al., 2023).
However, similarly heavy 5%/°®Ni, ranging from +0.07 %o to +1.00 %o,
has been identified in Siberian Trap basalts (Chen et al., 2023). These
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have also been ascribed to enrichment in heavy §°%°®Ni in residual
silicate melt following sulfide segregation. There is a strong negative
relationship between heavy 5°*/°Ni and Ni content in the Siberian Trap
samples (Chen et al., 2023), which would be consistent with recent
redistribution of chalcophile elements in the abyssal peridotites. How-
ever, no such relationship is observed in this new dataset.

Alteration of Ni-rich rocks in a tropical continental weathering
environment can display highly variable Ni isotopic compositions
ranging from —0.57 %o to +0.52 %o, where more negative 5°%/°®Ni
compositions are observed closer to the surface of the weathering profile
(R2 = 0.73, data from Machado et al., 2023). These samples show a
moderate inverse covariation between 5°*/°®Ni and Ni concentrations
(R? = 0.52, data from Machado et al., 2023), unlike that observed in the
serpentinites of this work. The ultramafic parent serpentinite has
860/38Ni = 10.24 %o and +0.26 %o (Machado et al., 2023), both exam-
ples being lighter than the lightest 3°*/°8Ni observed in our serpentinite
dataset.

Recently, it has been shown that most arcs display Mg isotopic
compositions that are heavier than those of normal mantle-derived rocks
(Fan et al., 2024; Yuan et al., 2023). Fan et al. (2024) relate the mobility
of Mg in subduction zones to the presence of serpentinite, with some
dependence on the temperature of the arc system. Nickel isotopic
compositions would provide a powerful test of this interpretation of the
Mg isotope data. The only Ni isotope data currently available on arc
basalts are from Kamchatka, a cold arc that shows average Mg isotopic
compositions that are identical to those of the mantle (Fan et al., 2024).
These data on evolved magmas are not comparable to the dataset pre-
sented here, and the relationships observed in Kamchatka are not
observed within our dataset. For Ni this is also true with an average
5%0/58Ni of +0.11 %o (n = 19). However, the data do range to unusually
heavy compositions of +0.34 %o (Yang et al., 2023), which might reflect
a serpentinite component.

5.2. The Ni isotopic variations in the metamorphic assemblages are not
inherited from the protolith oceanic crust

Given that the metamorphic samples studied here are of oceanic
lithospheric origin, it is worth evaluating whether any of the Ni isotopic
variations might be inherited from such a protolith. Nickel isotope
compositions of fresh and altered MORB have been published previously
(Gall, 2011; Gueguen et al., 2013; Saunders et al., 2022; Wang et al.,
2021), and with abyssal serpentinites also investigated in this work, a
wider range of possible subduction zone input compositions can now be
evaluated.

Altered MORB studied thus far exhibits a range of 55*/°®Ni from
—0.03 to +0.14 %o, with an average of +0.05 & 0.11 %o (2SD; n = 11)
(Gall, 2011; Gueguen et al., 2013), which is entirely within the extremes
of pristine MORB samples (—0.22 to +0.19 %o; average of +0.02 + 0.20
%o, n = 30, 2SD; Gall, 2011; Saunders et al., 2022; Wang et al., 2021).
Both altered and pristine sample sets yield the same average 5§°%/°®Ni of
+0.05 %o, when arithmetically weighted by Ni concentration. Therefore,
seafloor alteration of the oceanic crust does not appear a likely cause of
the Ni isotope variability in the mantle-derived samples studied so far.
There is no overlap in §°*/°®Ni between meta-igneous samples studied
here and MORB datasets (Fig. 1). The relationships between chemical
parameters such as La/Yb (Fig. 2), which can be controlled by magmatic
differentiation, and 8°*/°®Ni in meta-igneous samples are also unlike
those found in MORB.

Any Ni isotope fractionation stemming from magmatic differentia-
tion would be expected to generate a covariation with [Ni] (Fig. 4) or
[Mg] (Supplementary Figure 5), such as observed in Yang et al. (2023),
which is not observed in this dataset. Furthermore, the work by Klaver
et al. (2024) showed that silicate mineral Ni isotope fractionation is
negligible except for that observed between clinopyroxene and olivine.
Further, experiments showed that olivine-melt equilibrium could only
produce a small fractionation +0.004 to —0.047 %o (Klaver et al., 2024).
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Fig. 2. Contrasting relationships observed in La/Yb with MORB dataset
(Saunders et al., 2022; Wang et al., 2021) and new Alpine metamorphosed data.
Error bars on Ni isotope composition are 2SD on repeated analyses of the
sample. X axis error bars of 5 % equivalent to worst case scenario.

This magnitude of fractionation cannot reproduce the range of values
observed in this dataset. Further, the Ni concentrations relate directly to
Mg# (calculated by total moles Mg / total moles Mg + total moles Fe, as
in (Inglis et al., 2017) in the expected way. Yet there is no relationship is
observed between 5°/°8Ni and Mg# across a range of values.

Nickel isotopic variations in subduction zones could also be intro-
duced by subducted ferromanganese deposits such as metalliferous
sediments, hydrogenetic crusts, hydrothermal crusts and Mn nodules.
Light 8%*/°®Ni compositions have been recorded in hydrothermal Fe-Mn
oxide deposits, which are actively forming low temperature hydro-
thermal deposits associated with microbial mats (Gueguen et al., 2021).
Similarly, Mn-rich sediments from marginal locations in the Pacific
show isotopically light §°%/°8Ni compositions (Fleischmann et al., 2023;
Little et al., 2020). However, some deep ocean manganese-rich pelagic
sediments (Fleischmann et al., 2023) provide evidence of a variably
Ni-rich component with heavy 8°*/°®Ni that could also contribute to the
budget of subducted Ni. Ferromanganese crusts and nodules (Gall et al.,
2013; Gueguen et al., 2021) have extremely heavy §°%/8Ni (+0.33 %o to
+2.47 %), as well as being very Ni-rich (1162 to 11,850 pg.g ). A
comparatively small input of Ni from these isotopically distinct sources
has the potential to shift the 8°*/°®Ni of subducted metabasalt rocks to
higher values. The 55*/°®Ni of the metabasaltic and metagabbroic sam-
ples of this study (putting aside the one greenschist facies sample) range
only up to the heaviest values found in N-MORB and less enriched pe-
ridotites. There is therefore no evidence for mass transfer from isotopi-
cally much heavier Ni-rich ferromanganese crusts. Nickel
concentrations do not correlate with °%/°8Ni. Therefore, it seems more
likely that the Ni isotopes are fractionated during exchange with
metamorphic fluids rather than by mixing with a high Ni concentration
reservoir.

5.3. Evidence of fluid mobility and isotopic fractionation of Ni in
subduction environments

Isotopes of fluid mobile elements can be fractionated, either by ki-
netic or equilibrium processes and this has been demonstrated for Ni at
low temperatures as a result of weathering (e.g. Gall, 2011; Machado
et al., 2023; Ratié et al., 2015; Spivak-Birndorf et al., 2018; Sun et al.,
2024; Wu et al., 2022). In general, such fluid-rock interaction leaves an
altered mineral assemblage with light 5°%/°8Ni. As discussed above,
variable Ni isotopic compositions have been observed in Ni-rich rocks
altered in continental weathering — including values as light as —0.57 %o
between 3 — 7 m of a 45 m profile analysed of an Amazonian weathering
profile of an exposed mafic-ultramafic intrusive complex (Machado
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et al., 2023). To what extent major Ni isotope fractionation also occurs
at higher temperatures is less clear, although magmatic processes have
been shown to have little effect. Metasomatic fluids associated with the
formation of nephelinites derived by high fO, melting have been
hypothesised to have light 5°*/5®Ni, although, sulfide may also have
played a role (Sheng et al., 2022). Hydrothermal fluids have been
implicated in the production of heavy §°%°®Ni in native metals pro-
duced during interactions between fresh lava and seawater (Hawco
et al., 2020). The high-pressure metamorphic environment studied here
though is very different and is largely unexplored with respect to Ni
isotope systematics.

Of the samples derived from gabbroic protoliths, the eclogite-facies
metagabbro samples have a 5°*/°®Ni range of +0.08 %o to +0.33 %o,
averaging +0.21 + 0.16 %o (2SD, n = 7) whereas the blueschist-facies
metagabbros are significantly lighter, with a range of —0.48 %o to
+0.19 %o, and averaging —0.12 + 0.47 %o (2SD; n = 6). This difference
between rocks that have identical protoliths but have experienced
different pressure and temperature conditions in contrasting regions of a
subduction zone, provides powerful evidence that metamorphic fluids
are responsible for modifying 5°*/°®Ni during subduction. The one
sample with clear retrograde effects (S02/85ixB) does not show a frac-
tionated isotopic signature (4+0.15 & 0.03 %o). It is comparable with the
isotopic composition of the Bulk Silicate Earth and the average of the
entire sample set.

This contrasts with the highly fractionated results found across the
pristine prograde blueschist metagabbro sequence. These rocks display
striking negative correlations (Fig. 3) between Ni isotopic composition
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Fig. 4. Nickel concentration and Ni isotopic composition for Alpine sample set
contoured for Sb content. Error bars on Ni isotope composition are 2SD on
repeated analyses of the sample. Ni concentration analysed by isotope dilution;
error bars contained within symbols.

and the concentrations of various fluid mobile elements. For example,
[Li] is strongly correlated (R2:0.83) as is Li/Y (R2:0.76), a parameter
that is elevated in arc lavas (Elliott et al., 2004). The lightest 5%0/58N;
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Fig. 5. Figure showing the asymptotic mixing relationship between Os isotopic
composition and Ni isotopic composition. Osmium isotope data from (Harvey
et al., 2006). Error bars on Ni isotope composition are 2SD on repeated analyses
of the sample.

and highest Li concentrations are found in the Queyras metagabbros, a
locality which is associated with open system interaction with
sediment-derived fluids (Debret et al., 2016a), resulting in significant Fe
isotope fractionation (Inglis et al., 2017).

A strong correlation is also found between §°*/°®Ni and [Sb]
(R?>=0.80) in the Queyras metagabbros (Fig. 3), consistent with en-
richments found in serpentinites and transfer to the mantle wedge via
subduction fluids (Deschamps et al., 2010). Antimony is thought to have
similar incompatibility to Pr during MORB and OIB melt production
(Jochum and Hofmann, 1997). In the samples studied here, the Sb/Pr is
variable and higher in samples with lighter §°*/°®Ni. Antimony is often
carried in sediment-rich fluids and released from the slab in the early
stages of subduction at <350 °C (Wu et al., 2021). Therefore, it makes
sense that the highest Sb is observed in the blueschist samples at
Queyras, which is the location with the greatest sediment-derived fluid
contribution. In the metagabbros, lighter §°%/°Ni is also associated with
higher concentrations of other fluid-mobile elements such as Ba (R? =
0.57), and Cs (R?> = 0.36). Elemental ratios with Sb as well as Ba (as
shown in Fig. 3) have previously been used to indicate fluid-rock
interaction in these samples (Inglis et al., 2017). Note that the meta-
somatic effects in the blueschists cannot be related to retrograde fluids
because this is a well-preserved prograde sequence without subsequent
overprinting.

There is overwhelming evidence that Li, Rb, Sb, Cs and Ba are all
highly mobile during sediment dehydration (e.g. Scambelluri et al.,
2019). That these elements correlate with Ni isotopes in the Alpine
blueschist metagabbros provides powerful evidence that fluid mobility
is also responsible for this fractionation. In principle, this could be
related to Ni either being added to, leached from, or exchanging with,
the metagabbros. As stated above, the metagabbros have [Ni] that is not
significantly lower than expected for their corresponding protoliths,
providing no evidence for Ni addition or loss during metamorphism. The
metasediments studied here have §°%/°®Ni that is heavy; and the over-
whelming majority of marine sediments also have heavy 5°%*®Ni (e.g.
Ciscato et al., 2018; He et al., 2023), although they are variable. There is
no evidence that light 8°*/>®Ni has been added to the metagabbros from
metasediment-derived fluids.

Recent studies have emphasized the role of ligand complexation in
controlling stable isotope fractionation in high-pressure, high-tempera-
ture metasomatic environments (e.g. Debret et al., 2016b; Pons et al.,
2016). It is therefore plausible that the Ni isotopic composition of the
Queyras metagabbros reflects equilibrium with a fluid that
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preferentially complexes isotopically heavy Ni. Among the most isoto-
pically heavy Ni complexes are aqueous sulfate (Ni-SO4(H20)s) and
oxalate (NiC20.) species (Fujii et al., 2011). Consequently, the formation
of metamorphic minerals such as amphibole, mediated by the circula-
tion of sulfate- or carbonate-rich fluids in an open system, would favour
retention of isotopically light Ni in the solid phase and the release of
isotopically heavy Ni in the fluid phase. Under this scenario, the Ni
isotopic composition and concentration variability in metasomatized
metagabbros likely reflect variations in fluid/rock ratios and fluid
composition, which may explain the lack of correlation between these
parameters.

Additional support for the mobility of Ni during subduction comes
from arc volcanism. The nature of the fluids released during subduction-
related phase transitions is redox-controlled and plays a key role in
triggering melting of the mantle wedge and arc magmatism. Highly
metasomatized peridotites, sampled as xenoliths from arc volcanoes,
have been shown to contain more than ten times the Ni content of
ambient mantle (Ishimaru and Arai, 2008), further supporting the idea
that Ni is mobile in subduction and arc-related environments. Given that
slab-derived fluids are known to be oxidizing (e.g. Debret and Sverjen-
sky, 2017), we propose that such redox-driven processes control Ni
isotope partitioning between the slab and metamorphic fluids at HP-HT
conditions, thereby promoting the recycling of isotopically light Ni into
the deep mantle.

The correlations between 8%*/°®Ni and concentrations of fluid-
mobile elements such as Li and Sb in the eclogites and blueschists, are
not found in present day MORB or OIB. Although this is consistent with
loss of such elements from the slab to the overlying mantle wedge during
subduction, as is well documented in arc systems, it leaves open the
question of how Ni might have behaved. Note that the eclogitic meta-
gabbros studied here, are not further metamorphosed equivalents of the
blueschists, which were metasomatically altered by proximity to the
Queyras metasediments. Therefore, they cannot be used as analogues of
what would happen at greater depth with dehydration of the slab.
Therefore, it currently is unclear if the fluids carrying Li and Sb from the
slab would have also carried relatively heavy §°%/%Ni, as is predicted
from the metamorphic fluid chemistry discussed above. This would have
led to even lighter 5°/°Ni in the residual subducted slab. Further work
is needed to verify whether, at the more extreme conditions of slab
dehydration, this predicted relationship might break down.

6. Conclusions and implications for the Ni isotopic composition
of the mantle

We have found evidence of Ni isotope fractionation accompanying
high pressure metamorphism in subduction zone settings. The mafic
assemblages studied have been affected by fluids carrying high con-
centrations of the fluid-mobile elements Li and Sb, demonstrating fluid
infiltration associated with metamorphism. This is most pronounced for
blueschist facies metamorphism. The concentrations of these elements
correlate negatively with §%%/5®Ni, probably caused by equilibrium
isotopic fractionation between the metasomatic fluids and the residual
Ni-depleted metamorphic assemblages.

Alternative explanations that light 5%*/°®Ni in metabasalts and
metagabbros arises from alteration of the protoliths on the ocean floor
are inconsistent with the extreme enrichment in fluid mobile elements,
and the differing relations with chemical indices of magmatic enrich-
ment recorded in MORB (Saunders et al. 2022). Furthermore, Ni isotopic
fractionation associated with hydrothermal alteration of the oceanic
crust is limited.

Abyssal peridotite 5°%/°®Ni is also presented here, but though very
rich in Ni, is isotopically heavy — unlike the Alpine meta-igneous rocks
studied, and also unlike all samples of MORB, OIB and peridotite xe-
noliths studied thus far. The 55*/°®Ni forms a negative hyperbolic rela-
tionship with 1870s/'880s, possibly implicating ancient fractionation of
Ni isotopes and Re/Os, presumably related to sulfides in the mantle.
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However, the possibility that this is related to alteration cannot be
completely excluded. The origins of this fractionation warrant further
study.

This study has presented clear evidence of fluid-mediated Ni isotope
fractionation in subducting slabs, which over geological time could
generate significant Ni isotopic variability in the asthenospheric mantle,
consistent with the discovery of very light §°*/°®Ni in pyroxenite xeno-
liths (Saunders et al., 2020). The signatures of Ni isotope fractionation
correlating with concentrations of fluid-mobile elements such as Li and
Sb in the eclogites and blueschists, are absent from present day MORB or
OIB, consistent with loss of such elements from the slab to the overlying
mantle wedge during subduction, as is well documented in arc systems.
However, it is not yet clear whether the predicted transfer of heavy Ni
based on metamorphic fluid chemistry will extend to all slab
dehydration.
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